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ABSTRACT: Using purified N-terminal NBD (NBD-512) domain of Cdrlp, a major multidrug extrusion
pump of human pathogenic yed3andida albicanswe show the relevance of the unique positioning of

an atypical Trp326 residue. Similar to Cys193 in Walker A, Trp326 in the Walker B motif of Cdrlp is
also a conserved feature of other fung€lP Binding Cassette (ABC) transporters. By employing
fluorescence spectroscopy, chemical modification, and site-directed mutagenesis, we demonstrate that of
the five Trp residues in the NBD-512 domain, Trp326 alone is important for nucleotide binding and
subsequent conformational changes within the domain. Furthermore, mutation of Trp326 to Ala results in
an increasety without appreciably affectinfmaxof ATPase activity. Thus, Trp326 in NBD-512 appears

to be important for nucleotide binding and not for its hydrolysis. Additionally, the role of Trp326 in ATP
binding is independent of the presence of the adjacent well-conserved Asp327 residue which, like Cys193,
has a catalytic role in ATP hydrolysis. Considering that Trp326 of Cdrlp is a typical feature of fungal
transporters alone, our study suggests that these ABC transporters may reflect mechanistic differences
with regard to nucleotide binding and hydrolysis as compared to their counterparts of non-fungal origin.

One of the most clinically significant mechanisms of azole  Typically, the predicted topology of Cdrlp exhibits fea-
resistance in the pathogenic yea€&andida albicans is tures characteristic of an ABC transporter, namely, two high-
overexpression of the multidrug transporter protein Cdrlp ly hydrophobic transmembrane domains (TMDs) and two
(Candida Drug Resistance), belonging to the ARBTP cytoplasmically localized nucleotide binding domains (NBDs).
Binding Cassette) superfamily of transporteds-@). This Each TMD comprises six transmembrane segments (TMS),
is well evidenced in reports from fluconazole-resistant which are envisaged to confer substrate specificity to Cdrlp.
clinical isolates ofC. albicans where enhanced expression The substrates of Cdrlp vary enormously and include such
of Cdrlp has been shown to help the pathogen efflux this structurally unrelated compounds as azoles, lipids, and ster-
therapeutic azole and facilitate its surviv&t11). Thus, oids @, 12). This promiscuity toward substrates is a char-
Cdrlp has not only acquired significant clinical importance acteristic feature of most ABC-type drug transporters and
but is also considered an important target in any design of hence makes their functionality all the more complex to un-
strategies to combat antifungal resistan¢el@). derstand Z). Another important feature of these drug trans-
porters is that they utilize energy from nucleotide hydrolysis
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In the present study, we have examined the significancein a 1 cm-path length cuvette using a Cary Eclipse Varian

of another uncommon but typical substitution, Trp326 of
NBD-512, which is uniquely positioned in Walker B

spectrofluorimeter with slit bandwidths of 5 nm for excitation
as well as emission. All spectra were corrected for buffer

preceding a well-conserved Asp327. We show that, of the fluorescence and for inner filter effects wherever required.

five tryptophan residues, only the uniquely positioned Trp326
of Walker B is important for ATP binding without being
directly implicated in the catalytic activity of the purified
NBD-512 domain. Further, we show that this effect is

Unless otherwise specified, 1 mL protein samples (0¥
in 60 mM Tris-HCI, pH 6.5, containing 8 mM Mgglvere
used for the intrinsic fluorescence experiments. The protein
was stable for the duration of the experiments (approximately

independent of the adjacent conserved Asp327 in the Walker30—45 min) as evidenced by stable fluorescence emission

B of NBD-512.

EXPERIMENTAL PROCEDURES

Materials. Ultrapure deoxyribonucleotides (dATP, dGTP,
dCTP, and dTTP) for PCR, glutathione-sepharose 4B matrix
and the sequencing kit (Sequenase version 2.0 enzyme) we

obtained from Amersham Biosciences Ltd. Ribonucleotides

(ATP, CTP, GTP, and UTP), IPTG, protease inhibitors, TNP-
ATP, miconazole, cycloheximide, anisomycin, oligomycin,

and other molecular grade chemicals were obtained from

Sigma Chemical Co. (St. Louis, MO). NBS for tryptophan

modification was obtained from Sisco Research Laboratories

(Mumbai, India). ThePfu DNA polymerase for PCR

amplification was purchased from Stratagene Inc, (La Jolla,

CA). Oligonucleotides used in this study were commercially
procured from Integrated DNA Technologies Inc. Flucona-
zole was kindly provided by Pfizer (Sandwich, Kent, United
Kingdom) and Ranbaxy Laboratories (New Delhi, India).
Anti-GFP monoclonal antibody was purchased from BD
Biosciences Clontech (Palo Alto, CA). 8-Azida-f?P]ATP
was purchased from ICN Biomedical Inc. (Aurora, OH).
Methods. In Vitro Site-Directed Mutagenesisll site-
directed mutagenesis were carried out using a site-directe

spectra of control samples. Intrinsic Trp fluorescence was
measured by excitation at 295 nm and emission spectra
recorded between 310 and 400 nm.

Extrinsic fluorescence using TNP-ATP was monitored by
excitation at 408 nm and recording emission between 500
’and 600 nm. The spectra were corrected for buffer contribu-
"fon and dilution 10%). Data obtained were corrected for
inner filter effects using the relatidf, = Fopsantilog{ (ODey
+ ODem)/2}, whereF. represents the final corrected fluo-
rescence intensit¥;opsis the observed fluorescence intensity
already corrected for buffer contribution and dilution, QD
is the absorbance of TNP-ATP at 408 nm, and.QI3 its
absorbance at 545 nm.

Nucleotide binding was monitored either by following
guenching of intrinsic Trp fluorescence at 330 nm upon
addition of ATP or enhancement of extrinsic fluorescence
of TNP-ATP at 545 nm upon binding to protein.

NBS Modification.Samples were incubated with small
aliquots of NBS (freshly recrystallized; stock concentration
5 mM) for 2 min at room temperature, and the intrinsic
tryptophan fluorescence emission spectra were recorded. All
spectra were corrected for dilution as well as for contribution
from NBS. The decrease in fluorescence intensity at 330 nm
dyas used to assess the extent of Trp modification for the

mutagenesis kit (Stratagene, La Jolla, CA) as previously proiein. The modification reaction was also carried out at

described 14). The mutations W101A, W148A, W326A,
WA400A, and W442A were introduced into plasmid pSJGN1-8
according to the manufacturer’s instructions. The forward
primers used for mutagenesis were as follows: W101A (5
AAAATTTCAATGCCAAATTTGCCGTTAAAAATTTA-
AGAAAATTG-3"), W148A (B-CTACTGTTACTAAT-
GCTCTTGCCAAATAGCCACAGAAGGT-3), W326A (B-
GGTGCTAATATCCAATGTGCCGATAATGCCACTAGA-
GGG-3), W400A (5-TATTTTGAAAAGATGGGTGC-
CAAATGTCCTCAAAGACAAACT-3'), W442A (B-TCAA-
GAATTTGAAACATATGCCAAAAATTC TCCCGAATAT-
GCT-3), D327N (B-CTAATATCCAATGTTGGAATAAT-
GCCACTAGAGGG-3), and D327A (5CTAATATCCAAT-
GTTGGGCAAATGCCACTAGAGGG-3. The presence

pH 4.6 in acetate buffer in keeping with the original method
of Spande and Witkop16) and found to give results
comparable to those obtained at pH 6.5. Hence, all modifica-
tion reactions described here correspond to those carried out
at pH 6.5 since this was the pH at which nucleotide binding
and ATPase activity assays for this protein were also carried
out.

Intrinsic Fluorescence Quenching by Small Molecular
Weight QuenchersAll fluorescence measurements were
made at room temperature. Protein samples (0 in
buffer 60 mM Tris-HCI (pH 6.5) containing 8 mM Mggl
were titrated with small aliquotsfoa 5 M quencher
(acrylamide, Kl, and CsCI) solution. After correcting for
dilution, we used the observed emission intensities at 330

and authencity of the desired mutations were confirmed by , to obtain SteraVolmer plots (SV) as well as modified

dideoxy sequencing.

Overexpression, Purification and ATPase Assay of NBD-
512 and Its Mutant Variant ProteinsThe overexpressed
wild-type NBD-512 and its mutant variant proteins were
purified to homogeneity by our previously described proce-
dure (@4). The purity of the wild-type and mutant proteins
was analyzed on SDSPAGE, detected by Coomassie
brilliant blue staining, and estimated to be over 95% pure.
ATPase activity of the purified domains was determined by

Stern—Volmer plots (7). For SV plots, data were plotted
using the equatiofr/F. = (1 + Ksy)[Q], whereF, and F.
represent the respective fluorescence intensities (corrected
for dilution) in the absence and presence of quenclegr, [

is the resultant quencher concentration, &gd is the SV
guenching constant for the quencher. Modified SV plots were
also plotted according to the equati®/AF = (fi 1 +
(Kafa) H[Q]* where, f, is the fraction of accessible fluoro-
phores and is the corresponding SV quenching constant

measuring the release of inorganic phosphate using afor this accessible fractiorly).

colorimetric assay14).

Site-Specific Mutagenesis and4@éopment of Full Protein

Fluorescence Spectroscopic Measurements for NucleotideCdrlp Mutant Variants.Site-directed mutagenesis was

Binding. Experiments were performed at room temperature

performed using the quick-change mutagenesis system. The



6652 Biochemistry, Vol. 44, No. 17, 2005

Walker A Walker B
C. albicans Cdrlp (N) 187 GRPGAGCS-------- 323 IQCWENATRGLD
C. albicans Cdr2p (N) 185 GRPGAGCS------- 321 IQCWENATRGLD
C. albicans Cdr3p (N) 178 GRPGAGCS-------- 314 IQCWDNSTRGLD
C. albicans Cdr4p (N) 190 GRPGAGCS-------- 326 VQCWDNSTRGLD
S.cerevisiae Pdr5p (N) 193 GRPGSGCT-------- 329 FQCWDNATRGLD
S.cerevisiae Sng2p (N) 192 GRPGAGCS-------- 330 IYCWDNATRGLD
C. glabrata Phdlp (N) 186 GRPGSGCT-------- 329 FQCWDNATRGLD
C. neoformans CnAfrlp (N) 258 GRPGAGCT-------- 394 VCSWDNSTRGLD
B. cinerea Bmrlp (N) 195 GRPGAGCT-------- 331 VCAWDNSTRGLD
A. nidulans AtrBp (N) 136 GRPGSGCT-------- 172 VFCWDNSTRGLD
A. fumigatus AtrFp (N) 229 GRPGAGCS-------- 359 IVCWDNSTRGLD
H.sapiens Pgp (N) 427 GNSGCGKS-------- 552 ILLLDEATSALD
H.sapiens CFTR (N) 458 GSTGAGKT-------- 569 LYLLDSPFGYLD
H.sapiens TAP1 (N) 538 GPNGSGKS-------- 664 VLILDDATSALD
H.sapiens TAP2 (N) 503 GPNGSGKS-------- 628 VLILDEATSALD
E.coli H1yA (N) 502 GRSGSGKS-------- 627 LLIFDEATSALD
S.typhimurium HisP (N) 39 GSSGSGKS-------- 175 VLLFDEPTSALD
A. radiobacter LacK(N) 36 GPSGCGKS-------- 155 VFLFDEPLSNLD
S.typhimurium MalK(N) 36 GPSGCGKS-------- 155 VFLLDEPLSNLD

Rai et al.

Ficure 1: Sequence alignment of Walker A and B motifs from various ABC transporters. Comparison of the sequence alignment of
Walker A and B residues in NBD-512 with those from otheterminal nucleotide binding domains of some known ABC transporters. The
conserved Cys and Trp residue in Walker A and B, respectively, of fungal NBDs and the equivalent Lys and Leu/Phe in nonfungal NBDs
are shown in bold. The conserved Asp residue adjacent to the Trp NBD1 from Cdrlp is underlined.

mutations were introduced into plasmid pPSCDR1-GFP nucleotide binding by titrating with EDTA (Figure 2A, panel
according to the manufacturer's instructions, and DNA b). As can be seen from Figure 2A, panel b, addition of
sequencing of the ORF confirmed the desired nucleotide EDTA causes a small quenching in the fluorescence emission
sequence alteration. The mutated plasmid pPSCDR1-GFPof NBD-512 (curve 2). But addition of 1 mM ATP does not
after linearizing withXba, was used to transform AD1-8u cause any further quenching of the fluorescence emission
cells, for uracil prototrophy by the lithium acetate transfor- (curve 3), suggesting that ATP does not bind to NBD-512
mation protocol 18, 19). in the presence of EDTA. However, in the presence of a
large excess of MgG|ATP binds to NBD-512 and quenches
RESULTS its intrinsic fluorescence (curve 4). Thus, Mgeems to be

Intrinsic Tryptophan Fluorescence of NBD-512 Monitors Important for ATP binding by NBD-512.
ATP Binding.Exploiting the intrinsic fluorescence of Trp In the present study, we also observed that nucleotides
and Tyr residues of proteins has, for long, been relied upon such as CTP, GTP, and UTP could cause similar extents of
as an efficient technique for studying a proteligand intrinsic fluorescence quenching with purified NBD-512
complex (7). Thus, several groups have studied nucleotide domain and had comparable affinities for the protein (data
binding by monitoring changes in the intrinsic fluorescence not shown). This is consistent with our earlier observation
of the protein 20—26). We too observed that ATP binding that isolated NBD-512 domain elicits general ribonucleoti-
by purified NBD-512 could be monitored using the intrinsic dase activity wherein nucleotides other than ATP also show
tryptophan fluorescence of the protein. Interestingly, se- significant binding and hydrolysisl ).
guence analysis of NBD-512 revealed that it has five Trp  Mg-ATP Protects Trp Residue(s) of NBD-512 from NBS
residues of which Trp326 is uniquely positioned in its Walker Modification. Mg-ATP-dependent quenching of intrinsic
B motif and could be in a position to monitor approach of fluorescence (Figure 2A,B) suggests a possibility that one
the ligand. Further, this Trp residue is conserved in other or more Trp residues are present at or in close proximity to
fungal ABC transporters as well (Figure 1). We therefore the nucleotide-binding site of NBD-512.To test this hypoth-
undertook a detailed analysis of the explicit role of this and esis, side group specific modification was carried out by
other Trp residues in the functionality of the N-terminal NBD using the Trp specific reagemt;bromosuccinimide (NBS).
of Cdrlp using a combination of site-directed mutagenesis NBS specifically and irreversibly oxidizes the indole moiety
and fluorescence spectroscopy. of accessible Trp residues in the protein to the oxindole

Upon excitation at 295 nm, the NBD-512 domain exhibits derivative which, being nonfluorescent, results in quenching
a spectrum with an emission maximum at 330 nm, charac- of the fluorescence emission spectrum of the prot&). (
teristic of proteins with significant content of buried Trp NBS treatment of NBD-512 quenches nearly 60% of its Trp
residues (Figure 2A, panel al%). Small aliquots of ATP emission (Figure 2C). The lack of complete fluorescence
added to the protein solution result in quenching of the quenching upon NBS addition suggests that all five Trp
fluorescence emission from NBD-512 in a concentration residues of NBD-512 are not equally accessible to the
dependent manner (Figure 2B). This quenching is saturablemodifying reagent. The shape of the spectrum also remains
with a Kq of 76.0 £ 4.0 uM (Figure 2B, inset). unchanged (spectra not shown), suggesting that chemical

ATP binding to NBD-512 is Mg"-dependent since it is  modification does not result in denaturation or overall
possible to reverse the fluorescence quenching observed uporonformational change in the domain. Significantly, 5 mM
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Ficure 2: ATP binding with purified NBD-512 protein monitored by intrinsic Trp fluorescence. Samples containipd/lONBD-512 in

ATPase buffer were taken ia 1 cmpath length cuvette and excited at 295 nm at room temperature (slit bandwidth 5 nm). Emission spectra
were recorded between 310 and 400 nm (slit bandwidth 5 nm). All emission spectra shown are averages of 10 consecutive scans and
corrected for dilution. (A, panel a) Fluorescence emission spectra of NBD-512 measured both in the absence (curve 1) and in the presence
of 0.08 mM (curve 2), 0.2 mM (curve 3), and 1.0 mM (curve 4, overlaid on curve 3) ATP. (A, panel b) Curve 1 represents the fluorescence
emission spectrum of NBD-512 measured in the absence of EDTA. Curve 2 shows the small decrease in fluorescence intensity of the
protein in the presence of 8 MM EDTA. There was no further decrease in fluorescence intensity upon addition of 1 mM ATP (curve 3,
overlaid on curve 2). However, when 100 mM Rigs added to this sample of protein, containing 8 mM EDTA and 1 mM ATP, the extent

of fluorescence quenching is increased (curve 4). (B) Binding curve showing concentration dependent binding of ATP to purified NBD-512

in the absence®) and the presencej of 8 mM EDTA. Normalized fluorescence intensitids/f,) were plotted as a function of ATP
concentration, wher&, refers to the fluorescence intensity of the sample in the absence of ATP, R¢hikpresents the fluorescence
emission intensity at 330 nm upon ATP addition (corrected for dilution). The plot represents averages of three experiments done in triplicates.
The bars represent standard deviations. From the slope and ordinate of the Scatchard plot shown in the inset, the dissociatiéfy)constant (
for ATP binding was determined to be 76t04.0 uM, assuming a single binding site per NBD-512 molecule. (C) Partial protection of Trp
residues of NBD-512 from modification by NBS in the presence of 5 mM ATP. Increasing concentration of NBS causes specific and
saturable modification of Trp residues of NBD-512 (curve 1). In the presence of ATP, however, the extent of this modification is much less
(curve 2).

ATP partially protects the protein from modification by NBS other hand, NBD-512 W326A experienced negligible quench-
as evidenced by a reduction in fluorescence quenchinging of intrinsic fluorescence upon titration with ATP. Of note,
(Figure 2C), suggesting that ATP prevents access to one ortherefore, poor quenching in NBD-512 W326A did not
more Trp residues of NBD-512 by the group-specific reagent. permit determination oKq4. Notably, addition of EDTA did
Trp326 Monitors ATP Binding in NBD-51Zhe above not cause any change in the fluorescence emission of NBD-
results suggest that specific Trp residue(s) of NBD-512 could 512 W326A in the presence of ATP (data not shown). Hence,
play a role in nucleotide binding by the protein. To confirm the fluorescence quenching observed with EDTA for ATP
this as well as to examine which of the five Trp residues binding to native NBD-512 protein (Figure 2A, panel b) must
could be involved in nucleotide binding, we used site-directed be specifically related to the presence of Trp326 in its Walker
mutagenesis to mutate each of the five Trp residues of NBD- B motif. Thus, it is apparent that Trp326 alone appears to
512 and replaced them with Ala (Figure 3A). The mutated be monitoring nucleotide binding in the isolated domain. The
protein variants designated as NBD-512 W101A, NBD-512 ATPase activity of the individual mutant proteins is shown
W148A, NBD-512 W326A, NBD-512 W400A, and NBD- in Figure 3B, bottom panel (discussed later).
512 W442A were overexpressed and purified in a manner NBD-512 W326A Shows Reduced Binding to TNP-ATP.
similar to NBD-512 (4). Each of the purified mutant The fact that, of all the mutant proteins, NBD-512 W326A
proteins migrated as a single homogeneous band on-SDS alone exhibits reduced intrinsic fluorescence quenching upon
PAGE with the anticipatet!, of ~57 kDa (Figure 3B, top ~ ATP binding, led us to ask whether the effect is truly due to
panel). We monitored ATP binding of the individual mutant a diminution in affinity of the mutant protein for the
proteins using intrinsic fluorescence measurements in anucleotide or whether it is merely a consequence of the
manner similar to that used for NBD-512. As can be seen mutation removing our reporter group from the site. In other
from Table 1, the mutant proteins NBD-512 W101A, NBD- words, it is conceivable that ATP continues to bind normally
512 W148A, NBD-512 W400A, and NBD-512 W442A to NBD-512 W326A but our technique fails to detect it since
displayed ATP-dependent quenching of intrinsic fluorescence a nonfluorescent Ala residue has taken the place of Trp at
and ATP binding comparable to those of NBD-512. On the this site. To verify the actual cause behind this drastic
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A. OUT Table 1: Dissociation Constant&d) Obtained from Intrinsic
Fluorescence Quenching upon ATP Binding to NBD-512 and Its
T .‘ Mutant Variants
B0k L) :
~ o guenching (%) Ka (uM)
coon NBD-512 35+ 6 76+ 4
NH, NBD-512 W101A 31+ 4 86+ 6
SATP ADP:'?.+ Pi (7 NBD-512 W148A 30+ 3 170+ 9
. ATp ADP +Pi NBD-512 W326A 2+3 a
2 NBD-512 W400A 335 177+ 6
NBD-512 W442A 32+ 4 172+ 8
e . 512 NBD-512 D327A 30+ 5 91+ 4
W42 NBD-512 D327N 31+4 86+ 2

WIH g - — :
a Dissociation constant could not been determined due to poor

intrinsic fluorescence quenching. With the exception of NBD-512
W326A, thep-values for all mutants have been calculated and none
Walker A [3] were statistically significant: W1014pfvalue 0.057), W148Ag-value
0.23), W400A p-value 0.197), W442Arvalue 0.07), D327Ng-value
0.07), and D327A-value 0.127). The values (witttSD) represent
the average of three independent experiments done in triplicates.

.-"r . .

""""" 16
Signature C
B. 1.2
= = o ¢ ~57 kDa
& 5 0.8 1 o
120 :: 0838 ¢ o0 0 3
l 4 Lasls
é\wo T 04 S AT R
> 05
2 80 T
< 0.0 & i
§ 60 [} 5 10 15 20
E 40 [TNP-ATP] uM
= Ficure 4: TNP-ATP binding with purified NBD-512 and mutant
2 NBD-512 W326A protein monitored by extrinsic fluorescence.
0 Samples containing TNP-ATP in ATPase buffer were taken ina 1

AL AP L aBP 06B L a0h a2h cm path length cuvette and excited at 408 nm at room temperature
B0 S OT QAT a2 uat® (slit bandwidth 5 nm). Emission spectra were recorded between
FiIGURE 3: Trp replacement mutants of NBD-512. (A) Schematic 500 and 600 nm (slit bandwidth 5 nm). Binding curve showing
representation of Cdrlp and NBD-512. The predicted topology of concentration dependent binding of TNP-ATP to purified NBD-
the nucleotide binding and transmembrane domains of the full 512 @) and mutant NBD-512 W326AQ) protein. Increasing
Cdrlp is shown here. The-B512 amino acid polypeptide corre-  concentrations of TNP-ATP, as indicated in the figure, were
sponds to N-terminal nucleotide binding domain (NBD-512) of incubated with 0.4«M protein, and fluorescence emission spectra
Cdrlp. The locations of the Trp residues mutated and investigatedwere recorded between 500 and 600 nm (room temperature).
in this study, namely, W101, W148, W326, W400, and W442 are Normalized difference in fluorescence intensities=(F,) were
indicated. (B) SDS-PAGE and ATPase activity of NBD-512 and  plotted as a function of TNP-ATP concentration, whe&
the five Trp mutants utilized in this study. Upper panel shows SDS  represents the change in fluorescence emission intensity (corrected
PAGE of wild-type and mutant proteins following purification ~ for dilution and inner filter effects as described under Experimental
(described in Experimental Procedures). Aliquotsu(§ of each Procedures) at 545 nm upon protein addition, witilerefers to
protein were analyzed on a 10% SPBAGE gel 61) and detected the intensity of the original sample in the absence of protein. The
by Coomassie Blue R-2505{, 52). Lower panel shows a  plot represents averages of three experiments done in triplicates.
comparison of ATPase activity of purified NBD-512; each experi- The bars represent standard deviations. The dissociation constants
ment had reactions performed in triplicates, and the values plotted (Kd) were determined to be 1.85 0.13 uM for NBD-512 and
represent the average of three such independent experiments. Th8.16 £ 0.12 uM for NBD-512 W326A. Inset: displacement of
bars represent standard deviations. Fhealues for NBD-512 ~ TNP-ATP from NBD-512 and its mutant NBD-512 W326A by
W101A (p-value 0.05), NBD-512 W148Aptvalue 0.08), NBD-  ATP. TNP-ATP (20uM) was incubated with 0.4M protein NBD-

512 W326A p-value 0.006), NBD-512 W400Apévalue 0.097), 512 @) or NBD-512 W326A ©) in ATPase buffer. Once the

and NBD-512 W442A ig-value 0.06) were determined and were fluorescence signal was steady, ATP was added in small increments,
not statistically significant. as shown, and the change in fluorescence intensity was measured

3 min after each addition. The results shown are averages of three
P different experiments done in triplicates. The bars represent standard

reduction in intrinsic fluorescence quenching upon AT e
deviations.

binding to NBD-512 W326A, we used a fluorescent ligand

(TNP-ATP) whose fluorophore has been used earlier as anthat the fluorophore encounters in the binding poci (
extrinsic reporter for the binding proces®2( 23, 27—31). 23, 27—-30). It is possible to specifically compete out the
As has been previously reported by us, the addition of TNP- bound TNP-ATP by titrating with ATP (Figure 4 and inset),
ATP to NBD-512-purified protein resulted in an enhance- suggesting that the two nucleotides bind in the same pocket.
ment of the ligand fluorescencé4). This enhancement in  The dissociation constant for the interaction was calculated
fluorescence intensity has also been previously observed forfrom the data which fitted well with the equation suggested
other proteins and has been attributed to an increase inby Kubala et al. 81) for a model with a single binding site
quantum vyields due to the more hydrophobic environment per protein molecule. However, binding of ATP to NBD-
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512 is much weakeKy 76.0+ 4.0 uM) than that of TNP-
ATP (K4 1.854 0.13uM), as reflected in a 41-fold higher
dissociation constant for the former in comparison to the
latter.

The fact that TNP-ATP has a substantially higher affinity

Biochemistry, Vol. 44, No. 17, 2005655

protection of NBD-512 from NBS maodification by ATP is

indeed due to shielding of Trp326 of the protein.
Replacement of Trp326 by Alanine Results in an Increase

in Ky for ATPase Actiity. Of note, though NBD-512 W326A

is considerably affected in its ability to bind ATP, a similar

stabilization of the ligand in the binding pocket via the
trinitrophenyl moiety. That ATP could not entirely compete
out all of the bound TNP-ATP also indicated that the
fluorescent analogue interacts with NBD-512 using its ATP
moiety as well as the TNP group (Figure 4). Additionally,
in contrast to ATP binding, the binding of its fluorescent
analogue to NBD-512 is only marginally affected by the
addition of EDTA, further suggesting that the interaction of
TNP-ATP occurs mainly via its TNP moiety (data not

hydrolyze ATP, from Figure 3B, bottom panel. However,
Lineweaver-Burk analyses showed that NBD-512 W326A
has a 5-fold higheKy (600+ 15 uM) as compared to that
of NBD-512 (120+ 4 uM) (plots not shown). Theé/max
values of the two proteins vary by less than 2-fold (136.27
+ 4 nmol min! mg protein® in the case of NBD-512
W326A and 76.8Gt 6 nmol mint mg protein? in the case

of NBD-512). Thus, although NBD-512 W326A is able to
bind the substrate, it does so more weakly than NBD-512

shown). Such interactions have been reported previously foritself. We also point out that in our previous papg#d)(the

TNP-ATP binding to N&/K* ATPase also. Using mutational

range ofKy for NBD-512 was erroneously reported as-0.8

analysis, Lansky et al. have shown that although ATP and 1.0 mM. It should have actually read 0:68.1 mM.

TNP-ATP dock into the same nucleotide binding pocket of
this enzyme, they do so in different orientatio@8)(

Significant enhancement in the fluorescence of TNP-ATP
is also observed upon binding to any of the four mutant
variants NBD-512 W101A, NBD-512 W148A, NBD-512
W400A, and NBD-512 W442A (data not shown), compa-
rable to that obtained for the isolated native NBD-512

domain, indicating that these four mutants are not altered in

their interaction with TNP-ATP either. However, the increase
in fluorescence intensity upon TNP-ATP addition to NBD-
512 W326A is appreciably much less than that for NBD-
512 (spectra not shown). Notably, unlike in the case of NBD-
512, TNP-ATP binding to NBD-512 W326A could not be

competed out with ATP (Figure 4, inset). It appears therefore

that TNP-ATP predominantly interacts with NBD-512
W326A via its trinitrophenyl moiety and not through ATP,
reconfirming the hypothesis that Trp326 may be important
for the docking of ATP in the binding pocket.

Additionally, we used a radiolabeled analogue, 8-azido-
[0-32P]ATP, to further confirm the poor ligand binding
behavior of NBD-512 W326A. We observed that compared
to wild-type NBD-512, mutant variant NBD-512 W326A
required approximately 5-fold higher concentration of the
ligand to show proportional extent of binding to the ligand
(data not shown). Thus, by three different methods, we
confirmed that the mutant variant NBD-512 W326A indeed
showed reduced affinity for ATP and its analogues as
compared to native NBD-512. Since a predigevalue for
ATP binding by this mutant could not be calculated from

It must be also pointed out that, unlike in the binding
experiments, the substrate concentration used for monitoring
ATPase activity in Figure 3B, bottom panel, is far in excess
of the Ky value so as to get a reliable estimate of Yhex
value. At these high concentrations, NBD-512 W326A is
able to bind ATP. Once docked in the right orientation, the
substrate is hydrolyzed if the catalytic residues of the
molecule remain unaltered.

ATP Binding Leads to Conformational Changes in NBD-
512. Having thus identified that Trp326 is important for
ligand binding, we examined if there are conformational
changes associated with nucleotide binding by the molecule.
This is particularly significant since the cross talk between
the NBDs of the ABC transporter and its TMDs are presumed
to be critical for drug-transport by these efflux proteiB&-¢
35).

Steady-state intrinsic fluorescence quenching has been
used extensively to study dynamic conformational changes
in proteins and to assess subtle changes in the environment
of Trp residues7, 36—38). We observed that acrylamide,
unlike other quenchers, had complete accessibility to all Trp
residues of NBD-512 in the absence or presence of ATP
(Table 2). Hence, it could not be used to provide information
about conformational changes in NBD-512 upon nucleotide
binding. Therefore, we employed land Cg, charged
guenchers which would primarily probe solvent accessible
Trp residues, to obtain information regarding conformational
changes in NBD-512 upon ATP binding 4, 36).

Fluorescence Quenching with lodid&hen purified NBD-

512 domain alone was titrated with, lwe obtained biphasic

any of these experiments, we estimated the extent of thisstern-volmer plots implying that solvent accessible Trp

interaction fromKy, values calculated for ATP hydrolysis
by this protein (discussed below).

ATP Fails To Protect NBD-512 W326A from Modification
by NBS.As mentioned earlier, the presence of 5 mM ATP
partially protects NBD-512 from NBS modification (Figure
2C). We argued that if Trp326 alone is involved in ATP
binding then ATP should not be able to protect any of the
Trp residues of NBD-512 W326A from side group specific
modifications. Expectedly, when NBS modification of NBD-

512 W326A is carried out in the absence or presence of ATP,

residues are more readily quenched by the charged quencher
than are the buried ones (Figure 5A). Titration byesulted

in approximately 86% of the Trp residues being accessible
to the quencher. It is particularly interesting thats nearly
100% for I in the presence of Mg-ATP (Table 2). This is
also evidenced by the near-linear Stexfolmer plot ob-
tained for this quencher in the presence of ATP. Thus,
clearly, ATP binding results in significant conformational
changes in NBD-512 that alter the accessibility of its Trp
residues to1.

the same extent of fluorescence quenching is observed The mutant protein NBD-512 W326A, on the other hand,

(~54%, figure not shown). This implies that ATP does not
shield any other Trp residue of the protein and the partial

showed no difference in accessibility to in the absence
(fa = 24.0%) or presence of Mg-ATH,(= 25.8%) (Table
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Table 2: Summary of Parameters Obtained from Intrinsic Fluorescence Quenching for NBD-512 and Its Mutant Variants Using Small
Molecular Weight Quenchets

parameters maximal quenching (%) Ksvi(M™1) Ksv2(M™1) fa(%) Ka(M™Y)
NBD-512
acrylamide 106t 3 9+1.1 NR 97.7+ 4.1 9.4+ 1.2
acrylamidet 5 mM ATP 100+ 2 6.6+ 0.9 NR 107+ 2.1 6.7+ 0.9
acrylamide+ 150 mM NacCl 100+ 0.0 7.2+ 0.8 NRb 107.6t 2.3 72+11
Kl 824+ 2 6.7+ 1.3 4.8+ 1.9 86.0+ 2.7 13.7+£ 0.5
Kl +5 mM ATP 100+ 1 79+ 0.1 NR 98.0+ 0.9 9.4+ 1.7
Kl + 150 mM NaCl 85.4+5 8.94+ 0.6 5.9+ 0.7 87.8+ 1.7 195+ 1.4
CsCl 50.6+ 2 42+0.7 0.8£0.1 32.1+ 2.1 17.3£ 2.9
CsCl+ 5 mM ATP 545+ 3 3.6+ 0.3 0.9+ 0.1 47.3+ 1.9 9.2+ 2.1
CsCl+150 mM NacCl 54.2+5 2.4+ 0.6 0.8+ 0.3 431+ 1.5 7.5+ 1.7
NBD-512 W326A
Kl 256+1 3.6+13 0.4+0.1 240+ 1.1 4.0+ 2.9
Kl +5 mM ATP 2494+ 2 33+15 0.3+ 0.1 25.8+ 2.4 4.2+ 2.9
CsCl 13.6+1 0.6+0.1 0.2+ 0.1 13.3t 2.1 5.0+ 29
CsCl+ 5 mM ATP 13.0+1 0.6+ 0.2 0.18+ 0.2 15.0+£ 2.2 5.6+ 2.9
NBD-512 C193A
Kl 80+5 53+1.9 3.8+£23 85+ 1.7 11.7£ 25
Kl +5 mM ATP 100+ 1 9.0+ 1.6 NR 96+ 0.7 9.9+14
CsCl 50+ 3 42+1.8 1.2+0.9 34.1+ 2.1 17.5£ 2.9
CsCl+ 5 mM ATP 55+ 5 3.3+29 1.8+0.9 51.7£1.2 7.7+ 1.7
NBD-512 D327N
CsCl 51+ 2 4.6+ 0.25 1.9+0.3 354+ 2.1 6.8+ 2.5
CsCl+ 5 mM ATP 54+ 4 3.8+ 05 0.9+ .5 46.8+ 1.5 6.47+ 2.8

aKsvi andKsy, are Stera-Volmer (SV) quenching constants for each linear portion of a biphasic Sigthe fraction of accessible fluorophores,
andKa is the corresponding SV quenching constant for this accessible fraction obtained from modifieeM@tienar plots (L7, 38). The maximal
guenching reported for the proteins in the presence of ATP is that observed for the pligiand complex rather than that observed for the free
protein. For further details see Experimental Procedures. The values£Biil) represent the average of three independent experiments done in
triplicates.? NR, not required since the Steriolmer plots were linear.

A.

ATP does not alter the accessibility oftio the Trp residues

of NBD-512 W326A. In other words, the other four Trp
residues of this mutant protein do not experience any change
y © in their environment in the presence or absence of the
g ¢ nucleotide. This suggests that the mutant protein either does
not bind the nucleotide or is unable to perform the requisite
conformational change upon ligand binding.

1 To examine whether ATP binding per se results in changes
00 01 02 03 04 05 in conformation of NBD-512 or if it occurs only after ATP
KM hydrolysis, we also performed these experiments with the
B. 18 NBD-512 C193A mutant. Titration withrlresults in Sterr
Volmer plots for NBD-512 C193A that are nearly identical
16 1 to those obtained for NBD-512 in the absente= 85%,

¥ g 8 Ka=11.7 M%; Table 2) or presence of Mg-ATR,E& 96%,

+ ¥ O Ksy = 9.0 M™% Table 2). Thus this catalytically deficient
12] 8 8 mutant undergoes conformational changes in the presence
éé of Mg-ATP just like the native NBD-512. This reiterates

1.0 the fact that the conformational changes being monitored
00 01 02 03 04 05 by us are indeed a result of nucleotide binding rather than
[cscim due to its hydrolysis.
Ficure 5: Intrinsic fluorescence quenching of wild-type NBD- Fluorescence Quenching with €Unlike I-, when C$

512 using different quenchers. Quenching was carried out using ; S i
0.4uM of isolated NBD-512 protein in the absen@®)( presence > used as a quencher for the intrinsic fluorescence of NBD

of 150 mM NaCl O), or presence of 5 mM ATP¥) over arange 212, it continues to detect a heterogeneous population of Trp
of 0—0.45 M of quencher at room temperatufe,(36—38). (A) in the absence as well as presence of Mg-ATP (Figure 5B).

Stern-Volmer plots for quenching with K. (B) SterrVolmer plots Cs' quenches roughly 50% of the total fluorescence emission
for quenching with CsCl. Representative Plots of data obtained in of NBD-512 and has access to approximately one-third of
:zgiggéﬁiggﬁﬁg?g rérgsir;ttfoic.)ne in duplicates are shown. The bars,, Trp residues of NBD-512 in the absence of Mg-ATP
(Table 2). When ATP is present, Trp326 must get shielded
2). It must be reemphasized that NBD-512 W326A does not and Cg should have reduced accessibility to this Trp residue.
have a Trp residue in the proposed ATP-binding pocket, and If no conformational change occurs, this should result in a
therefore, any change in intrinsic fluorescence would reflect reduction in the fraction of accessible Trp residues. However,
changes in the environment of other Trp residues outsidethe conformational change accompanying ATP binding
the nucleotide-binding pocket. Clearly, the presence of Mg- results in increased exposure of the other Trp residues of

FolFc

N W A O O

1.4
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NBD-512 to the charged quencher resulting in a higher mutant also displayed ATP-dependent quenching of intrinsic

fraction of accessible residues; thatfisghanges from 32%
(p value 0.04) to 47%p value 0.034).

fluorescence and ATP binding comparable to NBD-54g (
=91+ 4 uM, Table 1). ATP binding to NBD-512 D327N

A mention must also be made of the rather unusually high is Mg?"-dependent and can be abolished by EDTA (data not

Ka value for C§ quenching. It seems possible that this is

shown). Thus, contrary to expectations from other conserved

the result of a static quenching complex being formed by nonfungal ABC transporter89—43), it appears that Asp327

the quencher with the protein. We confirmed this by the
addition of 150 mM NaCl to disrupt these ionic interactions.

does not play a role in coordinating ¥fg Additionally,
while both Cys193 and Asp327 are important for the catalytic

As can be seen from Table 2, the higher ionic strength activity of NBD-512, they are not critical in nucleotide

resulted in a lowering dk,. Of all the Trp residues of NBD-

binding by the domain.

512, since Trp326 has an Asp327 adjacent to it, it is probable  Of note, like in the case of NBD-512, ATP binding to the

that the static quenching complex is formed in its vicinity
(discussed later).
For the mutant protein NBD-512 W326A, since Trp326

mutant protein resulted in conformational change and
enhanced accessibility of charged quenchers to the Trp
residues of NBD-512 D327N (Table 2). As can also be seen

has been substituted, we do not observe any fluorescencdrom Table 2, theK, value for C$ with NBD-512 D327N

from this residue Any static quenching complex formed in
this pocket will therefore go unnoticed by us. Indeed, as
expected, thé, value (5.0 M%) for quenching by Csis
low in NBD-512 W326A. The accessibility of the quencher
to the Trp residues of this mutant is also low (13%), further
suggesting that Cswas originally preferentially “seeing”
Trp326 in NBD-512. Additionally, the presence of ATP does
not alter the accessibility (15%) of the cationic quencher to
the Trp residues of NBD-512 W326A (Table 2, plot not
shown). Since at a concentration of 5 mM ATP is hydrolyzed
very well by this mutant protein (Figure 3B, bottom panel),

is low (6.8 M™1) as compared to that for NBD-51K{ =

17.2 M1). Thus, the removal of the negative charge next to
Trp326 brings down th&, value for the quencher, just as
increasing ionic strength by NaCl (150 mM) of the buffer
brought down the<, for NBD-512, reconfirming that the
guencher does indeed form a static quenching complex at
this residue in NBD-512.

Mutations in Full-Length CdrlpTo examine the in vivo
significance of the uncommon Trp326 and conserved Asp327
in the Walker B domain of the N-terminal NBD (NBD 1)
of the full-length protein, we introduced substitution muta-

it appears that ATP docks but is unable to induce the requisitetions Trp326 to Ala (W326A), Asp327 to Asn (D327N), and

conformational change in the mutant protein upon binding.
The catalytically affected mutant, NBD-512 C193A, on

the combination mutations C193A/W326A in full-length
native Cdrlp. For this, we used a hyperexpression system

the other hand, behaves in a manner very similar to native where Cdrlp (CDR1-GFP) was stably overexpressed from

NBD-512 (Table 2, plot not shown). Since ATP binding is
not altered in this mutantl@ and ATP binding continues

PDR5locus in aSaccharomyces cerisiae mutant, AD1-
8u™ (19). The AD1-8u was derived from ddrl-3 mutant

to cause conformational change in this protein, this implies strain with a gain-of-function mutation in the transcription

that nucleotide binding alone is sufficient for the conforma-

tional change that we observe in native NBD-512 as well.
Conseped Asp327 Is Important for ATPase Adty but

Not for ATP Binding.Having thus shown that Trp326 is

factor Pdrlp, resulting in constitutive hyperinduction of the
PDR5 promoter (8). The cells expressing these mutant
variants of NBDs were designated as VRCG W326A, VRCG
C193A/W326A, and VRCG D327N. The stable single-copy

important for ATP binding and the subsequent conforma- integration in our heterologous hyperexpression system was
tional change, it remained to be ascertained whether theconfirmed by Southern hybridization (data not shown). The
conserved Asp327 adjacent to the unusual Trp326 has anysurface localization of native Cdrlp-GFP in these mutant
role to play in ATP docking or hydrolysis. The role of this variants remains unaffected as confirmed by Western blot
nonvariant Asp in coordination of the metal ion (Ryhad of the plasma membrane (PM) proteins (Figure 6A). Con-
been shown earlier to affect the ability of NBDs to bind, focal images further excluded the possibility of mislocal-
hydrolyze, and release nucleotide in other ABC drug ization and altered expression of Cdrlp (CDR1-GFP) due

transporters 39—43). Structural data for nonfungal ABC

to mutations within NBD1 (data not shown).

transporters also confirm that the conserved Asp participates Cdrlp W326A Variant Has Highery<for ATP Hydrolysis.

in coordination of M@" in the enzyme-substrate complex
and is significant for ATPase activity of the nucleotide
binding domain 44—46). We constructed two types of
mutants, one in which the Asp was replaced by Ala (NBD-
512 D327A) and another in which the Asp was replaced with
Asn (NBD-512 D327N). We expressed and purified these
mutant proteins NBD-512 D327A and NBD-512 D327N as
well as the double mutants NBD-512 W326A/D327N and
NBD-512 C193A/W326A in a manner similar to that

We performed ATPase assays with the PM of wild-type and
mutants cells to check whether mutations in NBD1 in anyway
affected the ATPase activity of the full protein. Purified PM
fractions from cells expressing native Cdrlp (CDR1-GFP)
exhibit a significant increase in ATPase activity as compared
to that of host cells (AD1-80. This substantial and hence
measurable difference in oligomycin-sensitive ATPase activ-
ity gave us the opportunity to check the effect of mutations
in Walker B of NBD1 in Cdrlp. As depicted in Figure 6B,

described for NBD-512. The expression levels of the mutant substitution of Trp326 by Ala in Cdrlp resulted in-360%

proteins were comparable to that of wild-type NBD-512 (data

reduction in ATPase activity, similar to that observed for

not shown). We observed that mutating the conserved the isolated domain NBD-512 W326A with respect to NBD-

Asp327 to either Ala (87% reduced activity) or Asn (89%

512 (Figure 3B, bottom panel). Thg, for ATP hydrolysis

reduced activity) had a similar drastic effect on the enzymatic in PM preparations expressing native Cdrlp was found to

activity of the protein as was observed in the case of NBD-
512 C193A/W326A (data not shown). The NBD-512 D327N

be 0.055+ 0.004uM, while that for Cdrlp W326A was
3-fold higher (0.18+ 0.007 uM). As expected, thé/max
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A. T (Figure 6B). Thus Asp327 to Asn substitution resulted in
loss of ATP hydrolysis in a manner similar to that seen in
Anti-GFP <— P —— Sclfjbititu@ti?c)m of the uncommon Cys193 by Ala in full-length
rip @7).
Anti-Pmalp€—— |que e - - - Cells Expressing Cdrip W326A Do Not Exhibit Altered
Drug Sensitiity. We examined the effect of mutations in
B. ¢ the Walker B motif of NBD1 on drug sensitivity of cells
= T expressing full-length Cdrlp. Mg (minimum inhibitory
g 50 concentration for 80% inhibition in growth) assays revealed
:{L 40 - that the host strain (AD1-8 is expectedly sensitive to all
= the drugs when compared to the substantial growth observed
_g 30 in the presence of drugs for the cells expressing native Cdrlp
E op (Figure 6C-table). As compared to the host strain (AD1}8u
F the MICg for cells expressing wild-type Cdrlp is consider-
‘_é 10 x T ably higher wherein 64g/mL of fluconazole, 16:g/mL of
€ " —=— anisomycin, 1.0ug/mL of miconazole, or 1.Qug/mL of

cycloheximide is required to inhibit 80% growth. Interest-
ingly, cells expressing the mutant Cdrlp W326A also have

comparable MIG values for these drugs (Figure 6C-table).
MICyg (ng/ml) However, cells expressing either Cdrlp D327N or the double
mutant Cdrlp C193A/W326A remained hypersensitive to
Flu Aniso  Mico Cyh these drugs and accordingly displayed extremely low §IC
values. The results of spot assays also corroborated with the
drug sensitivity profile of cells expressing native and mutant
3 PSCDRI-GFP 4 % L0 1.0 Cdrlp proteins (data not shown).

While the double mutation C193A/W326A as well as

Bu- GFP 268 26k 21!
AT g coRY pce ‘N:G 193 ace 0
R

0

1. ADI-8u 0.5 0.25 0.00625 0.03125

% NBEGMAa 2 16 Ll 0% single mutation D327N led to severe loss in ATPase activity
T ——— - — _— and made. cells expressing these mutatipns sensitive to drugs,

the mutation W326A does not dramatically alter the drug
5. VRCG D327N 1.0 0.5 0.125 0.006 sensitivity profile of cells expressing full-length protein.

Clearly, the ability of the N-terminal NBD in Cdrlp to
FIGURE 6: (A) Expression profile of wild-type and mutant Cdr1 ~ hydrolyze ATP correlates well with the drug sensitivity of
proteins. Plasma membrane of wild-type and mutant proteins werethe cells in which it is expressed, whereas, apparently, its
prepared as described earlig8). Inmunodetection of proteinswas  gbility to bind ATP does not. However, since tig, for

performed by separating the PM proteins (&§) from AD1-8u ; o
(lane 1), PSCDR1-GFP (lane 2), VRCG W326A (lane 3). VRCG ATP hydrolysis by the mutant Cdrlp W326A protein is

C193A/W326A (lane 4), and VRCG D327N (lane 5) on an 8% affected (0.1:M), this must imply that the concentration
SDS-PAGE, electroblotted on nitrocellulose membrane and in- Of ATP in the cell must be sufficient to allow this protein to

cubated with mouse monoclonal anti-GFP antibody (diluted 1:1000, function, efflux out drugs, and thereby confer drug resistance
upper panel) and rabbit polyclonal anti-Pmalp antibody (diluted tg the cells.

1:10 000, lower panel). Proteins were detected by chemilumines-
cence using an ECL Kit (Amersham). (B) Comparison of ATPase
activity of Cdrlp with its mutants. ATPase activity of plasma

membrane fraction of cells expressing the wild-type Cdrlp (CDR1- . .
GFP) and its mutant variants was assayed as described previously \BDS of most ABC multidrug transporters possess highly
(19), and each reaction was performed in triplicates; the values conserved amino acid sequences and are therefore expected

plotted (with =SD) represent the average of three independent to be quite similar in structure, implying thereby that they

experiments. The-values for all mutant variants were calculated, may also be mechanistically very simildr, @). Our present

and all are statistically significant, VRCG W326p-¢alue 0.039), ; ;
VRCG C193A/W326A pvalue 0.007), and VRCG D327No{ as well as previous results show that those in the fungal

value 0.007). (C) Drug resistance profiles of the wild-type and World, however, are probably not completely analogous to
mutants determined by minimum inhibitory concentration (MIC) their mammalian counterparts 13). For example, we have

as described earlie ). MICg test end point was defined as the recently demonstrated that the uncommon but conserved
lowest drug concentration that gave80% inhibition in growth. Cys193 in the Walker A motif of the N-terminal NBD of
gf;/gbggj)z%r}ggle; Aniso, anisomycin; Mico, miconazole; Cyh, Cdrlp, is important for ATP hydrolysis by the proteitd(

15). Thus, if Cys193 is replaced by Ala, either in the isolated
values for this activity were not greatly affected (Cdrlp 43.0 domain NBD-512 or in the full length Cdrlp protein, it
+ 2.0 nmol min! mg protein®; Cdrlp W326A 60.0t 3.5 results in severely impaired ATPase activity without any loss
nmol min! mg protein®; LB plots not shown). Thus, similar in nucleotide binding. Of note, Cys193 in the Walker A motif
to our results from isolated domains (NBD-512 and NBD- of NBD1 is a feature common to all fungal ABC transporters
512 W326A), the mutation of Trp326Ala primarily resulted as well but is replaced by a well-conserved Lys at an
in an altered affinity for substrate ATP in the mutant protein €quivalent position in other ABC transportef( 13).

Cdrlp W326A as compared to native Cdrlp. We now demonstrate that the unigue positioning of an
On the other hand, the mutation D327N in full-length aromatic tryptophan residue preceding the well-conserved
Cdrlp caused a drastic loss (880%) in ATPase activity =~ Asp327 in the Walker B motif of NBD1 is another

DISCUSSION
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characteristic feature of Cdrlp and other fungal ABC tion once the ligand has docked into the binding site. It is
transporters 12, 13). Notably, other ABC transporters of possible that the substitution of Trp326Ala has a larger effect
bacterial and mammalian origin have hydrophobic amino upon this latter step. So, although the binding pocket
acids preceding the Asp in place of Trh 89—41), but any recognizes the ligand, the subsequent steps that would
role in ATP binding for these residues has not been proposedincrease the strength of the interaction do not occur.
so far. We show in this study that ATP binding by NBD- Consequently, th&y for ATP binding by the mutant NBD-
512 requires the presence of Trp326 in the Walker B motif 512 W326A is higher. The high&f. value for the mutant
of the binding pocket. We observed that Mglependent  variant NBD-512 W326A is perhaps indicative of this very
ATP binding resulted in a significant and specific intrinsic fact. Poor docking of the substrate due to the inability of
tryptophan fluorescence quenching of the isolated domainthe domain to affect the subsequent conformational change
NBD-512. Chemical modification and site-directed mutagen- results in a greater ease of leaving for the product (ADP
esis of the five Trp residues in NBD-512 further confirmed and phosphate) as well. Such a role in ATP binding for the
that the uncommon Trp326 is important for nucleotide hydrophobic amino acid situated in the Walker B motif of
binding. the nucleotide-binding domain is unusual. We to point out,
We have also observed that Mg-dependent ATP binding however, that a conserved aromatic residue upstream of the
to the native NBD-512 induces a conformational change in Walker A motif in NBDs of several other nonfungal ABC
the molecule that leads to increased accessibility of its othertransporters has been shown to be important for ATP binding
Trp residues to charged quenchers (Table 2). Furthermore,(25, 44, 49).
we show that this conformational change is specifically a  Additionally, contrary to the role of the well-conserved
consequence of ATP docking rather than its hydrolysis in Asp (equivalent to Asp327 of NBD-512) in Mgcoordina-
the native NBD-512. This is supported by the fact that tion in other NBDs 89—43), we observed that the mutant
accessibility of charged quenchers to Trp residues in NBD-512 D327N not only exhibited MJ-dependent ATP
catalysis-deficient mutants (NBD-512 C193A and NBD-512 binding but also underwent subsequent conformational
D327N that are unaffected in ATP binding) resembles that changes similar to NBD-512 (data not shown). This would
for native NBD-512 protein. This is not surprising, since it imply that Asp327 does not play its traditional role of ¥g
is now very well-accepted in the case of ABC proteins that coordination and ATP binding in NBD-512. Nevertheless,
nucleotide binding alone is capable of inducing significant Asp327 appears to be important for ATP hydrolysis since
conformational change in the NBD (reviewed in &8). It the mutant NBD-512 D327N exhibited severely impaired
appears however that Mg-ATP is unable to enforce this ATPase activity as compared to NBD-512 and behaves
conformational change in NBD-512 W326A. Thus, the NBD- analogous to the catalytically deficient mutant NBD-512
512 W326A mutant protein does not have increased acces-C193A (14, 15). The fact that substitution of either Cys193
sibility to charged quenchers in the presence of Mg-ATP as or Asp327 results in a mutant full-length Cdr1p protein that
compared to that in the absence of Mg-ATP. is incapable of hydrolyzing ATP further supports their role
It is probable that the Trp326 residue is critical in in catalysis. As a consequence of such substitutions in the
maintaining the integrity of the ATP binding pocket due to full-length Cdrlp protein, cells expressing these mutant
either strictly steric considerations, given that it has an proteins (Cdrlp C193A or Cdrlp D327N) are extremely
extremely bulky side chain, or direct coordination with the sensitive to drugs, apparently because these mutant versions
cation. That such subtle changes are likely to have occurredof Cdrlp are incapable of hydrolyzing ATP and thus cannot
in the binding pocket due to the substitution of Trp326 is power drug efflux.
supported by the fact that charged quenchers have much less We also point out that the full-length Cdrlp and its mutant
accessibility to Trp residues in NBD-512 W326A as com- variant Cdrlp W326A are likely to be functional in situ at
pared to those in wild-type NBD-512 (Table 2). Itis possible far lower ATP concentrations as compared to the corre-
that these subtle changes alone are sufficient to reduce thesponding isolated domains, which also explains why they
interaction of ATP within the nucleotide-binding pocket and continue to function within the cell and confer drug
are responsible for the loss in conformational change thatresistance. A careful comparison Bfy and Vmax values
must accompany nucleotide binding to the domain. shows that in absolute terms the ATPase activities from full-
However, another equally likely explanation exists. We length proteins are much higher than those exhibited by the
note that the changes in the binding pocket are not drastic.isolated domains. Thus full-length Cdrlp and its mutant
The fact that the fluorescence spectrum undergoes a shiftCdrlp W326A have much loweKy values for ATP
neither in its emission maximum nor in its shape as a result hydrolysis as compared to their respective isolated domains.
of this mutation indicates that the overall conformation of Thus, if the ATP concentration within the cell is high enough
the domain is not dramatically altered by the mutation. In to overcome the highd€y requirement for ATP hydrolysis,
all likelihood, the orientation of the catalytic residues in the the NBDs of Cdrlp W326A will continue to bind and
hydrolysis pocket remains largely unchanged also. This hydrolyze ATP and thereby confer drug resistance to cells
contention is supported by the fact that NBD-512 W326A expressing this protein. The recent paper of Zhao and Chang
continues to hydrolyze ATP (Figure 3B, bottom panel), albeit (49) reports a very similar effect when Trp653 or Tyr1302,
with a significantly higheiKy value. We propose therefore conserved aromatic residues upstream of the Walker A motif
that two events contribute to the strength of the affinity that in the two NBDs of MRP1, were substituted by Cys. Neither
the native domain has for its ligand. The first involves a the single nor double mutations in full-length MRP1 altered
specific recognition of the ligand by the binding pocket. The leukotriene C4 transport, although ATP binding itself was
second involves a conformational change in the domain, anweaker. Thus, in general, it would seem that merely altering
induced-fit that greatly increases the strength of the interac- ATP binding capacity does not alter the ability of the ABC
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transporter to hydrolyze ATP and mediate drug transport
within the cell. It would however be very interesting to study
the effect of this impaired binding in cells that are ATP-
starved.

It is important to point out that the presence of Cys in
NBD1 of fungal ABC transporters in place of the well-
conserved Lys in other nonfungal homologues had led to
the thinking that NBD1 of these transporters are probably
nonfunctional. However, our recent repod7] as well as
the present study amply demonstrates that NBD1 of Cdrlp
is indeed functional and substitution of either Cys193 or
Asp327 can make this ABC transporter nonfunctional. If the
two NBDs were functionally equivalent, as in the case of
histidine permease5(), inactivating one of the domains
would have resulted in a 50% reduction of the function of
the protein rather than a complete loss in drug resistance
that we observe. On the other hand, if binding and release
of ATP rather than its hydrolysis was sufficient for drug
transport as has been hypothesized for MR, then the
mutation of Cys193 or Asp327 in the full-length protein
Cdrlp should not have resulted in cells that were extremely
drug-sensitive. Apparently, ATP hydrolysis by NBD1 of
Cdrlp is critical for drug transport by the full-length protein.
Since no mutations were done in the C-terminal NBD2, one
expects it to be unaltered in its function. Yet, NBD2 is unable
to compensate for the loss of ATP hydrolysis in NBD1. Thus,
the two NBDs of Cdrlp, and probably of other fungal
transporters as well, are functionally asymmetric.

Taken together, our work provides the first biochemical
and biophysical proof that it is possible to separate the
binding and catalytic events of NBD1 of the ABC transporter
Cdrlp by the construction of a binding-deficient mutant
(NBD-512 W326A) as opposed to a catalytically defunct one
(NBD-512 D327N or NBD-512 C193A). The ATP binding
event, for which Trp326 is important, functions indepen-
dently of the hydrolysis step for which Cys193 in the Walker
A motif or Asp327 in the Walker B motif are critical. The
fact that the role of these residues could also be demonstrated
in the full-length Cdrlp protein excludes any possibility of
artifactual effects and points to basic mechanistic differences
between fungal and mammalian ABC transporters. The
elucidation of mechanistic differences in ligand binding and

hydrolysis between fungal and nonfungal ABC transporters 1o

is under active investigation. Given that some of these ABC
transporters play a major role in antifungal resistance, these

mechanistic differences between host and pathogen will 20.

probably have considerable therapeutic implications.
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