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ABSTRACT. Each nucleotide-binding domain (NBD) of mammalian P-glycoproteins (Pgps) and human
ATP-binding cassette (ABC) B subfamily members contains a tyrosine resideesidues upstream of

the Walker A domain. To assess the role of the conserved Y401 and Y1044 residues of human Pgp, we
substituted these residues with F, W, C, or A either singly or together. The mutant proteins were expressed
in a Vacciniavirus-based transient expression system as well as in baculovirus-infected HighFive insect
cells. The Y401F, Y401W, Y1044F, Y1044W, or Y401F/Y1004F mutants transported fluorescent substrates
similar to the wild-type protein. On the other hand, Y401L and Y401C exhibited partial58%) function,

and transport was completely abolished in Y401A, Y1044A, and Y401A/Y1044A mutant Pgps. Similarly,

in Y401A, Y1044A, and Y401A/Y1044A mutants, TNFATP binding, vanadate-induced trapping of
nucleotide, and ATP hydrolysis were completely abolished. Thus, an aromatic residue upstream of the
Walker A motif in ABC transporters is critical for binding of ATP. Additionally, the crystal structures of
several NBDs in the nucleotide-bound form, data mining, and alignment of 18 514 ABC domains with
the consensus conserved sequence in a database of all nonredundant proteins indicate that an aromatic
residue is highly conserved ir85% of ABC proteins. Although the role of this aromatic residue has
previously been studied in a few ABC proteins, we provide evidence for a near-universal structural and
functional role for this residue and recognize its presence as a conserved subddBaamino acids
upstream of the Walker A motif that is critical for ATP binding. We named this subdomain the “A-loop”
(aromatic residue interacting with the adenine ring of ATP).

P-Glycoprotein (Pgp,ABCB1), encoded by the human (NBD), separated by a flexible linker regiofi<6). The ABC
MDRL1 gene, is a member of the ATP-binding cassette (ABC) or the nucleotide-binding domain (NBD) contains several
transporter superfamily. Pgp is implicated in the resistance conserved motifs including the Walker A motif, the Walker
of tumors to anticancer drugs and is also known to transport B motif, the ABC signature linker region or “C” region, the
several other classes of amphipathic compounds such a® |oop, the H loop, and the Q loof¥(8). Although ATP
steroids and antiviral, antifungal, and anticardiac drdgs ( binding and hydrolysis appear to be essential for the proper
3). The functional unit of Pgp, a 156170 kDa phosphory-  fynctioning of Pgp, including drug transpo@)( the exact
lated glycoprotein containing 1280 amino acids, is composed mechanism of how the energy derived from ATP hydrolysis
of two homologous halves, each half containing six rans- jg ysed for the transport of drugs still needs to be elucidated.
membrane domains and one nucleotide-binding domain yngerstanding the role(s) of conserved amino acids in the
nucleotide-binding region is an important aspect of this goal.
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shallow aromatic/hydrophobic groove, the “Y loop” formed nologies (Gaithersburg, MD). The Lipofectin reagent kit and
by a tyrosine residue2(). These structures indicate that the PCR primers were purchased from Invitrogen (Carlsbad,
aromatic residue interacts with the adenine ring of ATP by CA), and FBS was supplied by HyClone (Logan, UT).

m—am stacking, hydrogen bonding, or van der Waals interac- Restriction enzymes and T4 DNA ligase were from New

tion (14, 22). It was recently suggested that hydrogen bonding
interaction is involved at the WatseiCrick edge between
the central adenylate and the Y resid2&)(

It was reported that the mutation of Tyrl6 to a serine

England Biolabs (Beverly, MA). The Expand High Fidelity
PCR system was from Boehringer Mannheim (Roche
Diagnostics Corp., Indianapolis, IN). A recombin&fsccinia
virus encoding bacteriophage T7 RNA polymerase (VTF7-

residue in the HisP subunit of histidine permease abolished3) Was obtained from B. Moss (National Institute of Allergy

the binding of ATP and its transport functior23). In

and Infectious Disease, National Institutes of Health). Pgp-

contrast, the mutation of residues F429, F430, F433, andspecific monoclonal antibody C219 was obtained from

F1232 (the residue corresponding to F430 in NBD2 of CFTR
is Y1219 and not F1232) to Cys in human CFTR did not
affect the chloride channel functiog4). Similarly, a recent
study demonstrated that in MRP1, substitution of W653 in
NBD1 or Y1302 in NBD2 with C resulted in a decrease in
the affinity for ATP and an increase in LTC4 transport
activity (25). It has also been shown that Tyr398 and Tyr1041
in hamster Pgp were cross-linked with 8-azidSfP]ADP
during vanadate (Vi)-induced nucleotide trapping6)(

Fujirebio Diagnostics Inc. (Malvern, PA), and human Pgp-
specific monoclonal antibody MRK16 was purchased from
Kyowa Medex Co., Ltd. (Tokyo, Japan). FITC-conjugated
anti-mouse 1g@, secondary antibody was obtained from
PharMingen (San Diego, CA). ECL reagents were obtained
from Amersham Pharmacia Biotech, Inc. (Piscataway, NJ).
Calcein-AM and TNP-ATP were purchased from Molecular
Probes, Inc. (Eugene, OR). Cyclosporine A was purchased
from Calbiochem (San Diego, CA)'?fl]lodoarylazidopra-

suggesting that these Tyr residues might be involved in ATP zosin (IAAP, 2200 Ci/mmol) andd-*P]JATP (3000 Ci/
binding 7). These studies raise some important questions. MmMol) were obtained from PerkinElmer Life Sciences
Is an interaction between an aromatic residue and the adeninBoston, MA). 8-Azidof-*PJATP (15-20 Ci/mmol), 8-azido-

ring of ATP universal to all ABC proteins? Are some

[y-32P]ATP (15-20 Ci/mmol), and 8-azidoATP were pur-

aromatic residues preferred over others? What is the struc-chased from Affinity Labeling Technologies, Inc. (Lexington,
tural and spatial relationship, if any, between the aromatic KY). All other chemicals were obtained from Sigma Chemi-
residue and other conserved domains of the ABC? Is thecal Co. (St. Louis, MO).

aromatic residue itself an integral part of the consensus ABC

domain?

The tyrosine residues at positions 401 and 1044 in the N-
and C-NBDs, respectively, of human Pgp are equivalent to
the aromatic residues discussed above. The purpose of thi

study was to determine whether the Y401 and Y1044
residues in NBD1 and NBD2 play a role in ATP binding

and/or hydrolysis by human Pgp and whether this residue

Identification and Alignment of Protein Regions Contain-
ing Nucleotide-Binding Domains for ABC Transport Pro-
teins. RPS-BLAST was used to search the nonredundant
protein database (February 12, 2005) for matches to the

Jpattern characteristic of ABC transporters (PSSM entry 5341,

cd00267). This pattern consists of distinct motifs for the
ATP binding site, ABC transporter signature motif, Walker
A—P-loop, Walker B, D-loop, Q-loop, and H-loejswitch

represents a conserved subdomain, which is present in a{egion (see http://mwww.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.

majority of ABC transporters. Systematic biochemical char-

acterization of these residues in Pgp by a mutational study
demonstrates that only aromatic residues (Y, W, and F) at

this position allow full retention of function, whereas residues
such as L or C support only partial (360%) activity.
Moreover, an atomic model of the NBBNBD2 dimer of
Pgp based on the crystal structure of the E171Q mutant NB
of MJ0796 @8) shows that this tyrosine residue stacks agains
the adenine ring of ATP. In addition, large-scale data mining,

sequence alignment, and analysis of nucleotide-bound struc
tures of several NBDs indicate the presence of an aromatic
residue at a position 25 amino acids upstream of the Walker

A motif in a majority of ABC transporters. On the basis of

these multiple approaches, we provide evidence for a near

universal structural and functional role for this residue in
NBDs of ABC proteins. We propose that this conserved
residue should be considered an integral part of the AB
domain. To emphasize its interaction with the adenine ring
of ATP, we named this subdomain the “A-loop” (aromatic
residue interacting with the adenine ring of ATP).

EXPERIMENTAL PROCEDURES

ChemicalsDulbecco’s modified Eagle’s medium (DMEM),
Iscove’s modified Dulbecco’s medium (IMDM);glutamine,
and penicillin/streptomycin were obtained from Life Tech-

cgi?uid=cd00267). Matched regions with am value of
<le % and spanning the region corresponding to the position
from ~25—30 residues upstream of the Walker A motif to
~175 residues downstream of it (ATP binding motif) in the
consensus pattern were combined into a multiple alignment,
based on the RPS-BLAST alignments of the individual

psequences to the consensus motif. The frequency of occur-
; rence of each residue at the position corresponding to 25

residues upstream of the Walker A motif in the consensus

‘was determined for (a) the whole data set and (b) the subset

of proteins identified as being eukaryotic in origin. Addition-
ally, the presence of W, F, or Y residues within two positions
of the position 25 residues upstream of the Walker A motif

_was also scored. As described above, RPS-BLAST was used

to identify and align the signature regions of the 87 members
(48 distinct genes and isoforms) of the human ABC

¢ transporter protein family [see a recent review by Dean and

Annilo (29)]. Where appropriate, Clustal WB(Q) was used
to generate multiple-sequence alignment of various sub-
groupings of this large family.

Vaccinia Virus Expression Vector Constru&#e-directed
mutations were constructed by a sequence overlap PCR gene
fusion technique using an Expand High Fidelity PCR kit and
cloned into pTM1MDR1-His6 (wild type) as the expression
vector template as described previousdy,(32). The DNA
sequence of all constructs was verified in both directions by
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automated sequencing with the PRISM Big Dye Terminator
Sequencing Kit (PerkinElmer Corp., Norwalk, CT).

Cell Surface Expression of Wild-Type and Mutant Pgps
and Drug Accumulation/Efflux Assays by Flow Cytometry.
Hela cells were infected with a recombinafdacciniavirus

encoding bacteriophage T7 RNA polymerase (VTF7-3) and

transfected with wild-type or mutant plasmids, pTIMDR1-
His6. Sixteen to twenty hours post-infection/transfection,
cells were trypsinized and stained with the human Pgp
external epitope-specific monoclonal antibody, MRK28)(

and analyzed with a FACSort flow cytometer using CellQuest
(Becton Dickson, San Jose, CA) as described previo@dly (
32). Fluorescent drug accumulation/efflux assays were
performed in infectedtransfected HelLa cells using a flow

cytometer. The calcein accumulation assay was performedy401F/y1044F

with 0.5 uM calcein-AM; 300000-500000 cells were
incubated in 4 mL of IMDM with 5% FBS at 37C for 10

min, and the pelleted cells were analyzed by FACSort as vao1c/y1044w

described previously 32, 34). For quantitation of the
transport activity of wild-type and various mutant Pgps,
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Table 1: Effect of Substitution of the Conserved Y401 and Y1044
Residues in ATP Sites on Pgp Cell Surface Expression, Transport
Function, ATP Binding, Nucleotide Trapping, and Hydrolysis

cell surface transport ATP  ADP-Vi ATP
expressiop functiorf binding® trapping hydrolysi$
(%) (%) (%) (%) (%)

construct

wild-type MDR1 100 100 100 100 100
Y401W 100 100 9695 90-95 85-90
Y401F 95-100 90-100 NT¢ NT9 NT9
Y401C 90-95 45-55 50 <20 NTO
Y401L 95-100 25-30 30-35 20-25 NT®
100-110 <2 <15 <2 <2
Y1044W 100 100 N¥ NT9 NT9
Y1044F 95-100 90-100 NT® NT? NT?
Y1044C 96-95 <2 NT9 NT? NT?
Y1044A 100 <2 <5 <2 <2
Y401W/Y1044W  96-95 <2 NT9 NT9 NT9
96-95 95-100 NT® NT? NT?
Y401C/Y1044C 100 <2 NT9 NT? NT?
Y401A/Y1044A 90-95 <2 <2 <2 <2
Y401F/Y1044W 100 100 NT NT? NT?
100 <2 NT9 NT? NT?
Y401A/Y1044W 106-110 <2 NT9 NT9 NT?
Y401W/Y1044F 100 100 NT NT9 NT9

FACS assays were carried out in the presence and absence 2The levels of cell surface expression, transport activity, ATP

of 10 mM cyclosporine A (Pgp inhibitor), and the cyclospo-
rine A sensitive activity in terms of median fluorescence units

binding, nucleotide trapping, and ATP hydrolysis by the wild-type
protein were taken to be 100%, and these activities in mutant Pgps
were expressed relative to wild-type level€ell surface expression

was calculated Usmg the histogram stat program in Ce"Ql_JeSt-assessed using human Pgp-specific monoclonal antibody MRK-16 in
These values for wild-type (100%) and mutant Pgps are giventransfecteerinfected HelLa cells¢ Transport function assessed by

in Table 1.

SDS-PAGE and Immunoblot Analysisnmunoblot analy-
sis with monoclonal antibody C2193%) or polyclonal
antisera PEPG-1336) was used to determine the total
cellular content of the wild-type and mutant Pgps as
previously described3(l, 34).

Preparation of Crude Membranes from High#i Insect
Cells Expressing Mutants and Wild-Type PdfighFive
insect cells (Invitrogen) were infected with the recombinant
baculovirus carrying the wild type and Y401A, Y1044A,
Y401A/Y1044A, Y401C, Y401L, and Y401W mutant hu-
man MDR1 cDNAs with a Hig tag at the C-terminal end
[BV-MDR1(His6)] as described previously37). Crude
membranes were prepared as described previo@sjyafid
stored at—70 °C.

Purification and Reconstitution of Wild-Type and Mutant
Pgps The crude membranes were solubilized with oBtyl-
glucoside [1.25% (w/v)] in the presence of 20% glycerol
and a lipid mixture (0.1%)37, 39). Solubilized proteins were
subjected to metal affinity chromatography (Talon resin,
Clontech, Palo Alto, CA) in the presence of 1.25% octyl
pB-D-glucoside and a 0.1% lipid mixture; 80% purified Pgp
was eluted with 200 mM imidazole. Pgp in the 200 mM
imidazole fraction was dialyzed to remove imidazole and
NaCl at pH 8.0 87, 38) and subjected to DE-52 chroma-
tography for further purification. The flow-through fraction
was collected and concentrated (Centriprep-50, Amicon,
Beverly, MA) by centrifugation at £C to ~1.0—-1.5 mg/
mL and stored at-70 °C. The purity of Pgp was verified
by silver staining of the gel and by immunoblot analysis
using monoclonal antibody C218%) and quantified by the
amido black B protein estimation method as described
previously @0). Purified Pgp in detergent solution was mixed
with a sonicated lipid mixture at a 1:8.0 (protein:lipid)
ratio and reconstituted into proteoliposomes via removal of
the detergent by dialysis at®€ as described previous|g§).

assaying the efflux of calcein-AM (see Figure 2) in transfeeiatected
HelLa cells. The cyclosporine A-sensitive level of fluorescence was used
to determine the efflux activity as described in Experimental Procedures.
Similar results were also obtained with other substrates, including
rhodamine123, Bodipy-FL-verapamil, and Bodipy-FL-vinblastine (data
not shown).d Labeling with photoaffinity analogue 8-azidof2P]ATP

at 4 °C in baculovirus-infected HighFive insect cell membranes and
TNP-ATP binding to purified proteins in proteoliposomé¥anadate-
induced trapping of 8-azidof*?P]JADP at 37°C in crude membranes

of HighFive insect cells and in purified proteoliposomes containing
pure proteinf The ATP hydrolysis assay was carried out af@7using
crude membranes using 5 mM ATP and a colorimetric€ection
assay. For purified wild-type and mutant proteins reconstituted into
proteoliposomes, the[*?P]ATP hydrolysis assay was used (see Figure
S2 of the Supporting Informationy.Not tested.

Binding of 8-Azido§-*?P]ATP to Pgp.Crude membranes
of HighFive insect cells (106200ug of protein) and purified
and reconstituted protein (630 ug of protein) were
incubated in ATPase assay buffer [50 mM MES-Tris (pH
6.8), 50 mM KCI, 5 mM sodium azide, 2 mM EGTA, 2
mM dithiothreitol, 1 mM ouabain, and 10 mM Mg4l
containing 1M 8-azidofo-3?P]ATP (containing 5-10 uCi/
nmol) in the dark at 4°C for 5 min. The samples were
irradiated with a UV lamp assembly (PGC Scientifics,
Gaithersburg, MD) fitted with two black light (self-filtering)
UV-A long wave F15T8BLB tubes (365 nm) for 10 min on
ice (4°C). Ice-cold ATP (10 mM) was added to displace
excess noncovalently bound 8-azideéfP]ATP. After SDS-
PAGE on a 7% Tris-acetate NUPAGE gel, the gels were dried
and exposed to Bio-Max MR film (Eastman Kodak Co.) at
—70 °C for 12—24 h. The radioactivity incorporated into
the Pgp band was quantified using the STORM 860 Phos-
phorimager system and ImageQuaNT (Molecular Dynamics,
Sunnyvale, CA) and adjusted to Pgp expression levels.

Vanadate- and Beryllium Fluoride-Induced 8-AzidefP]-
ADP Trapping in Pgp.The PgpMg-8-azidop-32P]JADP-
BeF or PgpMg-8-azidof-3?P]JADP-Vi pre- or posthydrol-
ysis transition state conformation was generated as described
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previously @1, 42) with minor modifications. Crude mem-  nucleotide analogue TNP-ATP was assessed by determining
branes of HighFive insect cells (1Q@y) or purified and the increase in the fluorescence signal (excitation at 408 nm,
reconstituted protein (2:57.5ug) were incubated at 37TC emission at 540) of TNP-ATP (2-80uM) associated with

in ATPase assay buffer containing a0 8-azidofo-32P]- purified wild-type and mutant Pgps (Y401W, Y401A,
ATP or, in some experiments as indicated, 8-azid&P]- Y1004A, and Y401A/Y1004A) incorporated into proteoli-
ATP (5uCi/nmol), 300uM Vi or 0.25 mM beryllium sulfate, posomes as described previoushP) The fluorescence
and 2.5 mM sodium fluoride in the dark at 3Z for 5 min. signal in the presence ofal00-fold excess ATP (10 mM)

We stopped the reaction by adding 10 mM ice-cold ATP was taken to be the baseline. The concentration of TNP-
and placing the samples immediately on ice. The trapped ATP required for half-maximal binding was determined by
nucleotides were photo-cross-linked; samples were electro-measuring the signal of increasing concentrations of TNP-
phoresed, and the radioactivity incorporated in the Pgp bandATP in the presence of proteoliposomes (25 ug of
was quantified as described previousBA). protein/mL for the wild-type protein and Y401W mutant and
Mild Trypsin Digestion of PgpCrude membranes of 50—100ug of protein/mL for Y401A, Y1044A, and Y401A/
HighFive insect cells were subjected to mild trypsin digestion Y1044A mutant proteins) and in the presence and absence
to separate the N- and C-terminal half of Pgl, (43 of 10 mM ATP. In addition, an equal volume of liposomes
following nucleotide binding or trapping as described above. (prepared in the same manner as proteoliposomes but without
The labeled crude membranes containing wild-type and protein) was used to the determine TNP-ATP signal in the
Y401W Pgps were treated with trypsin at a trypsin:protein presence and absence of 10 mM ATP.
ratio of 1:10 (w/w) for 5 min at 37C, and the reaction was
terminated by adding a 5-fold excess of trypsin inhibitor. RESULTS
Following electrophoresis and immunoblotting with C219  Identification and Alignment of Nucleotide-Binding Do-
or polyclonal antisera PEPG-13, the blots were exposed tomains of ABC Transporter Proteinghe search for ABC
fluorescent light for 1214 h to eliminate the chemolumi-  transporter domains in the set of all nonredundant proteins
nescence signal. The same blot was used to obtaif’fthe identified a total of 18 514 domains, of which 15 614 (84.3%)
signal by exposing it to an X-ray film at70 °C. Colocal- contain an aromatic residue at a position 25 residues upstream
ization of the two signals indicated that tKéP-labeled of the Walker A motif as aligned to the consensus sequences
radionucleotide was incorporated into both halves of wild- (Table S1 of the Supporting Information). This number rises
type and Y401W Pgps. to 16 312 or 88.1% if one includes the aromatic residue at a
Photoaffinity Labeling of Wild-Type and Y401A, Y1044A, position 25 (2) residues upstream of the Walker A motif.
Y401A/Y1044A, and Y401W Mutant Pgps wWilIJJAAP. A search through all eukaryotic proteins identified 3024
The crude membranes of HighFive insect cells (2200 domains, of which 2452 (81.1%) contain aromatic residues
#g) were incubated at room temperature in ATPase assayat a position 25 residues upstream of the Walker A motif.
buffer (pH 6.8) with IAAP (7 nM) for 5 min under subdued  Again, this number rises to 2648 (87.6%) if one includes
light. The samples were then photo-cross-linked for 10 min aromatics in the neighboring region 25-%) residues
at room temperature, and the subsequent steps were carriedpstream of the Walker A motif. Moreover, aromatic amino
out as described above. acids in C-terminal nucleotide-binding domains are more
ATPase Assaylhe Vi- or Bek-sensitive ATPase activity  conserved than in the N-terminus (93.4% vs 83.8%). The
of wild-type and mutant Pgps was determined for crude sequence alignment of this region of most commonly studied
membranes as the amount of ieleased measured by a ABC transporters, including both full-length and half trans-
colorimetric method 44). In addition, a more sensitive porters and the sequence logo, shows that the tyrosine residue
method for measurement of ATP hydrolysis by purified and in NBD2 is highly conserved (see Table 1 and Figure 2 of
reconstituted mutant Pgps was used. HydrolysisuefP]- ref 46). On the other hand, phenylalanine or tryptophan, in
ATP was assessed by measuring the level of release ofaddition to tyrosine, is found in NBD1 at this position.
[a-®2P]ADP. Proteoliposomes containing purified and re-  To assess the role of conserved Y401 and Y1044 residues
constituted Pgps (0-510 «g) were incubated with 0.5 mM  in the mechanism of ATP binding and hydrolysis by human
(with 100uCi/nmol) [0-*?P]ATP in the ATPase assay buffer. Pgp, the following amino acids were introduced at these
After incubation at 37°C for 20 min, the reactions were positions: A, a nonpolar nonaromatic amino acid, C, a polar
terminated by adding SDS to a final concentration of 2.5% nonaromatic amino acid, and F and W, nonpolar aromatic
and the reaction mixture was spotted onto a polyethylene-amino acids. We generated the single mutants Y401A,
imine cellulose TLC plate (Merck KGaA, Darmstadt, Y1044A, Y401C, Y1044C, Y401F, Y1044F, Y401W,
Germany) and was developed with a solution containing 1 Y1044W, and Y401L. We also generated the double
M formic acid and 0.5 M LiCl to separate nucleotide mutants Y401A/Y1044A, YA01F/Y1044F, YA01W/Y1044W,
diphosphates from triphosphatds); The amount of¢-32P]- Y401C/Y1044C, Y401A/Y1044W, Y401F/Y1044W, Y401C/
ADP formed was analyzed using a STORM 860 Phospho- Y1044W, and Y401W/Y1044F. All these mutants were
rimager system (Molecular Dynamics). We generated a initially characterized using ¥acciniavirus-based transient
standard curve by quantifying the intensity of the signal in expression system, and subsequently, for detailed biochemi-
the Phosphorimager for the radioactivity associated with a cal studies, selected mutants were expressed in baculovirus-
known concentration ofd-3?P]JATP and used the slope to infected HighFive insect cells and purified to homogeneity
calculate the specific activity for the wild-type and mutant as described in Experimental Procedures. The purified wild-
Pgps. type and mutant Pgps were reconstituted into proteolipo-
Binding of TNP-ATP to PgpPurified and reconstituted  somes for characterization of nucleotide (8-azid&{P]JATP
proteins were used for this assay. Binding of the fluorescentor TNP-ATP) binding and ATP hydrolysis.
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FiGure 1. Expression of wild-type and mutant Pgps expressed in = s ™ o,
Vacciniavirus-infected HelLa cells. The cell surface expression of 10 10 H 10 Intensit 10 10
wild-type and mutant Pgps was assessed by staining Pgp in intact roresgence ensty _
cells with human Pgp-specific monoclonal antibody MRK-38)( FiGure 2: Transport function of wild-type and mutant Pgps using
followed by flow cytometry as described in Experimental Proce- fluorescent substrate calcein-AM. Calcein-AM efflux mediated by
dures: (A) (thin line) pTM1, (thick line) wild type,-{-) Y401A, wild-type and mutant Pgps was monitored by flow cytometry as
(---) Y401C, (=-) Y401W, and (~--) Y401F, (B) (thin line) pTML1, described in Experimental Procedures: (A) (thin line) pTM1, (thick
(thick line) wild type, ¢--) Y1044A, (- - -) Y1044C, () Y1044W, line) wild type, ¢--) Y401A, (---) Y1044A, and (~+-) Y401A/

and (-+-) Y1044F, and (C) (thin line) pTM1, (thick line) wild type, ~ Y1044A, (B) (thin line) pTM1, (thick line) wild type,--) Y401F,
(=) Y401A/Y1044A, (---) Y401C/Y1044C, (-) Y401W/ (- - -) Y1044F, and (~-) YA01F/Y1044F, and (C) (thin line) pTM1,
Y1044W, and (~-) Y401F/Y1044F. (thick line) wild type, ¢--) Y401W, (---) Y1044W, and (--)

Cell Surface Expression and Transport Function of Wild- Y401IW/Y1044W.
Type and Tyrosine Mutant Pgp¥he mutant Pgps with  type Pgp (Figure 2B,C). The results show that Y401 plays
substitutions at Y401 and/or Y1044 were characterized in a an important role in Pgp transport function and other aromatic
Vacciniavirus-based expression system. Hela cells infected amino acid residues can substitute for this tyrosine residue.
and/or transfected with the wild-type and all mutant Pgps We also studied the effect of substitution of Y1044 with A,
showed comparable cell surface expression as assessed bg, F, and W in the C-terminal NBD. Transport of calcein-
staining with human Pgp-specific monoclonal antibody AM is abolished in mutants Y1044A and Y1044C (Figure
MRK16 that recognizes an external epitope in a flow 2A and Table 1), whereas the Y1044F and Y1044W mutants
cytometry assay (Figure 1 and Table 1). Similarly, immu- exhibited transport activity comparable to that of wild-type
noblotting with Pgp-specific monoclonal antibody C219 Pgp (Figure 2B,C). These results demonstrate that the
showed similar levels of Pgp in crude membranes of Hela tyrosine residue 25 amino acids upstream of the Walker A
cells expressing the wild-type and mutant proteins (data not motif in both NBDs plays an important role in Pgp transport
shown). The functional status of the wild-type and mutant function. Furthermore, it would be expected that the substitu-
Pgps was assessed using a calcein-AM efflux assay. Figuretion of both Y401 and Y1044 with A and C (Y401A/Y1044A
2 illustrates that in a flow cytometry assay HelLa cells and Y401C/Y1044C) would abrogate function, whereas
expressing wild-type Pgp show a reduced level of accumula- substitutions with F and W in both NBDs (Y401F/Y1044F
tion of fluorescent calcein, whereas cells expressing equiva-and Y401W/Y1044W) would retain functionality. However,
lent amounts of Y401L and Y401C mutant Pgps show partial we found that Y401W/Y1044W double mutant Pgp exhibited
(30—50%) transport function (Table 1). The transport func- a complete loss of function, measured as efflux of calcein-
tion is abrogated in Y401A mutant Pgp (Figure 2A), but AM. We also found loss of function in mutants Y401A/
Y401F and Y401W show the same transport activity as wild- Y1044W and Y401C/Y1044W. However, mutants Y401F/
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Wt Y401A Y1044A  YAD1A/1044A FiIGURE 4: Trapping of 8-azidaf-32P]JADP in wild-type and mutant
Ficure 3: Binding of 8-azidofi-32P]ATP to wild-type and mutant Pgps and distribution of trapped nucleotides in the N-terminal and
Pgps. (A) Crude membranes prepared from HighFive insect cells C-terminal ATP sites. (A) Vi- or BeFinduced trapping of 8-azido-
overexpressing the wild type or the Y401W mutant Pgp were [a-**P]ADP in wild-type or Y401W mutant Pgp was monitored as
incubated with 1Q«M (with 5—10 xCi/nmol) 8-azidof-32P]ATP described in Experimental Procedures. The autoradiogram depicts
in the absence) or presence+) of 10 mM ATP in the ATPase  8-azidopi-32PJADP incorporated into the wild-type and Y401W
assay buffer as described in Experimental Procedures, photo-crossmutant protein in the presence and absence of Vi or,B)
linked, and separated on a 7% gel. The same samples were probe®istribution of trapped 8-azidof3?P]JADP in the N- and C-ATP
with Pgp-specific monoclonal antibody C219, and the immunoblot sites of wild-type and Y401W mutant Pgp. Vi-induced trapping
of the same blot shown in the autoradiogram is given below the was carried out as described above, and samples were subjected to
autoradiogram. Experimental conditions are given on each auto- mild trypsinization, as described previousB4j. Following elec-
radiogram. (B) Binding of 8-azido[-*?P]ATP to purified and trophoresis and transfer to a nitrocellulose membrane, the samples
reconstituted wild-type and mutant Pgps-(Lug of protein/assay)  were probed with Pgp polyclonal antisera PEPG-3§ or Pgp-
was monitored as described for panel A. The 8-azief8PJATP specific monoclonal antibody C219, and the same blots were
incorporated into wild-type and mutant Pgps in proteoliposomes exposed to X-ray film to obtain the signal associated with 8-azido-
was quantified using a phosphorimager, as described in Experi-[0-32P]JADP. Experimental conditions are given in each panel. (C)
mental Procedures. The mean valdethe standard deviation from  Vi-induced nucleotide trapping was not observed with Y401A or
three independent experiments are shown. Y1044A mutant Pgp. Wild-type and Y401A and Y1044A mutant

Pgps were purified and reconstituted into proteoliposomes as

; described in Experimental Procedures. Proteoliposomes containing
Y1044W and Y401W/Y1044F were functional (Table 1). wild-type (20ug of protein/mL) or Y401 and Y1044A mutant Pgps

The substitution of tyrosine with tryptophan is tolerated at (150 4g of protein/mL) were incubated at 3T with 50 M
either the N- or C-terminal ATP sites but not in both NBDs, 8-azidop-32P]ATP in the presence of 5M verapamil and in the

most likely due to the bulkiness of the tryptophan residue. presence and absence of 0.3 mM Vi for 10 min. The samples were
Moreover, an asymmetric substitution where one of the then processed as described in Experimental Procedures. An
tvrosine résidues is replaced with a trvptophan and the Otherautoradiogram from a typical experiment is shown. Similar results
y! Sisrep yptop were obtained in two more experiments.

with phenylalanine is also well-tolerated.

Binding of 8-Azidofi-3?> P]JATP to Wild-Type, Y401A, Y401lL and Y401C mutants, 3660% of the azidonucleotide
Y1044A, YA01A/Y1044A, Y401W, Y401C, and Y401L Mutanwvas incorporated.

Pgps.To examine the role of the tyrosine residue in the  Trapping of 8-Azidafi-32PJADP into Wild-Type, Y401A,
nucleotide binding properties of Pgp, we used crude mem-y1044A, Y401A/Y1044A, and Y401W Mutant Pgpe
branes prepared from HighFive insect cells infected with BeR- or Vi-induced, pre- or posthydrolysis transition state
baculovirus containing the wild-type and mutant Pgps. We pgpMg-8-azidop-32P]JADP-BeF; or PgpMg-8-azidofp-32P]-
monitored binding of 8-azido{-*P]ATP to wild-type and  ADP-Vi has been extensively used to understand the catalytic
mutant Pgps (Figure 3). Quantification of the radiolabel cycle of Pgp 88, 41, 47). It is important to determine if the
signal shows that the amount of 8-azidePP]ATP incor-  substitutions of Y401 and Y1044 that permit nucleotide
porated in Y401W is approximately 80% of that in wild- binding also allow the generation of this transition state,
type Pgp. However, incorporation of 8-azidef?P]JATP was which is the next step in the catalytic cycle of Pgp-mediated
drastically attenuated in the Y401A, Y1044A, and Y401A/ ATP hydrolysis. In Figure 4A, we show that wild-type and
1044A mutant Pgps, compared to that in wild-type Pgp Y401W Pgps trap equivalent levels of 8-azidefP]ADP,
(Figure 3B). The level of 8-azidaf*?P]ATP incorporated  whereas in Y401A and Y1044A mutant Pgps, Vi-induced
into Y401A, Y1044A, and Y401A/Y1044A equaled 10 8-azidoADP trapping was not detected even in the presence
15, 3-5, and ~1% (undetectable level), respectively. In of 30 uM verapamil (Figure 4C). Consistent with photo-
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Ficure 5: Vi-induced trapping of nucleotide in wild-type and
Y401W mutant Pgps by incubating with 8-azidef?P]ATP or
8-azidoy-*2P]ATP. Vi-induced trapping was carried out with wild-
type or mutant Y401W Pgp (0.5 mg of protein/mL) in ATPase
assay buffer (see Experimental Procedures) using either 8-azido-
[0-32P]ATP (50uM with 5 uCi/nmol) or 8-azidoj-32P]JATP (50

uM with 5 uCi/nmol) as the nucleotide. When 8-azigePP]ATP

was used, one of the samples was not photo-cross-linked as a control
for kinase-mediated phosphorylation of Pgp (last lane). Samples
were processed as described in the legend of Figure 3A. Reaction ~

conditions are given on the autoradiogram of a representative FIGURE 6: Basal and verapamil-stimulated ATPase activity of wild-

40 4
Pgp —

ATP Hydrolysis
(nmole P/min/mg protein)

20 4 T,

]
Verapamil - +

experiment.

cross-linking with 8-azidoATP at 4C, both Y401L and
Y401C trap~20% nucleotide in the presence of vanadate
(Table 1). Similar results were obtained when Befstead

type and mutant Pgps. Vi-sensitive ATP hydrolysis was assessed
in crude membranes (16@00 ug of protein/mL) prepared from
HighFive insect cells overexpressing wild-type and mutant Pgps
by the colorimetric assay as described in Experimental Procedures.
Assays were carried out in either the absence (white bars) or
presence (gray bars) of 3tM verapamil. Values are means, and

of Vi was used (data not shown). To determine whether the the error bars represent standard deviations from three independent

mutation in the N- or C-terminal NBD affects nucleotide
trapping only at that site, the wild-type and Y401W Pgps
were subjected to mild trypsin digestion following photo-
cross-linking of trapped 8-azidaf*?P]JADP in the presence

experiments. The control was crude membranes of HighFive cells
infected with baculovirus lacking Pgp. Similar results were obtained
when Bekinstead of Vi was used as an inhibitor (data not shown).

incorporation in both wild-type and mutant Pgps (data not

of Vi as described in Experimental Procedures. Figure 4B shown). These data suggest that mutation of the conserved
shows the detection of immunoblot signals and incorporation tyrosine residue at positions 401 and 1044 does not affect

of 8-azidox-*?P]JADP in the same blot. An immunoblot of
wild-type and Y401W Pgps after mild trypsinization was
performed with polyclonal antibody PEPG-13 to detect the
N-half of Pgp and Pgp-specific monoclonal antibody C219,
which recognizes both halves of P@l). Mild trypsinization

of wild-type and Y401W Pgps showed that both the N- and
C-terminal halves trap the radionucleotide (Figure 4B) to
similar levels, indicating that the Y401W mutation does not
affect the random selection of NBDs in initiating the catalytic

photolabeling with transport substrate.

ATPase Actiities of Wild-Type, Y401A, Y1044A, Y401A/
Y1044A, and Y401W Pgpkhe Vi-sensitive ATPase activity
of wild-type and mutant Pgps was determined by assessing
the liberation of inorganic phosphate using a colorimetric
assay 87). The membranes prepared from control HighFive
insect cells not expressing Pgp exhibit a Vi-sensitive basal
activity of <5 nmol of R min~* (mg of protein)* and exhibit
no verapamil-stimulated ATPase activity (data not shown).

cycle @2). These results also demonstrate that the substitutionAs shown in Figure 6, the wild-type Pgp as well as the

of Y401 with W does not affect photo-cross-linking with
the 8-azido group of ATP.

To determine whether the trapped nucleotide is 8-azi-

doATP or 8-azidoADP, we incubated the wild-type and
Y401W mutant Pgps in the presence of Vi with either
8-azidop-*?P]ATP or 8-azidoj-*?P]JATP (Figure 5). Fol-

lowing hydrolysis, they-32P is cleaved, so there is no
radioactive signal following photo-cross-linking in the Pgp
band. We found that in both the wild type and the Y401W
mutant there was n¥P signal associated with the Pgp band
when 8-azidop-*?P]JATP was used, suggesting that the

Y401W mutant exhibited Vi-sensitive ATPase activity that
was stimulated by verapamil. However, ATPase activity of
the Y401A, Y1044A, and Y401A/Y1044A mutants was
comparable to that of control HighFive cells not expressing
Pgp. Moreover, verapamil had no effect on this activity.
Other drug substrates such as vinblastine and valinomycin
also gave comparable results, stimulating ATP hydrolysis
only in the wild-type Pgp and the Y401W mutant (data not
given). Similar results were also obtained when Vi was
replaced with Bef for inhibition of Pgp-mediated ATP
hydrolysis (data not shown). Although it is clear that mutant

trapped moiety is the nucleotide diphosphate, and this is Y401W can hydrolyze ATP, the level of activity when 5

indeed the posthydrolysis transition state.
To examine whether the differences in transport function

mM ATP is used is in the range of 60d5%, compared to
that of wild-type protein. It was important to determine

were due to an alteration in the binding properties of transport whether the kinetics of the ATP hydrolysis or affinity for

substrate resulting from the Y401A, Y1044A, Y401A/

Y1044A, and Y401W substitutions, we compared the photo-

cross-linking of mutant Pgps with IAAPIP]IAAP is the

nucleotide had been altered in any way. Thus, we determined
the Kn(ATP) for wild-type and mutant Y401W Pgps both
in the presence and in the absence of/30 verapamil.

radiolabeled, photoactive analogue of Pgp drug substrateATPase activities in the absence and presence of verapamil

prazosin, which is also transported by Pgp)(and has been
extensively used to probe the drug binding sites of Rigp (

Mutants Y401W, Y401A, Y1044A, and Y401A/Y1044A
were all labeled with'?]IAAP at levels comparable to that
of wild-type Pgp, and cyclosporine A inhibited IAAP

as a function of ATP concentration are shown in Figure S1
of the Supporting Information (panels A and B, respectively).
The kinetic parameters of ATP hydrolysis by wild-type and
Y401W mutant Pgp derived from the data in Figure S1 of
the Supporting Information indicate that the maximal velocity
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Ficure 7: Binding of TNP-ATP to proteoliposomes containing purified wild-type, Y401W, Y401A, Y1044A, and Y401A/Y1044A mutant
Pgps. (A) Emission scans (excitation at 408 nm and emission at@@I®nm) of TNP-ATP (5Q:M) in buffer alone or in the presence of
liposomes or proteoliposomes containing wild-type Pgp were obtained. Scans represent TNP-ATP alone in assay)baufigir( the

presence of an equal volume of liposomes (- - -) and proteoliposomes containing purified wild-type Rgp ¢2Brotein/mL) in the
absence-{) and presence - ) of 10 mM ATP as described previouslgg). (B—D) The affinity of TNP-ATP for wild-type @) and

Y401W mutant Pgp&) (20—25 ug of protein/mL), Y401A ) and Y1044A {0) mutant Pgps (50100ug of protein/mL), double mutant
Y401A/Y1044A Pgp (10Qug of protein/mL) (), and liposomes®) (dashed line in panels-BD) was determined by using increasing
concentrations of TNP-ATP. Fluorescence (excitation at 408 nm and emission at 560 nm) was measured as described in Experimental
Procedures in the presence of increasing concentrations of TNP&@,/8M), and each data point is the difference between the fluorescence

in the absence and presence of excess ATP. In panel3, Bhe lines represent the best fit for the data either by linear or nonlinear
least-squares regression analysis using GraphPad Prism version 2.0. The results from a typical experiment are shown, and similar results
were obtained in three additional experiments.

of ATP hydrolysis by both the Y401W mutant and the wild- taken in the presence of Pgp showed that the magnitude of
type protein is in the same range. However, KggATP) the fluorescence signal was significantly decreased in the
for wild-type Pgp is 1.16 mM, versus 2.44 mM for the mutant presence of excess (10 mM) ATP. Therefore, we measured
Pgp in the absence of verapamil € 0.05). Similarly, in the fluorescence using increasing concentrations of TNP-
the presence of verapamil, th&,(ATP) values for wild- ATP in the presence of Pgp-containing proteoliposomes in
type and mutant Pgps are 0.80 and 2.62 mM, respectivelythe absence and presence of excess ATP, and the fluores-
(p < 0.005). These results suggest that though there is a smalcence measurements taken in the presence of Pgp were
decrease in the affinity for ATP in the Y401W mutant, this corrected for nonspecific binding by subtracting the fluo-
substitution is tolerated by Pgp and unlikely to have any rescence signal acquired in the presence of excess ATP. The
effect under physiological conditions. This conclusion is increase in fluorescence upon binding of TNP-ATP to wild-
strengthened by the findings that thga.x values for wild- type and Y401W mutant Pgps was concentration-dependent
type and mutant Y401W Pgps are comparable. This is alsoand saturable (Figure 7B), and the appateg{TNP-ATP)
consistent with the similar transport activities in both wild- for the mutant Pgp, Y401W, was 328/ compared to a
type and Y401W mutant Pgps (Figure 2 and Table 1). value of 11.2uM for wild-type Pgp. Thus, though mutant
Binding of TNP-ATP to Wild-Type, Y401A, Y1044A, Y401W hydrolyzes ATP and retains transport function, the
Y401A/Y1044A, and Y401W PgpdP-ATP, a fluorescent  affinity for ATP is reduced 22.5-fold. However, the
analogue of ATP, has been used to characterize the relativeconcentration required for half-maximal binding of TNP-
affinities of ATP sites 42, 50). An increase in fluorescence ATP to Y401A mutant Pgp was considerably higher than
intensity and a small blue shift in the emission (from 550 to that for the wild type (105..xM, Figure 7C). Furthermore,
530 nm) accompany the binding of TNP-ATP to the ATP the binding of TNP-ATP to Y1044A and Y401A/Y1044A
or NBD sites. We monitored the fluorescence emission mutant Pgs was not saturable up to 100 (Figure 7C,D),
spectrum of TNP-ATP in the presence or absence of and for this reason, we could not determine the affinity of
proteoliposomes reconstituted with purified Pgp using lip- the fluorescent nucleotide for these mutants. It is worth noting
osomes as a negative control. The differential spectrathat for experiments in panels C and D of Figure #42
correspond to the fluorescence of bound TNP-ATP and times more protein, Y401A, Y1044A, and Y401A/Y1004A
exhibited a maximum emission at 540 nm (Figure 7A). Scans mutant Pgps, was used to obtain signal above the liposomal
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level. It is clear that even in the case of the Y401A mutant, of all nonredundant proteins. The sequence alignment of
the apparenky value is significantly underestimated. Photo- these domains indicated that 88.1% (or 16 312) of NBDs
cross-linking with 8-azidaf-3?P]JATP (Figure 3B) and TNP-  possess an aromatic amino acid 22f residues upstream
ATP binding assays show that the substitution of either Y401 of the Walker A motif (Table S1 of the Supporting
or Y1044 with alanine significantly affects the binding of Information). We therefore undertook a comprehensive
nucleotide to Pgp, suggesting that there might be cooperat-analysis of the conserved aromatic residues (at positions 401
ivity between both NBDs even for binding of nucleotides. and 1044) in both NBDs of Pgp. We mutated the conserved
Similar results were also obtained with Y401L and Y401C Y residue in both NBDs either singly or together. The
mutants (see Table 1). The partial activity is observed only tyrosine residue was replaced with W, F, C, or A. The C
with Y401C in NBD1 and not with Y1044C in NBD2, residue was chosen because an equivalent mutation has been
suggesting that there might be cooperativity and slight demonstrated to be functional in MRP1 and CFPR, £5).
asymmetry in NBD1 and NBD2. The aromatic residue is In this study, we found that substitution of Y401 and Y1044
always Y at this position in NBD2 of ABC transporters (see with C and A does not affect the expression of protein but
Table 1 in ref46), consistent with our findings that a impairs the transport function of Pgp in\#gaccinia virus
nonaromatic residue at this position in NBD2 is not even expression system, suggesting that these residues have an
partially tolerated. Further work on these and other substitu- important role in ATP binding and ATP hydrolysis. Substitu-
tions of the tyrosine residue at positions 401 and 1044 will tion of the Y residue with F or W has no significant effect
be required to address this issue. on transport function, indicating that any aromatic residue
[a-*2P]ATP Hydrolysis by Wild-Type, Y401A, Y1044A, and at these positions in Pgp can be tolerated. Although the
Y401A/Y1044A Mutant Pgp¥he ATPase activity of the  individual substitution of the conserved tyrosine residues with
purified wild-type and mutant Pgps reconstituted into pro- tryptophan in the two NBDs does not affect function,
teoliposomes was measured with a very sensitive assay usingimultaneous substitution of both tyrosine residues results
[0-*?P]ATP and the separation ofi{*?P]JATP and p-32P]- in the loss of function (these results are summarized in Table
ADP via TLC as described in Experimental Procedures. The 1). This is probably because of the steric hindrance of
specific activity of wild-type Pgp was 530 nmol of ADP tryptophan residues, which have large indole side chains and
min~! (mg of protein)! and increased to 1030 nmol af{ are the bulkiest of all amino acids.
32PJADP min ! (mg of protein)* in the presence of 50M To study ATP binding and hydrolysis in detail, we used
verapamil (Table S2 of the Supporting Information), which the baculovirus-infected HighFive insect cell system. The
is comparable to levels obtained in earlier stud®s-39). purified wild-type and mutant proteins were reconstituted
The separation ofo-*2P]JATP and {1-3?P]JADP following into liposomes prepared with a lipid mixture containing
hydrolysis reaction by wild-type and mutant Pgp on a TLC phospholipids and cholesterol mimicking the mammalian
is depicted in Figure S2 of the Supporting Information. plasma membrane lipid compositior89) by removing
Consistent with the results with crude membrane prepara-detergent with dialysis. Y401W mutant Pgp in the reconsti-
tions, we found that ATP hydrolysis was completely tuted system exhibits properties similar to those of the wild-
abolished by substitution of tyrosine with alanine at position type protein except for a somewhat reduced affinity for ATP.
401 and/or 1044 in proteoliposomes reconstituted with On the other hand, the ¥> A mutants do not show transport
purified mutant proteins. In these experiments, we used aor ATP hydrolysis and the Y401A mutant exhibited signifi-

10-fold higher concentration of mutant Pgps (@00 ug/
mL) than of wild-type protein (18620 ug/mL) to be able to
detect even very low levels of nucleotide hydrolysis.

DISCUSSION

The NBD of an ABC transport protein is composed of
the Walker A and B motifs, the signature motif (also termed
the LSGGQ maotif, linker peptide, or C motif), and the D-,

cantly attenuated<{20%) 8-azidofi-*?P]JATP and negligible
TNP-ATP binding (Table 1 and Figures 3B and 7C).
However, Y1044A mutant Pgp does not exhibit nucleotide
(TNP-ATP and 8-azida[-*?P]ATP) binding (Figures 3B and
7C). These findings suggest that the NBDs in Pgp exhibit
cooperativity for nucleotide binding as well as for hydrolysis.
It is important to note that the aromatic residue in NBD2 is
universally a tyrosine, whereas there is some diversity in

H-, and Q-loops. On the basis of recent studies, the generalNBD1. Consistent with this view is the fact that while

architecture of an ATP site appears to be a “nucleotide-
sandwich dimer” 28, 51, 52). In such a dimer, the ATP is
bound along the interface, flanked by the Walker A and B
motifs of one subunit and the signature motif and D-loop of
the other 14, 28). Previous studies involving site-directed
mutagenesis3| 14, 34, 53—59) and the recent work on
resolution of structures of NBDs with bound nucleotide
(Table S3 of the Supporting Information) help elucidate
specific roles for several highly conserved amino acid

mutants Y401L and Y401C are partially (360%) func-
tional, mutants Y1044C and Y401C/Y1044C are completely
nonfunctional (Table 1). These findings suggest that the ABC
domains of ABC transporters exhibit some structural differ-
ences. Previous work with bacterial HisP demonstrated that
substitution of Y16 with S resulted in a loss of transport
function 23). The biochemical studies described here thus
demonstrate an important role for the conserved tyrosine
residues of Pgp in nucleotide binding and not just for cross-

residues within the ABC. Several groups have studied the linking with 8-azidop-*2P]ATP, as suggested previously

role of these residues, which appear to be critical for ATP
hydrolysis as well as for communication with dragubstrate

sites 60—63). There has not, however, been a systematic
approach to determining if there is a common region in ABC

(26). To further understand the interactions between the
nucleotide and protein, the NBB-INBD2 dimer of Pgp was
modeled on the ATP-bound structure of the E171Q mutant
NBD of MJO796 @8) using O 64). The model in Figure 8

transporters that facilitates such interactions. Data mining shows that ATP is present at the interphase of the nucleotide-

with RPS-BLAST identified 18 514 ABC domains in a set

sandwich dimer formed by the Walker A and B motifs of
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Ficure 9: Schematic of the ABC showing conserved motifs,
including the subdomain, the A-loop. A typical ABC or NBD
domain is comprised of220 residues, and subdomains Walker A
(WA) and Walker B (WB), the ABC linker (C region), and D-,
H-, and Q-loops are depicted. The aromatic residue at a position
~25 amino acids upstream of the Walker A motif, which interacts
with the adenine base of ATP, appears to mark the boundary at
the amino terminus of the ABC domain. Due to its highly conserved
nature and importance in ATP binding, this residue should be
considered as an integral part of the ABC domain. To emphasize
its importance, we named this residue the A-loop (aromatic residue
interacting with the adenine base), depicted as A and A-loop.

Ficure 8: Atomic model of the NBD+NBD2 dimer of Pgp . . . . .
showing the stacking of Tyr401 with the adenine base of ATP. @s the aromatic acid in the wild-type protein. It will be
This atomic model of the NBD2NBD2 dimer was generated on  worthwhile to test whether substitution of Y401 with R will
the basis of the coordinates from the crystal structure of the MJO796 result in cation-sz interaction with the adenine base.

E171Q mutant NBD (PDB entry 1L2T)26) using O 64) by Large-scale data mining, sequence alignments (Table S1

mapping the NBD1 and NBD2 sequences to either subunit. The f the S i Inf fi d fi f th
resulting dimeric ABC was subjected to a few cycles of molecular ©f the Supporting Information), and generation of the

dynamics in CNS, and the final model was checked with Sequence Logo46) all suggest a highly conserved aromatic
PROCHECK. The secondary structure elements of the N-terminal residue 25£2) amino acids upstream of the Walker A motif.

NBD (NBD1) are depicted as the ribbon diagrams in green, and |n addition, all 11 structures of ABC domains except for
those from the C-terminal NBD (NBD2) are colored red. Important Rad50 and MutS clearly show interaction between the

sequence motifs such as the Walker A motif, the Walker B motif, . . . ]
the H-loop, the signature region, and the D-loop are labeled @denosine ring of the nucleotide and the conserved aromatic

accordingly. The bound ATP moiety and some of the interacting residue (Table S3 of the Supporting Information and refer-
residues are shown as the ball-and-stick model and are labeledences therein). Previous studies have demonstrated the role
where carbon atoms are colored black, oxygen atoms red, nitrogengf an aromatic residue in individual ABC transporters (Table

atoms blue, and phosphate atoms magenta. THe Mg is shown . .
as a metallic sphere. Y401 in the A-loop stacks against the adenineS3 of the Supporting Information), and one study has

ring of ATP. For clarity, only one composite ATP site is shown.
This figure was prepared using GLR (www.convent.nci.nih.gov/
glr).

reported a structural domain termed the “Y-loop” with a
conserved Y residue2(). However, not all ABC domains
have a conserved Y residue (see Table S1 of the Supporting

Information; only 55% ABCs hava Y residue). In addition,
NBD1 and the signature region and the D-loop of NBD2. none of the previous studies systematically substituted the
The signature region of NBD2 of Pgp has been shown to be given aromatic residue with two other aromatic residues or
in the proximity of the Walker A motif in NBD1g9). The with alanine in both NBDs individually and together to
homology model of the NBDXNBD2 dimer depicted in  conclusively demonstrate the importance of this aromatic
Figure 8 clearly shows that Y401 stacks with the adenine residue for ATP binding. Here, we substituted Y residues in
ring of ATP, most likely throughr—s interactions 21). both NBDs (Y401 and Y1044) of Pgp with W, F, A, C, or
Similar stacking of Y401 with the adenine ring of ATP was L (at position 401 only) to clearly identify the need for an
also seen when the NBBINBD2 dimer of Pgp was  aromatic residue at this position for proper ATP binding and
modeled on the ATP-bound structure of the H662A mutant hydrolysis. In addition to the extensive biochemical char-
of HlyB (ref 65 and data not shown). Homology modeling acterization of these mutations in Pgp, we employed large-
of NBD1 of Pgp based on the dimer of the MJO796 E171Q scale data mining, sequence alignment, analysis of structures
mutant suggests that replacement of Y with L is tolerated to of nucleotide-bound NBDs, and homology modeling to
some extent due to hydrophobic interaction between the demonstrate the critical role of this conserved subdomain in
leucine residue and the adenine base. The distance betweethe ABC cassette. To emphasize its importance in binding
Co1 of leucine and C6 of the adenine base is 2.75 A, and the adenine ring of ATP, we named this subdomain the
the distance betweend of leucine and C5 of the adenine A-loop (aromatic residue involved in interaction with an
base is 2.66 A. On the other hand, in the Y401C mutant, the adenine base). Thus, this A-loop should be considered as an
S group of the C residue interacts with C6 of the adenine integral part of the NBD in ABC transporters. A revised
base through hydrogen bonding (distance of 3.3 A). These schematic of the ABC domain that incorporates this subdo-
analyses suggest that both hydrophobic or hydrogen bondmain (A-loop) is depicted in Figure 9.
interactions of the residue at this position are not sufficient ~An analysis of nucleotide protein interactions in 68
to support ATP binding and hydrolysis to the same extent nonredundant, high-resolution crystal structures of nucle-
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otide-binding proteins, including ATPases, kinases, and ABC
proteins, by Mao and co-worker®1) suggests that in
addition tor— interactions between aromatic residues and
nucleotides, hydrogen bonding is also involved. Thus, further
work in identifying residues (most likely downstream of the
Y residues, S/T and R as YPS/TR in the A-loop are highly
conserved in mammalian and avian Pgps) involved in
hydrogen bonding with the adenine base in NBDs will

provide a more comprehensive understanding of the forces

involved in binding of the nucleotide to Pgp and other ABC
transport proteins.
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