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ABSTRACT: We report here a novel regulation of the ATPase activity of the human retina specific ATP
binding cassette transporter (ABC), ABCR, by nucleotide binding domain interactions. We also present
evidence that recombinant nucleotide binding domains of ABCR interact in vitro in the complete absence
of transmembrane domains (TMDs). Although similar domalomain interactions have been described

in other ABC transporters, the roles of such interactions on the enzymatic mechanisms of these transporters
have not been demonstrated experimentally. A quantitative analysis of the in vitro interactions as a function
of the nucleotide-bound state demonstrated that the interaction takes place in the absence of nucleotide as
well as in the presence of ATP and that it only attenuates in the ADP-bound state. Analysis of the ATPase
activities of these proteins in free and complex states indicated that the NBBD2 interaction
significantly influences the ATPase activity. Further investigation, using site-specific mutants, showed
that mutations in NBD2 but not NBD1 led to the alteration of the ATPase activity of the NBBD2

complex and residue Arg 2038 is critical to this regulation. These data indicate that changes in the oligomeric
state of the nucleotide binding domains of ABCR are coupled to ATP hydrolysis and might represent a
possible signal for the TMDs of ABCR to export the bound substrate. Furthermore, the data support a
mechanistic model in which, upon binding of NBD2, NBD1 binds ATP but does not hydrolyze it or does

so with a significantly reduced rate.

Members of the ATP binding cassette (ABGuperfamily 4). Molecular genetic analysis of the various ABC transport-
are transmembrane proteins that transport a wide variety ofers has demonstrated that mutations in these genes correlate
substances across extra- and intracellular membranes in awith a variety of inherited human diseases, including cystic
energy-dependent mannet—3). ABC transporters have fibrosis, cholesterol and bile transport defects, anemia, and
been shown to be involved in the active transport of a wide retinal degeneration, and contribute to drug response phe-
variety of hydrophobic substances across membranes includ-notype.

ing drugs 8, 4), lipids (5, 6), metabolites 7), peptides T, A retina-specific member of the ABC family (ABCR) was
8), and steroids §. The TM domains contain 612 identified in humans %0) and localized to chromosomal
membrane-spanning-helices and are important in substrate - hosition 1p22.1-p21 by fluorescent in situ hybridizatiaa)(
specificity, with each ABC transporter having its own unique Sequence alignment with other ABC transporters places
substrate. Typically, the eukaryotic ABC proteins are cOm- AgcR in the ABC-A gene family. The protein is homolo-
prised of tandem transmembrane domains followed by two gous to the bovine1@) and Xenopus(13) Rim proteins
Walker @) type A and type B nucleotide binding motifs. -~ revigusly identified in the rim of the rod outer segment
The two repeated NBD domains are joined by a *linker” isis nitial studies have localized ABCR to the disk
region @, 4). In addition, they possess a signature “C" nemprane of rod outer segments, but it may also be
sequence which is located just upstream of the Walker B expressed in cones as wellX-15). In vitro reconstitution

motif. Examples of bipartite transporters are present, how- gy,gies carried out using purified bovine ABCR suggested
ever; these must dimerize to form a functional molecgle (4t retinoids, specifically retinal, are the substrate for ABCR

o . ib . he National Inst (16). These findings were extended through ocular charac-
is work was supported by a grant from the National Institutes i ~ti ; ;
of Health, National Eye Institute, EY 013113, and an NIH administra- terization of ABCR k.r]OCkom. mice 1(7) who dlsplayed
tive supplement, Quantitative Physical Measurements at the Nanaoscaledelayed dark adaptation and increased levels ofrafis

* To whom correspondence should be addressed. Tel: 215 503-8184.retinaldehyde and phosphatidylethanolamine in the outer
Fax: (215) 503-2189. E-mail: Esther.Biswas@jefferson.edu. segments following light exposure. This has led to the

1 Abbreviations: ABC, ATP binding cassette; TMD, transmembrane . . .
domain; Tris, tris(hydroxymethyl)aminomethane; BSA, bovine serum hypothesis that ABCR acts as an outwardly directed flippase

albumin; EDTA, ethylenediaminetetraacetic acid; ATP, adenosine Of the protonated complex of aifansretinal and phosphati-
triphosphate; ATPase, adenosinetriphosphatase; TLC, thin-layer chro-dylethanolamineN-retinylidindene-PE)X7). Recent studies,

matography; NBD, nucleotide binding domain; NBD1, first nucleotide lizing i i ; _ratinyli
binding domain; NBD2, second nucleotide binding domain; ABCR, utilizing immobilized ABCR, point toward\-retinylidene-

retina-specific ABC transporter; STGD1, Stargardt disease; CRD, cone- phosphatidylethanolamine as the substrate of this transporter
rod dystrophy; AMD, age-related macular degeneration. (19).
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Advances in molecular genetics have led to the identifica- EXPERIMENTAL PROCEDURES
tion of genes and genetic mutations that are unequivocally
linked to various visual disease$X-23). Human genetic
studies have correlated mutated forms of ABCR with several
inherited visual diseases, including Stargardt macular dys-
trophy (1, 24—27), fundus flavimaculatus (FFMR{—29),
age-related macular degeneration (ARMI2A4,(30—32),
retinitis pigmentosa26, 33—35), and cone-rod dystrophy
(36—39). Many, although not all, of these mutations are
localized to the nucleotide binding domains, suggesting that and deoxynucleotides were obtained from Pharmacia and
the underlying defect has a basis in nucleotide hydrolysis were used without further purificationaf?P]JATP was
and/or aspects of energy transduction related to transport.,\i-ined from DuPont NEN (Boston, MA). Polyethylen-
Our laboratory has demonstrated that the two nucleotide jine—cellulose TLC strips were from J. T. Baker Chemical
binding domains of ABCR have distinct nucleotide specific- ¢4 (Pittsburgh, PA). Oligonucleotides were synthesized by
ity and activity @0, 41) and that these nucleotide binding |ntegrated DNA Technologies (Coralville, 10) and were of
domains undergo conformational changes in response tohigh purity (>95%) as determined by autoradiography of
nucleotide binding and subsequent hydrolysis. Studies carriedthe phosphorylated products. Oligonucleotides used in the
out with recombinant NBD2 polypeptides, harboring disease- polymerase chain reaction (PCR) were used without ad-
associated mutations, suggest that this cycle of conforma-ditional purification. The T7 expression system vector
tional change is disrupted in many mutant proteins. PerhapspET29a and the S-protein agarose affinity resin were from
one of the most intriguing aspects of mutations in the ABCR Novagen (Madison, WI)Pfu DNA polymerase for PCR
gene is the wide range of clinical phenotypes. For example, amplification was from Stratagene, Inc. (La Jolla, CA).
the mutations P940R and R2038W are each localized to the  Byffers. Buffer A contained 25 mM Tris-HCI (pH 7.9),
nucleotide binding domains, NBD1 and NBD2, respectively. 109 sucrose, 0.005% NP40, and 0.25 M NacCl. Buffer B
The mutation P940R is associated with age-related macularcontained 25 mM Tris-HCI (pH 7.5), 10% (v/v) glycerol,
degeneration, a late onset, slowly progressing disorder. Ong.1 mg/mL BSA, and 5 mM DTT. Buffer C was 20 mM
the other hand, R2038W has been observed in individuals Tris-HCI (pH 7.5), 1 mM MgC4, 50 mM NacCl, 5% glycerol,
afflicted with Stargardt macular dystrophy, an aggressive and 0.01% NP40.
form of degeneration, striking individuals in early adulthood  Cloning and Expression of the NBD1 and NBD2 Domains.
and rapidly leading to blindness. To correlate disease- The wild-type constructs pET29aNBD2 and pET29aNBD1
associated ABCR mutations with their role in macular were available in our laboratory4{, 57). They were
degeneration, further studies on the structure, function, andamplified from the human retinal cDNA clone in pRK5 as
mechanism of action of this protein need to be carried out. previously described4(l). The NBD1 polypeptide contains
Several disease-related human ABC transporters have beeB22 amino acids (aa), spans the entire N-terminal cytoplasmic
studied in great detail and may provide a framework for domain of ABCR, aa 854375 (considering the ATG start
structure-function investigation of ABCR. codon as the first nucleotide of the ABCR gene), and has a

Many studies have demonstrated that both NBDs are deduced molecular mass of 66 kDa (Figure 1A). The cloning

required for the functional activity of ABC transporters. In Was designed such that NBD1 was expressed as an S-tag

several ABC transporters, an interaction has been demon-fusion protein, which added an additional 14 aa to the

strated both genetically and biochemically between the NBD POlyPeptide. Thus, the theoretical molecular mass of the

; ; ; NBD1 protein with the S-tag is 68 kDa. The NBD2
domains and the membrane-spanning protein subuss ( L . ) .
53). Earlier studies have suggested that the two NBD polypeptide is defined as aa residues 188873 (Figure

domains in multidrug transporters function cooperatively, 1A). The expressed NBD2 protein contained 376 aa spanning

perhaps through their close interaction with the membranethe entire C-terminal soluble hydrophilic domain of ABCR

- : as well as a 14 aa S-tag for purification. The molecular mass
54). This interaction has been further supported by a recent g ;
gtu?ﬂy which showed close interactions brzeaween NyBDl and of the S-tagged protein is 45 kDa. The plasmids pET29aNBD2

. and pET29aNBD1 were used for expression of the polypep-
NBD2 domains of Pgp by fluorescence energy transfer tide in Escherichia coli(strain BL21DE3).

analysis $5) and by biochemical studies of the nucleotide . . . .
binding protein of the ABC transporter OpuA froBacillus In Vltro_ Slte_-Dlrected Mutagene_SIS of the NBDl and N.BDZ
o Genes Site-directed mutagenesis was carried out using a
subtilis (56). B :
) ) mutagenesis kit (Stratagene, La Jolla, CA) as previously
In the present report, we have investigated NBINBD2 described using the wild-type pET29aNBD1 or pET29aNBD2
domain-domain interaction in the human retinal ABC a5 templates33). Using the respective wild-type construct
transporter, ABCR, using recombinant domain specific as template, 18 cycles of PCR were performed (each cycle
polypeptides and fluorescence anisotropy. These studies wergyas 50 s at 98C, 50 s at 60°C, and 15 min at 68C). The
aimed at further understanding the nature of nucleotide following complementary oligonucleotides were used as
binding domain interaction in ABCR and its functional mutagenic primers to generate the mutant NBD1 and NBD2
implications in terms of nucleotidase activity. Synthetic and proteins: NBD1Pro940Arg (EGGT AAA GAT TTT TGA
disease-associated mutations were utilized to further exploreGCG CTG TGG CCG GCC AGC TG-B NBD1 Walker
the relative contributions of each NBD in the NBD1/NBD2 A, K969A, T970A (8-CAA TGG AGC TGG GGC AGC
complex. CAC CAC CTT GTC CAT CC-3, NBD2 Walker A,

Nucleic Acids, Enzymes, and Other Reagertts. plasmid
pH85972 containing wild-type cDNA corresponding to the
C-terminal domain of the human ABCR gene was obtained
from Incyte, Inc. (formerly Genome Systems Inc., St. Louis,
MO), and the full-length clone in pRK5 plasmid was
obtained from Dr. Jeremy Nathans of Johns Hopkins
University, Baltimore, MD, and Dr. Michael Dean of the
National Cancer Institute, Frederick, MD. Ultrapure ribo-
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Ficure 1: Proteins utilized in this study. (A) Schematic representa-
tion of the NBD1/NBD2 domains. Schematic linear representation
of the NBD1 and NBD2 domains of ABCR. In the case of NBD1,
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assay, originally described by Kornberg and Sce8)(This
procedure utilizes TLC to separate-f?P]JADP, generated
enzymaticallly in the assay, fromaf*?P]JATP and was
previously used in this laboratory to characterize the nucle-
otidase activity of ABCR4O0, 41). A standard 1@.L reaction
mixture contained 10 mM MgG| 1 mM [o-*?P]ATP, and
purified NBD1 and/or NBD2 protein in buffer B. The amount
of NBD1 and/or NBD2 protein used in the assays was
selected such that the rate of hydrolysis would be linear in
the time range examined. Reactions were incubated at 37
°C for 60 min and terminated by addition ofi2 of 200

mM EDTA followed by chilling on ice. Two microliter
aliquots were applied to polyethylenimineellulose strips,
which were prespotted with an ADP and ATP marker. The
strips were developed witl M formic acid and 0.5 M LiCl
and dried. The ADP and ATP spots were located by UV
fluorescence. The portions containing ATP and ADP were
excised and counted in a liquid scintillation counter. The
percent hydrolysis was determined as follows:

% hydrolysis= CPM,pp/ ) (CPMyrp + CPMypp)

The ATPase activity is then expressed as picomoles per
minute using the assay based on an input of 10000 pmol of
ATP in each reaction. The data were analyzed using PRISM
software (GraphPad, Inc.), and each plot represents the
average of three independent experiments.

the 522 amino acid (aa) polypeptide corresponds to aa residues Steady-State Fluorescence Measuremefiisorescence

854-1375 of the full-length protein. For NBD2, the 376 aa
polypeptide corresponds to residues 182273 of the full-length

protein. The locations of the disease-associated mutations investi
gated in this study are indicated. The numbers as they correspon
to the truncated polypeptides are given in normal script while those

of ABCR are italicized. (B) SDSPAGE of proteins used in the
study. Following purification, 5g of each protein was run on a
5—18% SDS-PAGE, followed by Coomassie staining. The mo-

lecular weight standards are as indicated. Lanes (from left to

right): 1, NBDlwr; 2, NBD1pgaor 3, NBDlkgsoa to70a 4, NBD2wr;
5, NBDZr2038wi 6, NBDZ19784 T1970A

K1978A, T1979A (5GAA TGG TGC CGG CGC AGC
AAC CAC ATT CAA GAT GC-3), and NBD2 R2038W
(5-CTT TAC CTT TAT GCC AGG CTT CGA GGT GTA

experiments were performed using a Fluorolog-2 spectrof-
luorometer (Jobin Yvon Horiba Inc., Edison, NJ), and

Jneasurements were made in an L-format configuration of

excitation and emission channels. Excitation and emission
slits were adjusted to 10 nm. The samples were excited at
295 nm, and the fluorescence anisotropy was measured at
340 nm, where minimal variation in the total fluorescence
intensity was observed. The temperature was maintained at
37 °C by using a thermostat attached to the cell chamber.
Anisotropy values were expressed as millianisotropy, or mA
(anisotropy divided by 1000). The standard error for the
measured anisotropy values was8s mA. An anisotropy
reading for each titration point was taken three times for 10

CCA GC-3). The authenticity of the mutations and the s and averaged. The total fluorescence intensity did not
absence of other fortuitous mutations were confirmed by change significantly with an increase in the NBD1 concen-
DNA sequencing carried out by the Nucleic Acid Core tration. Therefore, fluorescence lifetime changes, or the
Facilities at the Kimmel Cancer Center of Thomas Jefferson scattered excitation light, did not affect the anisotropy

University.

Expression and Purification of Wild-Type and Mutant
Proteins. E. colicells (strain BL21DE3) harboring the
respective wild-type or mutant pET29bNBD1 or NBD2
plasmid were grown with shaking at 3T to ODsoo = 0.4.
IPTG was then added to a final concentration of 0.5 mM,
and incubation at 37C with shaking was continued for 1
h. The cells were harvested by centrifugation for 10 min at
5000y and then resuspended in 2.5% of the original culture
volume of buffer A at £C and stored at-80 °C until further
use.

The extraction and affinity-tag-based purification proce-
dures were as described)( 41), and the purified wild-type

measurements.
Anisotropy, A, is defined as

A= (Ivv - leh)/(lw + 2GIvh) (1)

where G is the instrumental correction factor for the
fluorometer, and it is defined by

G=l/lp,

where,lw, lvn, Ihv, @andlp, represent the fluorescence signal
for excitation and emission with the polarizers set &t (0
0°), (0°, 90r), (9C°, 0°), and (90, 90), respectively.

and mutant proteins were essentially homogeneous, greater The interaction of NBD2 with NBD1 can be represented

than 98%, as analyzed by SB8AGE (Figure 1B).
Assay for Nucleotidase Aeily. The ATPase activity
assays were carried out using a PEéllulose TLC-based

as

NBD1 + NBD2 <> NBD1-NBD2 (2)
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At equilibrium, K,, the equilibrium association constant, can
be given as

K, = [NBD1-NBD2]/[NBD1][NBD2] ®3)

K, = [NBD1][NBD2] = [NBD1:NBD2] 4)

The fraction of the binding sites occupied can be represented

as

f = [occupied binding sites]/[total binding sites]
[NBD1-NBD2J/(INBD1] + [NBD1-NBD2]) (5)

Substituting for [NBD2] and rearranging the equation, we
get

f = K (NBD1)/[1 + K (NBD1)] (6)
(7)

Similarly, the equilibrium dissociation constalt (Kg =
1/Ky) can be expressed as

f = [NBD1]J/(NBD1] + 1/K,)

f = [NBD1J/(NBD1] + K,) (8)
At f=0.5

Ky =[NBD1] ©)

Thus,Kq can be further defined as the protein concentration  walker A-NBD1

at which half of the sites are occupied when the ligand
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Ficure 2: Binding isotherms for NBDXNBD2 protein—protein
interaction. Titration of 0.25 nM NBD2 polypeptide with NBD1
polypeptide at 37C. Fluorescence anisotropy was measured in
the absence of nucleotid®Yj, in the presence of 1 mM ADRD),

and in the presence of 1 mM ATR). Fluorescence anisotropy at
each point was recorded, and the points represent the average of
three independent titrations. Nonlinear regression fits by GraphPad
Prism 3.01 are represented by lines.

Table 1: NBD:NBD2 Binding Constantsikp, nM) and Nucleotide
Modulatior?

construct none ATP ADP
wild type 46+ 10 47+ 6 92+ 8

NBD2r2038w 25+ 10 157+ 9 113+ 10

NBD1pgaor none detected 474 12 292+ 13
Walker A-NBD2 167+ 14 98+ 6 117+ 7
70+ 12 130+ 10 180+ 9

aThe Hill slope for the complexes described in Table 1 fell within

concentration is constant as in the present case or the ligand, range of 1.61.3.

concentration at which half of the sites are occupied when

the protein concentration is constant. Global analysis of the  \ye haye guantitatively evaluated the interaction between
data was conducted using BIOEQS and/or PRISM (Graphpadip,e wild-type NBD1 and NBD2 in the presence and absence

Software Inc., San Diego, CA) programs using a monemer
ligand binding model §9—62). The K4 values, i.e., the
concentrations of NBD1 required to bind 50% of the NBD2,
were computed using the equation:

Y= Anin F (Aax = Anin)/(1 + 10707079

whereAnmin andAnax are the anisotropy values at the bottom
and top plateaus, respectively,represents the log of the
NBD1 concentrationX, is the X value when the response is
halfway between the top and the bottom, amgis the Hill
coefficient.

(10)

RESULTS

Nucleotide Modulation of the Interaction of Nucleotide
Binding Domains.The recombinant nucleotide binding
domains of ABCR have proven to be useful vehicles for
enzymological and structural analysis of both wild-type and
disease-associated mutarkg,(63). In this study, we have

of nucleotides. Fluorescence anisotropy of the free NBD2
protein was determined by using 0.25 nM NBD?2 in buffer
C. The anisotropy value for the free NBD2 polypeptide was
30+ 3 mA (Figure 2). The unbound NBD2 was then titrated
with increasing concentrations of NBD1 in a total volume
of 1 mL at 37 °C. The anisotropy of the solution was
measured approximately 5 min after each NBD1 addition
and mixing. Titrations were carried out in the presence of
ATP, in the presence of ADP, and in the absence of
nucleotide. A plot of the anisotropy values at various NBD1
concentrations gave rise to the binding isotherm shown in
Figure 2. In the presence of 1 mM ATP, saturation of
anisotropy was observed 200 nM NBD1 and was 120

+ 3 mA and represented the complex NBRATP-NBD2.

The binding affinity of the two NBD’s was the same in the
absence of nucleotide; however, in the presence of 1 mM
ADP the binding affinity decreased. Nonlinear regression
analysis of the binding isotherms determined the dissociation
constantsky) and Hill coefficients (Figure 2 and Table 1).

measured the interaction between the individual nucleotide As detailed in Experimental Procedures, tkg can be

binding domains, purified as recombinant polypeptides
without transmembrane domains, utilizing intrinsic tryp-

defined as the NBD1 concentration at which half of the
polypeptides are in the complexed state when the NBD2

tophan fluorescence anisotropy. The interaction between theconcentration is constant. Tl in the presence of 1 mM

two domains is likely subtle in nature; therefore, we have

ATP was 47+ 6 nM and was comparable, 46 10 nM, in

utilized sensitive fluorescence anisotropy measurements tothe absence of nucleotide. A 2-fold increaseKm was

monitor interactions between the two polypeptides. It allows
for direct measurement of equilibrium binding of proteins
in solution 69, 64).

observed in the presence of ADRy = 92 + 8 nM,
suggesting that following ATP hydrolysis there is a decrease
in the affinity of interaction of these two domains. No effect
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18 — W Tome earlier findings, the extent of ATP hydrolysis was greater

A NBD2wt _%
]l © NBD1wt +NBD2wt
experimental
© 3(NBD1wt +NBD2wt) ..
calculated /{'

for NBD2 than for NBD1, and in both cases the observed
activities increased with protein titration. As detailed in Table
2, at 6 pmol, the individual activities of NBD1 and NBD2
were 3.0+ 0.3 and 5.44+0.1 pmol/min, respectively.
However, assay of the complex from 6 pmol of each NBD
led to an activity of 5.3+ 0.3 pmol/min. This represents as
37% decrease over the expected value of 8.4 pmol/min, if
the activity of the complex were simply additive. Comparison
of the NBDI1NBD2 experimental with the theoretical
ATPase activities demonstrated that the activity of the
NBD1-NBD2 was significantly lower than the sum of the
individual activities, and therefore complex formation nega-
tively attenuated the ATPase activity.

The Mutation R2038W Is Associated with a Reduced
type protein complex. Protein titration of the ATPase activity of Affinity of NBD1-NBD?2 Interaction and the Loss of ADP
purified NBD2yr (A), NBD1yy (O), and the NBDINBD2 wild- Modulation. Recent studies have examined the effects of
type complex ©). The ATPase assay was carried out as described disease-associated mutations on the nucleotide binding and
under Experimental Procedures at°&7 for 60 min. A theoretical hydrolysis properties of ABCR and its individual nucleotide

curve is shown, indicating the results expected if the activity of ,: .. h : -
NBD1-NBD2 were simply additive <¢) of that obtained for the binding domains¥7, 63, 65). Earlier, we had carried out a

individual domains. Each point represents the average of threedetailed analysis of the dynamics of ATP binding and
independent experiments. hydrolysis of the NBD2 polypeptide harboring the R2038W

mutation. This mutation has been identified in individuals
of phosphate on affinity of interaction was observed (data with Stargardt macular degeneratid¥(66).
not shown). The Hill coefficient for the various nucleotide- Quantitative evaluation of the interaction between the wild-
bound states varied from 1 to 1.3 consistent with a 1:1 type NBD1 and mutant NBD2ossw in the presence and
NBD1:NBD?2 oligomeric structure. To verify the specificity absence of adenine nucleotides was carried out (Table 1).
of the protein-protein interactions, analogous titrations were The NBDZk203sw mutant was titrated with increasing con-
carried out with a nonspecific, monomeric protein, carbonic centrations of NBD1, in a manner analogous to that described
anhydrase. Anisotropy remained unchanged upon titrationfor the wild-type NBD2 in the presence of ATP, in the
with carbonic anhydrase, indicating that the interaction presence of ADP, and in the absence of nucleotide. The
observed between NBD1 and NBD2 polypeptides was interactions of the mutant and wild-type polypeptides were

-
d

-
N
h

ATP hydrolysis (pmol/min)
©

0 5 10 15 20 25
£(NBD1 + NBD) pmol
Ficure 3: Modulation of ATPase activity in the NBDUBD2 wild-

specific.
Interaction of the Two Nucleotide Binding Domains
Attenuates the @erall ATPase Actiity. Previously, we have

notably altered in the NBDNBDZ2gry03sw cOmplex, as
compared to that of the wild type. The dissociation constants
revealed a significant decrease in the affinity of interaction,

demonstrated that the two nucleotide binding domains of as well as changes in the modulation of interaction by ADP

ABCR, NBD1 and NBD2, differ in their biochemical
properties 40, 41, 57). Kinetically, NBD2 demonstrates a

binding. TheKy of the NBD1-NBD2g203sw interaction, in
the presence of 1 mM ATP, was 15¢ 9 nM, which

greater rate of ATP hydrolysis as compared to NBD1 (144 represents a 70% increase as compared to the wild-type

versus 28.9 nmol mirt mg™1), although its affinity for ATP
is less than that of NBD1K( ngpz = 630uM versusKg nep:

NBD1:-ATP-NBD2 complex (Table 1). However, the most
significant difference was observed in the absence of

= 200 uM). Structural studies indicate that nucleotide nucleotide. In the absence of nucleotide, a 5-fold decrease
binding leads to a series of conformational changes, whichin the affinity of interaction was observe{{= 250+ 10
energetically favor ATP hydrolysis, and that the cycle of nM for the mutant complex versu§g = 46 + 10 nM for
conformational changes are altered in disease-associatethe wild-type NBDXNBD2 complex). In addition, the
mutants. In this study, we have utilized these domains to affinity of interaction in the absence of nucleotide was no
investigate the possible role(s) of the nucleotide binding longer equivalent to that observed with ATP. TKgin the
domain interaction in the ATPase activities. presence of ADPKy = 113+ 10 nM) represented a minor
To explore the effects of domairdomain interaction on  increase from that observed for the wild typ& & 92 £ 9
ATPase activity, standard ATPase assays using NBD1 alonenM). In the wild-type complex, no significant difference was
NBD2 alone, and NBDINBD2 in combination were carried  observed in the affinity of interaction in the presence of ATP
out. To form the NBDINBD2 complex, the proteins were or in the absence of nucleotide; however in the mutant
mixed and preincubated in buffer B at 3C for 5 min, complex, NBDINBD2r203sw Nearly a 40% decrease in the
followed by chilling on ice, prior to addition to the assay. affinity of interaction was observed in the absence of
The results of these experiments are shown in Figure 3,nucleotide as compared to that in the presence of ATP. With
which displays the ATPase activities obtained by titration the wild-type complex, a 50% increase in the affinity of
of the proteins alone as well as in the complex (NBD1 interaction was observed with ATP as compared to that with
NBD2). The points shown in Figure 3 represent the average ADP, while in the NBDZ203sw mutant complex this differ-
of three independent experiments. In addition to the experi- ence changed to a 30% decrease in affinity in ATP- versus
mental data (experimental), the calculated ATPase activity ADP-bound forms and, thus, a loss of modulation of
(calculated), obtained by summing the individual NBD1 and interaction by ADP. It is likely that alterations in the
NBD2 ATPase activities, is also shown. Consistent with the conformational states of the various nucleotide-bound forms
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Table 2: Modulation of ATPase Activities of NBDUBD2 Complexes by Site-Specific Mutations
NBD1-NBD2 ATPasé NBD1-NBD2 ATPasgqi NBD1-NBD2 ATPasgacd

NBD1-NBD2 mutation domain (pmol/min) (pmol/min) (pmol/min) motif/disease
NBDZ1n,wNBD2,: K969A, T970A NBD1 1.9+ 0.4/5.3£ 0.1 5.1+ 0.1 7.2 synthetic
NBD1,iNBD2n, K1978A,1979A NBD2 3.1 0.2/1.6+0.3 15+0.2 4.7 synthetic
NBD1y,,NBD2,: P940R NBD1 1.9£ 0.3/5.2+ 0.2 4.3+ 0.1 7.1 AMD
NBD1,iNBD2y, R2038W NBD2 3.1+ 0.1/2.0+ 0.2 4.4+ 0.2 5.1 STGD
NBD1,NBD2,  wild type N/A 3.0+ 0.3/5.4+ 0.1 5.30+ 0.3 8.4 none

2 Experimental ATPase activity corresponding to 6 pmol of the individual domains, NBD1 and NBD2, respeétiedycalculated ATPase
represents the sum of the individual NBD1 and NBD2 activities, and the experimental ATPase activity corresponds to that observed experimentally
for the NBD1:NBD2 protein complex at a point corresponding to the addition of 6 pmol of each NBD.

L3 pw— pow— the absence of nucleotide, as describe_d prev?ously in this
A NBD2 R2038W study. In the absence of nucleotide, interaction was not
=151 o NBD1Wt + NBD2 R2038W detectable by fluorescence anisotropy at concentrations of
£ ] o eptwts Neo2R2038W) NBD1 examined in this study (less than or equal {oNB).
212] , Nhmus Additionally, a substantial reduction in the affinity of
s -1 interaction compared to the wild type was observed in the
2 o =T presence of ATP or ADP. Thiy of the NBDIpgsor ATP:
{E, . /I_______-_--_-;-_-;-:::% NBD2 complex was 474 12 nM, representing nearly a
T ‘,,:.—/—;""é—/” 90% increase in thKy observed with the wild-type complex
2 j// (Table 1). TheKq in the presence of ADP was 292 13
2 I nM, which represented nearly a 70% decrease in the affinity
of interaction. The relative difference betwe&q in the
presence of ATP versus ADP was altered in the P940R

mutant complex. In the case of the wild-type complex, a
49% decrease in the affinity of interaction was observed in
rriivas of o NGB o oy Proen oragen 1 presence of ADP versus AT, suggesting ha oloving
e ATPase activity of purifiFe) i NBD&O%SV (A}, NBDZwr (4). ATP hydrolysis there is a change in the interaction between
NBD1yr (0), and the NBDINBD2raossw complex O). The the two domains. However, in the case of P940R, the percent
ATPase assay was carried out as described under Experimentachange betweei, in the presence of ATP versus ADP
Procedures at 37C for 60 min. A theoretical curve is shown, decreased to 38%. These data clearly suggest that the
indicating the results expected if the activity of NBINBD2 raossw  nucleotide binding domain interaction is significantly di-
were additive ©) of that obtained for the_lndlwdual domalns_. Each minished in the NBDisureNBD2 complex.
point represents the average of three independent experiments. 40K P
The Mutation P940R Does Not Alter Attenuation of

underlie the differences in and contribute to changes in the ATPase Actiity in the NBD}4NBD2 ComplexThe P940R
dynamics of interaction between the subunits. muta;ion led to a decrease i.n ATPase activity of the NBD1

Attenuation of the ATPase Aditiy by Nucleotide Binding ~ Protein. Analysis of the activity of the NBR4.oxNBD2
Domain Interaction Is Altered in the Stargardt Mutant complex demonstrated that the ATPase activity of the
R2038WThe NBD2 mutation, R2038W, leads to significant compléx had a 39% reduction from that which would be
reductions in the rate of ATP hydrolysis as well as the affinity €xpected if the activity were simply additive (Figure 5 and
of ATP binding 67). To evaluate how this mutation affected Table 1). The percent change was comparable to that
the nucleotidase activity of the NBBNBD2 complex,  observed with the wild-type complex, which was a 37%
analysis of the ATPase activity of the R2038W mutant decrease. Consequently, the data indicate that the P940R
protein alone and in complex with wild-type NBD1 was Mutation does not alter the nature of the modulation of
carried out. The results are presented in Figure 4 and TableATPase activity observed in the NBB:loxr NBD2 complex,
2. The ATPase activity of the mutant NBENBD2rz0zsw even though its own activity is substantially reduced.
complex was nearly additive of the two NBDs-§6%); Nucleotide Binding Modulation of NBBANBD2 Interac-
hence, little to no negative attenuation occurred, unlike that tion Is Altered in the Walker A Mutantén fluorescence
observed for the wild-type complex. Previous conformational anisotropy analysis, our studies showed that the two NBD'’s
studies of the NBDgxssw Using fluorescence quenching, interact and that this interaction was modulated in response
had demonstrated that this mutation is associated with a tautto ADP binding (Figure 2). Our results also demonstrated
closed conformational state, and it no longer undergoesthat the NBDINBD2 complex formation modulated ATP
conformation alteration in response to different nucleotide hydrolysis. To explore the consequences of mutations in
binding ©3). NBD1 versus NBD2, we chose to investigate how the NBD

The Mutation P940R Leads to a Loss of NBD1 and NBD2 protein—protein interaction was influenced by mutations in
Interaction. The mutation P940R has been reported in the Walker A motif of the NBD1 and NBD2 domains.
individuals with exudative age-related macular degeneration A quantitative evaluation of the interaction between wild-
(AMD) (31, 32, 68). The results of the analyses of the type NBD1 and mutant NBDQo7sa 19794 IN the presence
interaction between NBDQ}4or and wild-type NBD2 are  and absence of nucleotides was carried out (Table 1). The
shown in Table 1. Titrations with NBDQ340r Were carried affinity of interaction decreased under all conditions exam-
out in the presence of ATP, in the presence of ADP, and in ined, as determined by comparison of evalues (Table

=(NBD1 + NBD) pmol
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Ficure 5: Effect of NBDIpgs0r mutation on modulation of ATP
hydrolysis of the NBDINBD2 protein complex. Protein titration
of the ATPase activity of purified NBDgr (A), NBD1pgsor (O), the ATPase activity of purified NBD@r (A), NBDLosoa To70a ()
NBD1yr (M), and the NBDXgs0rNBD2 complex ©). The ATPase NBD1yr (M), and the NBDksgon rs7oNBD2 complex ). The

assay was carried out as described under Experimental ProceduregTpase assay was carried out as described under Experimental
at 37°C for 60 min. A theoretical curve is shown, indicating the  procedures at 37C for 60 min. A theoretical curve is shown,
results expected if the activity of NBRd,ogNBD2 were additive jngjcating the results expected if the activity of NBEBdoa te7oa

(©) of that obtained for the individual domains. Each point NBD2 were additive) of that obtained for the individual domains.
represents the average of three independent experiments. Each point represents the average of three independent experiments.

=(NBD1 + NBD) pmol

Ficure 6: Effect of NBD1 Walker A mutations on modulation of
ATPase of the NBDAINBD2 protein complex. Protein titration of

1). TheKq of interaction in the presence of 1 mM ATP was 18
117+ 7 nM, as compared to 4% 6 nM observed with the
wild-type NBD1:NBD2 complex. The most significant
difference observed was the change in affinity of interaction
in the absence of nucleotide. In the absence of nucleotide, a
3.6-fold decrease in the affinity of interaction was observed
(Kg = 167414 nM for the mutant complex versg = 46
410 nM for wild-type NBDXNBD2 complex). Also note-
worthy was the fact that the affinity of interaction in the
absence of nucleotide was no longer equivalent to that
observed with ATP. Th&g in the presence of ADPKy =
117+ 7 nM) was similar to that observed for the wild type
(Kqg = 92 + 8 nM).

Complementary experiments were carried out with com-

O NBD1wt NBD2 Walker A

A NBD2 Walker A, K1978A, T1979A

O NBD1wt + NBD2 Walker A, K1978A, T1979A
experimental

© Z(NBD2 Walker A, K1978A, T1979A+ NBD1wt)
calculated

-
¢

-
N
h

A NBD2wt

©

D
2

ATP hydrolysis (pmol/min)

10 15 20

=(NBD1 + NBD) pmol

5 25

plexes formed from wild-type NBD2 and NBD1 polypeptides
that harbored mutations in the Walker A motif. Complexes
in which only the NBD1 protein harbored mutations in the
Walker A motif, NBDkosoa 1970asNBD2, demonstrated al-

teration of binding affinity both in the presence and in the

Ficure 7: Effect of NBD2 Walker A mutations K1978A, T1979A
on modulation of ATP hydrolysis of the NBBDUBD2 protein
complex. Protein titration of the ATPase activity of purified
NBD2K1973AYT1979A(A), NBD2yt (A), NBD1yt (D) alone, and the
NBD1-NBD2x1978a 11979 COMplex ). The ATPase assay was
carried out as described under Experimental Procedures 4t 37

absence of nucleotides. In the absence of nucleotide, thefor 60 min. A theoretical curve is shown, indicating the results

NBD’s demonstrated the highest affinity wity = 70 +

70 nM. In the presence of ATP, the affinity was nearly 2-fold
less withKy = 130+ 10 nM, while that of the ADP was
approximately 3-fold less witkg = 180 £ 9 nM.

The NBD2 Domain Is Important in the Attenuation of the
ATPase Actiity of the NBDINBD2 ComplexThe ATPase
activity of the NBDXNBD2 complexes was further explored
by using polypeptides that harbored mutations in the Walker
A motif of either the NBD1 or NBD2 domain. The results

expected if the activity of NBD’:NBDZK1978AYT1979AWGI'E additive
(©) of that obtained for the individual domains. Each point
represents the average of three independent experiments.

theoretical ATPase activities of the complex harboring NBD2
Walker A mutations, K1978A, T1979A, in the NBD2 domain
was only 0.32, which represents a 68% difference in the
experimental versus the theoretical activity, as compared to
the 36% difference observed for the wild-type complex.
Arg 2038 of NBD2 Is Critical for the Attenuation of

of these studies are shown in Figures 6 and 7 and Table 2.ATPase Actiity of the ComplexQur studies with the NBD1

ATPase activities of the individual polypeptides in both
mutants demonstrated that the activities were significantly
reduced. Complexes in which only the NBD1 protein
harbored mutations in the Walker A motif, NBlkoa o704
NBD2, displayed modulation of ATPase activity similar to
that observed in the wild-type complex. The ratio of the
experimental versus the theoretical ATPase activity was 0.70
which was similar to that observed with the wild type, 0.63.

NBD2r203sw COmMplex suggested that Arg 2038 plays a
significant role in the modulation of the ATPase activity of
the complex. To further test this hypothesis, the ATPase
activity was analyzed during the titration of NBD1 with wild-
type NBD2 protein. Figure 8 shows the results of this
titration, alongside of a curve showing what would have been

,expected if the ATPase activity of the two domains were

additive. Titration with NBD2 protein over a range of 24

On the other hand, the ratio of the experimental versus pmol clearly demonstrates the inhibitory effects of NBD2



3820 Biochemistry, Vol. 45, No. 11, 2006 Biswas-Fiss

NBD1 NBD2 NBD1 NBD2

® NBD1wt + NBD2wt
8 experimental
O NBD1wt + NBD2wt 2ATP
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NBD2 (pmol) Ficure 9: Schematic model summarizing the relationship between
the nucleotide-bound state and oligomerization of the nucleotide
Ficure 8: Modulation of ATPase of NBD1 by NBD2 protein. 12 binding domains of ABCR.
pmol of NBD1 protein was titrated with NBD2 protein over a range

of 0—24 pmol. Titrations were carried out with wild typ®) and _ . : I
NBD2ss055w (M). A theoretical curve®) is also given, showing tl:lNl?aoDdloﬁl]\lal?rl?sz interaction on the ATPase activities of these

what would be expected if the activities of the two domains were
additive. Each point represents the average of three independent The purified NBD1 and NBD2 of ABCR demonstrated
experiments. specific interaction in vitro in the presence and absence of
. . o . nucleotides. On the basis of the Hill coefficient, the sto-
on NBD1. This was compared with a titration of NBD1 with ichometry of the complex is 1:1 NBD1:NBD2. ADP
The thtant NB?ham.S‘Ar’](.)k\)'.?r the:)satmhe con(;enttrzli\;[gg Zrange. modulated the affinity of interaction as a 2-fold decrease in
n this case, the inhibiion by the mutant Was “ipe affinity of interaction was observed in the presence of
S|gn|f!can¥ly Ies§ than that. qbserved with the W'ld. type, and ADP. Therefore, it appears that the two NBDs interact, and
at points in which th.e'act|V|ty of NBD2 was eqwmolar 0 ihe hydrolysis of ATP to ADP+ P, leads to the decrease in
that of N.BDl’ the activity was 90% of t_hat_c_>f the theorgtlcal, the affinity of interaction. Subsequent release of bound ADP
Zﬂggesttl_ng ﬂ;aliléaggl 20?81 pl_aytsh a 5|gn|:°|cant role in the + P, leads to an increase in the affinity of interaction between
uation o activity in the complex. the two NBDs, readying the ABCR molecule for another
round of the catalytic cycle. For NBDs of three other ABC
DISCUSSION transporters [HisP, MJO796(E171Q), and OpuAA] the dis-

The complete crystal structures of several prokaryotic sociation constantsKg) for complex formation in the
transporters have been determined recently. Those of thenucleotide-free state have been reports 69, 70). Our
Vibrio choleratransporter MsbA (at 4.5 A) and tHe. coli findings with ABCR appear to be in excellent agreement
transporter ButCD indicate that these proteins exist as dimerswith those of OpuAA oB. subtilis which demonstrate stable
(42—44). The three-dimensional structure of Rad50cd, a dimer formation in the nucleotide-free state, in the absence
bacterial ABC-ATPase, represents two functionally interact- of the cognate transmembrane domains (TMDs). In concur-
ing ABC subunits, dimerizing in a head-to-tail orientation rence with the data for ABCR and OpuAA is the dimerization
forming a composite catalytic center. In this structure, the of MalK as an initial step in the assembly of the maltose
Walker A sequence of one subunit and the ABC signature transport complex71). Figure 9 shows a proposed model
motif of the opposite one form the ATP binding site, with of NBD interaction in ABCR. On the basis of our results,
two ATP molecules completely buried in the dimer interface the dimeric NBDs of ABCR would bind ATP. Subsequent
(45). The complete crystal structure of a eukaryotic ABC hydrolysis of ATP to ADP+ P, leads to a conformational
transporter has yet to be determined. However, electronchange, resulting in decreased attraction of the two NBDs
image studies have been valuable in suggesting importantfor each other. It is possible that this change in oligomer-
structural features. In the case of P-glycoprotein (Pgp), aization state during ATP hydrolysis is transmitted to the
transporter involved in multidrug resistance, a monomeric TMD, leading to their reorganization, thereby constituting
protein with a channel-like structure was proposég| 47). the signal on the membrane surface for substrate transport.
Similar studies were carried out with the cystic fibrosis ABC Subsequent release of ADP allows for redimerization of
protein, CFTR, and suggested an analogous structurenucleotide-free NBDs and resetting of the translocation
although other biochemical studies with the protein support pathway. Horn et al. also proposed that change in oligomer-
a dimeric structure 48—50). Structural studies at 22 A  ization state of NBDs within the catalytic cycle represents a
resolution on 2-D crystals of mammalian MRP1, reconsti- feasible mechanism for the transduction of the energy of ATP
tuted with lipids, have shown the dimeric structure of this hydrolysis to the transmembrane domains of Opu/s8) (
protein 61). In light of measurable NBD interaction in vitro, we were

We have examined the putative functional interaction of interested in the consequences of NBD interaction, if any,
the nucleotide binding domains of the retina-specific ABC on the ATPase activity of the complex. Analysis of the
transporter, ABCR, using recombinant polypeptides encoding ATPase activity demonstrated that complex formation led
the individual nucleotide binding domains, NBD1 and NBD2. to a negative attenuation of the ATPase activity. The
Utilizing fluorescence anisotropy and in vitro nucleotidase experimental ATPase activity of the NBENEBD2 complex
assays, we have quantitatively evaluated the effects ofwas~36% of the sum of NBDJr and NBD2yr activities.
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The NBDs of ABCR have been shown to have dissimilar leads to a functional attenuation of the ATPase activity of
structural and functional propertiegll; 57). To further the NBD1:NBD2 complex, and (iv) NBD2 plays the primary
explore the relative contributions of each domain, complexes catalytic role in the complex, possibly by inhibiting NBD1,
harboring disease-associated or synthetic Walker A motif and that the amino acid Arg 2038 is critical to this inhibition.
mutations were analyzed with respect to affinity of interaction Finally, we speculate that the spectrum of clinical phenotypes
and nucleotide hydrolysis. It was in the ATPase activity of associated with mutations in the ABCR4 gene may in part
the NBD1ZNBD2 complex that differences in mutations underlie the degree to which these mutations perturb the
between the given domains were apparent. Comparison offunctional interaction of the two nucleotide binding domains

the nucleotidase activity obtained with complexes prepared and, ultimately, overall transporter function.

from either NBD1 mutant or NBD2 mutant polypeptides

clearly suggested that NBD2 plays an important regulatory ACKNOWLEDGMENT

role in the ATPase activity of the complex. This is consistent
with electrophysiological data from another ABC protein,
the CFTR, where NBD2 plays a dominant role in function.
In CFTR, ATP binding at NBD2 leads to channel opening,

The author thanks Leelabati Biswas for help with graphic
design, S. B. Biswas for helpful discussions, and Jacqueline
LeGates for technical assistance.
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