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ABSTRACT. Members of the ABC superfamily carry out the transport of various molecules and ions across
cellular membranes, powered by ATP hydrolysis. Substantial evidence indicates that the two catalytic
sites of the nucleotide binding domains function in a highly cooperative, alternating sites mode, which
suggests the possibility that they interact with each other physically. In this study, fluorescence energy
transfer experiments were used to estimate the distance between two fluors, each covalently linked to a
highly conserved Cys residue (Cys428 and Cys1071) within the Walker A motif of the catalytic site. The
vanadateADP-Mg?" complex was trapped in one catalytic site of membrane-bound or highly purified
P-glycoprotein, and the other site was labeled with MIANS [2rféleimidylanilino)naphthalene-6-sulfonic

acid]. Following loss of the trapped vanadate complex, the newly vacant site was then labeled with NBD-
Cl (7-chloro-4-nitrobenzo-2-oxa-1,3-diazole). The fluorescence properties of the singly labeled P-
glycoproteins showed that no energy transfer occurred between MIANS (the donor) and NBD (the acceptor)
when they were simply mixed together. On the other hand, the fluorescence emission of the MIANS
group in doubly labeled P-glycoprotein was highly quenched as a result of energy transfer to NBD, leading
to an estimate of a donemcceptor separation distance-f6 A for P-glycoprotein labeled in the native
plasma membrane and22 A for P-glycoprotein labeled in detergent solution. The separation of the two
fluorophores is compatible with the recently reported crystal structure of the Rad50cd dimer, but not with
that of the HisP dimer. These results suggest that the two catalytic sites of the P-glycoprotein nucleotide
binding domains are relatively close together, which would facilitate cooperation between them during
the catalytic cycle.

The ATP-binding cassette (ABE¥uperfamily of mem- One member of the ABC superfamily, the P-glycoprotein
brane proteins comprises a group of diverse importers andmultidrug transporter (Pgp), is implicated in the phenomenon
exporters found in both prokaryotes and eukaryolesj. of multidrug resistance in many human canc®sPgp has

ABC proteins are made up of a minimum of four modular been shown to transport a diverse range of nonpolar
units: two transmembrane (TM) domains, each typically with molecules, ranging from natural products such as the Vinca
six membrane-spanning segments, and two nucleotide bind-alkaloids to synthetic tripeptides. Physiologically, it plays
ing (NB) domains located on the cytosolic side of the an important role in preventing absorption of hydrophobic
membrane. The NB domains, which couple the energy of compounds in the gutlQ), and makes a major contribution
ATP hydrolysis to movement of substrates across the to the blood-brain barrier 11). The biochemistry and
membrane, are highly conserved in this protein family ( molecular pharmacology of Pgp have been extensively
Each NB domain contains three characteristic sequencereviewed (2—14).

motifs: the Walker A and B motifs, which form the e currently have a rudimentary understanding of the way

nucleotide blndlng site, and the so-called ABC Signature in which the two NB domains of ng Opera’[e during the
sequence, or C motif, for which several functions have been catalytic cycle. Trapping of a vanadate transition state

proposed, including communication between the TM and NB complex in the active site in one NB domain of Pgp

domains during the transport cyclé8). completely eliminates catalytic turnovelrdj. These observa-
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demonstrated the compete cooperativity of the two NB vanadate were purchased from Sigma Chemical Co. (St.
domains 21). Louis, MO). Asolectin was obtained from Fluka (Ronkonko-
How the observed functional cooperativity of the NB ma, NY). MIANS was supplied by Molecular Probes
domains of Pgp may be related to the three-dimensional (Eugene, OR).
structure of the protein is not known. Cooperative interactions Plasma Membrane Preparation and Pgp Purification
in soluble proteins often involve changes in the contacts Plasma membrane vesicles were isolated from MDR
between subunits of multimeric proteins, which suggests that CH?B30 Chinese hamster ovary cells as described previously
the two NB domains of Pgp interact with each other (30). Membrane vesicles were stored-at0 °C for no more
physically. Currently, there is only very limited information than 3 months before being used. Highly purified Pgp was
available on the structural architecture of the NB domains isolated from plasma membrane vesicles using CHAPS
of ABC proteins. A high-resolution crystal structure has been extraction, followed by lectin affinity chromatography on
obtained for HisP, the NB subunit of the histidine permease Con A-Sepharose, as described previou8l$).(The final
(22). It shows a dimer of L-shaped subunits, each consisting product consisted of 9895% pure Pgp in 2 mM CHAPS,
of two segments: arm I, which contains the catalytic sites 50 mM Tris-HCI, 0.15 M NaCl, and 5 mM Mg@&lpH 7.5).
and the Walker A and B motifs, and arm Il, which is Purified Pgp was kept on ice and used within 24 h. The
proposed to be embedded in the membrane and contains th@rotein was quantitated by the method of Bradfdg) (for
C motif. The two catalytic sites face away from each other the plasma membrane and by the method of Petei38n (
in the crystal dimer. More recently, Jones and George havefor purified Pgp, using bovine serum albumin (crystallized
proposed a new model for the dimeric interaction between and lyophilized, Sigma) as a standard.
the two NB domains of ABC transporterd)( They argue Measurement of Pgp ATPase Adfy. Mg?"-ATPase
that the SGG sequence within the C motif of one NB domain activity of membrane-bound and purified Pgp was deter-
is directly involved in ATP binding and catalysis in the other mined by assessing the release of inorganic phosphate from
NB domain, as seen in a different symmetry-related dimer ATP, as described previousl$4, 35), in the presence of 1
of HisP. A structure similar to this was indeed recently mM ATP and 5 mM Md" at 37°C.
reported for the catalytic domain of Rad50, a soluble protein  Vanadate Trapping of Plasma MembraBeund Pgp and
that contains an ABEATPase fold 23). In the X-ray crystal Purified Pgp A stock solution of 100 mM sodium ortho-
structure of Rad50cd, the C motif of one protein promotes vanadate was prepared at pH 10, and an aliquot was boiled
dimerization by binding to ATP in the partner molecule. In for 4 min before each use to degrade polymeric species. To
addition, on the basis of the results of studies where Cys quantitate inhibition of Pgp ATPase, various concentrations
residues in the two NB domains were cross-linked to each of vanadate were added to Pgp2 ug of protein) im-
other, Loo and Clarke recently proposed that rather than mediately prior to starting the assay.
facing outward, as in the HisP dimer crystal structure, the  For reactivation of membrane-bound Pgp ATPase activity
two NB domains face toward each oth@d). All of these following vanadate trapping, 8Q@) of the membrane protein
models are difficult to reconcile with the low-resolution was incubated for 20 min at 3T in Tris buffer [50 mM
electron microscopy structure of Pgp reported by RosenbergTris-HCI, 0.15 M NaCl, and 5 mM MgGI(pH 7.5)] in the
etal. @5, 26). These images show the NB domains projecting presence of 1 mM ATP, 0.1 mM EDTA, and 2QiM
away from a central protein cylinder with a diameter of 80 vanadate, in a total volume of 1 mL. After incubation, the
A, which presumably places the catalytic sites out of contact sample was washed twice with ice-cold Tris buffer &4
range. It is difficult to see how this would allow close pelleting the sample at 10009@r 20 min. The pellet was
cooperation between the two NB domains during the catalytic resuspended in 1.5 mL of buffer and incubated at°G7
cycle. and at various times, aliquots were removed and the ATPase
In the absence of any high-resolution structural informa- activity was determined.
tion, fluorescence spectroscopic studies have proved to be To assess the reactivation of purified Pgp ATPase activity
useful in dissecting the functional architecture of Pgp (for following vanadate trapping, 10y of protein was incubated
reviews, see ref7 and 28). For example, FRET studies for 20 min at 37°C in 2 mM CHAPS/Tris buffer in the
allowed estimates of the distance of the catalytic sites in the presence of 1 mM ATP and 200M vanadate, in a total
NB domains of Pgp from the interfacial region of the bilayer, volume of 1 mL. The mixture was then eluted through a
and suggested that they are either in close contact with theBio-Gel-P6 gel filtration column (Bio-Rad Laboratories,
bilayer surface or embedded in the membra2@.(In this Mississauga, ON), which was pre-equilibrated with the same
work, we use covalently linked fluors and Forster resonance buffer. The eluate containing Pgp was incubated atGy7
energy transfer (FRET) to estimate the distance separatingand aliquots were removed at various times for ATPase
the conserved Cys residues in the Walker A motifs of the activity determination.
NB domains of Pgp. The results indicate that the two catalytic ~ Single and Double Labeling of MembraBeund Pgp with
sites are relatively close together, as in the Rad50cd structureMIANS and NBECI. To carry out labeling of a single NB
which would facilitate their interaction during the transport domain of membrane-bound Pgp20 mg of protein was

cycle. incubated at 37C for 20 min in Tris buffer in the presence
of 1 mM ATP, 0.1 mM EDTA, and 20&M vanadate, in a
MATERIALS AND METHODS total volume of 10 mL. The reaction was stopped by the

addition of 10 mL of ice-cold Tris buffer, and the membrane

Materials 3-[(3-Cholamidopropyl)dimethylammonio]-1- was washed twice by centrifugation at 1009@6r 20 min.
propanesulfonate (CHAPS), disodium-ATP, 7-chloro-4-ni- The pellet was resuspended at 4 mg/mL in Tris buffer, and
trobenzo-2-oxa-1,3-diazole (NBD-CI), and sodium ortho- divided into three aliquots. Purified Pgp was isolated from
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one aliquot as described above, as a control. The other twolabeled MIANS Pgp; the other aliquot was labeled with 1
aliquots were incubated separately with @ MIANS at mM NBD-CI for 2 h at 22°C and then passed through a
22 °C for 30 min in the dark, in the presence of 20M! Bio-Gel-P6 column pre-equilibrated with 2 mM CHAPS/
vanadate. Unreacted MIANS was quenched with 1 mM DTE Tris buffer, to give the doubly labeled product, MIANS
and removed by gel filtration on a column of Bio-Gel-P6 NBD—Pgp. All protein concentrations were adjusted-0
which had been pre-equilibrated with Tris buffer. The ug/mL, and asolectin was added as described above.
MIANS-labeled plasma membrane was then incubated at 37 The stoichiometry of NBD labeling of vanadate-trapped
°C for 3.5 h to allow the release of trapped ADP and purified Pgp in CHAPS was determined as described
vanadate, after which it was divided into two aliquots. From previously for Pgp labeled within the membra28)( except
one aliquot, singly labeled MIANSPgp was purified as  that the product was dialyzed exhaustively against water,
described above. The other aliquot was doubly labeled by and dissolved in 5% (w/v) SDS and 0.4 M NaOH over
incubation with 1 mM NBD-CI fo 2 h at 22°C, followed a period of 48 h before absorbance measurements were
by two washes with Tris buffer by centrifugation at 100900 made.

for 30 min at 4°C. Doubly labeled MIANS-NBD—Pgp was Fluorescence Measuremenihe quantum yieldQp, of
then purified from the labeled plasma membrane as describedsingly labeled MIANS-Pgp in the presence of 0.5 mg/mL
above. Control unlabeled Pgp, singly labeled MIANZgp, asolectin was determined at an excitation wavelength of 322

and doubly labeled MIANSNBD—Pgp were obtained from  nm, relative to a standard solution of quinine sulfate in 0.1
the same Pgp preparation. All protein concentrations were N H,SOy, using polarizers oriented at the magic angle (94.7
adjusted to~40 ug/mL, and asolectin (100 nm extruded in both the excitation and emission beams. The quantum yield
vesicles; see re8l) was added to a final concentration of of singly labeled MIANS-Pgp was calculated using the

0.5 mg/mL. equation
Rate of Reaction of MIANS and NBCI with Native and
VanadateTrapped Pgp To determine the rate of reaction Fuians—pgp)[  Aquinine
of MIANS and NBD-CI with Cys residues in native and QMIANS—ng: = A Qquinine 1)
quinine MIANS —Pg

vanadate-trapped Pgp, purified protein was treated with 200
uM vanadate in the presence of 1 mM ATP in 2 mM . L

CHAPS/Tris buffer at 37C for 20 min. Excess vanadate, whereQquinine the quantum yield of quinine, is known to be
ATP, and inorganic phosphate were removed by passing theO%St'hn Oﬂl N HSQ, FM'AfNS’.nglanld ';q”I‘”Tje ?\;?Aflzgntegraés
sample through a Bio-Gel-P6 gel filtration column. Both ot the fluorescence of singly labele gp an
vanadate-treated Pgp and an otherwise identical untreateaqum'ne.S'“'Ifate in the wavelength range of 3500 nm,
Pgp preparation were adjusted to a protein concentration of €SPectively, andwians -pgpandAqinine are the absorbances

~50ug/mL. Labeling with MIANS was initiated by addition (r)]:nSI?géy ::?'e:;d “g:g’t\gigp ngcgr‘ig‘c'?; dS“;fﬁte & ;izle .
of 6 uL of a 2.5 mM MIANS solution to 50QuL of a Pgp  fespectively. ng W using u

solution to give a final concentration of 3@M, and Pgp in th'e presence of as.olectin. at the same protein
fluorescence was monitored continuously with excitation at ;oncentrahorj. The dquargturg %'?;dlof singly labeled MIANS
322 nm and emission at 420 nm. Labeling with NBD-Cl was glfl was estimated to be 0. :

initiated by addition of 5uL of a 100 mM NBD-CI stock uorescence spectra were recorded on a PTI _Alphascan-z
solution to 500uL of a Pgp solution to give a final spectrofluorimeter (Photon Technology International, Lon-

concentration of 1 mM, and fluorescence was monitored don, ON) with the cell holder thermostated at 22. All

continuously with excitation at 465 nm and emission at 523 Epﬁgtra wereEmie aisur:ed Wﬁ:ﬁ n:{nleﬁmltagog an\</jv erm|SS|r<:n ted
nm. Since NBD-CI also reacts with buffer and CHAPS, the and-pass. sslon spectra of abeled Fgp Were correcte

NBD-CI fluorescence was monitored continuously in 2 mM using a built-in automatic correction system. The excitation

CHAPS/Tris buffer containing no Pgp, and the fluorescence wavelengths for the MIANS and NBD fluorophores were

traces of vanadate-treated and untreated Pgp were correcte22 2Nd 465 nm, respectively, while emission was monitored
accordingly. at 420 and 523 nm, respectively, with 4 nm slits. Measured

Single and Double Labeling of Purified Pgp in CHAPS fluorescence intensities were corrected for light scattering

Solution with MIANS and NBIZI. To carry out labeling of using controls containing unlabeled F_’gp_. The inner_filt_er
. X o h effect was corrected at both the excitation and emission

a single NB domain of purified Pgp;200 g of purified wavelengths as described previousyL, (36, 37) using the

protein was incubated in 2 mM CHAPS/Tris buffer at 37 equationg P e 9

°C for 20 min, in the presence of 1 mM ATP and 208

vanadate in a total volume of 1.5 mL. The sample was then D(ArecHAren)

passed through a Bio-Gel-P6 gel filtration column to remove Fioor = (F; — B) x 107 S et e 2)

excess ATP, vanadate, and inorganic phosphate. The eluate

was divided into three aliquots; one was saved as control whereFi, is the corrected value of the fluorescence intensity,

untreated Pgp, whereas the other two aliquots were incubated; is the experimentally measured fluorescence intenBity,

with 30 uM MIANS at 22 °C for 30 min in the dark in the is the background fluorescence intensity (caused mainly by

presence of 20uM vanadate. Unreacted MIANS was lipid vesicle scattering)b is the path length of the optical

quenched with 1 mM DTE and removed by gel filtration on cell in centimeters, ané;ex andAs.m are the absorbances of

a Bio-Gel-P6 column pre-equilibrated with 2 mM CHAPS/ the sample at the excitation and emission wavelengths,

Tris buffer. The labeled Pgp was incubated at@for 3.5 respectively.

h to allow the release of trapped ADP and vanadate, and Determination of the Parameters for FRET Analydike

then divided into two aliquots. One was retained as singly efficiency of resonance energy transfey between the donor
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Table 1: Spectral Parameters and Estimated Distances for Energy Transfer between MIANS Donor and NBD Acceptor Fluors in the Catalytic
Sites of Pgp

overlap integral, efficiency of estimated distance,
system J(cm MY energy transferk (%)? Ro (A) R(A)2
plasma membrane 2.983107 4 96.4+ 0.34 27.6 16.0£ 0.26
purified 3.016x 10+ 78.0+ 3.62 27.7 22.4-0.78
purified + ATP 3.019x 104 74.1+ 2.96 27.1 22.6: 0.38
purified + doxorubicin 3.051x 104 72.1+1.49 24.4 21.6t 0.80
purified + ATP + doxorubicin 3.065¢< 10714 73.0+ 1.70 235 20.6+0.87

a Separate determinations were carried out on three independent preparations for Pgp labeled while membrane-bound and Pgp labeled in a
detergent solution. Means the standard error of the mean are indicated. ATP was added to a concentration of 3 mM and doxorubicin to a
concentration of 4@M, both of which are close to saturatinglj. The refractive index was assumed to be 1.33, and the orientation fdct@s
taken to be’/; (see Materials and Methods). The values ahdR, are different in the presence of doxorubicin because of a very small shiftin
and reduction iQp of the labeled Pgp on drug binding.

and acceptor can be written as spectrophotometer (Perkin-Elmer, Norwalk, CT), with sample
and references cells at 2Z. J was calculated from the
E=1-— (E) (3) spectral data using a computer program designed solely for
Fo that purpose by U. Oehler (Department of Chemistry and

Biochemistry, University of Guelph).
Analysis of the Distance between the Donor and Acceptor
he data for energy transfer between the MIANS and NBD
fluorophores were analyzed using eq 4. Three independent
determinations ofR were carried out on three different
preparations of Pgp labeled while in the membrane, and three
R= RO(E—l _ 1)1/6 (4) different preparations of purified Pgp labeled in CHAPS
solution.

whereF andF, are the fluorescence intensities of the donor
in the presence and absence of the acceptor, respectiverT
The efficiency of FRET is related to the inverse sixth power
of the distance ) between the donor and acceptor in an
isolated donofracceptor system:

whereR, is the distance at which the efficiency of energy

transfer is 50%R, can be calculated from RESULTS

Trapping of the Vanadat&DP-Mg?" Complex in Mem-
braneBound and Purified Pgpn this study, we have used
Pgp in two different forms: the membrane-bound protein
in its native state and highly purified Pgp in a detergent/
lipid solution. The source of membrane-bound Pgp was
plasma membrane vesicles from the highly drug-resistant cell
line, CHB30, for which >80% of the ATPase activity,
measured under the assay conditions (see Materials and
Methods), can be attributed to Pgp1]. The Pgp in this
vesicle preparation is able to transport various substrates,
such as colchicine4) and the tripeptide NAc-LLY-amide
(42), at high rates. Highly purified, catalytically active Pgp
was isolated from the CHB30 plasma membrane using
differential detergent extraction with CHAPS, followed by
lectin affinity chromatography3().

Urbatsch et al. showed that if orthovanadatg (¥ added
to membrane-bound Pgp in the presence of ATP and a
divalent cation (such as Mg, Mn?*, or C&"), one catalytic
turnover takes place at a single NB domain, resulting in
trapping of the transition state complex ADR-M?" in the
active site {5). Figure 1A shows that vanadate trapping
results in (temporary) loss of the ATPase activity of Pgp in

R,= 9.8 x 10° x (k’Qyn H)Y° A (5)

wherelJ is the spectral overlap integral between the donor
and acceptor in units of cubic centimeters per mole per liter
(see Table 1)Qp is the fluorescence quantum yield of the
donor, andh is the refractive index of the medium between
the chromophores, which was taken to be 1.33, that of a
dilute aqueous solutiord(). The orientation factok? was
taken to be?s Small differences between the true and
assumed values af produce only small errors in calculated
donor-acceptor distance88). In addition, we determined
the polarization values of singly labeled MIAN®gp and
NBD—Pgp to be 0.33 and 0.43, respectively. Haas eB4). (
calculated the dependence ©f on the orientation of the
donor and acceptor when the transitions involved in energy
transfer are of mixed polarizations. For two chromophores
with polarizations of 0.3 and 0.4, they showed that the error
in distances estimated by energy transfer usir@\alue of
2/ would be only approximately=12%.

The spectral overlap integral)(was determined using the
integral equation

fF (A)e (/1)14 S CHRB30 vesicles; a 20 min incubation with 1 mM ATP, 5
_J DV/A ©6) mM Mg?*, and 100uM vanadate is sufficient to reduce the
fFD(/l) Y enzymatic activity to~5% of the starting value. If excess

ATP and vanadate are removed, and the trapped Pgp is
whereFp is the fluorescence intensity per unit wavelength subsequently incubated at 3T, there is slow loss of the
interval in the presence of donor only, is the molar transition state complex from the catalytic site, resulting in
extinction coefficient of the acceptor, aAds the wavelength  restoration of the ATPase activity over time (Figure 1B).
in centimeters. The fluorescence emission spectra of MI- Both membrane-bound and purified Pgp recovered their
ANS—Pgp were recorded using excitation at 322 nm, and ATPase activity by a process that could be fitted to a single-
the absorption spectra of NBEPgp were measured using a exponential function, with;, values of 44 and 66 min,
computer-interfaced Perkin-Elmer Lambda 6 YVisible respectively, at 37C. This time frame is long enough to
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Previous work in our laboratory indicated that MIANS
and NBD-CI react with Cys residues in both Walker A motifs
of Pgp @9, 31). When MIANS reacted with purified Pgp, it
labeled two sites per molecule, as indicated by absorption
spectroscopic measurements of the labeled protein product
in 6 M guanidine hydrochloride3(). Labeling of membrane-
bound Pgp with NBD-Cl also took place with a stoichiometry
of two, also indicated by absorption spectrosco)(

i i Labeling was carried out for both membrane-bound Pgp and
0 50 100 150 200 250 purified Pgp for a technical reason. The second labeling step
Vanadate concentration (uM) with NBD-Cl results in fluorescent side products in the case
of purified Pgp, since the compound also reacts with the
B CHAPS necessary to maintain protein solubility. This
complication is not present in the case of plasma membrane,
which is handled in detergent-free buffer. In both cases, the
final labeled purified Pgp product was studied in the presence
of the phospholipid mixture asolectin (0.5 mg/mL), since
membrane lipids appear to assist in maintaining the native
state of the protein3l, 43, 44).

It should be noted that vanadate is trapped equally well
in either NB domain 15), so this strategy produces Pgp
labeled with MIANS in NB1 and NBD-Cl in NB2, and equal

Ficure 1: (A) Concentration dependence of inactivation of Pgp amounts of Pgp labeled with NBD-Cl in NB1 and MIANS
ATPase activity by orthovanadate in the presence of ATP artt Mg !n NB2. Since the two NB, domamg are percelvgd to opergte
ions. The CHB30 p|asma membrane (/ag of protein) was Ina Comp|ete|y Symmetncal fashlon, and no differences in
incubated at 37C in the presence of 1 mM ATP, 5 mM Mg, their functioning during the catalytic cycle have yet been
and increasing concentrations of vanadate. After 20 min, ATPase noted, both labeled forms are expected to behave identically.
activity was measured as described in Materials and Methods. (B) Pgp labeled at a single NB domain with either MIANS or

Reactivation of Pgp ATPase activity at 3C following trapping . L .
of the ADPV/-Mg?* complex in the catalytic site of Pgp. The &H  NBD-Cl was produced by labeling the protein with a single

B30 plasma membrane~B00 ug of protein) or highly purified ~ fluorophore following vanadate trapping.
Pgp (~100ug of protein) was incubated with 1 mM ATP, 5 mM We first showed that vanadate trapping did in fact occlude
Mg?*, and 200uM vanadate for 20 min at 37C to produce the  gne of the catalytic sites, making it unavailable for fluores-

vanadate-trapped species. Following removal of vanadate as : : e
described in Materials and Methods, the Pgp sample was incubateoF(?nt labeling at the Cys reS|due..Pur|f|ed Pgp was reacted
at 37°C for increasing times to allow release of the trapped ADP  With MIANS and NBD-CI both in the absence of any

Vi-Mg?+ complex from the catalytic site, and ATPase activity was treatment and following trapping of the AD®-Mg?*
determined. Data are expressed as the percentage control relativeomplex. MIANS and NBD-CI become fluorescent only after
toa ng(f'e th Ten;brta_net-hbourbﬂ)(or p“'f'f'ed Péipt@)TtL‘at has erecovalent reaction with &-SH group, so the rate of increase
%irt?s;Ieto Iai?nlgclg-g’xpgmler;tia‘lefﬁntszggﬁ,es%o\ﬁr? gya;heé sol‘ied “;aa; WerCof fluorescence intensity reflects the rate of reaction with
was estimated to be 44 and 66 min for membrane-bound and Cys428 and Cys1071. Panels A and B of Figure 3 show that
purified Pgp, respectively. both reagents reacted with purified Pgp at approximately half
the rate following vanadate trapping, consistent with the
allow reactions to take place selectively at the other untrappednotion that one of the catalytic sites was unavailable. Thus,
site (see below). vanadate trapping blocks one of the active sites, allowing
exclusive labeling of the other site. In addition, we deter-
mined the stoichiometry of single-site labeling in CHAPS
dof purified vanadate-trapped Pgp with NBD-CI to be 1.1.
The fluorescence properties of the singly labeled Pgp
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Single and Double Fluorescence Labeling of the Catalytic
Sites in the NB Domains of Pgphese trapping and release
phenomena formed the basis of a strategy for single an

ﬁﬁgggdg&;slingsats;ﬁvsEi’ndggﬁlrgs Z?f 'Il?hgep /‘ﬁ;?,,\‘j'gﬂe”t species, for both MIANS and NBD—(_ZI, were compqred to
. S those of the doubly labeled proteins in which both sites are
complex was trappeql_m one catalytic site of membrane- labeled with either MIANS or NBD-CI in the absence of
bound or h|ghly purified P-gl){coprotem, and th'e other vanadate treatment. The fluorescence spectrum of Pgp
unoccupied site was labeled with MIANS. FoIIowmg_ l0ss | abeled with MIANS at one NB domain (Figure 4A, curve
of the trapped vanadate complex, the newly vacant site wasy) \yas almost identical to that of the protein labeled at both
thgn_ labeled with N.BD.—CI. Vanadate. d|ssomat|on_ IS an NB domains (Figure 4A, curve a), with the exception that
efficient process, as indicated by the first work carried out the emission intensity was reduced by approximately 50%.
by Urbatsch et al. on the trapping proced$)( and the  similar results were obtained when comparing singly and
complete recovery of ATPase activity shown in Figure 1B. doubly labeled NBB-Pgp products (data not shown).
For Pgp that was labeled while in the plasma membrane, FRET Analysis of Doubly Labeled Pgfphe emission
the purified protein in CHAPS was isolated from the spectrum of MIANS shows a large amount of overlap with
membrane as described above. In the case of Pgp labeled ithe absorption spectrum of NBD-CI, making this combination
its purified form, the singly labeled and doubly labeled of fluors a good doneracceptor pair for FRET studies
proteins were obtained directly in CHAPS solution. (Figure 5A). We first ascertained whether NB domains in
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FiGure 2: Schematic diagram of the strategy used to covalently link the donor fluor MIANS and the acceptor fluor NBD to Cys428 and
Cys1071 in the catalytic sites of Pgp. Purified or membrane-bound Pgp was first incubated with 1 mM ATP, 5 fhMaivg200uM
vanadate (\J at 37°C for 20 min to trap the ADP/;-Mg?" transition state complex at one of the catalytic sites (this is shown arbitrarily

as NB1; both NB1 and NB1 will trap the complex equally well). Following removal of ATP and vanadate, the Cys residue of the empty
NB domain was then reacted with MIANS. The transition state complex was allowed to leave the occupied NB domain by incubation at
37 °C for 3.5 h, and the newly vacated catalytic site was subsequently reacted with NBD-CI.
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Ficure 3: Time course of fluorescent labeling of purified Pgp in
the native catalytically active state, and following trapping of the
ADP-V;-Mg?" complex at one catalytic site. (A) Labeling by 30
uM MIANS at 22 °C, with alex of 322 nm and &, of 420 nm.
The protein concentration was 4§/mL in 2 mM CHAPS buffer.
(B) Labeling by 1 mM NBD-CI at 22C with alex 0f 465 nm and

a Aem Of 523 nm. The protein concentration was 4¢/mL in 2
mM CHAPS buffer. See Materials and Methods for details of the
experimental labeling procedures.

if dimer formation placed the NB domains of Pgp pairs close
together. Radiation inactivation analysis suggested that Pgp
exists as a dimer in the native plasma membrar, @nd
detergent extracts were found to contain various oligomeric
species46). When singly labeled MIANSPgp was mixed

in an equal mole ratio with unlabeled Pgp, the fluorescence
intensity dropped by half (compare curves a and b of Figure
4B), as expected. After mixing of singly labeled MIANS
Pgp with singly labeled NBB Pgp, there was a similar drop

in intensity (Figure 4B, curve c). If FRET was taking place
between the MIANS group in one Pgp molecule and the
NBD in another neighboring molecule, then additional
guenching of the MIANS fluorescence would have been
expected as a result of energy transfer to the NBD moiety.
Since this was not observed, we can assume that formation
of Pgp dimers, if it takes place, does not contribute to FRET
between adjacent protein molecules.

We then compared the fluorescence properties of doubly
labeled MIANS-NBD—Pgp, where FRET might take place
between the MIANS donor and the NBD acceptor, with those
of the singly labeled MIANS Pgp. For Pgp that had been
labeled while in the native membrane-bound state and
subsequently purified, there was a very large quenching of
the MIANS fluorescence in the doubly labeled protein
(Figure 5B), corresponding to an efficiency of energy transfer
of >95% (Table 1). Sensitized emission from the NBD
acceptor was visible, confirming that energy transfer was
taking place. For Pgp that had been labeled in CHAPS
solution, a lower degree of quenching was obtained, corre-
sponding to an energy transfer efficiency of 78%. These
measurements were highly reproducible for several inde-
pendent preparations of both membrane-bound and purified
Pgp. Using measured spectral parameters for the two fluors
(Table 1),R, for the donor and acceptor was calculated to

neighboring Pgp molecules were able to transfer energybe~28 A. Equation 4 (see Materials and Methods) was used
between each other. This situation might occur, for example, to estimate the distance separating the two fluorophores. For
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FiGure 4: (A) Fluorescence emission spectiax(= 322 nm) of u_=_’ 4+
purified Pgp labeled at both NB domains with MIANS (curve a)
and purified Pgp labeled at a single NB domain with MIANS 2+
following vanadate trapping (curve b). The same protein preparation IANS-NBD-Pgp
was used for both labeling experiments, which were carried out in o NBD-Pgp
parallel. (B) Fluorescence emission spectrg € 322 nm) of Pgp . ' L . L '
labeled at one NB domain with MIANS (curve a) and following 350 400 450 500 550 600

1:1 mixing with unlabeled Pgp (curve b) and following 1:1 mixing

with Pgp labeled at a single NB domain with NBD-CI (curve c).

The protein concentration was 2@/mL in 2 mM CHAPS buffer FIGURES: (A) Spectral overlap between MIANSPgp and NBBG-

with 0.5 mg/mL asolectin, and labeling was carried out for 30 min Pgp. Fluorescence emission spectruiy & 322 nm) of purified

as described in Materials and Methods. Note that the experimentsPgp labeled at one NB domain with MIANS and the Yusible

whose results are depicted in panels A and B were carried out onabsorption spectrum of purified Pgp labeled at one NB domain with

different Pgp preparations, so the fluorescence intensities cannotNBD-CI. (B) Fluorescence emission spectruig,(= 322 nm) of

be compared between them. Pgp (40ug/mL protein in 50 mM Tris-HCI buffer, 2 mM CHAPS,
and 0.5 mg/mL asolectin) labeled while in the native membrane at

; } a single NB domain with MIANS (MIANS-Pgp), compared to
Pgp labeled while membrane-bound, the derceptor he fluorescence emission spectrum of the same preparation of Pgp

separation was estimated to be 16 A, whereas Pgp labeledjngly labeled with NBD-CI (NBD-Pgp), and doubly labeled with
in CHAPS gave a slightly larger separation of 22 A (Table MIANS at one NB domain and NBD-CI at the other (MIANS
1). These results indicate that the two fluorescent groups,NBD—Pgp). (C) Fluorescence emission spectrum obtained in an

and by extension, the Cys residues within the Walker A identical experiment, but carried out with purified Pgp labeled in
' a detergent solution, where the protein concentration wasgl0

motifs, are relatively close together. ~mLin 50 mM Tris-HCI buffer, 2 mM CHAPS, and 0.5 mg/mL
The fluorophores used in these experiments have a finite gsolectin.

size, so distance estimates represent the separation of the

electronic centers of the two fluorophores. The maximum NBD on binding of ATP alone, and doxorubicin alone.
distance separating the two Cys residues to which the donorBinding of both ATP and drug resulted in a further decrease
and acceptor are covalently linked can be estimated byin the separation of the two fluorophores. The measured
accounting for the dimensions of the fluorophores (see changes were relatively small, and indicate that substrate

Wavelength (nm)

below). binding per se does not induce any gross changes in the
Doubly labeled MIANS-Pgp is still able to bind both  placement of the two catalytic sites relative to each other.
nucleotides and drugs with unchanged affinidt, (41, 47), Compatibility with Various Models of Pgp StructuiEhe

and we have confirmed that this is also the case for doubly high-resolution crystal X-ray dimer structures of the NB
labeled NBD-Pgp (data not shown). To determine whether subunit of the histidine permease, Hig2)( and the catalytic

the separation distance between the two catalytic sites isdomain of Rad5043), can be used to obtain information
altered by binding of ATP and transport substrates, the FRET about the possible placement of the two NB domains of Pgp
measurements were also carried on purified Pgp in therelative to each other. Both HisP and Rad50cd contain a Ser
presence of 3 mM ATP alone, 40M doxorubicin alone, residue (Ser43 and Ser34, respectively) at the position
and a combination of both. As indicated in Table 1, there equivalent to the Walker A Cys residues within Pgp that are
was a small decrease in the distance between MIANS andlabeled with MIANS and NBD-CI. From the crystal coor-
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o 9 distance between the two Cys residues in the NB domains
v 4 HJ@N@ estimated by FRET would be the maximum possible. Since
cys—s@w& , 63 I s—oxs the two active sites face each other in the Rad50cd and Jones
0878 and George models, this may in fact not be an unlikely
scenario. If either fluorophore is rotated outward from a

S-N2 3.3§NBDC1.N2 254 s-C2 8.1 A?:A:Agzs 6.5 A collinear arrangement, the Cys residues could approach each
$he sk G sed SN ashCN T other more closely, while keeping the measured FRET
s05 684 S eRSS 1 separation at 16 A. Thus, the FRET distance estimates
§-07 17.6 AC1-07 16.0A indicate that the maximum separation of the two Walker A
o o Cys residues is-30 A, suggesting that the arrangement of
_NH_’CH_Q_ _NH_gH_ﬂ_ the two NB domains in Pgp may be similar to that reported
2|CH2 zchz for the Rad50cd dimer, and the model of Jones and George.
| |
*or *on DISCUSSION
HisP dimer Rad50cd dimer
e aoa et Bas The disposition of the NB domains of ABC transporters,
03.03 4464 0303 304A with respect to both each other and the membrane, has been

FiGURe 6: Molecular dimensions of the fluorophores were calcu- the object of much speculation. It has been proposed that
lated by molecular mechanics using the program SPARTAN hase domains have a partial transmembrane orientation in
(Wavefunction, Inc.). Distances were estimated for the HisP and he b ial h h

Rad50cd dimers from the crystal coordinate Protein Data Bank files 1€ bacterial ABC permeases, where they are present as
using Rasmol. separate subunits. Possible projection of regions of the NB

dinates of the HisP dimer, we calculated the distance betweendomalns through the membrane would result in their acces-

the two Gx atoms of the Ser43 residue to be 43.0 A. Distance sibility to reagents at thg extrace!lular (p_eri_plasmic) side_.
estimates for the separation of other atomic pairs in the SerProteoly5|s and biotinylation experiments indicated that this

; : . ; . indeed the case for the bacterial NB subunits, MalK in
side chain were slightly larger (see Figure 6), reflecting the was in o ’
placement of the two active sites facing away from each maltose permeasdg) and HisP in histidine permeaséy.

other. Similarly, we estimated the distance between the two AIso,”the X-ray ztrldjgtudre. oft:]he H|std|rrr1§2r SL:_g'ggested that
Ser34 residues in the Rad50cd dimer that are equivalent todMm !l was embedded n the membra )( However,

the labeled Walker A Cys residues. In this case, the distancel_liggins and co-workers used Cys insertions and reactivity
between the two & atoms of Ser34 was calcu,lated to be with sulfhydryl-directed reagents to show that in the case of

33.4 A. Separations of other atomic pairs in the Ser side Pgp, the NB domains do not appear to be accessible at the
chain are smaller (the €0 separation is 30.4 A; see Figure external surfaces(). Work in our laboratory has shown that

- . o ; the NB domains of Pgp are likely to be in contact with, or
6), consistent with the two catalytic sites facing each other. ) . )
The dimer model proposed by Jones and Geotypredicts embedded in, th?. membrane b.”ay@gx which Wou_ld .
a Ser O-O separation of 34 A (A. M. George, personal account for the ability of the host lipid to regulate the kinetic

communication), which is compatible with the Rad50cd and catalytic properties of these domaibs)(
dimer structure, but not with that of HisP. In a recent study of cross-linking of Cys substitution
To relate this information to the distance estimates Mutants of Pgp, Loo and Clarke suggested that the orientation
obtained by FRET, the size of the donor and acceptor fluors of the NB domains is such that the active sites face each
must be taken into account. Molecular mechanics calculationsOther, in an organization quite different from that of the HisP
were used to estimate the bond lengths and interatomicdimer, where they have an outward-facing arrangement. Their
distances for the two fluorophores (see Figure 6 for selectedresults suggested that, since an introduced Cys at position
distances). The NBD fluorophore is relatively small, with 439 in NB1 and the endogenous Walker A motif Cys at
dimensions of~4—6 A. The distance between the protein Position 1074 in NB2 could be readily cross-linked by
Cys S and the nitro group O is 6.8 A. The MIANS molecule disulfide bond formation, these residues may be located as
is considerably larger and elongated, with end-to-end dimen-close & 1 A from each other. However, cross-linking only
sions from the protein Cys S to the sulfonate group-&f— took place at 37C, not at the lower temperatures of 22 and
18 A. If the two S atoms of the Cys side chains are separated? °C, Which suggests that there may be considerable motion
by ~30 A, as suggested by the Rad50cd dimer crystal OF flexibility in these regions of the protein. Cys cross-linking
structure and the model of Jones and George, and M|ANSStUd|eS on the NB subunit of the maltose permease, MaIK,
and NBD are arranged Co||inear|y' the rough electronic also concluded that two residues predicted to lie in arm ”,
centers of the fluorophores would appear to-6 A apart far apart from each other according to the HisP dimer
as assessed by FRET. The experimentally determined FRETStructure, were actually located only-&0 A apart in dimeric
separation for Pgp labeled in the membrane agrees well withMalK.
this estimate. If the HisP dimer structure were in effect, the  The modeling study of Jones and Geordpwas the first
FRET separation would be expected to be substantially to suggest that the C motif of one NB domain plays a central
greater by~13 A. Thus, our experimental data are compat- role in ATP binding in the catalytic site of the partner
ible with the Rad50cd dimer structure and the Jones anddomain, in a reciprocal fashion. This proposal, which was
George dimer model, but not with the HisP dimer structure. supported by substantial biochemical and sequence evidence,
The orientation of the donor and acceptor fluorophores, and helped to explain the requirement for two intact NB domains
the Cys side chains, within the Pgp NB domains is unknown. for catalysis, and their cooperativity, as well as the observa-
If the fluorophores are collinear with the Cys residues, the tion that protein function is highly sensitive to mutations in
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the C motif. Thus there are good reasons to suspect that theearrangements do not take place on binding of either
arrangement seen in the HisP dimer structure may not reflectnucleotide or drugs. These results are in agreement with our
that of the two NB domains of Pgp. More recently, a high- previous fluorescence quenching studies, which showed only
resolution X-ray crystal structure of the catalytic domain of small changes in the accessibility of the MIANS grodf)(
the soluble ABC protein Rad50 has been reporg). (It or Trp residues44) to aqueous quenchers following binding
bears a remarkable resemblance to the HisP dimer model ofof either ATP or drugs. It should be noted that the Ser34
Jones and George, and shows the two catalytic sites facingseparation distance calculated for the Rad50cd dimer is for
each other, with the C motif of one NB domain involved in the ATP-bound structure. Nucleotide is absolutely required
binding the ATPy-phosphate in the catalytic site of other for dimer formation; only monomers are present in the
NB domain. absence of ATP. Since it is not possible to obtain an estimate
In this study, we have made use of the vanadate trappingfor the separation distance of these residues in the absence
technique to selectively label a Cys residue within the Walker of ATP, the magnitude of the change in the relative
A motif of the two active sites of Pgp with the fluorophores placement of the two NB domains on nucleotide binding is
MIANS and NBD-CI. This double labeling procedure was not currently known. It seems likely that if a larger
performed on membrane-bound Pgp, followed by purification conformational change were to take place, it would be at
of the labeled protein, or alternatively, it was carried out the stage of the catalytic cycle where one of the NB domains
directly on purified Pgp. Singly MIANS- and NBD-labeled is in the transition state. Unfortunately, we cannot use this
proteins provided controls for characterization of the labeling type of species for the labeling approach employed in the
process and the fluorescence studies. FRET experiments ostudy presented here, since vanadate trapping blocks labeling
the purified labeled Pgps in the presence of phospholipid of the Cys residues with MIANS and NBD-CI (Figures 3
indicated that there was highly efficient energy transfer and 4), and labeled Pgp is unable to progress through the
between the MIANS and NBD molecules in doubly labeled catalytic cycle following substrate binding.

Pgp. This translated into estimates of the separation distance From previous work, it is known that the two NB domains
of the two fluorophores of-16 A for Pgp labeled within a  of Pgp cooperate with each other in a tightly controlled
membrane environment, and22 A for Pgp labeled in a  fashion during the catalytic cycle. Vanadate traps the protein
detergent solution. After accounting for the size of the in a conformation in which one catalytic site is occupied

fluorophore molecules, these distance estimates are compatwith a transition state analogue and the other is inacti@g (
ible with both the Rad50cd dimer structure and the Jones |t is widely believed that only one of the two active sites

and George model, but not with the HisP dimer structure, can function at any point in time, via an alternating sites

which predicts a separation distance that is considerablytype of mechanismi{). The ATP-induced dimerization
larger, by~13 A. Our data also do not fit with the low-  pehavior of Rad50cd, coupled with the dimer crystal
resolution structure of Pgp obtained by electron microscopy, structure, led to the suggestion that all ABC transporters
which was interpreted as showing the NB domains projecting operate by ATP-induced cycles of association and dissocia-
outward from a central toroidal structure 80 A in diameter tion of the two NB domains23). Since dissociation would
(25), presumably widely separated from each other. probably require the hydrolysis of ATP to ADP at both

The stoichiometry of MIANS labeling (two per protein catalytic sites, this may explain the tight coupling observed
and one per NB domain) was established previouSl,(  between the NB domains of Pgp. In any event, cooperative
and for NBD-CI labeling in a membrane environment, the interactions of this type require that the two domains be
number of labels was also determined previously to be two physically close to each other.
per protein 29). In addition, in this work, we showed that
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