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ABSTRACT. P-glycoprotein is a member of the ATP binding cassette family of membrane proteins, and
acts as an ATP-driven efflux pump for a diverse group of hydrophobic drugs, natural products, and peptides.
The side chains of aromatic amino acids have been proposed to play an important role in recognition and
binding of substrates by P-glycoprotein. Steady-state and lifetime fluorescence techniques were used to
probe the environment of the 11 tryptophan residues within purified functional P-glycoprotein, and their
response to binding of nucleotides and substrates. The emission spectrum of P-glycoprotein indicated
that these residues are present in a relatively nonpolar environment, and time-resolved experiments showed
the existence of at least two lifetimes. Quenching studies with acrylamide and iodide indicated that those
tryptophan residues predominantly contributing to fluorescence emission are buried within the protein
structure. Only small differences in Stersolmer quenching constants were noted on binding of nucleotides

and drugs, arguing against large changes in tryptophan accessibility following substrate binding.
P-glycoprotein fluorescence was highly quenched on binding of fluorescent nucleotides, and moderately
guenched by ATP, ADP, and AMP-PNP, suggesting that the site for nucleotide binding is located relatively
close to tryptophan residues. Drugs, modulators, hydrophobic peptides, and nucleotides quenched the
fluorescence of P-glycoprotein in a saturable fashion, allowing estimation of dissociation constants. Many
compounds exhibited biphasic quenching, suggesting the existence of multiple drug binding sites. The
guenching observed for many substrates was attributable largely to resonance energy transfer, indicating
that these compounds may be located close to tryptophan residues within, or adjacent to, the membrane-
bound domains. Thus, the regions of P-glycoprotein involved in nucleotide and drug binding appear to be
packed together compactly, which would facilitate coupling of ATP hydrolysis to drug transport.

The ABC superfamily is a large group of proteins and bile ductules, and its presence in the endothelial cells
responsible for movement of substrates across biologicalof the brain appears to make a major contribution to the
membranes, driven by the energy of ATP hydrolygis3). blood-brain barrier3). Pgp also plays an important role in
The substrates moved by ABC proteins are as diverse asthe multidrug resistance (MDR) displayed by many human
ions (e.g., CFTR is a chloride ion channel), and large proteins tumors, and is an important factor in predicting the outcome
(e.g., hemolysin B exports hemolysin, an 80 kDa toxic of chemotherapy treatmem,(5).
protein). Some family members are importers, such as the The application of fluorescence techniques to the study
bacterial histidine and maltose permeases, while others areof the structure and function of Pgp has proved very fruitful
exporters, and CFTR is a channel, rather than a transporterover the past few years [for reviews, sée7)]. Biophysical
The P-glycoprotein multidrug transporter (Pypxports an approaches such as this have been made possible by the
astonishing variety of hydrophobic natural products, drugs, development of methods for the isolation of sub-milligram
and peptides from mammalian cells, powered by the energyamounts of purified Pgp with high levels of ATPase and
of ATP hydrolysis at its two nucleotide binding (NB) drug transport activity. Experiments on purified Pgp labeled
domains. Its physiological role is thought to involve protec- with the extrinsic fluorophore MIANS at Cys residues within
tion against toxic xenobiotics by efflux or secretion of these the NB domains have led to important insights into the
compounds at the lumenal surfaces of the gut, kidney tubules,molecular architecture of the protein. For example, quenching
experiments showed the existence of cross-talk between the
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catalytic sites in the NB domains, and the drug binding sites, modulators, and hydrophobic peptides that serve as substrates
which are thought to be made up by the membrane-spanningfor the transporter. It seems likely that Trp residues are
regions of the protein within the lipid bilayeB). Binding directly involved in binding of some drug substrates, and
to MIANS-labeled Pgp of nucleotides, and drug or peptide are probably in close proximity to the regions of the
substrates, takes place with apparently normal affinity; transporter involved in recognition of others. Our results also
however, the transporter is catalytically inactige 9). This suggest that the site of ATP binding within the NB domains
potential limitation can be overcome by the use of intrinsic may be situated relatively close to the membrane-bound
Trp fluorescence of the catalytically active protein as a regions of the protein where many of the Trp residues are
reporter technique. Trp fluorescence studies have provedlocated.

invaluable for studying the interaction of a variety of

ATPases and ATP-utilizing enzymes with their substrates, MATERIALS AND METHODS

including the BFi-ATPase 10), plasma membrane €a
ATPase 1), sarcoplasmic reticulum CaATPase (2), the
DnaB helicase13), and phosphofructokinasé4), as well
as membrane transporters, such as melibiose perm&gse (
and lactose permeased].

Aromatic amino acid chains, such as those of Trp, Tyr,
and Phe, were found to be over-represented in the TM
(transmembrane) regions of Pgpry. It has been proposed
that these residues, which are highly conserved across th drochlorid lchici inblastine. d bicin. d
Pgp family, may be involved in substrate recognition and ycrochloride, coichicing, vinbiastine, daunorubicin, doxo-
interaction, and a model has been suggested wherebJUb'C'n’ trifluoperazine, quinine, quinidine, pepstatin A,

substrates with aromatic rings, such as rhodamine 123, Canvallnomycm, LY294002, rhodamine 123, and rhodamine B

intercalate between the side chains of aromatic-rich TM V€€ purchased from S|gma Chemlqal Co. (St. Louis, MO).
helices at the protein-lipid interfacel¥). In this regard, Cyclosporin A was p;owded kby .Pf|zer' Cerlnral Researfch
Neyfakh and co-workers have recently proposed a working (Groton, CT). Dr. Balas Sarkadi (National Institute ot
model for multidrug transporters and multidrug binding Haeme_ltology and Immunology, Budapest, Hungary)_ supplied
proteins, in which polyspecific recognition of multiple reversins 121 and 2052¢). PSC833 was supplied by

substrates is based on complementarity of the molecular'\IOV‘B“,“.s Qanada. »
surfaces via van der Waals interactions and overall steric fit Purification of Pgp.Pgp was purified from the plasma

(18, 19. Since many Pgp substrates contain aromatic rings, Mémbrane of MDR CRB30 cells by a modification of the
the involvement of aromatic side chains in these interactions Method previously described for CB5 (27). Following the

seems likely. In addition, peptides selected from a phageinitial extraction of plasma m.embrane with CHAPS buffer
display library for their ability to bind MDR drugs with high (25 MM CHAPS/50 mM Tris-HCI/0.15 M NaCl/5 mM
affinity were found to contain the consensus motif WXXw MJCl2/0.02% w/v NaN, pH 7.5), the detergent-insoluble
(20). Aromatic side chains such as the indole ring of Trp Pellet was solubilized in 15 mM CHAPS buffer, in a volume
may thus play an important structural role in substrate Of 330uL for each milligram of plasma membrane protein
recognition by Pgp, and their fluorescence properties may originally used. Incubauor] and ceqtnfugatpn resglted ina
be sensitive to the process of substrate binding. soluble supernatant Bwhich was highly enriched in Pgp.
To date, little work has been conducted on the intrinsic Contaminating glycoproteins were removed from the S
fluorescence of Pgp. Sonveaux et al. reported data forfraction by passage through a column of concanavalin

quenching of the Trp fluorescence of purified Pgp with iodide A-Sepharose 4B (Pharmacia) equilibrated with 2 mM
ion (21), and, more recently, used changes in acrylamide CHAPS buffer. The final product consisted of a solution of

quenching susceptibility as an indicator of conformational 90-95% pure Pgp, at a concentration of (L2 mg/mL,
changes taking place on binding of various anthracycline I" 2 MM CHAPS buffer. The Pgp preparation was kept on
derivatives and ATPZ2). The fluorescence properties of the €€ and used within 24 h.
single Trp residue present within the C-terminal NB domain  Steady-State Fluorescence MeasuremeBteady-state
(NB2) of mouse Pgp were examined in a separately fluorescence measurements were performed using a Spex
expressed domain, both as a fusion protein and after cleavagénodel DM3000 spectrofluorimeter (Spex Industries Inc.,
(23). Although purified NB2 was catalytically inactive, it  Edison, NJ) at 22C, with the excitation and emission band-
bound fluorescent ATP and ADP derivatives, and its single Pass set to 4 nm. All fluorescence studies were carried out
Trp residue was highly quenched by binding of fluorescent on solutions of 10@g/mL Pgp in 2 mM CHAPS buffer, in
nucleotides 23), steroids 24), and flavonoids Z5). the presence of 0.5 mg/mL of the phospholipid palmi-
This work reports a comprehensive study of the intrinsic toylmyristoylphosphatidylcholine (PMPC; Avanti Polar Lip-
fluorescence properties of purified, catalytically active Pgp ids, Alabaster, AL). PMPC was added as extruded 100 nm
in its native state. Both steady-state and lifetime experimentsunilamellar vesiclesq). The excitation and emission spectra
were used to characterize the environment of the 11 TrpWwere the average of three scans, and were corrected by
residues within the protein, and the changes that take placesubtracting control scans with the same phospholipid buffer
in their fluorescence properties on substrate binding. We in the absence of protein.
show that the Trp fluorescence of Pgp is highly sensitive to  Fluorescence Lifetime Measuremeritiiorescence decays
the binding of nucleotides, both unmodified and fluorescent were measured with a PTI model C-720 fluorescence lifetime
derivatives, and also to the binding of a wide variety of drugs, instrument 28) (Photon Technology International Inc.,

Materials Acrylamide was obtained from Bio-Rad Labo-
ratories (Mississauga, ON). KI was purchased from Fisher
Scientific (Unionville, ON, Canada). TNP-ATP, TNP-ADP,
tetramethylrosamine, and rhodamine 6G were supplied by
Molecular Probes (Eugene, OR). 3-[(3-Cholamidopropyl)-
dimethylammonio]-1-propanesulfonate (CHAPS), disodium-
ATP, disodium-ADP, 5adenylylimido-diphosphate (AMP-

NP), N-acetyl+-tryptophanamide (NATA), guanidine
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Lawrenceville, NJ) utilizing a proprietary stroboscopic as described elsewhei® (Control titrations were performed
detection technique2@). The system employed a PTI GL- with 30 uM NATA to assess the nonspecific quenching of
330 pulsed nitrogen laser pumping a PTI GL-302 high- Trp fluorescence by TNP-nucleotide derivatives and drugs.
resolution dye laser. The dye laser output at 590 nm was The experimental data for nucleotides, and drugs that
frequency-doubled to 295 nm with a GL-103 frequency showed monophasic quenching behavior, were computer-
doubler coupled to an MP-1 sample compartment via fiber fitted to the following equation, as described previously
optics. The emission was observed af 98lative to the (8, 9:

excitation via an M-101 emission monochromator and a

stroboscopic detector equipped with a Hamamatsu 1527 AFmaxX 100| x [S]
photomultiplier. Fluorescence decays were analyzed with a AF 0
PTI TimeMaster Pro analysis package using a discrete 1- to (F_o X 100) = K, + [S]

4-exponential fit, 1- to 4-exponential global analysis, or

lifetime distribution analysis: by the Exp_onential Series where AF/Fo x 100) is the percent quenching (percent
Method (ESM) 80). The quality of fits was judged by chi-  change in fluorescence relative to the initial value), following
squared values and weighted residuals. , addition of substrate at a concentration [S], atgdis the
Quenching Studies Using Acrylamide and lodigock  gissociation constant. Fitting was carried out using nonlinear
solutions 6 5 M acrylamide, 0 5 M KI, were added as 5 regression with the Marquardt-Levenberg algorithm (Sig-
uL aliquots in buffgr to 0.5 mL of 10@g/mL Pgp in 2 mM maPlot, SPSS Inc., Chicago, IL), and values Kof and
CHAPS buffer with 0.5 mg/mL PMPC. All quencher (AF_./F; x 100) were extracted. For drugs that showed
solutions were freshly prepared, and 0.1 mM8®; was biphasic quenching, the experimental data were fitted to the

added to the KI stock solution to prevent Iformation. two-site model of Doppenschmitt et a82), and two values
Fluorescence emission was measured at 330 nm following ot K, were extracted.

excitation at 290 nm. Fluorescence intensities were corrected petermination of the Spectral @rlap Integral The
for dilution and scattering, and in control assays, KCl was gpectral overlap integral(was determined using the integral
added at the same concentration to correct for any ionic equation:

strength effects. Parallel experiments were carried out using

NATA to assess quenching of Trp fluorescence by the same f,: (e (/1)/14 oA
agents when Trp is completely accessible in agqueous solution. = pYTA
Quenching data were analyzed using the Stern-Volmer fFD(/l) oA

equation 81):

whereFyp is the fluorescence intensity per unit wavelength

Fy/F =1+ Kg[Q] interval in the presence of the potential donor ordly,is

the molar extinction coefficient of the potential acceptor, and
whereF, andF are the fluorescence intensities in the absence 4 IS the wavelength in centimeters. The Trp fluorescence
and presence of quencher, respectively, [Q] is the concentra-€mission spectra of Pgp was recorded using excitation at 290
tion of quenching agent, anésy is the Stern-Volmer  nm, and the absorption spectra of TNP-nucleotide derivatives
quenching constant. In the case of a purely collisional and drugs were recorded using a computer-interfaced Perkin-

quenching mechanism, a Stern-Volmer plot/afF vs [Q] Elmer Lambda 6 UV/visible spectrophotometer (Perkin-
gives a linear plot with a slope dfsy: Elmer, Norwalk, CT) with both sample and reference cells
at 22 °C. J was calculated from the spectral data using a
Key = kqn, computer program designed solely for that purpose by Dr.
Uwe Oehler (Department of Chemistry and Biochemistry,
wherek, is a collisional quenching rate constant ands University of Guelph).
the fluorescence lifetime in the absence of quencher. The quantum yield of Pgp Trp fluorescend®, was

Quenching Studies Using TNP-Nucleotide Datives and determined relative to NATA as a standard. Both the sample
Drugs Fluorescence quenching studies with TNP-nucleotide and standard had the same absorbance value of 0.095 at 290
derivatives and various drugs and chemosensitizers wereNM. The quantum yield of Pgp was calculated using the
carried out on solutions of 1Q@y/mL Pgp in 2 mM CHAPS  equation:
buffer with 0.5 mg/mL PMPC. Working solutions of TNP
derivatives and non-peptide drugs and modulators were also
prepared in 2 mM CHAPS with 0.5 mg/mL PMPC vesicles,
whereas peptide-based drugs and modulators were dissolved ) i
in dimethyl sulfoxide (DMSO). For the latter group of whereQuara, the quantum yield of NATA, is known to be
compounds, final concentrations of DMSO in the fluores- 0-14 83), and Fegp and Fnara are the integrals of the
cence cuvette were 10%: DMSO alone showed no effects fluorescence emission of Pgp and NATA in the wavelength
on the Trp fluorescence of Pgp. Quenching experiments were'@Nge 316-500 nm.
performed by successively adding:4 aliquots of TNP RESULTS
derivatives or drug solution to 5Q€L of Pgp solution in a
0.5 cm quartz cuvette. After each addition, the sample was Location of Trp Residues within Hamster Pdfamster
excited at 290 nm, and the steady-state fluorescence emissiofgp [the Pgpl gene produ@4)] contains 11 Trp residues
was measured at 330 nm. Fluorescence intensities weredistributed throughout the protein. The schematic diagram
corrected for dilution, scattering, and the inner filter effect shown in Figure 1 displays the placement of these Trp

0 = Fegp
Pop FNATA

X Quata
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Ficure 1: Schematic diagram showing the location of the 11 Trp residues within the hamster class | Pgp, based on a topology model
similar to that proposed for the murine mdr3 prote3®)( The N-half of the transporter contains 8 Trp residues: Trp44 in the N-terminal

tail; Trp133, Trp229, and Trp312 in TM2, TM4, and TM5, respectively; Trp159 in the first cytoplasmic loop; Trp209 in the second extracellular
loop; and Trp695 and Trp705 in the linker region immediately following NB1. The C-half of Pgp contains 3 Trp residues: Trp800 in
cytoplasmic loop 3, Trp852 in extracellular loop5, and Trp1105 between the Walker A and B motifs of NB2.

residues within hamster Pgpl, based on the proposed — —
topology for the mouse mdr3 homologu85]. The N- —-FTES!:?TAAZEJE'T"’S
terminal half of Pgp contains seven Trps, and the C-terminal
half contains four residues. Three residues in the N-half
(Trpl33, Trp229, and Trp312) are located within putative
TM segments 2, 4, and 5, respectively. Trp44 is positioned
in the N-terminal tail, and Trpl59 and Trp209 in an
intracellular and extracellular loop, respectively. Two resi-
dues (Trp695 and Trp705) are found in the linker region
following NB1, just upstream of TM7. In the C-half, residues
800 and 852 are located in an intracellular and extracellular
loop, respectively, and Trpl1105 is situated within NB2,

-
(5]
T

Fluorescence intensity (x 10'4)
o ]
T T

between the Walker A and B motifs. The position of these 0 T S
Trp residues is highly conserved in both the human (MDR1) 300 320 340 360 380 400 420 440
and mouse (mdr3) homologue. Wavelength (nm)

Characterization of the Intrinsic Trp Fluorescence of g re 2. Corrected fluorescence emission spectra for purified
Purified Pgp Purified, catalytically active Pgp was isolated native Pgp (10Qug/mL) in buffer containing 2 mM CHAPS and
from MDR CHRB30 Chinese hamster ovary cells. Steady- 0.5 mg/mL PMPC {—), and following treatment with 6 M

state and lifetime fluorescence studies were carried out in guanidine hydrochloride (GUHCI; - - -), compared with @/mL
order to characterize the properties and environment of the\?\fatshfeiglrlégg ;rgz?:n%ﬁgyﬁnggggib E";??;g?}?ﬁ? emission
Trp residues. All measurements were carried out in the

resence of the phospholipid PMPC, which gave the lowest . . -
Ft;ackground quoFr)esceE)nce F:)f several lipids tgsted under theIarge _red shift (14 n_m) n quorescent_:e emission t0.3.47 nm
experimental conditions. Pgp has previously been success{0lloWing denaturation of the proteimié M guanidine
fully reconstituted into proteoliposomes of PMPC in the fully nvdrochloride (Figure 2), which would largely unfold the
active form @6). The presence of phospholipids was neces- protein. Several of the_Trp residues in ng are located in
sary to observe reproducible high-level quenching of Trp extramembranous regions of the protein and are thus
fluorescence induced by substrate binding (see below). ThePotentially highly accessible to their aqueous surroundings.
emission spectrum of purified Pgpe{ = 290 nm) exhibited The relatively hydrophobic environment indicated by the
a maximum at 333 nm, indicating that the Trp residues of emission maximum suggests either that these residues do
Pgp are located in a highly nonpolar environment compared not contribute to the observed fluorescence emission (i.e.,
to the soluble Trp analogue, NATA, which displayed an they are internally quenched), or that they are present in
emission maximum at 356 nm (Figure 2). Pgp underwent a nonpolar regions within tightly folded protein domains.
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Table 1: Acrylamide Quenching Effect on Pgp Trp and NATA
Fluorescence Lifetimes

samplé

(051

71 (NS)

oz 12(nS) ouloy [FaA(nS)

Pgp alone
Pgp+ acrylamide
0.098 M
0.192 M
0.283 M
0.370 M
0.455 M

0.276 0.64

0.302
0.215

0.64
0.64
0.64
0.64
0.64

0.314

0.210
0.136
0.149
0.0921
0.0938

4.0

4.0
4.0
4.0
4.0
4.0

0.879

1.43
1.58
1.81
211
1.96

2.02
1.94
1.83
1.72
1.78

2.43

samplé o

NATA alone

NATA + acrylamide
0.098 M
0.192 M
0.283 M 0.189
0.370 M 0.133

a Two-exponential global analysis was carried out, using the same
two lifetimes of 0.64 and 4.0 ns for all decaysis the preexponential
value; 7 is the fluorescence lifetimeit,/is the amplitude average
lifetime. ® Decays were fitted to a single-exponential function.

71 (NS) /7o
2.63 1.00

1.03 0.392

0.234

Fluorescence Lifetime of Trp Residues in Pgfhe
fluorescence decay of NATA could be adequately described
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by a single-exponential function with a lifetime,of 2.6 ns
(Table 1). However, as shown in Figure 3A, two exponentials
were required to obtain a satisfactory fit for the Pgp Trp 0.0
decay. The longer lifetime component o4 ns made the
major contribution to the overall fluorescence compared to
the shorter component, which had a lifetime of -816ns Ficure 3: (A) Fluorescence decay of purified Pgp in buffer
(range observed for several different Pgp preparations). Asgm;asigs%visrgmlgyeﬁpg ;‘5’13 n?ffé“gcwr']- Z’\)ﬁggﬁgugtrgsg‘%eﬂr%e
Pgp qontalns 11 Trp reS|d_ue§ d'St”bUte.d. over dlfferent Double exponential analysis recovered th% following values:
domains, the decay complexity is not surprising, and in fact, — .32 ¢, = 0.68 ns,a, = 0.28,7, = 4.2 ns,au/o, = 1.1, %2 =
one may even expect a distribution of fluorescence lifetimes. 1.08. (B) Lifetime distribution analysis with ESM of the Pgp decay
Therefore, the Pgp fluorescence decay depicted in Figureshown in (A). Lifetime values averaged over respective peaks are
3A was also analyzed in terms of a lifetime distribution with 973 and 4.2 ns, the ratio of integrated amplitudgkx, = 1.0,
the Exponential Series Method (ESMJQj. This analysis andy® = 1.07.
resulted in a bimodal distribution with the average lifetime rescence emission in the transporter are largely buried.
values of 0.73 and 4.2 ns (Figure 3B), thus being very close Assuming that quenching was governed by a collisional
to the values recovered from the discrete double exponentialmechanism, we calculated the biomolecular quenching
fit. The amplitude-weighted average lifetime for Pgp was constantky, which is a measure of the intrinsic susceptibility
calculated as 2.4 ns. of the Trp residues of Pgp to collisional quenching by
Quenching of Trp Residues by Acrylamide and lodide acrylamide. The value of 1.X 10° M~ s7, compared to
Acrylamide is an excellent neutral quencher that is sensitive that of 8.8 x 10° M~ s for NATA, again indicates that
to exposure of Trp residues in proteins. Quenching of the the Trp residues in Pgp are relatively inaccessible. NATA
Trp fluorescence of Pgp was measured over the range offluorescence is not affected by addition of PMPC vesicles,
0—0.5 M, and compared to that of the soluble Trp analogue, confirming that agueous quenching is being measured in that
NATA (Figure 4A,B). ATPase assays showed that acryla- case. Pgp in detergent solution also showed no difference in
mide had little effect on the hydrolysis of ATP by Pgp up to quenching from protein in the presence of phospholipid, so
a concentration of 0.3 M, with only a small decline in the it does not appear that the lipid bilayer “shields” the protein
catalytic activity of~20% taking place over the range 8.3  from contact with acrylamide. Thus, it seems likely that
0.5 M (data not shown). Thus, even relatively high concen- protein conformation and folding determine accessibility to
trations of the quencher are expected to have only limited this quencher.
effects on Pgp conformation. The linear Stern-Volmer plot  Preliminary double-exponential decay analysis showed no
(an expanded plot is shown in Figure 4B) suggests that only trend for individual Pgp Trp residues as a function of
a single class of Trps within Pgp is quenched, and they areacrylamide concentration. The set of decay curves was thus
all equally accessible to quencher. Slight shifts in the analyzed with the double-exponential global analysis pro-
emission maximum were noted as the concentration of gram, where the individual lifetime components were
acrylamide increased up to 0.3 M, possibly related to the constrained to be the same for all decay files, and only
small loss of enzymatic activity noted above. The slope of preexponential factors were free-floating (Table 1). The
the Stern-Volmer plot for Pgp was 2.6t 0.022 MY, average lifetimelz,/[) decreased with increasing acrylamide
compared to 23.% 0.35 M for NATA,; the ~9-fold lower concentration, but not in proportion to the decrease in
value indicates that the Trp residues contributing to fluo- fluorescence intensity, as expected for purely collisional

i 1 1 1
0 2 4 6 8 10

Lifetimes (ns)
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00 01 02 03 04 05 00 01 02z 03 04 05 FicUrRe 5: Acrylamide quenching of the intrinsic Trp fluorescence
] ) of Pgp in the presence of various nucleotides and drug substrates.
lodide concentration (M) Aliquots (5uL) of a 5 M solution of acrylamide were added at 22

FIGURE 4: Stern-Volmer plots for quenching of the intrinsic Trp °C to 0.5 mL of a 10Qug/mL solution of purified Pgp in buffer
fluorescence of Pgp by acrylamide (A, B) and(C, D). Expanded  containing 2 mM CHAPS and 0.5 mg/mL PMPC. (A) Pgp alone
plots for Pgp quenching are shown in (B) for acrylamide and in (O), and in the presence of 2 mM ATEI or 2 mM AMP-PNP
(D) for I-. Aliquots of the appropriate quencher were added to a (2). (B) Pgp alone @), or in the presence of 16M vinblastine
100 ug/mL solution of purified Pgp in buffer containing 2 mMm  (VBL, O) or 10uM vinblastine+ 2 mM AMP-PNP @). (C) Pgp
CHAPS and 0.5 mg/mL PMPC. Parallel experiments were carried alone ©), or in the presence of 10M cyclosporin A (CsAQ) or
out with 30ug/mL NATA. Fluorescence emission at 330 nm was 104M cyclosporin A+ 2 mM AMP-PNP (). (D) Pgp alone®),
recorded at 22C following excitation at 290 nm. Where not visible, ~ Or in the presence of 20M daunorubicin (DAU,0) or 10 uM
error bars are contained within the symbols. daunorubicin+ 2 mM AMP-PNP (). Fluorescence emission at
330 nm was recorded at 2Z following excitation at 290 nm.

quenching. The values of, anda, (which are expected to Where not visible, error bars are contained within the symbols.
be independent of [Q]) both decreased, and the ratio of nucleotides (both hydrolyzable and nonhydrolyzable), various
preexponential factorsag/ay) recovered from the global drug substrates, and combinations of the two. Significant
analysis also increased dramatically, suggestive of a strongconformational changes arising from substrate binding would
static quenching component. In contrast, NATA showed a be expected to result in altered Trp accessibility, and changes
large decrease in the fluorescence lifetime with increasing in susceptibility to acrylamide quenching. As shown in Figure
acrylamide concentrations (Table 1). The Stern-Volmer 5A, addition of saturating concentrations of either ATP or
guenching constant for NATA calculated from the lifetime the nonhydrolyzable analogue AMP-PNP resulted in only
data was 17.0 M, indicating that dynamic quenching is very small changes in the slope of the Stern-Volmer plot,
the major mechanism accounting for the observed decreasendicating a slight increase in accessibility of Trp residues
in the steady-state fluorescence for NATA. However, the to solvent. Addition of vinblastine gave a similarly small
preexponential factor is also affected, suggesting that staticincrease in slope, which was increased further by the addition
quenching makes an additional contribution (Table 1). of AMP-PNP (Figure 5B). Cyclosporin A (Figure 5C) and
Additional information on Trp location can be provided daunorubicin (Figure 5D) also showed small changes in the
by quenching with ionic species. Heavy atoms such™as | slope of the plots, but in the opposite direction, with addition
cannot penetrate the nonpolar interior of proteins, and of drug resulting in reduced accessibility of Trp residues to
selectively quench only surface Trp residueswis a very solvent, and addition of AMP-PNP causing a further reduc-
poor quencher of Trp residues within Pgp compared to tion. These results suggest that any conformational changes
NATA (Figure 4C,D). The quenching plot (shown in taking place on binding of drugs and nucleotides have only
expanded form in Figure 4D) was nonlinear with a downward small effects on the solvent accessibility of Pgp Trp residues.
curve, suggesting that two classes of Trp residues exist, one Quenching of Trp Residues by Nucleotide BindBigding
of which is highly inaccessible to] The Ksy value for I of substrates to proteins can often cause quenching of the
qguenching of NATA was 10.% 0.053 M1, ~8.5—-13-fold intrinsic Trp fluorescence. Addition of ATP (Figure 6A) and
higher than the slope of the plot for Pgp over the concentra- ADP (data not shown) to Pgp resulted in saturable, concen-
tion range 6-0.5 M (0.84+ 0.020 to 1.27+ 0.033 MY). tration-dependent quenching of Trp fluorescence. Fitting of
These results indicate that there are two classes of Trpthe quenching data to an equation representing interaction
residues, both largely buried, within either the membrane or with a single type of binding site resulted in the estimation
the protein structure. of two parameters: the dissociation constant for bindiGg,
Acrylamide Quenching in the Presence of Nucleotides and and the maximal quenching reached at saturatiofyax.
Drug SubstratesAcrylamide quenching of Trp residues was Values ofKy for ATP and ADP were around 0.3 mM (Table
carried out in the presence of saturating concentrations of2), which is almost identical to the values Iéf estimated
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Ficure 6: Effect of nucleotide binding on the intrinsic Trp
fluorescence of Pgp. Increasing concentrations of (A) ATP, (B)
AMP-PNP, (C) TNP-ATP, and (D) TNP-ADP were added at 22
°C to a 100ug/mL solution of purified Pgp in buffer containing 2
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Ficure 7: Effect of binding of various drugs and hydrophobic
peptides on the intrinsic Trp fluorescence of Pgp. Increasing
concentrations of (A) vinblastine, (B) cyclosporin A, (C) LY294002,
and (D) trifluoperazine were added at 22to a 10Qug/mL solution

of purified Pgp in buffer containing 2 mM CHAPS and 0.5 mg/
mL PMPC. Fluorescence emission at 330 nm was recorded at 22

mM CHAPS and 0.5 mg/mL PMPC. Fluorescence emission at 330 °C following excitation at 290 nm. The quenching curve for

nm was recorded at 22 following excitation at 290 nm. Where
not visible, error bars are contained within the symbols.

Table 2: Binding Parameters for Quenching of Pgp Trp
Fluorescence by Nucleotides, and Drug and Peptide Substrates

Ka1 K2 AFmaxi AFmax2 total
substrate (M2 (uM)2 (%) (%)° AFmaf
nucleotides
ATP 280 10.4 10.4
ADP 330 9.46 9.46
AMP-PNP 210 10.6 10.6
TNP-ADP 43.9 76.5 76.5
TNP-ATP 50.6 79.6 79.6
non-peptide drugs
colchicine 74.9 102 102
quinine 125 33.5 335
quinidine 7.76 18.5 18.5
rhodamine 123 188 29.3 193 67.8 87.1
doxorubicin 1.72 20.5 9.66 18.9 28.6
LY294002 155 30.2 138 28.1 41.9
daunorubicin 142 423 136 40.9 545
rhodamine B 1.23 629 6.58 118 125
trifluoperazine 0.89 939 141 22.7 36.8
vinblastine 0.50 175 175
rhodamine 6G 0.46 6.46 213 7.3 286
tetramethylrosamine 0.25 14.9 6.29 555 61.8
peptides and peptide-based drugs
pepstatin A 9.53 4.46 4.46
valinomycin 0.72 4.14 4.14
reversin 205 0.37 5.41 5.41
cyclosporin A 0.30 4.44 4.44
reversin 201 0.23 6.18 6.18
PSC833 0.081 4.02 4.02

a Dissociation constants for binding were obtained by fitting of the
Trp quenching data to an equation for either a single binding Kit# (
or (where appropriate) two binding sites, one of high affinky:{ and
one of lower affinity Ka2) (32). ® AFmaxvalues were also obtained from

cyclosporin A was essentially monophasic, and was fitted to an
equation describing binding to a single type of site (indicated by
the solid lines). Vinblastine quenching showed some biphasic
character, and could be fitted to equations for either one or two
sites; one-site fitting is shown here. For LY294002 and trifluop-
erazine, clearly biphasic quench curves were obtained, which were
fitted to a model with two binding sites, one of high and one of
low affinity (32). Where not visible, error bars are contained within
the symbols.

can give gquantitative estimates of binding affinity. Binding
of the nonhydrolyzable analogue AMP-PNP gave similar
results (Figure 6B), with &4 of 0.21 mM. The change in
Trp fluorescence appears to be brought about by nucleotide
binding, rather than hydrolysis, since both hydrolyzable
(ATP) and nonhydrolyzable molecules (ADP and AMP-PNP)
gave similar values foAFmax Of ~10%.

Binding of fluorescent TNP-nucleotides resulted in very
strong quenching of Trp fluorescence (Figure 6C,D), with
AFmax values approaching80% (Table 2). The estimated
Kq values of 51 and 44M for TNP-ATP and TNP-ADP,
respectively, agree well with values obtained previously by
enhancement of TNP fluorescence following binding of the
fluorescent nucleotides to PgB7).

Quenching of Trp Residues by Binding of Drug and
Peptide SubstratesAddition of various drug and peptide
substrates also resulted in saturable, concentration-dependent
guenching of Trp fluorescence (Figure 7). Two different
guenching patterns were observed. Some substrates, such as
the cyclic peptide modulator cyclosporin A (Figure 7B), gave
essentially monophasic quench curves that could be fitted
to a singleKqy value. Other drugs, such as the phospho-

fitting of the quenching data. Where a clearly biphasic quenching curve ingsitide-3-kinase inhibitor LY29400386) (Figure 7C) and

was observed, a two-site model was used, and the values for both th

higher (A\Fmax1) and the lower affinity AFmax2) binding component are
shown.¢ The total AFmax is the sum ofAFmax1 and AFmaxe

from quenching of MIANS-labeled Pgg), and very similar
to theKy for ATP hydrolysis 27). Thus, Trp residues within

€he modulator trifluoperazine (Figure 7D), gave rise to clearly

biphasic curves, which were fitted to a two-site model with
high- and low-affinity binding sites. Biphasic curves have
been observed previously for quenching of MIANS-labeled
Pgp by several drugs, and were interpreted as indicating the

Pgp are sensitive to nucleotide binding, and quenching dataexistence of two different drug binding sites of differing



14934 Biochemistry, Vol. 39, No. 48, 2000 Liu et al.

affinity (39). The quench curve for some drugs, such as A B
vinblastine (Figure 7A), showed some biphasic character, %[ 1 °r
and could be fitted to either a single value K4, or two 1 %1 7
values with affinities that were close to each other in 40 1
magnitude. All of the linear and cyclic peptides tested gave or 7
monophasic quench curves, implying that they may only bind 201 7
to a single site within Pgp, whereas many of the non-peptide 10 1
drug substrates showed biphasic characteristics, suggesting °§ 5 4 oo 2550 5700 °
multiple binding sites (Table 2).

The estimated values dfy and AFmax (Or AFmax: and
AFnaxe for biphasic plots) for many Pgp substrates in C D
different structural classes are shown in Table 2. In general, :2 L ""._.:
the binding affinities obtained by quenching of Trp fluores- wl }
cence are very similar to those estimated from quenching of ok |
the fluorescence of MIANS-Pgi6( 7). However, the use of oo L |
Trp quenching has some additional advantages. Certains 1 |
substrates are highly fluorescent in the same wavelength T N S L
range as MIANS, making the estimation i§§ values using 0 10 20 30 25 50 75 100 0 2550 75 0 10 20 30
that method impossible. The phosphoinositide-3-kinase M DAU uM TNP-ATP uMTNP-ATP .M DAU
inhibitor LY294002 falls into the latter category. We have pgure 8: Quenching of the intrinsic Trp fluorescence of Pgp by
confirmed that this compound is in fact a Pgp substrate by sequential addition of nucleotides and drugs. In (A) and (B),
independent functional experiments; it blocks colchicine increasing concentrations of vinblastine (VBL) and TNP-ATP were
transport by Pgp in vesicle systems and stimulates pgpadded sequentially, either vinblastine first (A) or TNP-ATP first

. ) . (B), to a 100ug/mL solution of purified Pgp in buffer containing
ATPase activity 4-fold at a cancentraiion of 50 uM (P. 2 mM CHAPS and 0.5 mg/mL PMPC. Fluorescence emission at

Lu and F. J. Sharom, unpublished data). . 330 nm was recorded at 2 following excitation at 290 nm. (C)
The values ofAF.« covered a wide range for different and (D) show a similar series of experiments using sequential

substrates, from 4 to 100%. Some compounds, notably thetitration of daunomycin (DAU) and TNP-ATP. Where not visible,
rhodamine dyes, produced very strong quenching, e_g”error bars are contained within the symbols.
rhodamine 123 and rhodamine B (Table 2). In general, non- 65 uM, whereas if TNP-ATP was bound first, subsequent
peptide drugs showedF.x values of at least 15%. The daunomycin binding gave a very small increase in quenching.
hydrophobic peptide substrates and modulators, both linearFor vinblastine and daunorubicin, the combination of drug
and cyclic, all displayed relatively low maximal quenching, and TNP-ATP resulted inFy. values similar to those seen
with AFnax values in the range 46%. The monophasic  for TNP-ATP alone; i.e., quenching by substrate and
nature of the quenching and the low quenching efficiency nucleotide was not additive. These results suggest that a fixed
by comparison with drug substrates suggest that peptides maynaximal level of quenching is reached after binding of a
interact with Pgp in a different region from the other non- combination of nucleotide and drug substrate.
peptide drugs. Mechanism of Quenching by Nucleotides, Drugs, and
Previous work in our laboratory has shown that ATP and Peptides The mechanism of quenching of Pgp Trp residues
drugs bind to MIANS-Pgp in a random ordeé®) (However, by nucleotides, drugs, and hydrophobic peptides is of interest
MIANS-labeled protein is catalytically inactive, and is in that it may provide important insights into the relative
blocked from proceeding through the catalytic cycle follow- locations of the different domains of the transporter. Since
ing substrate binding. We therefore investigated the quench-Pgp fluorescence is very highly quenched by TNP-ATP/
ing of Trp residues in native catalytically active Pgp, ADP, a large fraction of the Trp residues contributing to
following sequential titration with nucleotide and two dif- fluorescence emission may be located close to the nucleotide
ferent drugs, in either order. Figure 8A shows the results binding site. Quenching could take place either by a direct
obtained by titration with vinblastine to saturation, followed interaction (static quenching) or by FRET, since there is
by titration of TNP-ATP, whereas Figure 8B displays the substantial overlap between the emission spectrum of Trp
data for the titration carried out in the reverse order. TNP- and the absorption spectrum of TNP-ATP. FRET is expected
ATP can be hydrolyzed by Pgp, but at a lower rate than to result in lower fluorescence lifetimes for the Trp residues
unmodified ATP 87). Following saturation with vinblastine,  (31). However, lifetime measurements showed essentially
titration with TNP-ATP produces the same characteristically no change in Trp lifetimes following addition of a TNP-
large saturable quenching observed for the nucleotide alone ATP concentration close t&y (Table 3). Fluorescence
with aKq of 64 uM, similar to the value of 5LM observed lifetime measurements also showed no significant decrease
in the absence of drug. Thus, the affinity of nucleotide in Trp lifetime following addition of a similar concentration
binding is changed only slightly by prior binding of vin- of ATP and AMP-PNP (data not shown). Comparable results
blastine. When TNP-ATP is bound to Pgp first to give a were obtained when Pgp was saturated with various drugs;
large amount of quenching, subsequent titration with vin- in fact, the lifetime increased slightly in the presence of some
blastine gives a much smaller increase in quenching than iscompounds (Table 3). Combinations of AMP-PNP and
observed with drug alone. Similar results were seen for dual various drugs and modulators also resulted in little change
titrations of TNP-ATP and daunorubicin (Figure 8C,D). in fluorescence lifetime (data not shown). These results
Titration with TNP-ATP following daunorubicin binding initially suggest that quenching by both nucleotides and drugs
resulted in a large degree of quenching, witKavalue of may take place by a static, direct binding mechanism.
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ATP, which contain aromatic rings, were the most efficient
guenchers of Trp fluorescence. If quenching results from the
localization of substrates close to Trp residues, it might be

Table 3: Trp Fluorescence Lifetimes in the Absence and Presence
of Nucleotides and Drug@s

ar 11 (NS) o 12(ns) HFallns ) . .
Pgp alone 0155 - (0 9)6 ;742( 4)1 D(z 7)6 expected that interactions suchzasx stacking would be
nucleotide binding : : : ' : more likely for aromatic substrates.
50uM TNP-ATP 069 1.0 042 4.0 2.14
drug binding DISCUSSION
10uM vinblastine 1.07 1.1 051 4.4 2.17 i i
40uM daunorubicin 071 13 052 44 261 Based dc}” ihtOF’O'O_@Jy m%dgl (FI?L_I[rae l?thSIm!laf:tt'ol' that
30uM trifluoperazine 072 1.1 035 43 215 proposed for the murine mdr3 protei8d), the eight Trp
10uM tetramethylrosamine 0.55 1.1 050 3.9 2.43 residues in the N-half of hamster class | Pgp are located in
504M rhodamine 123 0.65 15 043 46 2.73 the N-terminal tail (Trp44), in TM2, TM4, and TM5 (Trp133,
150uM colchicine 066 14 039 47 263 Trp229, and Trp312, respectively), in the first cytoplasmic

aTwo-exponential decay analysis was carried autis the pre-
exponential valuet is the fluorescence lifetiméz,[is the amplitude
average lifetime.

loop (Trp159), in the second extracellular loop (Trp209), and
in the linker region immediately following NB1 (Trp695 and

Trp705). The C-half of Pgp contains three Trp residues:
Trp800 in cytoplasmic loop 3, Trp852 in extracellular loop5,
and Trp1105 between the Walker A and B motifs of NB2.

r=0.89

120 The intrinsic fluorescence spectrum of Pgp attributable to

100 Trp residues indic_ates that all are I_ocated in a relativel_y
s nonpolar local environment. Acrylamide quenching experi-
% 80 ments indicated a single class of Trps, all located in a very
%E similar environment characterized by low accessibility to
g 60 aqueous solvent. Thus, it appears that the Trp residues
P 20 predominantly contributing to the fluorescence emission

spectrum of Pgp may be located within hydrophobic or
membrane-bound regions of the protein. The slope of the
Stern-Volmer plot for quenching by acrylamide (2.6 ¥
also suggests that the emitting Trp residues have low solvent
accessibility. By comparison, the slopes of the Stern-Volmer
plots for acrylamide quenching of the intrinsic Trp fluores-
cence of the plasma membrane and SERCAZM @ Pases
were 2.9 and 1.9 M, respectivelyl1, 19. The Trp residues
in both of these proteins are mostly contained within the
membrane-spanning domains. Quenching witkalso indi-
cated that the Trps of Pgp are poorly accessible to quencher,
colchicine (CLC); and the six peptide substrates listed in Table 2 gnqg suggested the existence of two classes of residues, one
(PEP). of which was highly inaccessible to this reagent, and thus
However, given the high level of quenching observed for largely buried. Our 1 quenching results differ from those
some nucleotides (e.g., TNP-ATP) and drugs (e.g., rhodaminesof Sonveaux et al.Z1), who reported a linear Stern-Volmer
B and 123), this would imply that all Trp residues contribut- plot, with a high degree of quenching in the presence of ATP,
ing to fluorescence participate in direct binding of these more typical of a denatured protein [for more discussion of
substrates, which seems unreasonable. It seems more likelyhis point, see®)]. The fluorescence lifetime data for Pgp
that some Trp residues are located not directly at the binding Trps in the presence of acrylamide were complex, with a
sites for nucleotides and drugs, but sufficiently close that less than expected decrease in lifetime and a shift in the
they are well below the FRET distand®&,. These residues values of the preexponential factors, suggesting the existence
would thus be completely quenched by energy transfer of a static quenching component. Similar observations were
(E = ~1) following substrate binding, and the remaining made by Eftink and Wasylewski for the single Trp protein
fraction of unquenched Trps would give rise to the observed cod parvalbumin 40). They concluded that for proteins
fluorescence intensity with an unchanged lifetime. showing this type of behavior, an analysis based on a
To further explore the possible relationship between continuous distribution of lifetimes and dynamic quenching
qguenching and FRET, we calculated the spectral overlap constants, or a more complex discrete fitting model based
integral, J, for Trp and the various nucleotides and drugs. on three lifetime components, may be necessary.

20

0 I I 1 I 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18

Spectral overlap integral J (x 1015)

Ficure 9: Relationship between the value of the maximal Trp
guenching parameter, totAF,, and the spectral overlap integral,
J, for various Pgp substrates: trifluoperazine (TFL); LY294002
(LY); daunorubicin (DAU); doxorubicin (DOX); quinine (QUN);
quinidine (QND); vinblastine (VBL); rhodamine 6G (Rho6G);
tetramethylrosamine (TMR); rhodamine 123 (Rho123); TNP-ATP;

As shown in Figure 9, there is a good correlation=0.89)
between the value of totAlFmay (AFmax + AFmaxa see Table
2), as an indicator of quenching efficiency, add This

The only Trp residue for which independent fluorescence
information is available to date is Trp1106 of the mouse mdr3
protein (equivalent to hamster Trp1105) located within NB2,

suggests that for TNP-ATP and most drugs, energy transferwhich was expressed as a separate dondh [t exhibited
from Trp residues to the bound substrate is a major an emission maximum at 328 nm, indicating a hydrophobic
mechanism of the observed quenching. The high degree ofenvironment. Thus, the three Trps in TM helices, plus
quenching observed for both nucleotides and drug substrateSrp1105, would be expected to display spectra characteristic
suggests that they bind to a location within the protein that of a nonpolar environment. Nothing is known about the
is close to the emitting Trp residues. It is interesting that polarity of the local environment surrounding the Trps in
compounds such as rhodamine 123, rhodamine B, and TNP-short extracellular loops (Trp209 and -852) or in cytoplasmic
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regions (Trp44, -159, -695, -705, and -800), where folding similar changes in fluorescenc&Rqax of ~10%), the change
into small domains may be possible. However, it seems in Trp fluorescence appears to be brought about by nucleotide
reasonable to assume that at least some of these residudsinding, rather than hydrolysis. Tl values estimated from
would be located in a polar environment accessible to fitting the data to an equation describing binding to a single
solvent. The fact that this is not observed experimentally type of site were in the range G6-:B.3 mM, in good
suggests that these residues may be quenched. Two commoagreement with values obtained from MIANS-Pgp quenching
quenchers of Trp fluorescence are water and peptide bonds(7, 8), and close to th&y for ATP hydrolysis 27). The
as well as several amino acid side chains. Chen and Barkleyfluorescent nucleotide analogues TNP-ATP and TNP-ADP
recently identified the amino acid side chains that can quenchcaused highly efficient quenching of the Pgp fluorescence,
Trp fluorescence in proteinsty); they include GIn, Asn,  with AF.. values approaching 80%. Again, saturable
Glu, Asp, Cys, and His (which quench by excited-state titration of these nucleotide analogues g#yevalues in good
electron transfer) as well as Lys and Tyr (which quench by agreement with determinations made by other meth®ds (
excited-state proton transfer). Thus, several of the Trp Binding of several fluorescent nucleotides (including TNP-
residues in Pgp might well be quenched by one or more of ATP) to the helicase DnaB also results in strong quenching
these mechanisms. The fact that the quantum yield of theof the Trp fluorescencel@). It was shown that in this case
Trp residues in Pgp was low (0.03) also suggests the quenching arises from highly efficient energy transfer to the
existence of internal quenching. fluorescent derivative from Trp residues, which are clustered
The lifetime of Trp residues in proteins varies from a few together near the nucleotide binding sites. As discussed
hundred picoseconds to 9 ns. Lifetime measurements ofbelow, it seems likely that the quenching of Pgp Trp
purified Pgp indicated the presence of two components: onefluorescence by TNP-nucleotides also arises from FRET.

with a shorter lifetime (0.61 ns), and the other major Pgp Trp residues were also highly sensitive to binding of

component with a longer lifetime of4 ns. Itis tempting 0 gpstrates, with various drugs, modulators, and hydrophobic

speculate that these might represent two classes 10 TrpSpentides causing saturable concentration-dependent quench-
those buried deeply in TM domains and those in more

ing of the fluorescence. Trp quenching by some substrates

accessible regions. However, in a number of studies, evengisp|ayed biphasic characteristics, suggesting the existence
single Trp proteins42) and the Trp monomeAG—45) have o o drug binding sites with different affinities. We

been observed to show multiple lifetime components, making yeviously reported similar results for binding of three drugs
the time-resolved data difficult to interpret in terms of 4, \yANS.Jabeled Pgp reconstituted into lipid bilayeRg).
|nd|V|d_uaI residues. F grther experlm.enf[s are needed to Shm;Sequential titration with both drug and nucleotide confirmed
more light on the orgn of the two I|fe_t|.me components of our previous observations (made with catalytically inactive
Trp-rich Pgp. In this regard, the ability to examine the \ANS-Pgp) that binding of these substrates can take place
behavior of single-Trp Pgp mutants would be of immense in any order 8). The observation that quenching caused by
&NP-ATP and vinblastine was not additive suggests that a
maximal level of quenching is reached in the loaded
transporter, perhaps reflecting the attainment of a transport-
competent conformation.

types of engineered proteins with the recent report of the
construction of a partially functional Trp-less Pgib).

To investigate possible conformational changes taking
place on binding of substrates, we carried out acrylamide

quenching studies in the presence of nucleotides, drugs, and 1€ Presence of phospholipid proved necessary for
combinations of the two. Only very small changes in the observation of nucleotide and drug-induced quenching of Trp

slopes of the Stern-Volmer plots were noted following fuorescence, suggesting that it plays an important modula-
saturation with any of these molecules, arguing against major1O7Y role in substrate binding. However, the addition of lipid
conformational changes that alter the environment of Trp did not produce a significant change in the Trp emission
residues following substrate binding. These results supportMaximum or fluorescence lifetimes. We previously reported
our previous observations that a MIANS label within the that quenching of MIANS-labeled Pgp by substrates also
catalytic sites of Pgp is only slightly less accessible to solvent "€quired the presence of phospholipiéls &énd more recently,
(Ksy was reduced by~10%) when the nucleotide binding We shovygd that'the apparent a.fﬂ'nlty of drug binding depends
sites are occupiedy), suggesting that the conformational ©n the lipid environment39). Lipids may be necessary for
change induced by nucleotide binding is small. In contrast, Maintaining Pgp conformation, as well as providing a “pool”
it was recently reported that the slope of the Stern-Volmer iNto which drugs can partition to access the transporter
plot for acrylamide quenching of purified Pgp was substan- blndlng Slte(S_), which appear-to lie Wlthln_ the membrane-
tially altered following nucleotide and drug binding2). spanning regions of the protein [for a review, sé@J
However, this study looked at only a very narrow range of  There are several precedents for complete quenching of
acrylamide concentrations{®.08 M), and the fluorescence Trps in a membrane transporter by binding of drugs.
changes observed were only a maximum efl@% at the Saturable binding of the volatile anesthetic halothane to the
highest concentration. Moreover, under some conditions, noplasma membrane €aATPase also results in saturable
acrylamide quenching at all was noted (the slope of the Stern-quenching of>80% of the Trp fluorescenceAfmax ap-
Volmer plot was zero, a very unusual observation), suggest-proaches 100%)1(). This protein contains 11 Trp residues,
ing that caution should be observed when interpreting thesewhich do not appear to be solvent accessible, based on
data. fluorescence studies. Quenching in this case was not due to
Pgp Trp residues were quenched in a saturable fashionenergy transfer, but was speculated to arise from either a
by binding of various nucleotides, both hydrolyzable (ATP) direct interaction of the Br atom in halothane with Trp
and nonhydrolyzable (ADP, AMP-PNP). Since all gave residues in the protein, or possibly a conformational change.
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The existence of a good correlation between the maximal Since ATP and TNP-ATP bind competitively to the same
degree of quenchind\Fnax and the spectral overlap integral, site on Pgp §7), the high J value of the TNP group
J, indicated that for most drugs, energy transfer from the presumably accounts for the high level of quenching
Trp residues to the bound substrate is the most likely observed with the modified nucleotide. The separately
mechanism of quenching. The very small measured changesxpressed C-terminal NB domain of Pgp contains a single
in fluorescence lifetime (Table 3) suggested that some Trp Trp residue, which has been shown to “report” nucleotide
residues are located close to the bound drug, so that highlybinding by quenching. However;80% quenching of the
efficient energy transfer takes place, resulting in complete intrinsic fluorescence of full-length Pgp containing 11 Trp
guenching. The remaining fluorescence emission would thenresidues cannot be accounted for by the proximity of a single
arise from unquenched Trps with an unchanged lifetime. The residue to the bound nucleotide. Taken together, our results
relatively high level of quenching observed for many drugs strongly suggest that both the drug and ATP binding sites
implies that the Trps contributing to Pgp intrinsic fluores- of Pgp are located in close proximity to each other, and to
cence are located relatively close to the drug binding sites. the membrane-bound Trp residues, indicating that the regions
Since these residues are probably largely membrane-boundof the molecule involved in binding and transport may be
based on their fluorescence emission maximum and theirpacked together quite compactly. Such proximity between
quenching properties, this conclusion is consistent with the the two types of binding sites would facilitate coupling
idea that drug binding takes place within the membrane- between drug transport and ATP hydrolysis.
spanning regions of Pgp.

Table 2 shows a wide range of values for tofFmax ACKNOWLEDGMENT
(which reflects the quenching efficiency), ranging from
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guenching for some of the rhodamine dyes and colchicine.
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by an indirect mechanism. For example a relatively large 5. Bradshaw, D. M., and Arceci, R. J. (199B)Clin. Oncol. 16

conformational change taking place in the membrane- 3674-3690.

spanning regions of Pgp induced by drug binding might move 6. Sharom, F. J,, Liu, R. H., and Romsicki, Y. (19%8pchem.

chemical groups within the protein to positions where they ~_ Cell Biol. 76 695-708. o

could efficiently quench Trp residues. Such a change seems - Sharom, F. J., Liu, R. H., Romsicki, Y., and Lu, P. H. (1999)

. . . o Biochim. Biophys. Acta 146B27—345.
unlikely, given the very small changes in Trp susceptibility 8. Liu, R., and Sharom, F. J. (199Bjochemistry 3511865~

We extend our thanks to Photon Technology International
Canada Inc. of London, Ontario, for generously making the
fluorescence lifetime facilities in their Fast Kinetics Ap-
plication Laboratory available to us.

to acrylamide quenching that were noted following binding 11873,
of three different substrates (Figure 4). 9. Sharom, F. J., Lu, P., Liu, R., and Yu, X. (1938pchem. J.
Quenching of Trp fluorescence is also observed for 333 621-630.

nucleotides, raising the question of the mechanism by which 10. Weber, J., Wilke-Mounts, S., Hammond, S. T., and Senior,
this takes place. In the case of unmodified molecules such A E. (1998)Biochemistry 3712042-12050.
as ATP, ADP, and AMP-PNP, the maximal quenching, ll'é-?fegég/" M., and Kosk-Kosicka, D. (1998)ophys. J. 74

. . 0 - . .
althoug_h relatively IOW (in t.he 10% range), is larger .than 12. Gryczynski, 1., Wiczk, W., Inesi, G., Squier, T., and Lakowicz,
that of linear and cyclic peptide substrates, and only slightly J. R. (1989)Biochemistry 283490-3498.

smaller than that of vinblastine and quinidine. Acrylamide 13, Bujalowski, W., and Klonowska, M. M. (1994) Biol. Chem.
guenching studies using MIANS-Pgp have already suggested 269, 31359-31371.

that only small changes in the conformation of the NB 14. Guixe, V., Rodriguez, P. H., and Babul, J. (198&)chemistry
domains take place on nucleotide bindig)( In addition, 37, 13269-13275.
binding of either ATP or AMP-PMP to Pgp in this study 19 Mus-Veteau, |., Pourcher, T., and Leblanc, G. (198fs)

R, . N chemistry 346775-6783.
resulted in insignificant changes in Trp accessibility to 16. Weitzman, C., Consler, T. G., and Kaback, H. R. (1995)

acrylamide (Figure 4), which suggests that nucleotide- Protein Sci. 4 2310-2318.

induced conformational changes in the membrane-bound 17 pawagi, A. B., Wang, J., Silverman, M., Reithmeier, R. A.,
domains of Pgp affecting the Trp residues are also very small. and Deber, C. M. (1994). Mol. Biol. 235 554-564.

Since a large conformational change is improbable, it seems 18. Zheleznova, E. E., Markham, P., Edgar, R., Bibi, E., Neyfakh,
likely that the Trp quenching observed for ATP and ADP ééfisand Brennan, R. G. (2000)rends Biochem. Sci. 25

also arises from FRET, which would imply that the site for
nucleotide binding is close to the membrane-bound Trp Brennan, R. G. (1999Fell 96 353362
residues, and by extension, close to the drug binding sites. 5, Popkov "M.. Lussier. 1. Medvedkine. V. Eete P. O.

This proposal is supported by the very strong Trp quenching Alakhov, V., and Mandeville, R. (199&ur. J. Biochem. 251
(AFmax~ 80%, see Table 2) observed for TNP-nucleotides. 155-163.

19. Zheleznova, E. E., Markham, P. N., Neyfakh, A. A., and



14938 Biochemistry, Vol. 39, No. 48, 2000

21.

22.
23.
24.

25.

26.

27.
28.
29.
30.
31.
32.
33.

Sonveaux, N., Shapiro, A. B., Goormaghtigh, E., Ling, V.,
and Ruysschaert, J. M. (1998) Biol. Chem. 27124617
24624.

Sonveaux, N., Vigano, C., Shapiro, A. B., Ling, V., and
Ruysschaert, J. M. (1999) Biol. Chem. 27417649-17654.
Baubichon-Cortay, H., Baggetto, L. G., Dayan, G., and Di
Pietro, A. (1994)J. Biol. Chem. 26922983-22989.

Dayan, G., Baubichon-Cortay, H., Jault, J. M., Cortay, J. C.,
Deleage, G., and Di Pietro, A. (1996) Biol. Chem. 271
11652-11658.

Conseil, G., Baubichon-Cortay, H., Dayan, G., Jault, J. M.,
Barron, D., and Di Pietro, A. (199&proc. Natl. Acad. Sci.
U.S.A. 959831-9836.

Sharom, F. J., Yu, X, Lu, P., Liu, R., Chu, J. W., Szabo, K.,
Muller, M., Hose, C. D., Monks, A., Varadi, A., Seprodi, J.,
and Sarkadi, B. (1999%iochem. Pharmacol. 5&71-586.
Sharom, F. J., Yu, X., Chu, J. W. K., and Doige, C. A. (1995)
Biochem. J. 308381-390.

Groenzin, H., and Mullins, O. C. (2000) Phys. Chem. A
103 1123711245.

James, D. R., Siemiarczuk, A., and Ware, W. R. (19%2)
Sci. Instrum. 631710-1716.

Siemiarczuk, A., Wagner, B. D., and Ware, W. R. (1990)
Phys. Chem. 941661-1666.

Lakowicz, J. R. (1999) ifPrinciples of Fluorescence Spec-
troscopy Kluwer Academic Publishers, New York.
Doppenschmitt, S., Spahn-Langguth, H., Regardh, C. G., and
Langguth, P. (1998pPharm. Res. 151001-1006.

Eftink, M. R. (1991) inMethods of Biochemical Analysis
Volume 35: Protein Structure Determinati¢8uelter, C. H.,
Ed.) pp 127205, John Wiley, New York.

37.
38.
39.
40.
41.
42.
43.
44,
45,

46.

Liu et al.

. Devine, S. E., and Melera, P. W. (1992ancer Chemother.

Pharmacol. 33465-471.

. Kast, C., Canfield, V., Levenson, R., and Gros, P. (1996)

Biol. Chem. 2719240-9248.

. Romsicki, Y., and Sharom, F. J. (198)r. J. Biochem. 256

170-178.

Liu, R., and Sharom, F. J. (199Bjochemistry 362836-
2843.

Vlahos, C. J., Matter, W. F., Hui, K. Y., and Brown, R. F.
(1994)J. Biol. Chem. 2695241-5248.

Romsicki, Y., and Sharom, F. J. (199Bjochemistry 38
6887-6896.

Eftink, M. R., and Wasylewski, Z. (198Biochemistry 28
382—-391.

Chen, Y., and Barkley, M. D. (1998jochemistry 379976—
9982.

Vincent, M., Brochon, J. C., Merola, F., Jordi, W., and Gallay,
J. (1988)Biochemistry 278752-8761.

James, D. R., and Ware, W. R. (1983)em. Phys. Lett. 120
450-454.

Szabo, A. G., and Rayner, D. M. (198D)Am. Chem. Soc.
102, 554-563.

Chang, M. C., Petrich, J. W., McDonald, D. B., and Fleming,
G. R. (1983)J. Am. Chem. Soc. 103819-3824.

Kwan, T., Loughrey, H., Brault, M., Gruenheid, S., Urbatsch,
I. L., Senior, A. E., and Gros, P. (2000ol. Pharmacol. 58
37-47.

47.Loo, T. W., and Clarke, D. M. (1998iochim. Biophys. Acta

1461, 315-325.
Bl0018786



