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ABSTRACT: Limited trypsin digestion was used to monitor nucleotide-induced conformational changes in
wild-type P-glycoprotein (Pgp) as well as in nucleotide binding domain (NBD) Pgp mutants. Purified
and reconstituted wild-type or mutant mouse Mdr3 Pgps were preincubated with different hydrolyzable
or nonhydrolyzable nucleotides, followed by limited proteolytic cleavage at different trypsin:protein ratios.
The Pgp tryptic digestion products were separated by-SBXSGE followed by immunodetection with

the mouse monoclonal anti-Pgp antibody C219, which recognizes a conserved epitope (VVQE/AALD)
in each half of the protein. Different trypsin digestion patterns were observed for wild-type Pgp incubated
with MgCl; alone, MgADP, MgAMPPNP, MgATP, and MgATP+ vanadate. A unique trypsin digestion
profile suggestive of enhanced resistance to trypsin was observed under conditions of vanadate-induced
trapping of nucleotides (MgATP- vanadate). The trypsin sensitivity profiles of Pgp mutants bearing
either single or double mutations in Walker A (K429R, K1072R) and Walker B (D551N, D1196N) sequence
signatures of NBD1 and NBD2 were analyzed under conditions of vanadate-induced trapping of nucleotides.
The proteolytic cleavage pattern observed for the double mutants K429R/K1072R and D551N/D1196N,
and for the single mutants K429R, K1072R, and D1196N were similar and clearly distinct from wild-
type Pgp under the same conditions. This is consistent with the absence of ATP hydrolysis and of vanadate-
induced trapping of 8-azido-ADP previously reported for these mutants [Urbatsch et al. Bi6&8¢mistry

37, 4592-4602]. Interestingly, the trypsin digestion profiles observed under vanadate-induced trapping
for the D551N and D1196N mutants were quite different, with the D551N mutant showing a profile
resembling that seen for wild-type Pgp. The different sensitivity profiles of Pgp mutants bearing mutations
at the homologous residue in NBD1 (D551N) and NBD2 (D1196N) suggest possible structural and
functional differences between the two sites.

Overexpression of P-glycoprotein (P§js)associated with  for peptides §), chloride ions §), acylated fatty acids7(
multidrug resistance in vitro and in vivd), Pgp is a plasma  8), bile acids 9), and other substrate4@).

membrane protein that acts as a drug transporter to reduce A large body of published data indicates that drug binding
intracellular drug accumulation by an ATP-dependent mech-to Pgp occurs through interactions with the TM domains,
anism @, 3). Pgp is composed of two symmetric and while ATP hydrolysis to energize transport is mediated by
homologous halves, each encoding six transmembrane (TM)the NBDs (reviewed in refl). Pgp has a basal ATPase
domains and one nucleotide binding domain (NBD) This activity (2, 11) that can be strongly stimulated by several
structural unit (6TM, 1INBD) defines the ABC (ATP-binding  Pgp substrates or inhibitors of transpd@}. (Both predicted
cassette) family of membrane transporters, which has mem-NBDs of Pgp contain Walker A and Walker B sequence
bers in bacteria, yeast, parasites, nematodes, plants, andignatures characteristic of several ATP-binding proteins or
mammals 4). In mammals, this family includes transporters ATPases12), and independent mutations of these sequences
in NBD1 or NBD2 (Walker A, K429, K1072; Walker B,
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mental approaches have been used to monitor possiblevanadate). The presence or absence of this conformation was
conformational changes in Pgp associated with drug binding, then monitored in various catalytically inactive Pgp mutants
ATP binding, and/or hydrolysis by the protein. Mechetner bearing mutations in key residues of the Walker A (K429R,
et al. (L9) studied differential immunoreactivity of the mouse K1072R) and Walker B motifs (D551N, D1196N) of either
monoclonal anti-Pgp antibody UIC2, that recognizes an or both nucleotide binding sites (NBD1, NBD2) of the
extracellular epitope of Pgp. They have used this antibody protein. The MgATP+ vanadate conformation was abro-
to identify possible conformational transition states in Pgp gated by mutation of both NBDs (NBD1/NBD2) and by
associated with drug binding, ATP binding, or hydrolysis. single mutations at either D1196N, K429R, or K1072R,
Indeed, they noted that UIC2 immunoreactivity was increased consistent with the loss of ATPase activity in these mutants.
by Pgp substrates, by ATP depleting agents, and by Surprisingly, we observed that MgATP vanadate can still
mutational inactivation of both NBDs. On the other hand, induce a conformation similar to wild-type in the single
tryptophan fluorescence has been used to monitor changesnutant D551N, despite its apparent lack of ATPase activity.
in local environment and to obtain dynamic structural

information in various membrane proteins including F1- EXPERIMENTAL PROCEDURES

ATPase 20, 20), ArsA (22, 23, and the lactose permease

(24). Acrylamide and potassium iodide quenching of Pgp ~ Expression, Purification, and Reconstitution of P-glyco-
endogenous tryptophan fluorescence was used to monitorProtein. The wild-type mouse Mdr3 Pgp and also Pgp
structural changes associated with interactions with nucle- mutants bearing either single or double mutations in the
otides and drug substrate85( 26. Important structural ~ Walker A (K429R, K1072R) and Walker B (D551N,
changes were noted after binding of MgATP (but not D1196N) sequence signatures of NBD1 and NBD2 were
MgADP) and following interactions with anthracycline constructed into pHIL-D2 plasmid vector (Invitrogen) and
derivatives that are transported or not by P@g)( Pgp  Overexpressed in the yeaBichia pastorisas previously
labeled by a fluorescent probe, 2-(4-maleimidoanilino)- described15). The conditions for expression, solubilization,
naphthalene-6-sulfonic acid (MIANS), at two cysteine resi- and purification of the wild-type and mutant Pgp from 2 L
dues in the NBDs was used to monitor interaction with cultures induced with methanol were exactly as we have
nucleotides 27, 28, and also to estimate distances of the previously describedl§). Briefly, total microsomal mem-
NBDs with the lipid bilayer in a reconstituted syste@o). branes were isolated by centrifugation on a discontinuous
Together, these studies have shown that Pgp undergoesucrose density gradient. Fifty milligrams of the membrane
important conformational changes after interaction with fraction banding at the 16/31% sucrose interface was
nucleotides or drug substrates. precipitated with 10 mM MgGI(30 min at 4°C) to remove

Protease sensitivity has also been used extensively toEGTA and DTT, and recovered by centrifugation (16600
monitor structural changes in proteins associated with 20 min at 4°C). Membrane pellets were resuspended in
interactions with ligand, or with other protein, or to monitor buffer containing 50 mM Tris, pH 8, 20% glycerol, 50 mM
the effect of point mutations on overall protein structure. It NaCl, 5 mM imidazole, 0.5 mMs-mercaptoethanol (buffer
has been used both for soluble proteins, such as replicationA) and solubilized by adding an equal volume of 0.6%-
protein A (30), but also for integral membrane proteins lysophosphatidylcholine (lyso-PC, from egg yolk, 99% pure,
including phospholipid scramblas81j, bacterial Na/H* Sigma) in buffer A at a final protein concentration of 2 mg/
antiporter 82), and yeast plasma membrane PMAZ-H  mL, followed by gently vortexing at 20C. Samples were
ATPase 83), and recently to probe the blockage of confor- cleared of particulate material by centrifugation (60§80
mational maturation of thAF508 mutant variant of CFTR ~ min at 4°C), and solubilized proteins were mixed with 700
(34). In the case of Pgp, nucleotide- and drug-induced «L of packed Ni-NTA resin (Qiagen), equilibrated with
conformational changes have been studied by trypsin sen-buffer A, followed by incubation at £4C for 20 h with
sitivity using isolated inside-out membrane vesicles and continuous rotation. The resin was transferred to a column
immunoblotting with a mouse monoclonal anti-Pgp antibody and washed extensively with 20 bed volumes of 50 mM Tris,
MD?7 directed against the segment linking TM8 and TM9 pH 8, 20% glycerol, 50 mM NacCl, 5 mM imidazole, 0.5
in the C-terminal half of the protein3p, 36. Different mM S-mercaptoethanol, 0.1%dodecylf-p-maltoside (DM)
conformations were detected with this antibody, including (buffer B) followed by an additional 20 bed volumes of
one with MgATP/MgADP and another with Mgghlone. buffer B containing 20 mM imidazole. Proteins bound to
Drug binding to Pgp was also found to cause a conforma- the Ni—NTA resin were eluted with 3 mL of a buffer
tional change, but that was different than that caused by containing 50 mM Tris-HCI, pH 8.0, 20% glycerol, 80 mM
nucleotides. In addition, incubation of Pgp with both drugs imidazole, and 0.1% DM. All buffers used in the purification
and nucleotides produced a conformation that was distinct procedures contained freshly prepared protease inhibitors (1
from the conformation stabilized by either ligand alo88)( mM PMSF, 10ug/mL leupeptin, 10ug/mL pepstatin A;

In the present study, we used highly purified preparations Boehringer). For reconstitution, the purified protein was
of Pgp reconstituted in lipids to monitor the effect of various incubated with 0.25%scherichia coliipids (acetone/ether
hydrolyzable and nonhydrolyzable nucleotides on confor- preparation) and 5 mM DTT for 30 min on ice, followed by
mational changes in the protein. We have used partial trypsindialysis (16 h, £#C) against a buffer containing 50 mM Tris-
digestion at different trypsin-to-protein ratios to monitor HCI, pH 7.4, 0.1 mM EGTA, and 1 mM DTT. The
possible conformational changes in Pgp. Several conforma-reconstituted protein was concentrated by centrifugation
tions were detected by this approach, including a unique (20000®, 2 h, 4 °C), and was resuspended at a final
protease-resistant conformation observed under conditionsconcentration of 0.7ug/uL in dialysis buffer. This final
of vanadate-induced trapping of nucleotide (MgAHRP suspension was aliquoted and stored-&0 °C until use.
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Trypsin Treatment of PgReconstituted wild-type and
mutant Pgp variants (3/g in 5uL) were preincubated with
different nucleotides (final volume 10L), as indicated in
the text, for 15 min at 37C. The final concentration of the
nucleotides was 10 mM except for vanadate (200final
concentration). Trypsin (2L), from different stock solutions
prepared in 10 mM HCI (20, 10, 5, 2, 1, 0.5, 0.25 mg/mL,
and 125, 62.5, 31.25, 15.6, 7.8, and Bd@ImL), was added
to the Pgp nucleotide mixtures to obtain the desired trypsin:
Pgp ratios (w:w), followed by incubation for 15 min at 37
°C. The reaction was stopped by addition of a0 of
Laemmli sample buffer [5% (w/v) SDS, 25% (v/v) glycerol,
0.125 M Tris-HCI, pH 6.8, 40 mM DTT, 0.01% pyronin Y]

MgCl, with the various nucleotides, and vanadate at con-
centrations used here have little if any effect on trypsin
activity (35). In the present study, we have used mouse Mdr3
Pgp which has been purified to homogeneity from overex-
pressing yeasP. pastoriscells, followed by reconstitution
in lipids. Such Pgp preparations demonstrate robust ATPase
activity stimulated by Pgp substrates and inhibitd/fga( =
4.2 umol min~t mg™%; Ky = 0.7 mM) (15). The goal of the
present study was to monitor in this purified Pgp preparation
conformational changes induced by incubation with hydro-
lyzable and nonhydrolyzable nucleotides. In addition, we
wished to test the effect of discrete mutations introduced in
either or both of the NBDs of Pgp on possible nucleotide-
followed by further incubation for 30 min at 37TC. The induced conformational changes detected in the wild-type
peptide fragments were separated by SIPAGE on 12% protein. Thus, reconstitued Pgp was incubated (15 min) with
polyacrylamide gels, followed by transfer onto nitrocellulose either MgC}h alone, MgAMPPNP, MgADP, MgATP, or
membranes. For immunodetection of Pgp tryptic fragments, MgATP + vanadate (to induce nucleotide trapping) followed
the mouse anti-Pgp monoclonal antibodies C219 (Centocorby limited trypsin digestion (15 min) with increasing amounts
Corp., Philadelphia, PA) and MD7 and MD137 (generous of trypsin. These experiments were done at’@7to allow
gifts of Dr. Victor Ling, Vancouver) were used. Blots were nucleotide binding, ATP hydrolysis, and full trypsin activity,
blocked overnight at 4C in a solution containing 1% bovine  and the M@*-nucleotide (10 mM) and vanadate (20®)
serum albumin (fraction V, fatty acid free) in TBST (10 mM concentrations were those used to demonstrate full ATPase
Tris, pH 8.0, 150 mM NacCl, 0.05% Tween-20). This was activity of Mdr3 (15). The reactions were stopped, and tryptic
followed by incubation fo 1 h atroom temperature with  digestion fragments were separated by SIPAGE (12%
anti-Pgp antibodies used at dg/mL. Specific immune acrylamide), followed by immunoblotting with the mono-
complexes were detected using a second goat anti-mouselonal anti-Pgp antibody C219. C219 recognizes the epitope
antibody (1:10 000 dilution) coupled to peroxidase, and VVQ(E/A)ALD (positions 564-570 and 12091215) in the
revealed by enhanced chemiluminescence (NEN). Whenlarge intracellular loops containing each NBB9J, and
different antibodies were used for the same nitrocellulose separated by a trypsin-hypersensitive site present in the linker
membrane, the membranes were stripped as described in thdomain of the protein40, 41 (Figure 1). Therefore, this
ECL detection system protocol before immunodetection with approach allows one to analyze immunoreactive partial and
another antibody. Briefly, the membranes were submergedcomplete trypsin digestion products derived from both NBDs
in stripping buffer (100 mMg-mercaptoethanol, 2% SDS, of the protein. It may be noted that in some of the blots the
62.5 mM Tris-HCI, pH 6.8) and incubated at 8G for 30 total immunoreactive signal in the tryptic fragments was far
min with occasional agitation. The membranes were next greater than the initial signal detected with the full-length
washed 5< 10 min in TBST at room temperature using large protein. This could be due to differences in better transfer
volumes of TBST followed by a blocking overnight at@ and retention of small fragments compared to the full-length
in a solution containing 1% bovine serum albumin (fraction protein or due to increased accessibility of the antibody for
V, fatty acid free) in TBST. Every condition was repeated its epitope in the smaller denaturated fragments, or both.
at least 3 times. The C219-immunoreactive digestion products of recon-
Routine ProceduresProtein concentrations were deter- Stitued Pgp observed under control, nucleotide-free conditions
mined by the bicinchoninic acid method (Pierce) in the (MgCl, alone) are shown in Figure 2A. Several partial
presence of 1% SDS using bovine serum albumin as adigestion products are generated from the full-length protein,
standard. SDSPAGE was performed according to Laemmli  including four fairly stable intermediates labeled W, X, Y,

(38) using the Mini-PROTEAN 1l gel and Electrotransfer
system (BioRad).

Materials. Acetone/ether-precipitate. coli lipids were
from Avanti Polar Lipids.n-Dodecyl{-p-maltoside was
purchased from Anatrace. General chemicals including
trypsin (EC 3.4.21.4) type Xlll from bovine pancreas were

and Z and of molecular mass 66, 60, 44, and 41 kDa,

respectively. An additional partial cleavage product of

molecular mass around 72 kDa is also detected at low trypsin
concentration (see band P in Figure 5). This product is caused
by initial cleavage of Pgp at heterogeneous sites within the
linker region separating the two halves of the protein (see
Discussion). Peptides Y and Z appear at higher trypsin-to-

of reagent grade and were purchased from Sigma. ' i _
protein ratios than peptides W and X, and must therefore be

digestion products of the latter. We monitored the effect of
different nucleotide conditions on the appearance and pro-
Sensitiity of Pgp to Trypsin in the Presence of Different teolytic resistance of these four tryptic fragments (Figure
Nucleotidesln certain proteins, interaction with substrates 2B—D). The observed differences in trypsin cleavage patterns
for catalytic activity induces conformational changes that can were highly reproducible. In general, we noted that incuba-
be detected by alterations in accessibility of proteolytic tion of Pgp with hydrolyzable and nonhydrolyzable nucle-
cleavage sites. This approach has been used previously tmtides resulted in trypsin digestion profiles suggestive of
visualize by immunoblotting two Pgp conformations induced increased resistance to protease cleavage. MgAMP is
by incubation with nucleotides and/or drugs in membrane the nonhydrolyzable analogue of MgATP that competes for
vesicles 85, 36. It was also demonstrated that Mg@lone, MgATP binding to Pgp42, 43. In the presence of MgAMP

RESULTS
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Ficure 1: Topology of Pgp and localization of the C219, MD7, and MD13 epitopes, the hypersensitive trypsin site, and the nucleotide
binding sites (modified from re64).

101 _|reees- A | — full length is active and capable of hydrolyzing MgATP, it is likely that
81— w the trypsin digestion profile detected under this condition
sSgees = L . .
N - » % corresponds to a combination of different conformations
283 —| |z (unbound, MgAMPPNP, or MgADP-bound).
19.2— Vanadate induces trapping of nucleotides in the catalytic
y——r— Foaes-w- - C sites of Pgp, resulting in the generation of a stably inhibited

-Seggess- S00gguunnss enzyme species. Moreover, the stable vanadateleotide-
enzyme complex is thought to resemble the catalytic transi-
) tion state of the proteimd@, 45. Results in Figure 2C indicate
that this nucleotide-trapped condition (MgAHPvanadate)
induced the most dramatic change in trypsin sensitivity of

.- Dsassss- E _ - : ! _
the wild-type protein. This unique conformation was char-
200000, - Eisegsse acterized by a small increase in sensitivity of the full-length
T E S I Lt protein to initial cleavage by trypsin, but also by a dramatic

increased resistance of peptides W and X to trypsin cleavage
(when compared to all other conditions). Further digestion
FiGURe 2: Trypsin digestion profiles of wild-type Mdr3 in the  of peptides W and X into peptides Y and Z was almost
presence of 10 mM MgGlalone (A), 10 mM MGAMPPNP (B),  completely inhibited under these conditions (Figure 2C). The

10 mM MgATP + 200uM vanadate (C), 10 mM MgADP (D), or : -
10 mM MgATP (E). Purified dialyzed proteins were incubated 15 effect of MgATP and vanadate on Pgp trypsin sensitivity

min at 37°C in the presence of the indicated substrate, followed Was specific and not the result of an indirect effect on trypsin
by digestion with trypsin, at different trypsin:protein ratios, at 37  activity since this conformation was not detected in vanadate
°C for 15 min. The reactions were stopped by addition 02 sample alone (data not shown) or with MgATP alone (Figure 2E).
buffer. The peptide fragments were separated on a 12%-SDS Tpege results indicate that vanadate-induced trapping of
PAGE and transferred on a nitrocellulose membrane. Pgp and its leotide in P to ind . f ti |
fragments were detected by the mouse monoclonal antibody c219.hucleot _e In Fgp sggms o1n - uc.e .a unique conformationa
change in the stabilized and inhibited enzyme that shows

PNP (Figure 2B), initial cleavage of full-length Pgp was seen €nhhanced resistance to trypsin.

at the same trypsin:protein ratio as that required to cleave Trypsin Sensitity of Pgp Mutants Bearing Mutations in
Pgp in control MgCJ condition. However, incubation with  both Nucleotide Binding Domain$o determine if the unique
MgAMP-PNP increased the stability of fragments X and W MgATP + vanadate-induced conformational state of Pgp
considerably. These results suggested that the binding ofdetected by trypsin sensitivity (Figure 2C) is specific, and
MgAMP-PNP to Pgp induced a more compact conformation possibly corresponds to a catalytic intermediate of the protein,
than the nucleotide-free one. As MgAMPNP is a nonhy- ~ we monitored the appearance of this conformation in
drolyzable ATP analogue, the pattern detected may cor- catalytically inactive Pgp mutants. We previously reported
respond to a stabilized nucleotide triphosphate-bound con-on the expression, purification, and biochemical characteriza-
formation of Pgp. Incubation of Pgp with MgADP (Figure tion of Pgp mutants bearing mutations in both nucleotide
2D) also increased the stability of peptides W and Z, while binding domains of Pgp, either at the key lysine of the
peptides X and Y were difficult to detect. As MgADP is a Walker A motif (K429R/K1072R) or at the key aspartate of
very poor substrate for Pgptg), this conformation may  the Walker B motif (D551N/D1196N). Although these
correspond to a stabilized MgADP-bound form of the protein. mutations do not impair ATP binding to the protein, they
Likewise, incubation of Pgp with MgATP prior to trypsin  abrogate ATPase activity as measured by eelease assay
digestion also increased the trypsin resistance of peptides Yand by the inability to detect vanadate-induced trapping of
and Z, while the sensitivity of the full-length protein was 8-azidop-*?P]JADP (15, 16. Thus, the K429R/K1072R and
similar to that seen in Mgglalone or with MgAMPPNP D551N/D1196N Pgp mutants were purified to homogeneity
incubation conditions (Figure 2E). Since the Pgp used hereand reconstituted in lipids, and their sensitivity to limited
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e~ E [veese -
= [T V- FIGURE 4: Trypsin digestion profiles of Mdr3 single mutant K429R
Sonaens i (A), K1072R (B), D551N (C), and D1196N (D) in the presence of
-- 10 mM MgATP + 200u«M vanadate. Incubation with nucleotide,
trypsin digestion, electrophoresis, transfer, and immunodetection

o - ] . with C219 were carried out as described in Figure 2.
Ficure 3: Trypsin digestion profiles of Mdr3 double mutants in

Walker A (K429R, K1072R) and Walker B (D551N, D1196N) . L . .
motifs in the presence of 10 mM MgClalone (A and B, Trypsin Sensitity of Pgp Mutants Bearing Single Muta-

respectively), 10 mM MgATP (C and D, respectively), or 10 mM tions in either Nucleotide Blndlng DomaiAJthough it has
MgATP + 200 uM vanadate (E and F, respectively). Incubation been clearly established that both NBDs of Pgp are absolutely
yvith nucleotidgs, trypsin digestion, ellectrophoresis, .trans.fer,. and required for function, there has been some debate in the
g“m””c’dmecnon with C219 were carried out as described in FigUre jise a1 re concerning the structural and functional equivalence
’ of these two NBDs in the alternate site catalysis model for
ATP hydrolysis proposed by Senior et a6 (see Discus-
sion). Thus, we purified Pgp mutants bearing single amino
acid substitutions in either NBD1 (K429R, D551N) or NBD2

(K1072R, D1196N) and analyzed their trypsin digestion

trypsin digestion was analyzed in the presence of MgCl
alone, MgATP, and MgATP+ vanadate and compared to
that observed for the wild-type protein. The described

differences in trypsin cleavage patterns for these mutantsproﬁles in the presence of MgATR vanadate (Figure 4).

were highly reproducible. .
} - ) We have previously shown that these mutants cannot confer

In the nucleotide-free Mgetontrol condition (Figure 3A/ gryg resistance in transfection assay8)(and have no
B), the trypsin digestion profiles of K429R/K1072R (Figure  detectable ATPase activityl®). Under nucleotide-free
3A) and D551N/D1196N (Figure 3B) were indistinguishable. ¢conditions (MgCs alone), all four mutants showed similar
The pattern was similar to that of wild-type Pgp (Figure 2A); digestion profiles (data not shown). When analyzed in the
however, both mutants showed somewhat increased trypsinpresence of MgATP and vanadate, several observations were
sensitivity, with fragment X difficult to detect, and fragments  made. First, all four mutants showed very similar sensitivity
W, Y, and Z more sensitive to trypsin cleavage than in the of injtial cleavage of the full-length protein (Figure 4A
wild-type counterpart (Figure 2A). These results suggested D). Second, trypsin sensitivity of the diagnostic fragments
that mutation at Walker A or B motifs in both NBDs may W and X was very similar for the mutants K429R (Figure
have a small structural effect on the nucleotide-free confor- 4A), K1072R (Figure 4B), and D1196N (Figure 4D), but,
mation of Pgp. Both mutants also showed very similar tryptic in contrast to wild-type Pgp, these fragments were absent at
digestion profiles upon incubation with MgATP (Figure 3C/  the highest trypsin:Pgp ratios. Third, the D551N Walker B
D). This common pattern was also fairly similar to that seen mutant in NBD1 (Figure 4C) had a trypsin digestion profile
in wild-type protein except for increased sensitivity of peptide that was different from the other three mutants analyzed,
Z compared to wild-type Pgp. However different results were and that resembled that seen for wild-type Pgp (Figure 2C).
obtained when mutants were analyzed for trypsin sensitivity Indeed, fragments W and X were still detected in this mutant
in the presence of MgATR- vanadate (Figure 3E/F). Indeed, even at the highest trypsin:Pgp ratio (Figure 4C). Similar
both mutants displayed a fairly similar profile of tryptic results were obtained in three independent experiments using
fragments, varying only by the sensitivity of the W and X two independent preparations of the mutant proteins. The
peptides, which were more resistant in the Walker A mutant surprising similarity between the trypsin digestion profiles
(K429R/K1072R; Figure 3E) compared to the Walker B of D551N (Figure 4C) and wild-type Pgp (Figure 2C) under
mutant (D551N/D1196N; Figure 3F). However, the tryptic MgATP + vanadate conditions suggests that D551N can
digestion profiles of both mutants were strikingly different adopt a conformation related to that seen in the wild-type
from that detected in the wild-type protein (Figure 2C). In protein under conditions of vanadate-induced trapping of
particular, the high degree of resistance noted for fragmentsnucleotide.
W and X in the wild-type protein (Figure 2C) was not seen  |dentification of Trypsin Digestion Products of Wild-Type
in both double mutants. These results indicate that the twoand Mutant PgpsThe nature and possible location in the
double mutants, K429R/K1072R and D551N/D1196N, ana- mature protein of tryptic Pgp peptides generated under
lyzed cannot adopt the (MgATP+ vanadate)-induced conditions of MgATP + vanadate were investigated by
conformation detected in the wild-type Pgp. Since these two epitope mapping. Immunoblots of tryptic digests from wild-
mutants are catalytically inactive, and cannot trap 8-azido- type Pgp, D551N, as well as D1196N and K429R, that show
[0-32P]ADP in the presence of vanadatks), our results different conformations under vanadate-induced trapping
suggest that the unique (MgATR- vanadate)-induced conditions, were analyzed using two additional monoclonal
conformation seen in wild-type Pgp may correspond to the anti-Pgp antibodies, MD7 and MD13 (Figure 1). C219
nucleotide-trapped catalytic intermediate of Pgp. (Figures 5A, 6A, 7A, and 8A) recognizes two epitopes within
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FIGURE 5. Trypsin digestion profiles of wild-type Mdr3 in the  Ficure 7: Trypsin digestion profiles of Mdr3 single mutant
presence of 10 mM MgATR- 200uM vanadate. Incubation with  D1196N (D) in the presence of 10 mM MgATR 200 uM
nucleotide, trypsin digestion, electrophoresis, and transfer were vanadate. Membrane from Figure 4D was stripped before immuno-
carried out as described in Figure 2. Membrane from Figure 2C detection with two different mouse anti-Pgp monoclonal antibod-
was stripped before immunodetection with two different mouse anti- jes: MD7 (B) and MD13 (C). Immunodetection with the mouse
Pgp monoclonal antibodies: MD7 (B) and MD13 (C). Immuno- monoclonal antibody C219 (A) was shown as a control (identical
detection with the mouse monoclonal antibody C219 (A) was shown to Figure 4D). Incubation with nucleotide, trypsin digestion,
as a control (identical to Figure 2C). C219 recognizes two epitopes electrophoresis, transfer, and stripping were carried out as described
within each half of Pgp. MD7 recognizes a short peptide at positions in Figure 5.

804—814, within the predicted intracellular loop separating pre-

dicted TM domains 8 and 9, and is specific for the C-terminal half A
of Pgp. MD13 recognizes a peptide sequence (positions 894) 104 — (b coemamen — full length
in the N-terminal half of Pgp within the NBD1, and does not appear 478; . . -~ =Zw
to cross-react with the homologous segment of the C-terminal half 346 — R —— ;¥
of Pgp. After each immunodetection, the membranes were stripped 283 — z
as described under Experimental Procedures before immunodetec- 19.2 —
tion with another antibody.
A B 104 — | oo ane= — full length
— full len 81— P
]gT — -anEnes = o 1/{}” gth a7 — mmme - =
477 — SSse- /X 346 —
U6 v 283 —
283 — 192 —
19.2 —
C
104 — |8 = — full length
B 104 __|--enese _fl.Il,lllength 478; : e e > —W
51— “essen.ee | = 346 —
417 — X 283 —
e = 192 — —
192 — FiIGURE 8: Trypsin digestion profiles of Mdr3 single mutant K429R
in the presence of 10 mM MgAT# 200uM vanadate. Membrane
C from Figure 4A was stripped before immunodetection with two
104 — SO :/{'\5' length different mouse anti-Pgp monoclonal antibodies: MD7 (B) and
i S —_— MD13 (C). Immunodetection with mouse monoclonal antibody
U — C219 (A) was shown as a control (identical to Figure 4A).
283 — Incubation with nucleotide, trypsin digestion, electrophoresis,
192 — T m—— transfer, and stripping were carried out as described in Figure 5.

FiGURE6: Trypsin digestion profiles of Mdr3 single mutant D551N
in the presence of 10 mM MgAT#® 200uM vanadate. Membrane 8 and 9, and is specific for the C-terminal half of PGJ)(
from Figure 4C was stripped before immunodetection with two \p13 (Figures 5C, 6C, 7C, and 8C) recognizes a peptide

different mouse anti-Pgp monoclonal antibodies: MD7 (B) and i . :
MD13 (C). Immunodetection with mouse monoclonal antibody SEAUENCe (positions 49404) in the N-terminal half of Pgp

C219 (A) was shown as a control (identical to Figure 4C). Within the NBD1 @7), and does not appear to cross-react
Incubation with nucleotide, trypsin digestion, electrophoresis, with the homologous segment of the C-terminal half of Pgp

transfer, and stripping were carried out as described in Figure 5. (see below). Trypsin treatment of the full-length wild-type
Pgp or D551N mutant generates three major C219-reactive
each half of Pgp39). MD7 (Figures 5B, 6B, 7B, and 8B) fragments that are labeled P, W, and X in Figures 5A and
recognizes a short peptide at positions 8844, within the 6A. The first detectable trypsin cleavage generates two
predicted intracellular loop separating predicting TM domains products, P and W (at low trypsin doses), probably through
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cleavage at the hypersensitive site previously mapped in theconformations could be detected, one in the presence of
linker domain of the proteirdQ, 41). Upon increased trypsin -~ MgADP or MgATP, and the other in the presence of MgCl
digestion, peptide P appears progressively degraded intoMgAMP-PNP, or MgATP with vanadate. These two con-
peptide X (Figures 5B and 6B). Peptides P and X are formations were distinguished by the presence or absence
recognized specifically by MD13 and are from the N-terminal of a diagnostic MD-7 immunoreactive 19 kDa tryptic Pgp
half of Pgp (Figures 5B and 6B). The progressive degradation fragment. Additional studies from the same group indicated
of P into X may result from cleavage at multiple sites within that incubation of Pgp with vinblastine or verapamil also
the lysine- and arginine-rich linker domain of the protein, caused a change in intensity of MD-7 immunoreactive tryptic
located C-terminal of the MD13 epitope (Figure 1). Peptide fragments of 17 and 19 kD&®). Although these studies
W is recognized by MD7 (Figures 5C and 6C), shows a were somewhat limited by (a) the use of Pgp in membrane
distinct appearance profile, is one of the two products of vesicles (where all cleavage sites may not be accessible),
initial trypsin cleavage of the full-length protein, and (b) the use of a single antibody directed against the
represents the C-terminal half of Pgp. Under MgA¥P C-terminal half only, and (c) the use of a single trypsin dose,
vanadate conditions, both peptides W and X were highly these experiments nevertheless demonstrate elegantly that
resistant to trypsin in wild-type and D551N proteins. We conformational changes in Pgp can be monitored by trypsin
were unable to accurately determine the location of smaller sensitivity.
tryptic fragments generated at very high trypsin:Pgp ratios.  In the present study, we have used trypsin sensitivity to
The K429R (Figure 7) and D1196N (Figure 8) mutants monitor conformational changes in Pgp caused by nucleotides
showed a similar tryptic profile for fragments P, W, and X under either binding or hydrolysis conditions. These experi-
at low trypsin:Pgp ratios. However, they showed greatly ments were conducted using highly purified Pgp prepared
enhanced sensitivity to trypsin digestion compared to wild- from overexpressing. pastoriscells (15), and reconstituted
type Pgp which allowed visualization of the C219-immuno- in E. colilipids. Such preparations have full ATPase activity
reactive peptides Y and Z. However, peptides Y and Z do (Via = 4.2 umol min~* mg?, Ky = 0.7 mM), similar to
not react with either MD7 or MD13 but react with the that measured in human and hamster Pgp preparations
polyclonal anti-Pgp antibody PEG-12 (data not shown). PEG- purified from mammalian cells3( 11, 43. For protease
12 recognizes a peptide epitope at positions H0BB/8, sensitivity, we used a wide range of 14 trypsin concentrations
close to NBD2, and is specific for the C-terminal half of that facilitate semiquantitative evaluation of sensitivity to
Pgp @7). These results indicate that the 44 and 41 kDa cleavage of individual partial digestion products. Partial
peptides Y and Z are derived from the C-terminal domain tryptic digestion products were revealed by immunoblotting,
of Pgp. These results also suggest that Y and Z are generatedsing the mouse monoclonal anti-Pgp antibody C219, which
by cleavage at a site or sites located in the interval separatingrecognizes an epitope in both NB sites of the protein and
the MD7 (804-814) and PEG-12 (10831178) epitopes in  thus allows monitoring of changes in trypsin sensitivity in
the C-terminal half of Pgp. both halves of the protein. In addition, we have investigated
Together, the results indicate that in the wild-type and the effect of mutations in either or both Pgp NBDs on these
D551N proteins, conditions of vanadate-induced nucleotide nucleotide-induced conformational changes. The loss-of-
trapping induce a conformation that shows increased trypsinfunction phenotype of these mutants had been previously
resistance of both halves of Pgp, while this is not seen in characterized biochemically in the same Pgp preparations
the K429R and D1196N mutants. purified fromP. pastoris(15). In the experimental conditions
used, studies with antibodies directed against each half of
DISCUSSION Pgp (Figures 58) showed that in increasing trypsin doses,
In the absence of high-resolution structural information Pgp is initially cleaved in the linker region to produce two
for Pgp, techniques such as hydropathy profilidg,(49, large fragments (P and W). This observation is in agreement
accessibility to protease cleavage site@) (epitope mapping  with previous data mapping a protease hypersensitive site
of inserted antigenic peptide$), photoaffinity labeling in the Pgp linker domain4Q, 41). The P fragment corre-
(52), and modification by sulfhydryl reagents3) have been  sponding to the N-terminal half is progressively digested into
used to identify major secondary structure features of the fragment X, possibly by additional cleavage within the linker
protein, and to establish structure/function relationships. In region. At higher trypsin doses, W and X are further cleaved
addition, differential immunoreactivityl@), sensitivity to into two smaller fragments (Y and Z) possibly corresponding
protease cleavag8%, 39, quenching of fluorescently labeled to the C-terminal half of Pgp. The intensity of these tryptic
residues (NBD-CI, MIANS, MANT-ATP) 29, 54, 59, and fragments was monitored under different nucleotide condi-
infrared spectroscopyb) have been used to monitor overall tions, and compared to that of control nucleotide-free MgCl
conformational changes and changes in the local environmentconditions. Although several related conformations could be
of specific residues caused by interaction of Pgp with lipids, tentatively identified, the most dramatic and obvious change
nulceotides, and drug substrates. In particular, Wang et al.was that seen upon incubation with MgATP vanadate
(35 have used trypsin sensitivity to monitor nucleotide- (nucleotide-trapped condition). Vanadate-induced trapping
induced conformational changes in Pgp, using Pgp expressednduced a conformation highly resistant to trypsin cleavage
in membrane vesicles from multidrug resistant cells, and (when compared to Mggl MgADP, MgATP conditions),
Western blotting with anti-Pgp monoclonal antibody MD7. including persistence of fragments W and X, and absence
This antibody recognizes an epitope located in the ¥M8 of fragments Y and Z, even at the highest trypsin dose tested
TM9 intervening segment of Pgp, and thus allows monitoring (Figure 2C). Orthovanadate is a potent inhibitor of Pgp
of changes in tryptic digestion products derived from the ATPase. Vanadate is a transition state analogue that blocks
C-terminal half of Pgp. Using this approach, two major Pgp Pgp in the MgADP-bound form, resulting in the production
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of a stable PgiMgADP-Vi complex after hydrolysis of the  conformations under vanadate-induced trapping of nucle-
y-phosphate of MgATP by wild-type, catalytically active Pgp otides. This differential effect appears specific as (1) it is
(44, 56. Our observations that this conformation is not seen not seen for the Walker A lysine mutants, and (2) D551N
when wild-type Pgp is incubated with vanadate alone (data and D1196N show similar trypsin sensitivity under nucle-
not shown) or with MgATP (Figure 2E), and is abolished in otide-free conditions (not shown). Although the molecular
the catalytically inactive K429R/K1072R and D551N/ basis of the distinct behavior of D551N and D1196N remains
D1196N double mutants (Figures 3E/F), together suggest thatunclear, this result clearly suggests structural and/or func-
this conformation indeed corresponds to a nucleotide-boundtional differences between the two mutants and hence
and catalytically inhibited form of the protein. It is interesting between the two NBDs of Pgp.
to note that, based on susceptibility to trypsin cleavage As mentioned previously, several experiments suggest that
(persistance of fragments W and X), the conformation most both NBDs of Pgp are functionally equivalent in the proposed
closely related to the nucleotide-trapped one is that seen foralternate site catalysis mechanism. The two halves of Pgp
the nonhydrolyzable AMAPNP nucleotide (Figure 2B). expressed independently can bind to and hydrolyze ATP with
Wang et al. 85) compared conformational changes induced a similar basal ATPase activit$7). Mutations in either NBD
by MgATP and MgATP+ vanadate in Pgp expressed in of Pgp completely abolish drug transport in mammalian cells
membrane vesicles. Although the diagnostic Pgp fragments(13, 14. 8-Azido[a-3?P]ATP photolabeling and vanadate-
seen in the MgATP form were absent in the MgAHRP induced trapping can occur in each NBD with a cooperative
vanadate form, they could not determine the uniqueness ofbut equivalent role of the two site44, 45, 56, 58 Mutation
the latter conformation as its pattern of MD-7 reactive in Walker A or B motifs completely abolished ATPase
peptides was similar to that seen in the absence of nucleotidesctivity with no vanadate-induced trapping of Mg-8-azido-
(MgCl, alone). [0-*?P]ADP detected for these mutant45). Chemical
Pgp has been proposed to hydrolyze ATP by an alternatemodification of a single cysteine introduced in either NBD
site catalysis model, where both sites bind and hydrolyze of Pgp results in complete and simildkethylmaleimide-
ATP in an alternate fashion, and with complete cooperativity induced loss of ATPase activity in the proteis).
between the two sitesll, 46. This is supported by the On the other hand, additional studies of Pgp and other
observations that (1) mutations in or chemical modifications ABC transporters suggest that the two NBDs may not be
of either of the two sites completely inactivate ATP hy- completely equivalent. Indeed, Hrycyna et al6) have
drolysis and drug transport by the proteit8( 15, 1%; (2) obtained evidence suggesting functional differences between
in photolabeling experiments, the strong inhibitor of Pgp the two NBDs of human MDRL1. In particular, they show
ATPase vanadate seems to induce trapping of a singlethat in the wild-type protein photolabeling witf?P]-8-azido-
nucleotide per Pgp molecule (MgADP), that can be cross- ATP at subsaturating concentrations followed by partial
linked at either NB site44, 45, indicating that hydrolysis  trypsin cleavage and immunoprecipitation shows stronger
and trapping at one site prevent hydrolysis at the other site.labeling in the N-terminal NBD (NBD1) than in the
The functional equivalence of the two NBDs in this process C-terminal NBD2. Additional photolabeling experiments
is still not fully understood, and possible differences between using the Walker B mutants D555N and D1200N showed
the two sites have been documentdd, (see discussion thatin contrast to results from Urbatsch et 45)( only the
below). Thus, the nucleotide-bound/inhibited conformation D1200N mutant can be photolabeled under binding condi-
of wild-type Pgp detected with trypsin (Figure 2C) was tions with all the label being present at the NBOB). By
examined in a number of Pgp mutants bearing single or contrast, when vanadate was included in the assay (nucle-
double inactivating mutations at key residues of the Walker otide-trapped conditions), the NBD2 of the wild-type protein
A (K429R, K1072R) and Walker B (D551N, D1196N) was preferentially labeled when compared to its NBD1
motifs of the predicted NBDs. Previous studies from our counterpart, with mutations at both sites abrogating labeling.
group have shown that these mutants can bind but cannotSimilar experiments in another, although distant member of
hydrolyze MgATP, as determined by photolabeling of the ABC family CFTR also showed nonsymmetrical labeling
purified protein with §2P]-8-azido-ATP under binding or  of the two NBDs of the protein with*fP]-8-azido ATP. In
trapping conditions, as well as by direct ATP hydrolysis these studies, the NBD1 of CFTR was preferentially labeled
assays (Prelease) 15). Although both the double (Figure by [*P]-8-azido ATP under binding conditions, while
3A/B) and single site mutants (data not shown) showed labeling at both sites was detected when vanadate was
patterns of trypsin sensitivity in nucleotide-free conditions included in the labeling reaction for trapping9. These
that were similar to each other and similar to wild-type results are paralleled by the distinct transport properties of
(Figure 2A), important differences were seen under condi- CFTR mutants bearing mutations at homologous residues
tions of vanadate-induced trapping. Indeed, the double of each NBD 60—62). Finally, mutations at the homologous
mutants K429R/K1072R and D551N/D1196N, as well as the positions in the Walker A and B motifs of other distantly
single Walker A mutants K429R and K1072R, did not show related ABC transporters such as the yeistereisiae a
the vanadate-trapped conformation, in agreement with thefactor transporter STE&@) and the nematod€. elegans
biochemical loss of function documented for these mutants cell engulfment protein ced-74) do not have the same
(13, 19. Unexpectedly, the single Walker B mutants showed deleterious effect on the overall transport properties of these
different results, with the D1196N mutant showing trypsin proteins.
sensitivity similar to that of the other inactive mutants while  These results are in agreement with those obtained in the
D551N showed a conformation similar to that seen for wild- current study which show that mutations at equivalent residue
type Pgp. Thus, mutations at the homologous key aspartatein the two halves of Pgp do not have the same effect on the
residue of the two NB sites of Pgp induce different protein conformation under nucleotide trapping conditions.
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The current studies strongly suggest possible structural or 28.

functional differences between the two NBDs of Pgp.
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