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Nucleotide Binding, ATP Hydrolysis, and Mutation of the Catalytic Carboxylates of
Human P-Glycoprotein Cause Distinct Conformational Changes in the
Transmembrane Segmehts
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ABSTRACT. P-Glycoprotein (P-gp, ABCB1) transports a variety of structurally unrelated cytotoxic
compounds out of the cell. Each homologous half of P-gp has a transmembrane (TM) domain containing
six TM segments and a nucleotide-binding domain (NBD) and is joined by a linker region. It has been
postulated that binding of two ATP molecules at the NBD interface to form a “nucleotide sandwich”
induces drug efflux by altering packing of the TM segments that make up the drug-binding pocket. To
test if ATP binding alone could alter packing of the TM segments, we introduced catalytic carboxylate
mutations (E556Q in NBD1 and E1201Q in NBD2) into double-cysteine mutants that exhibited ATP-
dependent cross-linking so that the mutants could bind but not hydrolyze ATP. It was found that ATP
binding alone could alter disulfide cross-linking between the TM segments. For example, ATP inhibited
cross-linking of mutant L339C(TM6)/V982C(TM12)/E556Q(NBD1)/E1201Q(NBD2) but promoted cross-
linking of mutant F343C(TM6)/V982C(TM12)/E556Q(NBD1)/E1201Q(NBD2). Cross-linking of some
mutants, however, appeared to require ATP hydrolysis as introduction of the catalytic carboxylate mutations
into mutant L332C(TM6)/L975C(TM12) inhibited ATP-dependent cross-linking. Cross-linking between
cysteines in the TM segments also could be altered via introduction of a single catalytic carboxylate
mutation into mutant L332C(TM6)/L975C(TM12) or by using the nonhydrolyzable ATP analogue; AMP
PNP. The results show that the TM segments are quite sensitive to changes within the ATP-binding sites
because different conformations could be detected in the presence of ATP;PANRP during ATP
hydrolysis or through mutation of the catalytic carboxylates.

The human multidrug resistance P-glycoprotein (P-gp, B sites, LSGGQ signature motifs, and A-, D-, H-, and
ABCBL1) is an ATP-dependent drug pump. It transports Q-loops @, 8, 9). A pair of ATP molecules occupy the
cytotoxic compounds out of the cell{3). The level of interface among the Walker A and B sites, H-loop, and
expression of P-gp is relatively high in the apical membranes Q-loop of one NBD and between the LSGGQ sequence and
of epithelial cells of intestine, kidney, liver, and bloeeldrain/ D-loop of the second NBD. Although there is no high-
testes barriersy. The physiological role of P-gp is unknown.  resolution structure of P-gp, disulfide cross-linking studies
Mice lacking P-gp can still survive and reproduce but are have shown that the Walker A sequence in each NBD is
more sensitive to cytotoxic compounds).( close to the opposing LSGGQ signature sequef (

P-gp is a member of the ATP-binding cassette (ABC)  pryg substrates bind in the drug-binding pocket formed
family of transporters (48 human member8). (t has two at the interface between the two TMDKkI( 12). A truncated
homologous halves that are joined by a linker regidh (  p_gp |acking both NBDs retained the ability to bind drug
Each half has a transmembrane domain (TMD) containing g,pstrate {3). P-gp can simultaneously bind different drug
Six tra_nsmembrane (TM) segments and a ”“CIeOt'de'b'nd'”gsubstrates](4, 15), and binding may occur via an “induced-
domain (NBD). _ fit" mechanism (6).

Structural studies on bacterial ABC transporters show that . o .
the NBDs have various domains such as the Walker A and Ther.e IS cro;s—talk betwee_n the drug'b"?d'”g sites ?‘”9' the

ATP-binding sites as drug binding can stimulate or inhibit
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Chair in Membrane Biology. alter the structure of the nucleotileandwich dimer X9,
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radecane-1,14-diyl bismethanethiosulfonate; TM, transmembrane; TMD, ; ; ;
transmembrane domain containing either the six,Nbt COOH- analogues have shown that there are alterations in packing

terminal transmembrane segments; NBD, nucleotide-binding domain; Of the TM segments26—29). We have used cysteine cross-
TMEA, tris(2-maleimidoethyl)amine. linking to identify ATP-dependent changes in the packing
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of the TM segments of P-gp but did not observe conforma-
tional changes in the presence of the nonhydrolyzable ATP
analogue, AMPPNP @30, 31). A potential explanation for
the inability to detect conformational changes with AMP
PNP is that the analogue is structurally different from ATP.
Recently, it was shown that introduction of the E556Q-
(NBD1) and E1201Q(NBD2) mutations into P-gp yielded a
mutant that did not hydrolyze ATP but exhibited normal
affinity for ATP (32).

In this study, we used disulfide cross-linking of mutants
containing the catalytic carboxylate mutations to test for
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Ficure 1: Schematic representation of P-gp. The 12 TM segments

conformational changes in the TM segments upon nucleotideare depicted as numbered cylinders. The branched lines represent

binding.
MATERIALS AND METHODS

Construction of MutantsConstruction of mutants contain-
ing pairs of cysteines that exhibited ATP-sensitive cross-
linking in the presence of copper phenanthroline [L332C-
(TM6)/L975C(TM12)] B3), 3,6,9,12-tetraoxatetradecane-
1,14-diyl bismethanethiosulfonate (M14M) [L339C(TM6)/
F728C(TM7)] B4), or tris(2-maleimidoethyl)amine (TMEA)
[L339C(TM6)/V982C(TM12) and F343C(TM6)/V982C-
(TM12)] (31) were described previously. Modifications to
the P-gp cDNAs to introduce the catalytic carboxylate
mutations, E556Q or E1201Q, were performed by oligo-
nucleotide-directed mutagenesgb).

Disulfide Cross-Linking AnalysisThe cDNAs of P-gp

mutants containing pairs of cysteines were used to transfect

25 plates (10 cm) of HEK 293 cells as described previously
(34). After 24 h, the medium was replaced and the cells were
incubated for an additional 48 h at 2C. Membranes were

then prepared, and cross-linking was carried out with copper

phenanthroline30), M14M (36), or TMEA (31) as described

previously. Samples were subjected to immunoblot analysis

using 7.5% (w/v) SDSPAGE gels and a rabbit polyclonal
antibody prepared against NBD2 of P-@&¥). The relative
amount of cross-linked P-gp was quantitated by first scanning
the gel lanes followed by analysis with NIH Image (available
at rsb.info.nih.gov.nih-image) and an Apple computer.
Purification of P-gp and Measurement of Drug-Stimulated
ATPase Actiity. Histidine-tagged P-gp was expressed in
HEK 293 cells and isolated by nickel chelate chromatography
(38). The isolated histidine-tagged P-gp was then mixed with
an equal volume of 10 mg/mL sheep brain phosphatidyle-

thanolamine (type II-S, Sigma) that had been washed and
suspended in TBS. The P-gp/lipid mixture was then sonicated

and ATPase activity measured in the presence of 0.3 mM
verapamil. The samples were incubated for 30 min at 37

°C, and the amount of inorganic phosphate released was

determined 39).

RESULTS

Effect of Catalytic Carboxylate Mutations on Cross-
Linking of TM6/TM12 MutantsA conformational change
in the TMDs that is sensitive to ATP binding or hydrolysis
is rotation and/or tilting of TM6 relative to TM123(). The
cross-linker tris(2-maleimidoethyl)amine (TMEA) is a P-gp
substrate that exhibits ATP-dependent cross-linking of
Cys982(TM12) to either Cys339 or Cys343 in TM6 (Figure
1). In the absence of ATP, mutant L339C(TM6)/V982C-
(TM12), but not mutant F343C(TM6)/V982C(TM12), was

glycosylated sites, and the zigzag lines represent the linker region
connecting the two halves of the molecule. There are two ATP-
binding sites (ATP) at the interface between the NBDs. The
positions of the catalytic carboxylate mutations (E556Q in NBD1
and E1201Q in NBD2) and the cysteine mutations in the TM
segments used in the disulfide cross-linking studies (L332C, L339C,
F343C, F728C, L975C, and V982C) are shown.

cross-linked with TMEA. In the presence of ATP, however,
mutant F343C(TM6)/V982C(TM12), but not mutant L339C-
(TM6)/V982C(TM12), was cross-linked with TMEA3(Q).
The cross-linking pattern of both mutants with TMEA in
the presence of the nonhydrolyzable ATP analogue, AMP
PNP, resembled the results obtained in the absence of
nucleotide 81). Therefore, it appeared that ATP hydrolysis
induced a movement in TM6 to shift cross-linking of
Cys982(TM12) from Cys339(TM6) to Cys343(TM6). An
alternative explanation was that binding of AMRNP did
not mimic the movements induced in TM6 by binding of
ATP because of their different structures.

To determine whether ATP binding or ATP hydrolysis
was responsible for the apparent movement of TM6, we
introduced mutations to the catalytic carboxylates into the
cross-linkable mutants. Moody et aR4) had reported that
mutating the conserved glutamate residues (catalytic car-
boxylates) within the Walker B sites of the bacterial ABC
transporter MJO796 (fronMethanococcus jannaschire-
sulted in mutants that could bind but not hydrolyze ATP.
Similarly, mutation of both Glu556(NBD1) and Glu1201-
(NBD2) catalytic carboxylates in human P-gp (Figure 1) to
GIn also completely inhibited ATP hydrolysis but had no
effect on ATP binding §2). Mutation of the catalytic
carboxylates of mouse MDR3 to GIn (E552Q/E1197Q) also
yields a protein that binds ATP but shows little ATPase
activity (reduced more than 400-foldd@). We first deter-
mined whether mutation of the catalytic carboxylates in
human Cys-less P-gp inhibited ATP hydrolysis. Histidine-
tagged Cys-less P-gps containing the E556Q(NBD1) and/or
E1201Q(NBD2) mutations were expressed in HEK 293 cells
and isolated by nickel chelate chromatography. The isolated
mutants were mixed with lipid and assayed for verapamil-
stimulated ATPase activity. Verapamil was used because it
is a substrate that strongly stimulates Cys-less P-gp ATPase
activity (11). Figure 2 shows that the presence of either the
E556Q(NBD1) or E1201Q(NBD2) mutation reduced vera-
pamil-stimulated ATPase activity to 9.5 or 3.8%, respec-
tively, of that of Cys-less P-gp. Similar results were reported
with mouse MDR3 P-gp when either catalytic carboxylate
was changed to glutamindl). Verapamil-stimulated AT-
Pase activity was not detected, however, when both catalytic
carboxylate mutations were present. These results are in
agreement with those of Sauna et 82)( who showed that
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Ficure 2: Effect of catalytic carboxylate mutations on ATPase
activity. HEK 293 cells expressing histidine-tagged Cys-less P-gp
(Cys-less) or mutants containing the E556Q(NBD1), E1201Q-
(NBD2), or E556Q(NBD1)/E1201Q(NBD2) mutations were iso-
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Ficure 3: Effect of catalytic carboxylate mutations on cross-linking

lated by nickel chelate chromatography. The isolated P-gp mutantsof cysteines in TM6 and TM12 with TMEA. Membranes were

were mixed with lipid, and ATPase activity was measured in the
absence ) or presence+) of 0.3 mM verapamil (Ver). Each
value is the meant the standard deviationn(= 4 separate
transfections).

the presence of both catalytic carboxylate mutations in wild-
type P-gp abolished ATPase activity.

prepared from HEK 293 cells expressing P-gp mutants L339C-
(TM6)/V982C(TM12) or L339C(TM6)/V982C(TM12)/E556Q-
(NBD1)/E1201Q(NBD2) (A) and F343C(TM6)/\V982C(TM12) or
F343C(TM6)/V982C(TM12)/E556Q(NBD1)/E1201Q(NBD2) (B).
The membranes were treated with)(or without () 1 mM TMEA

for 15 min at 37°C in the absence (None) or presence of 5 mM
ATP (ATP). The reactions were stopped by addition of SDS sample
buffer containing 50 mM EDTA. Samples were subjected to

Therefore, the E556Q(NBD1) and E1201Q(NBD2) changes immunoblot analysis with a rabbit polyclonal antibody to P-gp. The

were introduced into mutant L339C(TM6)/V982C(TM12) for
cross-linking analysis with TMEA. Cross-linking can readily

be detected because introduction of a disulfide linkage

positions of mature (170 kDa) and cross-linked (X-link) forms of
P-gp are indicated.

between the domains of P-gp causes the protein to migrateat the extracellular end of TM6 (L332C) and another at the

with slower mobility in SDS-PAGE gels 83). The mutants

extracellular end of TM12 (L975C) (Figure 1). Hydrolysis

were expressed in HEK 293 cells. Membranes prepared fromOf ATP promotes cross-linking between Cys332(TM6) and

the transfected cells were treated with TMEA for 10 min at

Cys975(TM12) in the presence of oxidant (copper phenan-

37°C in the presence or absence of ATP. The reactions werethroline) G0).

stopped by addition of SDS sample buffer containing a thiol

To test if the catalytic carboxylate mutations would affect

reducing agent and samples subjected to immunoblot analy-ATP-dependent movement of Cys332(TM6) and Cys975-
sis. Figure 3A shows that introduction of the E556Q(NBD1) (TM12), the E556Q(NBD1) and E1201Q(NBD2) mutations

and E1201Q(NBD2) mutations into mutant L339C(TM6)/
V982C(TM12) did not alter its cross-linking pattern. Cross-
linking with TMEA was inhibited by the presence of ATP
in both mutants L339C(TM6)/V982C(TM12) and L339C-
(TM6)/\V982C(TM12)/E556Q(NBD1)/E1201Q(NBD2). These
results suggest that ATP binding was sufficient to introduce
a conformational change into the TMDs that inhibited cross-
linking of Cys339(TM®6) to Cys982(TM12) with TMEA.
The E556Q(NBD1) and E1201Q(NBD2) mutations were
then introduced into the F343C(TM6)/V982C(TM12) mutant.

were introduced into mutant L332C(TM6)/L975C(TM12).
The mutants were expressed in HEK 293 cells. Membranes
were prepared from transfected cells and then treated with
oxidant (copper phenanthroline) in the presence or absence
of ATP for 10 min at 37°C. The reactions were stopped by
addition of SDS sample buffer containing 50 mM EDTA
but no thiol reducing agent. Samples were subjected to
immunoblot analysis. The mutant L332C(TM6)/L975C-
(TM12) exhibited extensive cross-linking only in the pres-
ence of ATP (Figure 4). By contrast, cross-linked product

The mutant was expressed in HEK 293 cells. MembranesWwas not detected in the mutant L332C(TM6)/L975C(TM12)/
were prepared and cross-linked with TMEA in the absence ES56Q(NBD1)/E1201Q(NBD2) in the presence of ATP.

or presence of ATP. The results (Figure 3B) show that
mutants F343C(TM6)/V982C(TM12) and F343C(TM6)/
V982C(TM12)/E556Q(NBD1)/E1201Q(NBD2) were cross-
linked with TMEA only in the presence of ATP. Therefore,
ATP binding alone appears to be sufficient for induction of
a conformational change in the TMDs to promote cross-
linking of Cys343(TM6) to Cys982(TM12) with TMEA.
Effect of Catalytic Carboxylate Mutations on Cross-
Linking at the Extracellular Ends of TM6 and -1Rlutant

Therefore, cross-linking between Cys332(TM6) and Cys975-
(TM12) appears to require ATP hydrolysis.

Since cross-linking between Cys332(TM6) and Cys975-
(TM12) appeared to require ATP hydrolysis, we would
predict that introduction of either catalytic carboxylate
mutation should also inhibit cross-linking. Accordingly,
mutants Cys332(TM6)/Cys975(TM12)/E556Q(NBD1) and
Cys332(TM6)/Cys975(TM12)/E1201Q(NBD2) were con-
structed. The mutants were expressed in HEK 293 cells,

L332C(TM6)/L975(TM12) can be used as a reporter mol- membranes prepared, and samples subjected to cross-linking
ecule to examine ATP-dependent conformational changeswith an oxidant in the presence or absence of ATP. Figure
at the predicted extracellular ends of TM6 and -12. Mutant 4 shows that the presence of the E556Q(NBD1) mutation
L332C(TM6)/L975C(TM12) contains one cysteine residue was sufficient to inhibit cross-linking in the presence of ATP.
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Ficure 4: Effect of catalytic carboxylate mutations on cross-linking
of L332C(TM6)/L975C(TM12). Membranes prepared from HEK
293 cells expressing mutants L332C(TM6)/L975C(TM12), L332C-
(TM6)/L975C(TM12)/E556Q(NBD1)/E1201Q(NBD2), L332C-
(TM6)/L975C(TM12)/E556Q(NBD1), or L332C(TM6)/L975C-
(TM12)/E1201Q(NBD2) were treated witht§ or without (—) 1
mM copper phenanthroline (CuP) for 10 min at°87in the absence
(None) or presence of 5 mM ATP (ATP). The reactions were
stopped by addition of SDS sample buffer containing 50 mM EDTA

and no thiol reducing agent. Samples were subjected to immunoblot

analysis using a rabbit polyclonal antibody against P-gp. The
positions of mature (170 kDa) and cross-linked (X-link) forms of
P-gp are indicated.

Since the E556Q mutation inhibited the verapamil-stimulated
ATPase activity of Cys-less P-gp-00%), the results are
consistent with finding that cross-linking between Cys332-
(TM6) and Cys975(TM12) requires ATP hydrolysis.

The L332C(TM6)/L975C(TM12)/E1201Q(NBD2) mutant,
however, exhibited a quite different pattern of cross-linking.
The mutant was cross-linked with oxidant in the presence

or absence of ATP (Figure 4). It appeared that the E1201Q-
(NBD2) mutation caused a long-range conformational change

in the TMDs to allow cross-linking between Cys332(TM®6)
and Cys975(TM12) in the absence of ATP. The results

suggest that the conformation of the TM segments is quite

sensitive to changes in the ATP-binding site and that the
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Ficure 5: Effect of nucleotides and vinblastine on cross-linking
of mutant L339C(TM6)/F728C(TM7). (A) Membranes prepared
from HEK 293 cells expressing mutant L339C(TM6)/F728C(TM7)
were pretreated for 15 min on ice in the absence (None) or presence
(Vin) of 0.2 mM vinblastine. Samples were then treated witf) (

E556Q and E1201Q mutations induce asymmetric changesor without (—) 0.2 mM M14M for 4 min on ice. The reaction was

in the TMDs. The TMDs appear to undergo different
conformational changes during ATP binding, during ATP
hydrolysis, or in the presence of the E1201Q mutation.
Effect of ATP on Interactions of Vinblastine with Mutant
L339C(TM6)/F728C(TM1IR It has been reported that bind-
ing of the nonhydrolyzable ATP analogue, AMINP,
reduces the affinity of hamster P-gp for vinblastine-dy—
6-fold compared to the presence of ADF), To testif ATP
could also reduce the apparent affinity of P-gp for vinblastine,
we used mutant L339C(TM6)/F728C(TM734) because its
cross-linking is sensitive to the presence of ATP and
vinblastine. Figure 5 shows that cross-linking of mutant
L339C(TM6)/F728C(TM7) with the M14M cross-linker can
be inhibited by vinblastine (Figure 5A) or by vanadate
trapping of nucleotide (Figure 5B). Mutant L339C(TM®6)/
F728C(TM7) is also useful because it can be cross-linked
at 0°C (ice bath) with M14M. At O°C, the ATPase activity
of P-gp is not detectable (data not shown). Therefore, we
first tested whether binding of ATP to P-gp increases the
level of vinblastine required to inhibit cross-linking of
Cys339(TM6) to Cys728(TM7) without introducing the
catalytic carboxylate mutations.

stopped by addition of SDS sample buffer containing 50 mM EDTA
and no thiol reducing agent, and the mixture was subjected to
immunoblot analysis. (B) For vanadate trapping of nucleotide, the
membranes were incubated with 5 mM ATP, 10 mM Mg@ind

0.2 mM sodium vanadate (ATP/VO4) for 10 min at 3¢ and
then chilled on ice. Samples were then treated withdr without

(=) 0.2 mM M14M for 4 min on ice and the reactions stopped as
described above. (C) Membranes prepared from cells expressing
mutant L339C(TM6)/F728C(TM7) were incubated on ice in the
presence of 5 mM ADP, ATP, or AMPNP and various concen-
trations of vinblastine. Samples were then treated with M14M cross-
linker for 4 min on ice. The reactions were stopped by addition of
SDS sample buffer containing 50 mM EDTA and no thiol reducing
agent. Samples were subjected to immunoblot analysis with a rabbit
polyclonal antibody to P-gp. The positions of mature (170 kDa)
and cross-linked (X-link) P-gps are indicated. (D) The immunoblots
were scanned and quantitated as described in Materials and
Methods. The percent cross-linked is the amount of cross-linked
P-gp relative to total (cross-linked plus mature P-gps) in the
presence of various concentrations of ADP, ATP, or ARIRP.
Each value is the average the standard deviatiom(= 3).

Accordingly, membranes prepared from HEK 293 cells
expressing the mutant L339C(TM6)/F728C(TM7) were pre-
incubated for 20 min in an ice bath in the presence of various
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A oS~ ei1 2 (o) PNP alters the kinetics of cross-linking when compared to
TP - ) that with ATP.
R _:X_“,lk Alj expla_nation fo_r the observation that the concentration
70k of vinblastine required to protect mutant L339C(TM6)/
F728C(TM7) from cross-linking was similar in the presence
5 5 or absence of ATP (Figure 5C) was that the mutant could
7 P still hydrolyze ATP at a very low rate even on ice. To further
i’ inhibit the ATPase activity of mutant L339C(TM6)/F728C-
(TM7), the E556Q(NBD1) and E1201Q(NBD2) catalytic
60- | & : ,
= carboxylate mutations were introduced. The mutant was
40 5" P expressed in HEK 293 cells, and membranes were prepared
/ /% o ATP for cross-linking analysis with the M14M cross-linker in the
20 ﬂ? 2 m AMP.PNP presence or absence of ATP and various concentrations of
4/ ( vinblastine. Figure 7A shows the inhibition of cross-linking
o Omi - of mutant L339C(TM6)/F728C(TM7)/E556Q(NBD1)/
E1201Q(NBD2) by vinblastine in the absence or presence
of ATP. In both cases, a 50% decrease in the extent of cross-
Ficure 6: Effect of ATP or AMPPNP on time-dependent cross- linking occurred at-500 nM vinblastine (Figure 7B). It had

linking of mutant L339C(TM6)/F728C(TM7). (A) Membranes . . : . .
prepared from HEK 293 cells expressing mutant L339C(TM6)/ been previously reported that vinblastine had a higher affinity

F728C(TM7) were incubated on ice for 20 min in the presence of for P-gp in the absence of nucleotid27). The authors
5 mM ATP or AMP-PNP. Samples were then incubated with 0.2 showed that hamster P-gp had a 9-fold difference inkhe

mM M14M cross-linker for various amounts of time. The reactions for vinblastine when assayed in the absence of nucleotide
were stopped by addition of SDS sample buffer containing 50 mM i the presence of AVIPNP. The results from the hamster

EDTA and no thiol reducing agent. Samples were then subjected - - . -
to immunoblot analysis using a rabbit polyclonal antibody against P-gp study would predict that the concentration of vinblastine

P-gp. The positions of mature (170 kDa) and cross-linked (X-link) required to inhibit 50% cross-linking of mutant L339C(TM6)/
forms of P-gp are indicated. (B) The immunoblots were scanned F728C(TM7)/E556Q(NBD1)/E1201Q(NBD2) in the pres-
and quantitated as described in Materials and Methods. The percenence of ATP should have beem—5 uM.

cross-linked is the amount of cross-linked P-gp relative to total ; ; ; ; ; ;
(cross-linked plus mature P-gps) at various times in the presence It is possible that the concentration of vinblastine required

of ATP or AMP-PNP. Each value is the averagethe standard ~ LO Protect mutant L339C(TM6)/F728C(TM7)/ESS6Q(NBD1)/
deviation o = 3). E1201Q(NBD2) from cross-linking is not different in the

presence or absence of ATP because ATP itself may alter

concentrations of vinblastine and in the presence or absencenteraction of M14M with the mutant. The M14M cross-
of 5 mM ATP, ADP, or AMPPNP. Samples were then linker is also a substrate of Cys-less P-gp as it will stimulate
treated with 0.2 mM M14M for 4 min on ice. The reactions the ATPase activity of Cys-less P-gp by 6-fold2).
were stopped by addition of SDS sample buffer containing Therefore, we tested whether ATP could alter the concentra-
no reducing agent. Samples were then subjected to immu-tion-dependent cross-linking of mutant L339C(TM6)/
noblot analysis. Figure 5C shows that in the absence of F728C(TM7)/E556Q(NBD1)/E1201Q(NBD2) with M14M.
vinblastine, almost all of the mutant L339C(TM6)/F728C- Membranes were prepared from HEK 293 cells ex-
(TM7) P-gp was cross-linked in the presence of ADP or pressing mutant L339C(TM6)/F728C(TM7)/E556Q(NBD1)/
ATP. Cross-linking was inhibited in a concentration-depend- E1201Q(NBD2) and incubated in the presence of various
ent manner with vinblastine. The concentration of vinblastine concentrations of M14M at €C in the presence or absence
required to inhibit cross-linking by 50% in the presence of of ATP. The reactions were stopped by addition of SDS
ATP or ADP was~500-700 nM (Figure 5D). In contrast, sample buffer containing 50 mM EDTA and no reducing
the cross-linking efficiency of mutant L339C(TM6)/F728C- agent. Samples were then subjected to immunoblot analysis.
(TM7) in the absence of vinblastine was reduced in the Figure 7C shows that there was little difference in the
presence of AMAPNP. In the absence of vinblastine, only concentration-dependent cross-linking of mutant L339C-
~40% cross-linking of mutant L339C(TM6)/F728C(TM7) (TM6)/F728C(TM7)/E556Q(NBD1)/E1201Q(NBD2) in the
was achieved in the presence of ANFNP compared to  presence or absence of ATP. A level of cross-linking of
nearly complete cross-linking in the presence of ATP or >50% was observed at 0.2 mM M14M in the presence or
ADP. absence of ATP (Figure 7D). Therefore, ATP did not appear

We then compared the kinetics of cross-linking of mutant to affect the apparent affinity of the mutant for M14M.
L339C(TM6)/F728C(TM7) with M14M in the presence of It was previously observed that incubation of mutant
ATP and AMPPNP. Membranes from cells expressing L339C(TM6)/F728C(TM7) in the presence of ATP and
mutant L339C(TM6)/F728C(TM7) were preincubated with sodium orthovanadate inhibited cross-linking with M14M
5 mM ATP or AMP-PNP for 20 min at 0C and then treated  (Figure 5B). Therefore, we confirmed that mutant L339C-
with 0.2 mM M14M at 0°C for 0—8 min. The reactions  (TM6)/F728C(TM7)/E556Q(NBD1)/E1201Q(NBD2) did not
were stopped by addition of SDS sample buffer with no thiol exhibit ATP hydrolysis by subjecting it to vanadate trapping
reducing agent, and samples were subjected to immunoblotof nucleotide. Membranes prepared from cells expressing
analysis. Panels A and B of Figure 6 show that 50% cross- mutant L339C(TM6)/F728C(TM7)/E556Q(NBD1)/E1201Q-
linking of the mutant occurred by 1.5 min in the presence (NBD2) were treated with 5 mM ATP, 10 mM Mgg&land
of ATP whereas 50% cross-linking in the presence of AMP 0.2 mM sodium vanadate (ATP/\Dfor 10 min at 37°C
PNP occurred at-6 min. These results show that AMP  and then chilled on ice. The samples were then treated with
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Ficure 7: Effect of ATP on cross-linking of mutant L339C(TM6)/F728C(TM7) containing the catalytic carboxylate mutations. (A) Membranes
were prepared from HEK 293 cells expressing mutant L339C(TM6)/F728C(TM7)/E556Q(NBD1)/E1201Q(NBD2). (A) Samples of membranes
were incubated without{ATP) or with (+ATP) 5 mM ATP in the presence of various concentrations of vinblastine for 15 min on ice. The
samples were then treated with 0.2 mM M14M cross-linker for 4 min on ice. The reactions were stopped by addition of SDS sample buffer
containing no thiol reducing reagent. Samples were subjected to immunoblot analysis. (B) The immunoblots were scanned and quantitated
as described in Materials and Methods. The percent cross-linked is the amount of cross-linked P-gp relative to total (cross-linked plus
mature P-gps) in the presence of various concentrations of vinblastine -witbr(without (=) ATP. Each value is the average the

standard deviatiom(= 3). (C) Membranes were treated for 15 min on ice in the absenfdP) or presencefATP) of 5 mM ATP. For

vanadate trapping of nucleotide, the membranes were incubated with 5 mM ATP, 10 mM,Mg€l0.2 mM sodium vanadate (ATP/

VO4) for 10 min at 37°C and then chilled on ice (ATP/V{p The samples were then treated with various concentrations of M14M
cross-linker for 4 min on ice. The reactions were stopped by addition of SDS sample buffer containing no thiol reducing reagent. Samples
were subjected to immunoblot analysis. The positions of mature (170 kDa) and cross-linked (X-link) P-gps are indicated. (D) The immunoblots
were scanned and quantitated as described in Materials and Methods. The percent cross-linked is the amount of cross-linked P-gp relative
to total (cross-linked plus mature P-gps) in the presence of various concentrations of M14M cross-linkerAWiE) or without —ATP)

ATP or after treatment with ATP and vanadateATP/VO,). Each value is the average the standard deviatiom(= 3).

various concentrations of the M14M cross-linker for 4 min Therefore, binding of ATP or AMAPNP appears to cause
on ice. The reactions were stopped by addition of SDS different conformational changes in the TMDs (Figure 8B).
sample buffer containing no thiol reducing agent and samplesit has generally been assumed that ATP and its nonhydro-
subjected to immunoblot analysis. Panels C and D of Figure lyzable analogue, AMAPNP, have similar effects because
7 show that the presence of ATP and vanadate did notP-gp has similar affinities for AMHPNP and ATP43). ATP
inhibit cross-linking with M14M. The results indicate and AMPPNP, however, may have different effects on cross-
that mutant L339C(TM6)/F728C(TM7)/E556Q(NBD1)/ linking because of their different structures. The different

E1201Q(NBD2) did not possess ATPase activity. pKa's of their terminal phosphate groups, differences in the
P—N and P-O bond lengths, and differences in the R—P
DISCUSSION and P-O—P bond angles may all combine to induce different

The results in this study suggest that binding of ATP to conformational changes in the TMD44).
the NBDs can induce long-range conformational changes to  This study and the fluorescence labeling stuag) Ghow
alter the structure of the TMDs. Binding of ATP appeared that nucleotide binding can affect the conformation of TM6.
to cause a slight rotation or tilting of TM6 so that cross- Global changes in the TMDs of P-gp upon nucleotide binding
linking of Cys982(TM12) with TMEA switched from have also been observed by electron microscof), (
Cys339(TM6) to Cys343(TM6) (Figure 3). Similar effects Protease digestiod6, 47), drug binding 27, 48), photola-
were observed when the catalytic carboxylates were intro- Peling 32), and immunoreactivity49) studies.
duced into the mutants to inhibit ATP hydrolysis (Figure  The conformational changes in the TMDs appear to be
3). Therefore, ATP binding alone can induce conformational quite sensitive to subtle changes in the ATP-binding sites
changes in the TMDs (see the model in Figure 8A). as the conservative E1201Q mutation had a pronounced

The cross-linking data suggest that TM6 undergoes move-effect on the cross-linking pattern of mutant L332C(TM6)/
ment upon binding of ATP, and this observation is in L975C(TM12) (Figure 4). Mutant L332C(TM6)/L975C-
agreement with previous fluorescence stud&8}. (There are (TM12) normally exhibits cross-linking only in the presence
differences, however, in the movements induced by ATP and of ATP. Introduction of the E1201Q(NBD2) mutation,
AMP-PNP. For example, the presence of ATP but not AMP however, enabled the mutant to undergo cross-linking in the
PNP promoted cross-linking of mutant F343C(TM6)/V982- absence of ATP. The E1201Q(NBD2) change appears to
(TM12) (31). Cross-linking of mutant L339C(TM6)/F728C-  cause structural changes in the TMDs that mimic some of
(TM7) (Figure 6) was observed to be4-fold faster in the the movements caused by ATP hydrolysis (Figure 8C).
presence of ATP than in the presence of AMRP. Therefore, the global structure of P-gp appears to be very
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Ficure 8: Models of TMD conformation changes induced by ATP
binding, ATP hydrolysis and catalytic carboxylate mutations. (A)
The positions of the cysteine residues [L332C(TM6)/L975C(TM12)
and F343C(TM6)/vV982C(TM12)] that could be cross-linked and
the catalytic carboxylate mutations [E556Q(NBD1) and E1201Q-
(NBD2)] are shown. Binding of ATP to P-gp containing the
catalytic carboxylates (I) causes conformational changes in the
TMDs such that F343C(TM6) and V982C(TM12) could be cross-
linked with the TMEA cross-linker (Il). Hydrolysis of ATP allows
the extracellular end of the TMDs to come close together such that
L332C(TM6) and L975C(TM12) could be directly cross-linked in
the presence of oxidant, copper phenanthroline (l11). It is unknown
whether cross-linking between L332C(TM6) and L975C(TM12)
is promoted by ATP hydrolysis at one or both ATP binding sites.
(B) P-gp mutant L339C(TM6)/F728C(TM7) (I) could be cross-
linked with the M14M cross-linker in the presence or absence of
ATP (). In the presence of AM#PNP, however, there is a
decreased level of cross-linking with the M14M cross-linker (l1),
suggesting that AMPNP induces conformational changes in the
TMDs that are different from those induced by ATP binding. (C)
Mutant L332C(TM6)/L975C(TM12) containing wild-type catalytic
carboxylates (l) or the E556Q(NBD1) mutation (lll) is not cross-
linked by copper phenanthroline. The presence of the E1201Q
mutation (1), however, appears to mimic some of the changes
induced by ATP hydrolysis since Cys332(TM6) could be cross-
linked with Cys975(TM12) with copper phenanthroline.

responsive to events occurring at the ATP-binding sites. The
ability of P-gp to show structural alterations in response to
small changes in the NBDs suggests that the ATP-binding

Loo et al.

of ATP. It has been previously demonstrated that the ATP
sites are not identica#t(, 47, 51—-53). It has been postulated
that binding or hydrolysis of ATP at either site might induce
different conformational changes in the protebi), The
differential effects of the catalytic carboxylates on cross-
linking of mutant L332C(TM6)/L975C(TM12) support their
predictions. Since P-gp can simultaneously bind different
drug substratesl@, 15), it is possible that ATP binding and/

or hydrolysis at each NBD may be coupled to the release of
drug substrates from a subset of drug-binding sites. It should
be noted, however, that the GIn mutations themselves may
have induced asymmetry into the NBDs as suggested by
Tombline et al. 41). These authors showed that introduction
of the mutation E552Q or E1197Q into mouse MDR3 P-gp
yielded mutants that exhibited low levels of drug-stimulated
ATPase activity, but the E552Q mutant had 3-fold higher
activity than the E1197Q mutant. Replacement of the
catalytic carboxylates with Ala or Asp, however, yielded
mutants that showed similar levels of drug-stimulated AT-
Pase activity. Therefore, only the GIn mutants showed
asymmetry. The authors suggested that all of the single-
catalytic carboxylate mutants showed some ATPase activity
because other residues in the catalytic site could also function
as catalytic residues but with reduced efficiendy)(

The cross-linking pattern of mutant L332C(TM6)/L975C-
(TM12)/E556Q(NBD1)/E1201Q(NBD2) indicates that ATP
hydrolysis induces conformational changes in the TMDs that
are distinct from those involving ATP binding. The ability
to distinguish multiple conformations of P-gp during the
catalytic cycle has also been shown by electron cryomicros-
copy of hamster P-gp2@). Distinct conformations of the
protein could be trapped in the absence of nucleotide, in the
presence of AMAPNP, and in the posthydrolytic transition
state prior to release of ADP and. Rinton and Higgins
(59 recently postulated that the different conformations of
P-gp might have different affinities for drug substrates. Since
P-gp has multiple drug-binding sites, it is possible that
conversion of different sites from high- to low-affinity states
may take place during different stages of the reaction cycle.
For example, the authors predicted that ATP binding might
be sufficient to reduce the affinity for vinblastine and
propafenone but not IAAP. The affinity for IAAP may only
show a large reduction in affinity in response to ATP
hydrolysis, while the high affinity for propafenone is restored
at this step. The high affinity for vinblastine may not be
restored until phosphate is released. Therefore, it was
proposed that the different drug-binding sites may undergo
different major structural rearrangements at the three ener-
getic steps: ATP binding, ATP hydrolysis, and ADP/P
release.

sites may also operate by an induced-fit mechanism as P-gps from different species show large differences in

proposed for the drug-binding sited6j. An induced-fit
mechanism may explain why P-gp can have similar affinities
for ATP and AMPPNP @3), while the F1-ATPase that
contains similar ATP-binding motifs (Walker A and B sites)
shows an~100-fold difference in affinity for ATP and AMP
PNP &0).

substrate specificity. For example, rodent P-gps confer
stronger resistance to colchicine than human P-gp, whereas
human P-gp confers stronger resistance to vinblas&Bg (
Such species differences in substrate specificities could
explain why hamster P-gp shows a 9-fold decrease in affinity

for vinblastine in the presence of AMIPNP @7). In contrast,

The catalytic carboxylate mutations had asymmetric effects we did not observe any detectable difference in the apparent

on cross-linking of mutant L332C(TM6)/L975C(TM12) as
introduction of the E556Q(NBD1) mutation inhibited cross-
linking even in the presence of ATP while the E1201Q-

affinity for vinblastine in the presence of ATP (Figures 6
and 7) during cross-linking of mutant L339C(TM6)/F728C-
(TM7). It is possible that conversion of the human P-gp

(NBD2) mutation caused cross-linking even in the absence vinblastine-binding site to a low-affinity state might occur
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at a different energetic state in the reaction cycle such as
during ATP hydrolysis. We could detect a conformational
change in the mutant L339C(TM6)/F728C(TM12) only upon
vanadate trapping of nucleotide (Figure 5B).

In summary, the results of this study support the predic-
tions of the ATP-switch model for the ABC transportgd)

in which P-gp undergoes distinct conformational changes 1g.

upon binding of ATP and during ATP hydrolysis. Confor-
mational changes in the TMDs are sensitive to the state of
the ATP-binding sites as conservative changes to the catalytic
carboxylates have differential effects on the TMDs and

suggest that ATP interaction at either NBD might have 20.

different effects of the conformation of the TMDs.
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