
Mutations in Intracellular Loops 1 and 3 Lead to Misfolding of
Human P-glycoprotein (ABCB1) That Can Be Rescued by
Cyclosporine A, Which Reduces Its Association with
Chaperone Hsp70*

Received for publication, July 16, 2013, and in revised form, September 16, 2013 Published, JBC Papers in Press, September 24, 2013, DOI 10.1074/jbc.M113.498980

Khyati Kapoor, Jaya Bhatnagar, Eduardo E. Chufan, and Suresh V. Ambudkar1

From the Laboratory of Cell Biology, Center for Cancer Research, NCI, National Institutes of Health,
Bethesda, Maryland 20892-4256

Background: Point mutations may lead to misfolding of ABC transporters.
Results:Mutations of conserved aspartates in intracellular loops 1 and 3 led to amisfolded P-glycoprotein that could be rescued
by short term treatment with substrates/modulators.
Conclusion: Pharmacological chaperones rescue P-glycoprotein in an immunophilin-independent pathway by decreasing its
association with Hsp70.
Significance:We reveal a novel mechanism of rescue of misfolded ABC drug transporters.

P-glycoprotein (P-gp) is an ATP binding cassette transporter
that effluxes a variety of structurally diverse compounds including
anticancer drugs. Computational models of human P-gp in the
apo- and nucleotide-bound conformation show that the adenine
group of ATP forms hydrogen bonds with the conserved Asp-164
and Asp-805 in intracellular loops 1 and 3, respectively, which are
located at the interface between the nucleotide binding domains
and transmembranedomains.We investigated the role ofAsp-164
and Asp-805 residues by substituting them with cysteine in a cys-
teine-less background. It was observed that the D164C/D805C
mutant, when expressed in HeLa cells, led to misprocessing of
P-gp, which thus failed to transport the drug substrates. The mis-
folded protein could be rescued to the cell surface by growing the
cells at a lower temperature (27 °C) or by treatmentwith substrates
(cyclosporine A, FK506), modulators (tariquidar), or small correc-
tor molecules. We also show that short term (4–6 h) treatment
with15�McyclosporineAorFK506rescues thepre-formedimma-
ture protein trapped in the endoplasmic reticulum in an immuno-
philin-independent pathway. The intracellularly trapped mispro-
cessed protein associates more with chaperone Hsp70, and the
treatment with cyclosporine A reduces the association of mutant
P-gp, thus allowing it to be trafficked to the cell surface. The func-
tion of rescued cell surface mutant P-gp is similar to that of wild-
type protein. These data demonstrate that the Asp-164 and Asp-
805 residues are not important for ATP binding, as proposed
earlier, but are critical for proper folding andmaturationof a func-
tional transporter.

Human P-glycoprotein (ABCB1,2 P-gp) is a 170-kDa plasma
membrane protein that uses ATP as the energy source to pump

various structurally diverse molecules out of cells. P-gp is orga-
nized as two homologous halves (43% amino acid identity) that
are joined by a linker region. The drug binding pocket is har-
bored by two transmembrane domains (TMDs), whereas the
ATP binding pockets reside in the nucleotide binding domains
(NBDs). The TMDs are connected to the NBDs through cyto-
solic extensions called intracellular loops (ICLs). Interactions
between the two halves of P-gp are critical for function, as the
binding and hydrolysis of ATP induces conformational changes
that are transmitted from the NBDs to the TMDs, resulting in
the release of drug to the extracellular medium (1, 2). In the
absence of the crystal structure of humanP-gp, homologymod-
eling together with mutagenesis studies and biochemical data
can serve as an efficient tool to gain insight into the structural
and functional details of this transporter.
Based on the crystal structures of MsbA (3) and Sav1866 (4),

Becker et al. (5) presented three-dimensional models of P-gp in
both nucleotide-bound and nucleotide-free (apo) states. These
models help us to map the different residues involved in the
catalytic/transport cycle. They proposed twomain pathways of
transmission that could originate from residues interacting
either with adenine or with the �-phosphate of ATP. In the N-
and C-terminal halves of the protein, the adenine ring of ATP
makes a hydrogen bond with Asp-164 (ICL1) or Asp-805
(ICL3), respectively. Transmission could also arise through the
interactions of adenine with Tyr-444 and Tyr1087, whose side
chain hydrogen bonds both to adenine and to Asp-164 of ICL1
andAsp-805 of ICL3 (5). Also, the crystal structure ofCaenorh-
abditis elegans P-gp shows that the TMDs are connected to the
NBDs through a “ball-and-socket joint.” ICL1 and -3 were
shown to be in close proximity to the NBDs, creating an exten-
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sive interaction surface between the TMDs and NBDs (6). Fur-
thermore, the sequence alignment of avian and mammalian
P-gps shows these two aspartates to be conserved across all
species, which suggested their crucial role in the structure and
function of this protein.
Based on the homology modeling studies, we explored the

role of these negatively charged residues by mutating the con-
served Asp-164 and Asp-805 individually or together to cys-
teine in cysteine-less P-gp. Our insect cell studies show that the
double mutant D164C/D805C displays no change in Km for
ATP binding, thus contradicting the suggested direct interac-
tion of these residues with ATP (5). We used BacMam baculo-
virus-transduced HeLa cells to study the expression and func-
tion of these mutant proteins. The conserved aspartates, when
mutated to cysteine singly (D164C, D805C) or together
(D164C/D805C), affected the processing and trafficking of
P-gp to the cell membrane. We discovered that the maturation
defect associated with the D164C/D805Cmutant was sensitive
to growth temperature. When cells expressing the D164C/
D805Cmutant were incubated at 27 °C (similar to growth con-
ditions for High-five insect cells), normal maturation of P-gp
was observed. These cells exhibited substrate transport similar
to cells expressing the cysless-WT P-gp. Subsequently, we
observed that the incubation of cells expressing the D164C/
D805C mutant in the presence of pharmacological chaperones
or substrates such as cyclosporine A (CsA) completely rescued
themisfolded protein as a functional protein to the cell surface.
We also report that the presence of chemical chaperones (e.g.
CsA) is not required for the entire 18-h growth period. Rather,
a treatment with CsA or FK506 for 4–6 h is enough to rescue
the trapped protein (in the ER) to the cell surface. Our results
provide evidence for an immunophilin-independent mecha-
nism of rescue of misfolded P-gp unlike in the case of CFTR,
where FKBP38 is shown to play amajor role in the regulation of
post-translational folding of CFTR through its peptidyl prolyl
cis-trans isomerase activity (7). The treatment with CsA results
in decreased association of misfolded mutant protein with
chaperone Hsp70. A similar mechanismmay be involved in the
rescue of ABCG2mutants by correctormolecules. This study is
the first experimental report that establishes the role of residues
Asp-164 (ICL1) and Asp-805 (ICL3) in proper folding andmat-
uration of P-gp. In contrast to previous reports, we did not find
these residues to play a role in ATP binding. Our results reveal
their importance in interdomain interactions and assembly of a
functional transporter.

EXPERMENTAL PROCEDURES

Chemicals—Cyclosporine A was purchased from Alexis Corp.
(Switzerland). Calcein-AM was purchased from Invitrogen.
ATP, rhodamine 123, daunorubicin, and all other chemicals
were obtained from Sigma. Endo H and PNGase F were pur-
chased from New England Biolabs Inc. (Ipswich, MA). The
P-gp-specific monoclonal antibody C219 was obtained from
Fujirebio Diagnostic Inc. (Malvern, PA). MRK16 antibody was
purchased from Kyowa Medex Company, Tokyo, Japan, and
UIC2 antibody was from eBioscience (San Diego, CA). FITC-
labeled IgG2a anti-mouse secondary antibody was purchased
from BD Biosciences. Polyclonal and monoclonal Hsp70,

monoclonal Hsc70, and polyclonal calnexin antibodies were pur-
chased from Abcam (Cambridge, MA). Tariquidar (XR9576)
was kindly provided by Dr. Susan Bates (NCI, National Insti-
tutes of Health). NBD-CsAwas a generous gift fromDrs. Anika
Hartz and Bjorn Bauer (University ofMinnesota, Duluth, MN).
Preparation of Crude Membranes from Baculovirus-infected

High-Five Insect Cells—High-Five insect cells (Invitrogen) were
infected at multiplicity of infection 10 with recombinant bacu-
lovirus carrying the human cysless-MDR1 cDNA (all seven cys-
teines replaced with alanine) and D164C/D805C (in a cysless
background) with a His6 tag at the C terminus as described
previously. Cells were grown at 27 °C for 56–64 h and collected
at 60% cell viability (8). Crude membranes were prepared as
described previously (9, 10). The cells were disrupted using a
Dounce homogenizer, and the undisrupted cells and nuclear
debris were removed by centrifugation at 500 � g for 10 min.
The crude membranes were collected by centrifugation for 60
min at 100,000 � g and resuspended in resuspension buffer
containing 10% glycerol. These membranes were stored in ali-
quots at �80 °C.
Cell Lines—HeLa cells were cultured in DMEM media sup-

plemented with 10% FBS, 1% glutamine, and 1% penicillin.
Cloning, Amplification of BacMam-P-gp Baculovirus, and

Transduction of HeLa Cells—The expression clones for P-gp
were generated in pDest-625, as previously described (11).
These were then transformed into Escherichia coli DH10Bac
cells (Invitrogen) and plated on gentamycin-, kanamycin-, tetra-
cycline-, isopropyl 1-thio-�-D-galactopyranoside-, and X-gal-se-
lective media as per the manufacturer’s protocols. The bacmid
DNA was prepared by the alkaline lysis method, which was
further verified by PCR amplification. HeLa cells were trans-
duced with BacMam P-gp mutant viruses as described previ-
ously (11). Briefly, either cysless-WT, single (D164C, D805C),
or double mutant (D164C/D805C) baculovirus was added to
HeLa cells at a ratio of 50–60 viral particles per cell in 3 ml of
media. DMEMmediumwas added after 1 h, and these infected
cells were further incubated. After 3–4 h, 10 mM butyric acid
was added, and the cells were grown overnight at 37 °C. For
rescue at lower temperatures, the baculovirus-transduced cells
were incubated at 27 °C for 39 h. In both cases, the cells were
trypsinized, washed, counted, and analyzed by flow cytometry
for cell surface expression and transport function of cys-
less-WT and mutant P-gps.
Detection of Cell Surface Expression of P-gp by MRK-16

Antibody—Cell surface expression of cysless-WT and mutant
P-gpwas examined usingMRK16 antibody, as described earlier
(12, 13). P-gp-expressing cells (250,000 cells) were incubated
with MRK16 antibody (1 �g/100,000 cells) for 60 min. Cells
were subsequently washed and incubated with FITC-labeled
IgG2a anti-mouse secondary antibody (1 �g/100,000 cells) for
30 min at 37 °C. The cells were washed with cold PBS and ana-
lyzed by green fluorescence detector.
UIC2 Shift Assay—The UIC2 shift assay was performed as

described earlier (14). Briefly, 250,000 cells were resuspended
in 0.5ml of Iscove’smodifiedDulbecco’smedium in sample and
control tubes and allowed to equilibrate at 37 °C for 5 min
with CsA (20 �M) or DMSO, respectively. UIC2 antibody (2
�g/100,000 cells) was then added to this suspension, and the
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tubes were incubated at 37 °C for another 30 min. Cells were
thenwashedwith excess Iscove’smodifiedDulbecco’smedium,
resuspended in 250�l of Iscove’smodifiedDulbecco’smedium,
and incubated with FITC-labeled anti-mouse secondary anti-
body (1 �g/100,000 cells) for 30 min at 37 °C. Cells were
washed, and fluorescence of FITC was measured on a FACSort
flow cytometer equipped with a 488-nm argon laser and 530-nm
bandpass filter. The UIC2 shift was defined as the difference
between UIC2 binding in the presence and in the absence of
CsA.
Rescue of Mutant P-gp Using Cyclosporine A—HeLa cells were

transduced with D164C, D805C, or D164C/D805C mutant
P-gps as described above. 6.25 �M CsA was added 6 h after the
transduction, and the cells were grown for 16–18 h. The
medium containing CsA and virus was removed, and cells were
incubated in fresh medium for 2 h just before trypsinization.
For time course experiments, the cells were transduced with
D164C/D805C mutant P-gp and grown at 37 °C for 24 h as
described above. The virus was then removed, and fresh
mediumwith 15�MCsAwas added.The cell surface expression
of themutant P-gp was thenmonitored at different time points
(0.5, 1, 2, 4, 6, and 8 h). Also, to check if preformed protein was
being rescued by CsA, HeLa cells were transduced with the
D164C/D805C P-gp. After 24 h, the virus was removed, and
fresh medium with 5 �M cycloheximide was added to ensure
the inhibition of new protein synthesis. After 2 h, 15 �M CsA
was added to initiate the rescue of the mutant P-gp. The cell
surface expression of the cysless-WT and double mutant P-gp
was measured 4 h after the addition of CsA.
Rescue of Mutant P-gp Using Various Substrates/Modulators

or CFTR Correctors—HeLa cells were transduced with D164C/
D805C as described earlier. After 24 h, the virus was removed,
and freshmediumwas added to the cells. The cells were treated
with 15 �M CsA, 15 �M FK506, 15 �M tariquidar, 15 �M vin-
blastine, 15�Mpaclitaxel, 25�M curcumin, 25�M valinomycin,
15 �M thapsigargin, 15 �M verapamil, 10 �M nilotinib, 20 �M

cisplatin, or 15�M camptothecin for 6 h. 20�M corrector VRT-
325 or corr-4a was added 6 h after infection, and the cells were
grown overnight. In all cases cell surface expression of mutant
P-gp was analyzed by flow cytometry using MRK16 antibody
followed by incubation with FITC-conjugated anti-mouse sec-
ondary antibody. The rescue of trapped mutant protein to the
cell surface was detected by flow cytometry.
Determination of Transport Function of Cysless WT and

Mutant P-gps Using Fluorescent Substrates—The transport
function of P-gp in transduced HeLa cells was determined by
flow cytometry as previously described (11, 15). Briefly, cells
were trypsinized and incubated with calcein-AM (0.5 �M) for
10 min or rhodamine 123 (Rh123, 0.5 �g/ml), NBD-cyclospo-
rine A (NBD-CsA, 0.5 �M), and daunorubicin (0.5 �M) for 45
min. Cells were washed with cold PBS before analysis. Fluores-
cence of substrates wasmeasured on a FACSort flow cytometer
equipped with a 488-nm argon laser and 530-nm bandpass
filter.
Efflux Rate of Rhodamine 123 and NBD-cyclosporine A—

300,000 transfected cells were incubated with 20 mM 2-deoxy-
glucose and 5 mM sodium azide in 2 ml of PBS without glucose
for 10 min at 37 °C to deplete all the cellular energy. Rh123 (0.5

�g/ml) or NBD-CsA (0.5 �M) was added to each tube and incu-
bated at 37 °C for another 20 min. The cells were then washed
with PBS without glucose and chilled on ice. The efflux of the
substrates was initiated at 37 °C by the addition of 2 ml of PBS
with 50mM glucose, 0.1 mMCacl2, and 1mMMgCl2. The efflux
was allowed to continue for 0, 1, 2, 3, 5, 7, 10, 20, 30, or 45 min.
The cells were then washed with cold PBS and analyzed by flow
cytometry.
Immunofluorescence and ConfocalMicroscopy—250,000 trans-

duced cells were cultured per well in a 24-well plate on a glass
coverslip. The cells were grown in the absence or presence of
6.25 �M CsA at 37 °C for 24 h or at 27 °C for 39 h. These cover-
slips were rinsed once with PBS, pH 7.5, fixed with 2% formal-
dehyde-PBS for 30min, treatedwith 100mMglycine-PBS for 30
min, and then washed 5 times with PBS. After the washes the
samples were blocked with 0.5% BSA for 20 min, washed 5
times, then incubated with the primary antibody MRK16 at a
1:50 dilution for 1 h and thenwashed 3 times. The sampleswere
then incubated with FITC-conjugated anti-mouse IgG2a at a
1:50 dilution for 30min,washed 3 timeswith PBS, andmounted
on glass slides using Vectashield�. Slides were examined on a
Leica TCS 4D CLSM confocal microscope equipped with an
argon-krypton laser; 488-nm lightwas used for excitation of the
FITC-labeled antibody, and images were collected using a
100� oil immersion objective (Leica Lasertechnik, Heidelberg,
Germany).
ATPase Assay—ATPase activity of cysless-WT and mutant

P-gp was measured by end-point inorganic phosphate assay as
described previously (16). Briefly, crude membranes (100 �g of
protein/ml) fromHigh-Five insect cells expressing cysless-WT,
and double mutant P-gp were prepared and incubated in the
absence or presence of 0.3 mM orthovanadate at 37 °C in
ATPase buffer (50 mM MES-Tris, pH 6.8, 50 mM KCl, 5 mM

NaN3, 1 mM EGTA, 1 mM ouabain, 2 mM DTT, and 10 mM

MgCl2). Both basal and drug-stimulated ATPase activity were
measured in the absence of any drug or in the presence of CsA
(10 �M), valinomycin (10 �M), nilotinib (5 �M), verapamil (30
�M), or tariquidar (5 �M) in the reaction mixture. The reaction
was started by adding 5 mM or the indicated concentration of
ATP and stopped at 20 min by 5% SDS. The amount of inor-
ganic phosphate released was quantified by the colorimetric
method as described previously (16). Km and Vmax values were
determined by fitting the data to a Michaelis-Menten equation
using GraphPad Prism 5.0.
Immunoprecipitation, Deglycosylation, and Western Blotting—

Cell lysates from 2 � 106 cells were immunoprecipitated in
radio-immunoprecipitation assay buffer with protease inhibi-
tors. For immunoprecipitation, either P-gp-specific antibody
C219 (17) or 4007 (18) or Hsp70-specific antibody was added,
and the samples were incubated at room temperature for 30
min with rocking. Protein A-Sepharose beads were washed
with radio-immunoprecipitation assay buffer and then added
to each sample with further incubation at 4 °C overnight with
rocking. The samples were then centrifuged to remove any
supernatant, and the beads were washed twice with radio-im-
munoprecipitation assay buffer. The beads were further
washed twice with 50mMTris-HCl, pH 7.5. The bound protein
was eluted by adding 2� SDS/PAGE buffer to the beads and
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incubating at 37 °C for 30 min. The beads were incubated at
37 °C for an additional 30 min after diluting with running
buffer. Cell lysates were subjected to Endo H and PNGase F
digestion (19) for 60 min at 37 °C according to the manufactur-
er’s protocol. Samples were denatured in sample buffer for 30
min at 37 °C. Cell lysates, immunoprecipitated, or deglycosy-
lated sampleswere analyzed by SDS-PAGEandWestern blot by
resolving on 7% Tris-acetate gels. These immunoblots were
used for detection of P-gp with the monoclonal antibody C219
or the polyclonal antibody 4007 at 1:2000 dilutions. Hsp70,
Hsc70, and calnexin antibodies were used at 1:2500, 1:500, and
1:1000 dilutions, respectively. The immunoblots were devel-
oped using horseradish peroxidase-conjugated secondary anti-
bodies and an ECL detection kit (GE Healthcare).

RESULTS

The Asp-164 and Asp-805 Residues in Intracellular Loops 1
and 3, respectively, Assist in Creating an Extensive Interaction
Surface between theTMDs andNBDs—Thehomologymodel of
human P-gp based on bacterial Sav1866 showed the close prox-
imity of intracellular loops of the TMDs to the ATP-binding
pockets of the NBDs, suggesting that the TMDs could directly
influence the structure and movement of NBDmotifs involved
in ATP binding and hydrolysis and vice versa (20). Also, on the
basis of MsbA and Sav1866 structures, Becker et al. (5) pro-
posed that the adenine ring of ATP interacts either directly or
through nearby aromatic residues of the NBDs with the cou-
pling helix in ICL1 and ICL3, which itself contacts residues in
ICL4 and ICL2. This interaction strongly implies Asp-164 is
an important residue. Previously, ICL1 and ICL3were shown to
contact both NBDs, spanning the ATP binding pockets,
whereas ICL2 and ICL4 contacted only NBD2 and NBD1,
respectively (20). In a homologymodel of human P-gp based on
Sav1866 structure, it was seen that residues Asp-164 and Asp-

805 interactwith the adenine groupofATPbound inNBD1and
NBD2, respectively (Fig. 1, A and D). Additionally, a homology
model of human P-gp based on the recent crystal structure of
C. elegans P-gp suggests that residues in ICL1 and ICL3 also
interact with theNBDs, thus creating amore extensive network
surface between the TMDs and NBDs (6). In this model Asp-
164 andAsp-805 in ICL1 and ICL3, respectively, appear to form
an interface between the TMDs and NBDs (Fig. 1, B and E).
Furthermore, this interfacemight play a role in causing confor-
mational changes upon ATP hydrolysis to facilitate substrate
translocation. Based on the crystal structure of mouse P-gp, we
developed a homology model of human P-gp, which gives us a
better idea of its molecular structure and function. Along the
lines of the two above-mentioned homology models of human
P-gp, this model also shows the interactions of TMDs with
NBDs via Asp-164 and Asp-805 in the respective homologous
halves (Fig. 1, C and F) but fails to show the interactions
between the two halves of the protein (21). This can be attrib-
uted to the poor resolution of the mouse P-gp structure. To
explore the role of these charged residues in ATP-binding to,
and hydrolysis by P-gp, we used a cysteine-less P-gp (referred to
as cysless-WT) for the introduction of single as well as paired
cysteines at these proposed conserved positions (Asp-164 and
Asp-D805).
Mutant P-gps Display Lower Cell Surface Expression and

Defective Transport Function When Expressed in HeLa Cells—
The Baculovirus BacMam system was used to express single
(D164C or D805C) and double (D164C/D805C) mutant P-gps
in HeLa cells. The cell surface expression and function of
mutant P-gp was checked using flow cytometry as described
under “Experimental Procedures.” Based on UIC2 antibody
staining, cell surface expression of 35–40, 0–10, and 10–20%
with respect to the level of cysless-WTwas observed forD164C,

FIGURE 1. In silico location and interactions of conserved aspartates Asp-164 in ICL1 and Asp-805 in ICL3. Shown is the interaction between NBD-TMD via
Asp-164 or Asp-805 as seen in the homology model of human P-gp based on the crystal structure of Sav1866 (2HYD.pdb) (4) A, and D, C. elegans P-gp
(4F4C.pdb) (6) B and E, and mouse mdr1a (3G60.pdb) C and F, (21). The top panels of A–C show the interactions of Asp-164, whereas the bottom panels of D–F
show those of Asp-805. The ADP molecule is shown in black sticks in the homology model based on Sav1866. ICL1 (green), ICL4 (cyan) and NBD1 (orange) are
shown as schematic models in panels A–C, whereas ICL2 (green), ICL3 (cyan), and NBD2 (magenta) are shown as schematic models in panels D–F. Nitrogen and
oxygen atoms are colored as blue and red, respectively. The figure was prepared with PyMOL v1.4.
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D805C, and D164C/D805C, respectively (Fig. 2, A–C). An
increase in UIC2 detection upon treatment with P-gp substrate
(CsA) confirms that the cell surface-expressed P-gp retains its
normal conformation (Fig. 2, A–C).

The transport function of these single and double mutants
was checked by accumulation assays using various fluorescent
substrates of P-gp, as described under “Experimental Proce-
dures.” Fig. 2,D–F, shows a typical histogram for accumulation
of daunorubicin in single (D164C, D805C) and double (D164C/
D805C) mutants. Cysless-WT and the non-functional mutant
E556Q/E1201Q (22) were used as positive and negative con-
trols, respectively. The ability of D164C, D805C, and D164C/
D805C mutant P-gp to transport other substrates such as
Rh123, NBD-CsA, and calcein-AM was also analyzed. D164C,
which shows only 35–40% cell surface expression, displayed
fair to normal transport at steady state for all the drugs tested.
On the contrary, D805C completely fails to transport any of the
substrates (Table 1). The double mutant D164C/D805C was
defective in transport for almost all these substrates to varying
degrees except Rh123, which was near normal. D164C/D805C
was severely defective in the transport of NBD-CsA and dauno-
rubicin (�30%), whereas calcein-AMwas partially transported
(�60%) (Table 1). These results were corroborated by MRK16
antibody detection, which also displays a lower surface expres-

sion for both single and double mutant P-gp. Either a total loss
or significantly lower cell surface expression of D164C, D805C,
and D164C/D805C strongly suggests that the substitution of
these negatively charged residues with cysteine has an effect on
synthesis, translocation, proper folding, or trafficking of these
mutant proteins.
Total Expression of Single and DoubleMutants in HeLa Cells

Indicates Defective Maturation of P-gp—Lysates from D164C-,
D805C-, and D164C/D805C-transduced HeLa cells were
checked byWestern blot to analyze the total expression of P-gp.
Consistent with the MRK-16 antibody staining, we observed
that D164C exhibited near normal total P-gp expression,
whereas D805C showed no protein at all (data not shown). The
D164C/D805C double mutant shows a very faint mature band
but shows immature P-gp levels similar to cysless-WT, indicat-
ing that the mutant protein is trapped in the intracellular com-
partment, possibly in the ER.
Growth at Lower Temperature Corrects the Folding Defect of

D164C/D805C Double Mutant—As we knew that the �F508
CFTR mutant, which is linked to cystic fibrosis, can be func-
tionally rescued to the cell surface when cells are grown at a
lower temperature, we tried to retrieve the surface expression
of these P-gp mutants by growing cells for a longer time at
27 °C. The double mutant displayed cell surface expression of

FIGURE 2. BacMam baculovirus-transduced HeLa cells exhibit altered cell surface expression and transport function of single (D164C and D805C) and
double (D164C/D805C) mutant P-gp at 37 °C. P-gp-virus-transduced HeLa cells were incubated with UIC2 antibody (2 �g/100,000 cells) for 30 min at 37 °C
followed by incubation with FITC-conjugated anti-mouse IgG2a secondary antibody. The detection with UIC2 was carried out both in the absence and
presence of 20 �M CsA, as described in the UIC2 shift assay under “Experimental Procedures.” The cell surface localization of cysless-WT along with the three
mutant P-gps (D164C, D805C, and D164C/D805C), as detected by UIC2 antibody, is shown in panels A–C, respectively. The blue and green histograms show the
UIC2 detection of cysless-WT and mutant-Pgp, respectively, in the absence of CsA, whereas the orange and red histograms mark the UIC2 shift upon CsA
treatment for cysless-WT and mutant P-gps. Panels D–F show typical histograms for accumulation of daunorubicin in HeLa cells expressing D164C, D805C, or
D164C/D805C. The transport function of the three mutant P-gps was compared with cysless-WT (blue, positive control) and E556Q/E1201Q (referred to as
EQ)-mutant P-gp (red, negative control), which is known to be completely functionless (22). The quantification of data and number of experiments are given in
Table 1.
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up to 70–80% as compared with cysless-WT. On the other
hand, neither of the single mutants showedmuch change when
grown at 27 °C (Table 1). Additionally, this temperature-sensi-
tive maturation of the double mutant P-gp results in an active
protein being expressed at the surface. The functional status
was confirmed by transport assays using fluorescent substrates.
It was found that growth at lower (27 °C) temperature rescues
the activity of the D164C/D805C mutant up to 70–80% for all
tested substrates (Table 1). Furthermore, as there were no
changes in the cell surface expression of single mutants when
grown at 27 °C, the same was reflected in the transport
function.
BecauseD164C is near normal in function, whereasD805C is

drastically defective in cell surface expression, these single
mutants were not considered for further studies. The double
mutant could be rescued to the cell surface, and this protein at
the cell surface was fully functional. We, therefore, decided to
characterize the properties of D164C/D805C mutant P-gp
expressed in both insect and mammalian cells.
D164C/D805C Mutant P-gp Exhibits Km for ATP Similar to

Cysless-WT—To test whether residues Asp-164 or Asp-805 are
required for ATP binding and hydrolysis, the D164C/D805C
mutant and cysless-WT were expressed in High-Five insect
cells. The level of expression for D164C/D805CP-gpwas found
to be similar to cysless-WT (Fig. 3A), which corroborates with
the results exhibited by transduced HeLa cells when grown at
27 °C. Although the surface expression was normal, the basal
ATPase activity was found to be �50% (10 nmol Pi/mg of pro-
tein/min). Unlike the cysless-WT, this basal activity was not
affected by CsA (10 �M) or tariquidar (5 �M) (12 and 12.7 nmol
of Pi/min/mg of protein, respectively), which inhibit cys-
less-WT (Fig. 3B). Verapamil (30 �M), valinomycin (10 �M),
and nilotinib (5 �M) stimulate the basal ATPase activity to the
same extent as cysless-WT (Fig. 3B).
We further determined the affinity (Km) and rate of hydrol-

ysis (Vmax) of ATP by D164C/D805C mutant P-gp. As this
mutant P-gp registers a low basal activity, the ATPase activity
was checked in the presence of verapamil (30 �M) with varying
concentrations of ATP.We found that the introduction of cys-
teine residues at both Asp-164 and Asp-805 (D164C/D805C)
did not alter the Km of ATP (Cysless-WT, 0.3 � 0.03 mM; DD,

0.5� 0.12mM) but led to a considerable decrease inVmax (Cys-
less-WT, 65.1 � 1.3; DD, 19.4 � 1.2) compared with cys-
less-WT (Fig. 3C). These data clearly demonstrate thatAsp-164
andAsp-805 are not critical forATPbinding. The reducedVmax
indicates that these residues might play a role in communica-
tion between NBDs and TMDs.
A Pharmacological Chaperone (CsA) and Small Molecules

(VRT-325 and Corr-4a) Correct the Folding Defect of D164C/
D805C—It is well known that substrates and modulators of
P-gp assist in protein folding and rescue the misprocessed
mutants to the cell surface (23). Because D164C/D805C
showed poor cell surface expression, we incubated transduced
HeLa cells with 6.25 �M CsA, a P-gp substrate, for 18 h, as
described under “Experimental Procedures”. The percentage
change in cell surface expression of D164C/D805C mutant
P-gp was observed to be greater than 10-fold in comparison to
cysless-WT (Fig. 4A). These results were also corroborated by
increased detection of mutant P-gp at the cell surface by UIC2
antibody (data not shown). The rescued mutant protein at the
cell surface showed normal transport function (�80%) for all
the tested substrates (Fig. 4D) (Table 1). The single mutants
were also grown in the presence of CsA, and it was observed
that the cell surface expression of D164Cwas rescued to�80%,
whereas for D805C it was rescued to 10–15% only. It should be
noted that although 10–15% protein could be detected at the
cell surface, we could not detect any protein in the cell lysates by
Western blot (data not shown). This may be due to the suscep-
tibility of the cell surface D805Cmutant P-gp to degradation by
cell machinery. These data are summarized in Table 1.
CFTR correctors have been shown to improve the processing

of non-CFTR proteins including P-gp (24) and ABCG2 (25).
We tested VRT-325 (C3) and corr-4a (C4) for rescue of the
misprocessed double mutant. Although these correctors are
known to rescue the misprocessed P-gp mutants, they could
not completely rescueD164C/D805C to the plasmamembrane.
The percentage changes in cell surface expression of D164C/
D805C mutant P-gp were much less in the presence of VRT-
325 (200%) or corr-4a (70%) as opposed to CsA (500%) (Fig. 4,
A–C). It was also observed that C3 could better rescue the
expression (Fig. 4B) than C4 (Fig. 4C). The rescue of function
was comparable to the cell surface expression in both cases.

TABLE 1
Cell surface expression and transport function of mutant P-gps when transduced HeLa cells were grown at either 37, 27, or at 37 °C in the
presence of cyclosporine A
The Bacmam baculovirus-transduced HeLa cells were evaluated for cell surface P-gp expression using MRK-16 antibody as represented by histograms in Fig. 2, A–C. The
expression of cysless-WTwas taken as 100%, and the cell surface expression of other variantswas calculated accordingly. For transport function, the accumulation of various
substrates including Rh123 (0.5 �g/ml), NBD-CsA (0.5 �M), dauno (0.5 �M), and cal-AM (0.5 �M) was followed as depicted in Fig. 2, D–F. The transport function of
cysless-WTwas taken as 100%, and the transport by other variants was calculated with respect to it. For both assays, the cells were washed and analyzed by flow cytometry.
The values indicate the range of cell surface expression and steady-state accumulation of substrates compared to cysless-WT P-gp from the number of independent
experiments given in the table. HeLa cells were transducedwith baculovirus at a ratio of 50:1 to achieve same level of expression ofmutants as well as the cysless-WT. dauno,
daunorubicin; cal-AM, calcein-AM; ND, not detectable.

Mutation(s) Growth condition
No. of
Repeats

Cell surface
expression (%)

Transport function (%)
Rh123 NBD-CsA Dauno Cal-AM

D164C 37 °C n � 3 35–40 90–100 75–85 80–90 90–100
D805C n � 3 ND ND ND ND ND
D164C/D805C n � 10 10–20 80–90 20–30 10–20 30–40
D164C 27 °C n � 3 40–50 90–100 70–80 80–90 95–100
D805C n � 3 ND ND ND ND ND
D164C/D805C n � 5 70–80 90–100 70–80 80–90 95–100
D164C 37 °C � 6.25 �M CsA n � 3 70–80 90–100 80–90 90–100 95–100
D805C n � 3 10–15 5–10 ND ND ND
D164C/D805C n � 10 90–100 90–100 90–100 95–100 90–100
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Treatment with C3 and C4 rescued the transport of daunoru-
bicin to 70–75 and 50–55%, respectively (Fig. 4, E and F).
Detection of Cell Surface Expression of D164C/D805C Mutant

P-gp in HeLa Cells by Immunofluorescence Confocal Micro-
scopy—The cell surface expression of mutant P-gp was also
monitored using immunofluorescence, as described under
“Experimental Procedures.” MRK-16 antibody was used for
detection of P-gp, and the extent of labeling was monitored
using anti-mouse FITC IgG2a antibody. Labeling withMRK-16
and FITC-secondary antibody was quantified as the average
intensity/number of pixels of the green fluorescence (Fig. 5, bar
graph). We observed very low fluorescence at cell surface in
mutant P-gp-expressing cells grown at 37 °C in contrast to cys-
less-WT, whereas a comparable level (70–75%) of cysless-WT
andmutant-Pgp was seen whenHeLa cells were grown at 27 °C
(Fig. 5). The level of fluorescence at the cell surface was also
checked in cells grown for 18 h in the presence of the P-gp
substrate CsA and was found to be similar (90–100%) to cys-
less-WT (Fig. 5).
D164C/D805C Transports Rhodamine 123 but at a Signifi-

cantly Lower Efflux Rate—HeLa cells transduced with double
(D164C/D805C) mutant P-gp expressed only 10–20% protein
at the cell surface, thus resulting in decreased transport of
almost all the substrates. The exception to this was Rh123,
which showed a normal steady state transport despite remark-
ably low cell surface expression. To investigate further, we
determined the rate of Rh123 efflux by cysless-WT and double
mutant (D164C/D805C) P-gp-transduced cells when grown in

the absence or presence of 6.25 �M CsA, as described under
“Experimental Procedures.” De-energized cells were loaded
with Rh123 or NBD-CsA, and the efflux was initiated at 37 °C
by the addition of PBS with 50 mM glucose. In the absence of
CsA, the t1⁄2 for Rh123 efflux by cysless-WT was 1.8 min versus
15 min for D164C/D805C mutant P-gp (Fig. 6). Furthermore,
the rate of efflux for Rh123 in double mutant P-gp when rescued
with CsA was restored almost to the level observed with cys-
less-WTwith t1⁄2 of 3.6min.Wealso studied thekineticsof effluxof
NBD-CsA, a substrate that was poorly effluxed by the mutant
P-gp.We observed that mutant P-gp was not able to efflux NBD-
CsAbeyond40%,butwhen itwas rescuedbyCsA, the rateof efflux
was restored comparable to cysless-WT (Fig. 6).
Short Term Treatment with CsA Is Sufficient to Rescue

Intracellularly Trapped D164C/D805C Mutant P-gp—We
observed that the misprocessed mutant protein was local-
ized to the cell surface when grown in the presence of CsA
for 18 h (Figs. 4A and 5). To determine whether the presence
of CsA is required during biosynthesis or whether it can
rescue pre-formed mutant P-gp from the ER to the cell sur-
face, we performed time-course experiments. BacMam
baculovirus-transduced HeLa cells were grown for 24 h at
37 °C, and then 15 �M CsA was added. The cell surface
expression of D164C/D805C was checked at the indicated
time points. As shown in Fig. 7A, the rescue of mislocalized
D164C/D805C to the cell surface starts as early as 30 min.
Furthermore, in about 4–6 h 70–80% of rescue was
observed compared with the extent of rescue after 18 h of

FIGURE 3. Expression profile and ATPase activity of D164C/D805C mutant P-gp expressed in insect cells. Crude membranes were prepared from
cysless-WT and mutant P-gp-expressing High-Five insect cells. A, expression of cysless-WT and D164C/D805C were checked by separating crude membrane
samples on 7% Tris-acetate gel (30 �g of protein/lane) followed by detection with Colloidal blue staining and by Western blot analysis (1 �g of protein/lane)
using anti-P-gp antibody C219 at 1:2000 dilution. The arrow shows the position of the P-gp band, and the position of pre-stained molecular weight (111 kDa)
is also shown. B, effect of selected compounds on the ATPase activity of cysless-WT and D164C/D805C mutant P-gp. Crude membranes (100 �g/ml) were
incubated with DMSO (for basal activity), 10 �M CsA, 5 �M nilotinib, 10 �M valinomycin, or 30 �M verapamil, and ATPase activity was measured as described
under “Experimental Procedures.” Values represent the mean � S.D. (cysless-WT: n � 3; DD: n � 3). C, ATPase activity of cysless-WT and double mutant P-gp
measured as a function of varying concentrations (0 –10 mM) of ATP. Due to low basal activity of D164C/D805C, the measurements were performed in the
presence of 30 �M verapamil. Each data point is the mean � S.E.M. of three independent experiments. The data were fitted to the Michaelis-Menten curve using
GraphPad Prism 5.0.
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growth in the presence of CsA (Fig. 7A). To check whether
pre-formed or newly synthesized mutant protein from ER
was rescued, after 24 h the transduced cells were treated with
5 �M cycloheximide (CYH) for 2 h. 15 �M CsA was then
added, and rescue to the cell surface was monitored. Cell
surface expression was rescued to 60–70% compared with
CsA treatment alone for 18 h (Fig. 7B). Notably, no rescue
was seen in the presence of 5 �M CYH only. These results
were corroborated with the total level of mutant P-gp in cell
lysates by Western blotting (data not shown).
Short Term Treatment with Various P-gp Substrates and

Modulators Rescues D164C/D805C Mutant P-gp to the Cell
Surface—BecauseCsA, awell known substrate of P-gp, was able
to rescue the misprocessed mutant to the cell surface, we fur-
ther tested several other substrates and modulators for their
ability to rescue this misfolded mutant. The rescue of the
mutant protein in HeLa cells incubated in the presence of these
compounds for 4 h was compared with the extent of rescue

obtained in the presence of CsA. It was seen that various sub-
strates/modulators at 15–25 �M concentration were able to
rescue the D164C/D805Cmutant to an extent ranging from 40
to 100% (Fig. 7C). Interestingly, compounds like cisplatin and
camptothecin, which are not substrates or modulators of P-gp,
were not able to rescue D164C/D805C mutant P-gp.
FK506 Rescues the Misfolded Double Mutant P-gp via the

Immunophilin-independent Pathway—Immunophilins such as
cyclosphilins and FK506-binding proteins (FKBP) are known to
function as peptidyl prolyl cis-trans isomerases, thus accelerat-
ing folding of some proteins by catalyzing steps in initial folding
and rearrangement. At lower (nM) concentrations, CsA and
FK506 are known to inhibit the activity of cyclosphilins and
FKBPs, respectively, thus inhibiting their peptidyl prolyl cis-
trans isomerase activity. To show that the rescue of D164C/
D805C was via an immunophilin-independent pathway, HeLa
cells were transduced for 24 h with cysless-WT and D164C/
D805Cmutant P-gp after which the virus was removed and the

FIGURE 4. Cyclosporine A or small molecule correctors VRT-325 (C3) and corr-4a (C4) rescue the expression of D164C/D805C mutant P-gp at the cell
surface. HeLa cells transduced with the D164C/D805C BacMam baculovirus were grown in the presence of CsA (6.25 �M) or CFTR correctors C3 or C4 (20 �M)
for 16 –18 h as described under “Experimental Procedures.” Cell surface localization of cysless-WT and D164C/D805C was determined for cells incubated in the
presence of CsA (A), corrector C3 (B), and corrector C4 (C) using MRK-16 antibody as described under “Experimental Procedures.” The increase in surface
expression in the presence of CsA (WT, n � 13; DD, n � 13; ****, p � 0.0001) or small molecules C3 (cysless-WT, n � 3; DD, n � 3; ***, p � 0.001) and C4
(cysless-WT, n � 3; DD, n � 3; *, p � 0.05) is represented as percent change in cell surface expression. Values are mean � S.E. Rescue of transport function by
treatment with CsA (n � 13), corrector C3 (n � 3), or C4 (n � 3) is shown in panels D–F, which represent typical histograms for the accumulation of daunorubicin
in HeLa cells expressing D164C/D805C in the presence of CsA, corrector C3 and C4.
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cells were grown in the presence of varying concentrations of
CsA or FK506 for 4 h. We observed that similar to CsA, this
short term treatmentwith 15�MFK506was sufficient to rescue
the trapped protein from the ER to the cell surface (Fig. 7D).
Lower concentrations of either CsA (25 nM, 250 nM) or FK506
(25 nM, 350 nM) were not able to correct the folding defect of
this doublemutant (Fig. 7D). These results substantiate the fact
that the rescue of D164C/D805C mutant P-gp in the presence
of CsA/FK506 is not mediated via immunophilin-dependent
pathway.
EnzymaticDigestion ShowsThat theMisfoldedDouble (D164C/

D805C) Mutant Is Core-glycosylated and Is Trapped in the
ER—The flow cytometry results were further supported by
Western blot analysis of the total cell lysates from cysless-WT
and D164C/D805C-expressing cells. The rescue of fully glyco-
sylatedmature protein at the cell surface in the presence of CsA
or CFTR correctors C3 and C4 is evident from Fig. 8A. Enzy-
matic digestion of cysless-WT or the D164C/D805C by
PNGase F or Endo H showed that the mature protein (Band A)
was susceptible to PNGase F digestion and thus corresponds to
the complex glycosylatedmature protein present on the plasma

membrane. Endo H cleaves early high mannose forms but not
the forms containing complex carbohydrates (26) that are
added to the protein in the Golgi. When digested with Endo H,
Band A was found to be resistant, as seen in the cysless-WT as
well as double (D164C/D805C) mutant samples, although the
band is faint in the doublemutant because of very low expression
of this mature protein. The immature protein (Band B) seen in
cysless-WT and also the major form for mutant P-gp is Endo
H-sensitive (Fig. 8B). ThePNGase F andEndoHdigestion pattern
thus indicates that the double mutant is trapped in the ER. We
further observed that BandBof the doublemutant corresponds to
the samesize as theP-gpexpressed inHigh-Five insect cells,which
is unglycosylated. Treatment with PNGase F or Endo H had no
effect on the size of cysless-WT or double D164C/D805Cmutant
P-gp expressed in insect cells (Fig. 8C).
The D164C/D805C Mutant Co-immunoprecipitates More

with Hsp70 but Not with Hsc70 or Calnexin Antibodies—Some
of the chaperones, including calnexin, Hsp70, and Hsc70 have
been found to associate with P-gp (27). To determine whether
any of these chaperones associate more with the double
mutant, cysless-WT and double mutant P-gp were immuno-
precipitated using the P-gp-specific C219 antibody, and the
immunoprecipitates were checked for levels of calnexin,
Hsp70, and Hsc70. It was seen that all three chaperones co-
immunoprecipitated with P-gp. Interestingly, we found that
Hsp70 co-precipitatesmore (200–300%) with the trapped dou-
ble mutant as compared with the cysless-WT (Fig. 9A). How-
ever, the level ofHsp70 co-precipitated in theCsA-treated sam-
ples was similar to that observed with cysless-WT. This
suggests that Hsp70 associates more with protein having fold-
ing defects and treatment with CsA results in dissociation of
Hsp70 from the double mutant, allowing it to be trafficked to
the cell membrane. Importantly, in both cysless-WT and
D164C/D805C, we observed less association of Hsp70 with
immature P-gp when cells were treated with CsA (Fig. 9A). We
also checked forHsc70, amember of Hsp70 family, but failed to
observe any difference in its level of association with misfolded
and rescued doublemutant protein (Fig. 9B). Additionally, no dif-
ference was seen in the levels of calnexin coimmunoprecipitated
with either cysless-WT or the double mutant P-gp (Fig. 9B).
CsA Rescues Misfolded Transporter by Altering Its Associa-

tion with Hsp70—Because less association of Hsp70 with
immature P-gp was seen when the cells were grown in the pres-
ence of CsA (Fig. 9A), we further investigated by immunopre-
cipitatingHsp70 from cell lysates withHsp70-specific antibody
and measuring the levels of associated P-gp both in the pres-
ence and absence of CsA. The level of associated P-gp was
checked using the P-gp-specific antibody C219 in both CsA-
treated and untreated cysless-WT and D164C/D805C mutant
P-gp. As expected, a decreased association of immature P-gp
with Hsp70 was observed in the presence of CsA for both cys-
less-WT and D164C/D805C mutant P-gp (see weaker imma-
ture (lower) P-gp band in the presence of CsA in both control
and mutant P-gp; left immunoblot in Fig. 10).

DISCUSSION

Recently, contacts at the atomic level between residues in
NBDs and ICLs in the inward-open homologymodel of human

FIGURE 5. Detection of cysless-WT and D164C/D805C mutant P-gp at the
cell surface by immunofluorescence. HeLa cells transduced with cys-
less-WT or D164C/D805C BacMam virus were fixed and stained using MRK-16
antibody followed by FITC-labeled IgG2a anti-mouse secondary antibody,
and nuclei were stained with DAPI. Cells were visualized using a Leica TCS 4D
CLSM confocal microscope equipped with an argon-krypton laser; 488-nm
light was used for excitation of the FITC-labeled antibody, and images were
collected using a 100� oil immersion objective (Leica Lasertechnik). The left
panels show expression of cysless-WT and D164C/D805C in HeLa cells grown
at 37 °C. The middle panels show cells grown at 27 °C for 39 h, and the right
panels show level of cysless-WT and D164C/D805C in HeLa cells incubated in
the presence of 6.25 �M CsA for 18 h at 37 °C. The intensity of green fluores-
cence in all panels was quantified as average intensity/number of pixel using
Volocity 6.3. In the bar graph, the percentage average intensity/number of
pixels for the double mutant (solid bars) is calculated with respect to cysless-
WT, which was taken as 100% (empty bars). The values are represented as an
average of two independent experiments.
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P-gp have been analyzed using in silico methods (5, 20, 28).
These studies have proposed that the residues in ICL1 and ICL4
interact with those in NBD1, whereas the residues in ICL2 and
ICL3 exhibit interactions with those in NBD2. They have fur-
ther pinpointed Asp-164 and Asp-805 among the key contact
locations in ICL1 and ICL3, suggesting a hydrogen bond
between Tyr-444 and Asp-164, thus pointing to the direct con-
tact between NBD1 and the coupling helix of ICL1. Similar
interactions are seen in the other half of the protein, where
Asp-805 directly interacts with Tyr-1087, a residue in NBD2
(28). Previous reports on P-gp predicted that ICL1 and ICL3
contact both the NBDs (20). Furthermore, the computational
models suggest that residues Asp-164 andAsp-805 in ICL1 and
ICL3, respectively, interact with bound ATP molecules in the
active site of NBDs (5). Taken together, if the interactions
between Asp-164 and Asp-805 are critical for binding and
hydrolysis of ATP, then any change in the electrostatic charge
at these sites is expected to greatly perturb this interaction and
result in changes inATPbinding/hydrolysis. However, our data
clearly show that these residues are not critical for ATP binding
or hydrolysis. The reduced maximal velocity of ATP hydrolysis
indicates that these residues (and ICL1 and -3) may be involved
in communication between substrate binding site(s) in TMDs
and NBDs (Fig. 3B).
We expressed D164C, D805C, and D164C/D805C P-gp in

HeLa cells for characterization of expression and function of
these mutant P-gps. We observed that the D164C mutation
leads to lower cell surface expression, but the transport at
steady state is normal. The D805C mutation drastically affects
the protein expression (although the level of mRNA is normal)
(data not shown), whereas the D164C/D805C double mutation
results in retention of the predominantly immature protein in
the ER; only 10–15% of double mutant protein is present at the

cell surface (Fig. 2, Table 1). However, this misprocessing in the
case of D164C and D164C/D805C could be completely cor-
rected when the cells were grown either at lower temperature
(27 °C) or in the presence of pharmacological chaperones or
smallmolecule correctors at 37 °C. TheD805Cmutation is det-
rimental to the protein expression, and its expression could not
be rescued. We also substituted these two aspartates paired
with either Ala (D164A/D805A) or Asn (D164N/D805N) and
observed lower cell surface expression in both cases. Single sub-
stitution of Asp-164 with Ala (D164A) or Asn (D164N) led to
similar expression and function as D164C.3 The substitution of
Asp-805 with Ala (D805A) or Asn (D805N) is less drastic as
compared with D805C, but the protein still does not localize to
the cell surface.3 All these substitutions with either Ala or Asn
could be rescued to the cell surface in the presence of CsA (data
not shown). Pajeva et al. (28) also reported the asymmetry in
interaction between the two halves of the protein, which is con-
firmed by our observed differences upon single mutation of
Asp-164 andAsp-805. A homologymodel of humanP-gp based
on mouse P-gp structure predicts that the distance between
these two cysteine-substituted positions is �55 Å in the apo
conformation, and it is reduced to �25.5 Å in the closed con-
formation, which rules out the plausibility of formation of a
disulfide bond. We were unable to cross-link these two substi-
tuted cysteines in the presence of ATP and vanadate (to trap
protein in ADP-vanadate, closed conformation) using a 25 Å
cross-linker (M17M), suggesting that these residues are either
farther apart even in the closed conformation (data not shown)
or not properly oriented for chemical cross-linking.
Although only 10–25% of the D164C/D805C mutant P-gp

was localized to the plasma membrane at 37 °C, at steady state

3 K. Kapoor, E. E. Chufan, and S. V. Ambudkar, unpublished data.

FIGURE 6. Rate of efflux of rhodamine 123 or NBD-cyclosporine A by D164C/D805C mutant P-gp was restored when grown in the presence of CsA. P-gp
virus-transduced HeLa cells grown in the presence or absence of 6.25 �M CsA were studied for rate of Rh123 or NBD-CsA efflux. 300,000 cells were de-energized
before loading with Rh123 or NBD-CsA as described under “Experimental Procedures”. The efflux of the substrates was initiated by resuspending cells in PBS
with 50 mM glucose at 37 °C and was monitored over time by flow cytometry. The accumulation of Rh123 at 0 min is taken as 100%, and the values are calculated
as the percentage of remaining fluorescence inside the cells. These values represent the average from two independent experiments. The t1⁄2 of Rh123 efflux
for cysless-WT is 1.8 min versus 15 min for D164C/D805C (absence of CsA), which is restored to levels similar to cysless-WT when the cells were grown in the
presence of CsA. The right panel shows efflux of NBD-CsA; t1⁄2 of NBD-CsA efflux for cysless-WT is 4.2 min, whereas the rate cannot be determined for
D164C/D805C as the total efflux was �50% (in the absence of CsA). The t1⁄2 was restored to levels similar to cysless-WT when the cells were grown in the
presence of CsA.
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(45 min) it could efflux Rh123 to almost the same extent as the
cysless-WT, whereas the other substrates were transported
only 10–40% (Table 1). This discrepancy in efflux appears to be
due to the measurements at steady state (45 min) rather than
the initial rate. This is supported by the fact that the rate of
efflux was actually 7–9-fold less than cysless-WT (t1⁄2 15 min
versus 1.8min; Fig. 6). This rate of efflux was also recovered to a
level similar to cysless-WT when the cell surface expression
was restored by treatment with CsA (Fig. 6).
Studies with human CFTR and Arabidopsis ABCB19 dem-

onstrate the role of FKBPs in facilitating protein folding by vir-
tue of their peptidyl prolyl cis-trans isomerase activity and
interaction with Hsp90 chaperone via an immunophilin-de-
pendent pathway. FKBP38 regulates both synthesis and post-
translational folding of CFTR (7), whereas ABCB19 has an
interaction with FKBP42 for its proper localization and hence
enhanced auxin transport inArabidopsis (29). These FKBPs are
known targets of the immunosuppressant FK506. Our results
show that in the presence of a higher concentration of FK506
(15 �M), the doublemutant P-gp was rescued to the cell surface

in the short term (4–6 h) treatment assay similar to CsA. This
could be attributed to the fact that both CsA and FK506 are
known substrates of P-gp (30), and thus the rescue occurs via an
immunophilin-independent pathway. We demonstrate that
the rescue of mutant P-gp by CsA or FK506 does not involve de
novo synthesis (Fig. 7B). Also, lower concentrations of these
compounds (25–350 nM) do not affect the rescue of themispro-
cessed double mutant (Fig. 7D). Taken together, these data
strongly suggest that CsA and FK506 rescue this double
mutant P-gp by an immunophilin-independent pathway.
The specific substrates or modulators of P-gp serve as phar-
macological chaperones (Fig. 7C) and are predicted to act as
scaffolds that stabilize the folding of the protein in the native
conformation, thus protecting it from the degradation
machinery of the cell (31). Studies with CFTR show that the
NBDs fold co-translationally, whereas post-translational
folding involves only TM domains (32). Known mutations
such as �Y490 in P-gp (equivalent to �F508 in CFTR) appear
to interfere with post-translational folding of the proteins
(33). Similarly, the D164C and D805C mutations might

FIGURE 7. Short term treatment with P-gp substrates or modulators is sufficient to rescue the mutant protein to the cell surface. A, time course of
recovery of cell surface expression of D164C/D805C mutant P-gp upon short term treatment with CsA is plotted. The transduced cells were grown for 24 h after
which the medium was replaced by fresh DMEM with 15 �M CsA. The cell surface expression of D164C/D805C was monitored over regular time intervals for 8 h.
The expression of double (D164C/D805C) mutant at the cell surface after 18 h treatment with CsA during growth was taken as 100%. The values represent the
average of two independent experiments. B, recovery of cell surface expression of D164C/D805C mutant-Pgp by CsA in the presence of CYH. Transduced HeLa
cells were grown for 24 h, and then the medium was replaced by DMEM with CYH (5 �M), a de novo protein synthesis inhibitor. After 2 h the rescue was initiated
by the addition of 15 �M CsA, and the cells were allowed to grow for another 4 h. The recovery by 15 �M CsA at 4 h in the absence of CYH was taken as 100%.
The values are plotted as an average from two independent experiments. C, rescue of D164C/D805C to the cell surface by incubation with 15–25 �M of several
substrates and modulators of P-gp was measured at 4 h. The values are the average of two independent experiments. XR, tariquidar; VBL, vinblastine; Nilo,
nilotinib; Val, valinomycin; Thaps, thapsigargin. D, rescue of D164C/D805C when treated with lower concentrations (25, 250, 350 nM) of either CsA (filled bars)
or FK506 (empty bars) for 4 h. The level of rescue in the presence of 15 �M CsA or FK506, respectively, for 4 h was taken as 100%. Data points are plotted as the
mean � S.E. (n � 4).
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interfere with the proper packing of a mature protein by
disrupting NBD-TMD interactions via ICLs.
Previous studies reported that during the early stages of bio-

synthesis when P-gp is only core-glycosylated, wild-type P-gp

associates only transiently with calnexin (34). As the protein
matures, it is dissociated from calnexin and is targeted to the
plasma membrane. Calnexin is known to be a chaperone that
promotes folding of the protein by preventing aggregation of
folding intermediates (34). It recognizes glycoproteins only
when they are misfolded and is known to be responsible for
retention of misfolded proteins. The misprocessed mutants of
P-gp remain associated with calnexin throughout their lifetime
and are thus never targeted to the plasmamembrane (34). P-gp
is known to associate with calnexin through TMDs, whereas
associationwithHsc70 is through theNBDs (27). However, our
results with immunoprecipitation of P-gp with C219 antibody
do not show any changes in association of calnexin as well as
Hsc70 with double mutant P-gp. Rather, they show increased
association of the D164C/D805C mutant protein with other
members of the Hsp70 family (Fig. 9). The ER lumen also pos-
sesses GRP78/BiP, a member of Hsp70 family. BiP has been
shown to play an important role in ER-associated protein deg-
radation (ERAD) (35). GRP78/BiP is known to interact with
hydrophobic regions of the protein with relatively low affinity
and shields misfolded protein from aggregation. The release of
this Hsp70 familymember from themutant protein in the pres-
ence of CsA might be driving the delivery of mature and prop-
erly folded protein through the Golgi complex to the plasma
membrane (36). Failure to ever reach its properly folded state
likely results in continued interaction with and retention by

FIGURE 8. Susceptibility of mature and immature forms of cysless-WT and D164C/D805C mutant P-gp to digestion by PNGase F and Endo H. A, Western
blot analysis of total cell lysates of HeLa cells transduced with cysless-WT or D164C/D805C mutant P-gp when grown in the absence or presence of 6.25 �M CsA
or CFTR correctors C3 and C4 (20 �M). Cell lysate proteins (3 �g) were loaded in each lane, and immunoblotting with C219 antibody was performed as described
under “Experimental Procedures.” Lane 1, cysless-WT; lane 2, cysless-WT treated with 6.25 �M CsA; lane 3, cysless-WT treated with 20 �M corrector C3, lane 4,
cysless-WT treated with 20 �M corrector C4; lane 5, D164C/D805C; lane 6, D164C/D805C treated with 6.25 �M CsA; lane 7, D164C/D805C treated with 20 �M C3;
lane 8, D164C/D805C treated with 20 �M corrector C4. Levels of �-actin are shown as loading controls for each lane in the immunoblot. Arrows show the
position of mature P-gp and �-actin, whereas an arrowhead marks the position of the immature P-gp. B, glycosidase digestion of cell lysates (2 �g of protein)
from cysless-WT and double mutant P-gp was loaded in each lane. Cell lysates from HeLa cells transduced with cysless-WT (lanes 1, 2, and 3) and D164C/D805C
(lanes 4, 5, and 6) and grown in the absence of CsA were subjected to Endo H or PNGase F digestion as described under “Experimental Procedures” and
processed for immunoblotting using C219 antibody. The complex glycosylated (Band A, mature protein) and deglycosylated (Band B, immature protein) forms
are indicated. C, glycosidase digestion of crude membranes from High-Five insect cells (0.5 �g of protein) expressing cysless-WT (lanes 1, 2, and 3) and
D164C/D805C (lanes 4, 5, and 6) P-gp. In both cases the digest was resolved on 7% Tris-acetate gel and subjected to Western blotting using C219 antibody. The
details of treatments are given in the figure, and blots from a representative experiment are shown. Similar results were obtained from three independent
experiments.

FIGURE 9. Association of D164C/D805C mutant P-gp with chaperones cal-
nexin, Hsp70, and Hsc70. A, lysates from 2 � 106 cells transduced with cys-
less-WT and double mutant P-gp, grown in the absence and presence of 6.25
�M CsA, were immunoprecipitated with P-gp antibody C219. Western blot
analysis of the co-immunoprecipitate was carried out with anti-Hsp70 anti-
body at 1:2500 dilution. The relative percentage band intensity is represented
as a bar graph, and intensity of cysless-WT (untreated) is taken as 100% (n � 3,
error bars denote S.E.). NC, cysless-WT; DD, D164C/D805C; NCCsA, cysless-WT
treated with 6.25 �M CsA for 18 h; DDCsA, D164C/D805C treated with 6.25 �M

CsA for 18 h. B, the co-immunoprecipitate was also probed with anti-Hsc70 (a
member of Hsp70) and anti-calnexin antibody at 1:1000 and 1:500 dilutions,
respectively. Similar results were obtained in two independent experiments.
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Hsp70, which acts as a quality control system. We do not
observe overexpression of Hsp70 in HeLa cells expressing this
mutant (data not shown); only an increased association with
mutant transporter was noted. It was observed that association
of the immature P-gp with Hsp70 decreases when grown in the
presence of CsA in both cysless-WTandD164C/D805Cdouble
mutant P-gp (Fig. 10). This confirms that CsA rescues the
trapped double mutant by reducing the retention of the imma-
ture protein with Hsp70. Furthermore, even though D164C/
D805C is misfolded, it does not seem to degrade rapidly. It is
also known that mannose residues protect folding-defective
polypeptides from ER-associated protein degradation (35).
The region of the ICL3, which lies in close proximity to Asp-

805 in P-gp, is particularly significant as it is surrounded by a
number of single-nucleotide polymorphisms (SNPs). The
homology model of human P-gp based on the crystal structure
of mouse P-gp shows that SNPs D800N, V801M, and D1088N
are located spatially close to Asp-805, and these residues
together forma tight cluster (Fig. 11). In ICL1,Val-168, which is
close to Asp-164, is reported as a SNP site (37). Furthermore,
processing mutations in P-gp are known to disrupt domain-
domain interactions and has been found in other regions
besides the TMD-NBD interface (37). The majority of the
mutation sites participate in tight interhelical interactions.
Hence, it is reasonable to expect that the mutations at such
critical contact points result in protein misfolding. There is
more than one site close to both of these two aspartates that
when mutated results in a misprocessed protein (37). Also, it is
reported that mutations at the two consecutive preceding resi-
dues, Trp-803 and Phe-804, cause folding defects in P-gp (31,
38). Also G251V, which is in ICL1 and lies spatially close to
Asp-164, is a well known processing mutant of P-gp (37).
Recent studies byCheepala et al. (39) show that the ICL3:NBD1
contacts are important for maturation of ABCC4 (MRP4).
These data are consistent with our results demonstrating that
the residues in this region (ICL3) are critical for proper folding
of P-gp.
Many human diseases are caused as a result of loss of func-

tion of ABC transporters due to single point mutations/dele-
tions (40). In several cases the mutant transporters are retained

in the ER due to misfolding or improper processing. Cystic
fibrosis is a classic example, where the deletion of a single
amino acid (�F508) results in abnormal trafficking of CFTR to
the plasma membrane, thus leading to clinical manifestations
of this disease. Notably, the deletion of the equivalent residue in
ABCB1,Tyr-490,which lies at the interfacial region, also results
in misfolded P-gp (24). Other examples include point muta-
tions in ABCB11 and ABCG2, which are linked to Dubin John-
son syndrome (41) and Gout (42), respectively. In the present
study we show that residues Asp-164 and Asp-805 in ICL1 and
ICL3, respectively, of human P-gp play a role in proper folding
andmaturation of P-gp. These two negatively charged residues
are conserved among P-gps of various species such as human
MDR2 (ABCB4), rat mdr1 andmdr2, hamstermdr1, mdr2, and
mdr3, etc. These two residues, when mutated individually or
together to cysteine, lead to changes in protein folding and cell
surface expression.

FIGURE 10. Treatment with cyclosporine A decreases the association of P-gp with Hsp70. Lysates from 2 � 106 cells transduced with cysless-WT and
double mutant P-gp, grown in the absence and presence of 6.25 �M CsA for 18 h, were immunoprecipitated using rabbit polyclonal Hsp70 antibody (ab79852,
Abcam), and the immunoprecipitate was probed with anti-P-gp antibody C219 at 1:2000 dilution. Lane 1, cysless-WT; lane 2, D164C/D805C; lane 3, cysless-WT
(CsA); lane 4, D164C/D805C (CsA). Lanes 1 and 2 show associated P-gp when cells were grown in the absence of CsA, whereas lanes 3 and 4 depict these levels
in the presence of CsA. The immunoblot on the right was probed with C219 antibody to show the level of P-gp in cell lysates (3 �g/lane), which were used for
immunoprecipitation with Hsp70 antibody.

FIGURE 11. Known SNPs are located spatially close to Asp-164 and Asp-
805. The location of known non-synonymous SNPs (34) (marked as red
spheres) in the vicinity of residues Asp-164 and Asp-805 (marked as pink
spheres) are shown to emphasize the importance of these loops for proper
folding and assembly of this transporter. In addition, mutations of Trp-803
and Phe-804 also have been shown to cause misfolding of P-gp (28, 35); these
residues are not shown in the figure.
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In summary, our results demonstrate the role of residues in
ICLs in proper folding of P-gp. Importantly, like �F508-CFTR
(43), once the D164C/D805C mutant P-gp is rescued and
reaches the cell surface, it is functional to the same levels as
cysless-WT. Undoubtedly the interaction between Asp-164
and Asp-805 in ICL1 and -3 plays a crucial role in stabilizing
domain associations during protein targeting. Pharmacological
chaperones (CsA, FK506, and smallmoleculeCFTR correctors)
rescue themisfolded doublemutant P-gp via an immunophilin-
independent pathway by decreasing its association with the
Hsp70 chaperone and thus allow the protein to be trafficked to
the Golgi for maturation and then localize to the cell surface.
Our results strongly suggest that a similar mechanism may be
operative in the rescue of misfolded mutant CFTR (ABCC7),
ABCG2 (25), and other ABC transporters (19, 40) associated
with disease conditions, which should be further investigated.
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