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Abstract. P-glycoprotein (P-gp), the product of human that the unglycosylated protein, although expressed at
MDRL1 gene, which functions as an ATP-dependent drugower levels at the cell surface, is functional and suitable
efflux pump, is N-linked glycosylated at asparagine resi-for structural studies.

dues 91, 94, and 99 located within the first extracellular

loop. We report here the biochemical characterization okey words: Multidrug resistance — P-glycoprotein —
glycosylation-deficient (GIy) P-gp using a vaccinia vi- - Drug transport — Glycosylation — Vaccinia virus
rus based transient expression system. The staining of
Hela cells expressing GIyP-gp (91, 94, and 99N Q),
with P-gp specific monoclonal antibodies, MRK-16, Introduction
UIC2 and 4ES3 revealed a 40 to 50% lower cell-surface
expression of mutant P-gp compared to the wild-typeP-glycoprotein (P-gg) mediated drug efflux is one of
protein. The transport function of GlyP-gp, assessed several ways in which cells develop the multidrug resis-
using a variety of fluorescent compounds indicated thatance (MDR) phenotype. MDR is characterized by cel-
the substrate specificity of the pump was not affected bylular resistance to natural product and cytotoxic agents
the lack of glycosylation. Additional mutants, GNp  with diverse structures and unrelated mechanisms of ac-
(91, 94, 99N~ D) and Gly A (91, 94, 99 N deleted) were tion (Gottesman & Pastan, 1993; Gottesman, Pastan &
generated to verify that the reduced cell surface expresAmbudkar, 1996; Ambudkar et al., 1999).
sion, as well as total expression, were not a result of the  P-gp, a 170 kDa phosphoglycoprotein containing
glutamine substitutions. GIyD and Gly A Pgps were 1280 amino acids, is an energy dependent drug efflux
also expressed to the same level as the Ghutant pump. The topological model based on hydropathy
protein. 3°S-Methionine/cysteine pulse-chase studies re-analysis of the primary sequence indicates that it con-
vealed a reduced incorporation 3PS-methionine/ tains two highly homologous halves, each containing six
cysteine in full length Gly P-gp compared to wild-type transmembrane helices and one nucleotide-binding do-
protein, but the half-life (B hr) of mutant P-gp was main. Both nucleotide binding domains contain highly
essentially unaltered. Since treatment with proteasomeonserved amino acid sequences, termed the Walker A
inhibitors (MG-132, lactacystin) increased only the in- and B motifs, which are commonly involved in ATP
tracellular level of nascent, mutant P-gp, the decreaselydrolysis and also an additional dodecapeptide, the C or
incorporation of*®*S-methionine/cysteine in GlyP-gp  linker region (Gottesman & Pastan, 1993; Ambudkar,
appears to be due to degradation of improperly foldedl995). Due to the presence of these domains, P-gp be-
mutant protein by the proteasome and endoplasmic rdongs to a superfamily of transporters referred to as the
ticulum-associated proteases. These results demonstraddP Binding Cassette (ABC) transporters (Higgins,
1992). Furthermore, the C region (dodecapeptide), the
signature peptide of ABC transporters, may be involved
R - . : in the coupling of ATP hydrolysis to drug transport.
Cirg;i22?8g25£anjl' Inc. 3525 John Hopkins Court, San DIege. b "ATP sites can bind and hydrolyze ATP, and al-
though both sites are required for P-gp function, only one
Correspondence t0S.V. Ambudkar site is utilized during single turnover (Ambudkar et al.,
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1999; Hrycyna et al., 1998; Senior, Al-Shawi & Ur- the generation of three-dimensional crystals for struc-
batsch, 1995). tural studies.

Numerous eukaryotic secreted and membrane pro-
teins, in.c'luding R-gp, contai'n N-I'inked g.chosyIation, Or Materials and Methods
the addition of oligosaccharide side chains to asparagine
(Asn) residues. N-linked glycosylation occurs when theDulbecco’s modified Eagle’s medium (DMEM), Iscove’s modified
Asn residue resides within the consensus sequence, AsR/Pecco’s medium (IMDM), trypsin,.-glutamine, penicillin/

. . streptomycin, and lipofectin were obtained from Life Technologies
X-The/Ser, where X can be any amino acid except pro- ptomy P 9

. . | (Grand Island, NY). FBS was supplied by Hyclone (Logan,
line (Kornfeld & Kornfeld, 1985). Enormous diversity yry. ['?3].iodoarylazidoprazosin (2200 Ci/mmole) was obtained from
exists among N-linked oligosaccharides; however, theyNEN Research Products (Boston, MAn-f2P]-8-azido-ATP (10-16

all share a common core arrangement of sugars that a/mmole) was obtained from ICN (Costa Mesa, CA). Bodipy-FL-
attached to the protein in the rough endoplasmic reticupaclitaxel (taxol), bodipy-FL-verapamil, bodipy-FL-vinblastine, bod-
lum. From studies using N-glycosylation deficient mu- ipy-FL-prazosin, bodipy-prazosin-558/568, and calcein-AM were ob-

tained from Molecular Probes (Eugene, OR). Cyclosporin A, lactacys-

tants, radiolabeled oligosaccharides, glycosylation Nin and MG-132 were obtained from Calbiochem (San Diego, CA).

hibitors (e.g., tunicamycin) and glycosidases (e.g., Neuryrk16 and C219 antibodies were generous gifts from Hoechst Japan,

aminidase, N-glycanase), P-gp appears to containapanand Centocor (Malvern, PA), respectively. UIC2 and 4E3 mono-

complex N-linked glycosylation (Richert et al., 1988; clonal antibodies were obtained from Coulter, (Miami, FL) and Signet

Schinkel et al., 1993). Although there are ten pOSSibIe(Dedham' MA), respectively. FITC conjugate_d antimouse I_gG2a sec-

consensus sequences/sites for N-linked gchosylatioq?:,nco:f’lry antibody was obtained from PharMingen (San Diego, CA).
. reagents were obtained from Amersham Pharmacia Biotech, (Pis-

only three are believed to be exposed to the lumen of th%ataway, NJ). HumaMDRL cDNA, pRc/CMV-neoMDR1 encoding

endoplasmic reticulum and thus glycosylated (Schinkethe 91, 94 and 99 NQ was provided generously by Dr. Alfred

et al., 1993). All three sites are located within the first Schinkel (Netherlands Cancer Institute). Recombinant vaccinia virus

extracellular |00p, between transmembrane domains gncoding bacteriophage T7 RNA polymerase (vTF7-3), which is re-

and 2, at amino acid residues Asn 91, Asn 94 and Asn 9guired for the expression of a gene under the control of a T7 promoter,

. . . . was obtained from Dr. B. Moss (NIAID, NIH, Bethesda, MD).

(Fig. 1). This loop, which contains between two and four

glycosylation sites for all mammalian P-gps, has other-

wise little amino acid conservatiosdeSchinkel, 1993). CONSTRUCTION OFMUTANT CDNA

Therefore, the conservation of these glycosylation site$;sing PCR, anxba | site was introduced into pRc/CMV-neoMDR1

suggests an evolutionary constraint for their maintenanceith primer P1, GAG GTG ATC ATG GAT CTA GAA GGG GAC C

in P-gp. The generation of drug resistant, N_glycosylationand primer, P2, GTG AAC ATT TCT GAA TTC C, which contains an

deficient clones demonstrate that the absence of glycoECO R1 site. Using the conyenient rgstriction sitd¥bal and EcoRl,

sylation does not directly affect the protein’s ability to the mutated fragment was inserted into the pBAC-MDRZ1(H6) transfer

fer d . h lated th h vector for the baculovirus expression system (Ramachandra et al.,
confer drug resistance. It was thus postulated that t es@%). ABgl Il fragment from pBAC-MDRZ1(H6), containing the 91,

sites might play a role in the sorting and stability of P-gp o4 and 99 N-Q mutations, was cloned into pTM1-MDR1(H6) (Ra-

in the plasma membrane (Schinkel et al., 1993). machandra et al., 1998) plasmid for the vaccinia virus expression sys-
To elucidate the biochemical role of glycosylation in tem, which generated the glycosylation-deficient GRgp.

the generation of the MDR phenotype and to produce a Avr Il and Nsi | fragments were generated by PCR to introduce

. aspartate residue at position 91, 94 and 99, Gly™ D) or to delete
large amount of unglycosylated protein for structuralresidues 91N, 94N and 99N (GlyA) in pTM1-MDRI

studies, glycosylation-deficient mutants were generatege) oiigonucleotidesivr Il (+) (CAT TCC TAG GGG TCT TTC),

in which Asn residues at positions 91, 94 and 99 weresly” D(-) (GAA CCC TGT ATC ATC GAT ATC ACT TCT ATC
either replaced with GIn (Gly, Asp (Gly D), or all AGT AAT GTC TGA CAT CAG ATC TTC TAA), Nsi I(-) (TCC
three Asn were deleted (GI\A). The biochemical prop- g% AAig 6;(3:': gi‘é i%A_ Sés)GaA”TS’ igADA(;)T((T;TAAT i‘A}Ac (éAATT
erties of the. m.mam protein, G1y|.nclu.d|ng drug' trans- GAT ACA GGG TTC) were used to generate GIp. Gly~ A was
port, drug bl.ndmg, ATP hydronS|s, blosynthess, delglra-generated by using the primefsr 11 (), Nsi (=), Gly A (+) (GAA
dation and interaction with the conformation sensitivegaTt cTG ATG TCA ATT ACT AGA AGT GAT ATC GAT ACA
monoclonal antibody, UIC2, were assessed using a trareGc TTC TTC) and GIy A (-) (GAA GAA CCC TGT ATC GAT
sient vaccinia virus based expression system. These bi@TC ACT TCT AGT AAT TGA CAT CAG ATC TTC). All the
chemical characterizations demonstrate that N-linkedonstruct sequences were verified in both directions by automated se-
glycosylation is not required for the function of P-gp. quencing_ With_ the PRISM Ready Reaction Dye Deoxy Terminator
However, a lack of glycosylation appears to affect pro->eduencing Kit (Perkin-Elmer, Norwalk, CT).

tein levels during early stages of biosynthesis by increas-

ing protein degradation by the proteasome and endoplag=ELL LINES AND VIRUSES

mic reticulum-associated proteases. Thus, our data deMyg| 4 cells were propagated as a monolayer at 37°C, 5%, @O
onstrate that the nonglycosylated P-gp, which exhibitsomem supplemented with 4.5 g/l glucose, Smm.-glutamine, 50
biochemical properties similar to WT, should facilitate units/mL penicillin, 50pug/mL streptomycin, and 10% FBS.
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Recombinant vaccinia virus encoding bacteriophage T7 RNAPBST. After incubation with the ECL reagents for 1 min the blot was
polymerase (VTF7-3) was propagated and purified as previously dedeveloped, as per the manufacturer’s instructions.
scribed (Earl, Cooper & Moss, 1991).

DRUG ACCUMULATION ASSAYS
VACCINIA VIRUS EXPRESSION AND PREPARATION OF
CRUDE MEMBRANES Cells were harvested after trypsinization by centrifugation at 5@0 x
and resuspended in 1 mL IMDM supplemented with 5% FBS. The
A 70-80% confluent monolayer of HelLa cells was co-infected/ fluorescent substrates, bodipy-FL-taxol (Q.it), bodipy-FL-verapamil
transfected with the VTF 7-3 vaccinia virus (10 pfu/cell) andutpof (0.5 pm), daunorubicin (3um), bodipy-FL-vinblastine (0.5um), cal-
the control plasmid, pTM1, the wild-type plasmid, pTM1-MDR1(H6), cein-AM (0.5um), bodipy-FL-prazosin (0.fum), and bodipy-558/568-
or the mutant pTM1-MDR1(H6) Glyplasmid using 45.g of lipofec- prazosin (0.5um) were added to 500,000 cells in 5 mL in the presence
tion (Hrycyna et al., 1998). The cells were fed at 4 hr postinfection Or absence of cyclosporin A (m). The cells were incubated at 37°C
with 12 mL DMEM supplemented with 10% FBS and incubated for for 40 min and pelleted at 500g¢ For daunorubicin accumulations, an
24-48 hr at 32°C, 5% CQO In an attempt to increase P-gp expression additional incubation with only IMDM or IMDM with cyclosporin A
at the cell surface (Loo & Clarke, 1997), cyclosporin A {5) was was performed for 40 min at 37°C. The pellet was resuspended in 300
added to the media at 4 hr postinfection. pL PBS prior to FACS analysis (Hrycyna et al., 1998).
At 48 hr postinfection, crude membranes were prepared by hy-
otonic lysis as described previously (Hrycyna et al., 1998). Briefly,
(F:)ells wer); incubated on icepin a hygoio;)i/c }I/ysis buffer and)disrupt)e!dﬁ"o-rOA':':'N'TY LABELING

with a dounce homogenizer. The undisrupted cells were removed b)b bindi ) vzed by ph finity labeli ith
centrifugation at 500 >y for 10 min. The low speed supernatant was rug binding properties were analyzed by photoaffinity labeling wit

incubated with micrococal nuclease (50 units/mL) in the presence of 1the prazosin analoggézﬁ]-lodoaryla2|dopra203|n (IAAP). WT, Gly
mm CaCl, for 20-30 min on ice. The membranes were collected by and control, pTM:_L _|nfected—tran_sfected HelLa crudg membranes (30
centrifugation for 1 hr at 100,000 ¢ and resuspended in 10vTris 1g) were photoafnn!ty IabEqu with, IAAPEQ_,“ ™M) using a 365 nm
pH 7.5, 50 v NaCl, 250 nu sucrose, 1 m DTT, 1% aprotinin, 2 m UV source for 10 min. Labeling was done with P-gp alone and in the

AEBSF and 10% glycerol, using a bent, blunt ended 23 gauge needld’'€S€NCe of cyclosporin A (30v). P-gp was immunoprecipitated with

Aliquots of crude membranes were stored at —=70°C. The protein conIhe polyclonal antibody, PEPG-13 (Hrycyna et al., 1998). The immu-

tent was determined using a modified Lowry method (Bailey, 1967), nopreccljpltatedhprotems wfere szparated on an 8% Tris-glycine gel and
using bovine serum albumin as a standard. autoradiography was performed.

FLUORESCENCEACTIVATED CELL-SORTING ATPASE ACTIVITY AND VANADATE-INDUCED TRAPPING
(FACS) AnALYSIS OF ADP

Drug-stimulated ATP hydrolysis was determined at 37°C, in the pres-
ence and absence of 0.3vnortho-vanadate, by measuring the release
of inorganic phosphate from Mg-ATP as described previously (Ra-
machandra et al., 1996).
DETERMINATION OF CELL SURFACE EXPRESSION ATP hydrolysis was also confirmed by vanadate-induced trap-
ping of [«-32P]-8-azido-ADP. Hela crude membranes expressing WT
Cell surface expression of P-gp was detected in HeLa cells by using thénd Gly” P-gp (50p.g) were incubated at 37°C with-[**P]-8-azido-
MRK16, UIC2 and 4E3 monoclonal antibodies. Labeling was doneATP (25 pw) in the presence and absence of vanadate (@3 (tr-
using 1pg of antibody per 100,000 cells at 4°C for 40 min. The cells batsch et al., 1995). Verapamil (30v) was added to the assay to
were washed with IMDM supplemented with 5% FBS. Anti-mouse €nsure the stimulation of ATP hydrolysis. After 10 min incubation at
1gG,, FITC-conjugated secondary antibody was added atglper 37°C, the reaction was terminated by the addition of ice-cold mixture
250,000 cells and incubated at 4°C for 40 min. Cell surface expressio®f 10 mu ATP and 20 nw MgCl, and the trapped4{-*P]-8-azido-ADP
of P-gp was measured by FACS, as described previously (Germann &¥as cross-linked by exposure to UV light (365 nm) as described earlier
al., 1996). (Ramachandra et al., 1998). P-gp was immunoprecipitated with the
polyclonal antibody, PEPG-13 (Hrycyna et al., 1998). SDS-PAGE was
done on 8% Tris-glycine gels and autoradiography was performed.

A FACSort flow cytometer equipped with Cell Quest software (Bec-
ton-Dickinson, San Jose, CA) was utilized for FACS analysis.

SDS-PAGEAND IMMUNOBLOT ANALYSIS

SDS-PAGE and immunoblotting were performed as previously de->"S-LABELING OF VACCINIA VIRUS INFECTED-

scribed (Hrycyna et al., 1998). Immunoblot analysis, with the mono- TRANSFECTEDHELA CELLS

clonal antibody C219 (0.8.g/ml), was used to probe the total cellular

content of WT and mutant P-gp. SDS-PAGE samples were separatedt 16—20 hr post-infection, HeLa cells expressing WT and Glygp

on a 1.5 mm thick, 8% Tris-glycine gel and transferred to a Qu&4  were washed three times with DMEM without methionine and cysteine
nitrocellulose membrane at 400 mA for 1 hr using a Tris (28)m  (DMEM [-Cys, Met]) and 2 mL DMEM/well [-Cys, Met] was added.
glycine (192 nw) buffer with 15% (v/v) methanol. The membrane was The cells were incubated for 30 min at 32°C. The DMEM [-Cys, Met]
blocked for 25 min with 20% dry milk. The blot was incubated with was removed and 2 mL DMEM [Cys, Met] + TraAss label (final
C219 (1:4000) in 5% dry milk overnight and was washed three timesconc. 583-70Q.Ci/mL) was added and the cells were pulsed at 32°C
with 10 mL PBST (15 min each). HRP-conjugated anti-mouse sec-for 5 min. The cells were washed with DMEM and chased at 32°C
ondary antibody was added at 1:15000 in 5% dry milk and the blot waswith the DMEM for the desired time intervals. Prior to harvesting,
incubated for 1 hr. The blot was washed three times (15 min each) witithe cells were washed with ice-cold PBS and solubilized with
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1-2 mL RIPA buffer at 4°C for 20 min. The wells were washed with which asparagine at positions 91, 94, and 99 were either
1-2 mL RIPA buffer. Cell extracts were clarified by spinning at mytated to glutamine (GTy N—»Q), or aspartate (GTy
_100,000 *g fc;r 30 mir|1|. ITo quantitate the i_nf:orpgrati_ohn o_f rr?}dioactiv_- D, N D) or were deleted all together (G, N A; see

ity, proteins from cell lysates were precipitated with trichloroacetic —. ' e

acid. Cell extracts, in aliquots of 2—-14., were taken for precipitation Flg._ l)'_ The WT and mutatekDR1 CDN_A’ containing

and 0.1 mL 1% ovalbumin and 1.0 mL 20% trichloroacetic acid & SiX-histidine tag at the carboxy terminus, was placed
was added. The samples were incubated at 4°C for 5 min and spun idnder the control of a T7 promoter and was down stream
an Eppendorf centrifuge at 4°C for 10 min at 14,000 rpm. The super-0f an internal ribosome entry site in the pTM1 vector.
natant was discarded. The pellet was solubilized in 0.1 mL 1N NaOHAs described previously, high levels of expression of WT
by vortexing and neutralized by the addition of 0.3 mL of f.4cetic and mutanMDRL could be obtained in mammalian cells
acid. Radioactivity in the protein sample was quantified in a liquid upon infection with the VTF7-3 recombinant vaccinia
scintillation counter. For protein quantitation, a modified Lowry pro- . . .

tocol was followed using bovine serum albumin as a standard (BaileyvIrus enCOd'ng ba,Cte“O_phage T7 RNA polymerase fol-
1967). P-gp was immunoprecipitated with the polyclonal antibody, lOWed by transfection with the pTMIDRL vector (Ra-
PEPG-13 (Hrycyna et al., 1998). The samples were analyzed by SDSmachandra et al., 1996).

PAGE and autoradiography. The radioactivity incorporated into P-gp

was quantified by excising the radioactive band, solubilization and

liquid scintillation counting (Dey et al., 1997). EXPRESSION OPWILD-TYPE AND GLYCOSYLATION-

DerICIENT P-gp WsING A VACCINIA VIRUS
TRYPSINIZATION OF P-GLYCOPROTEIN IN

CRUDE MEMBRANES

HelLa crude membrane preparations (&) were treated with various By tranSIently EXpressing GTyP-gp with the vaccinia

amounts of trypsin for 5 min at 37°C. The reaction was stopped withVIrus expressu_)n system, the Iong-term plelotroplc eﬁe_CtS
5 x excess of trypsin inhibitor and immunoblotting was performed asOf drug selection on stable transfectants and/or tunica-

described above with the monoclonal antibody, C219. mycin treatment could be avoided in the expression of
Gly™ P-gp. Furthermore, the loss of P-gp activity result-

CONFORMATION-SENSITIVE UIC2 BINDING TO WT ing from the use of glycosidases would be eliminated.

AND GLY ™ P-GLYCOPROTEIN Both WT and Gly P-gp were expressed in Hela cells

using the vaccinia virus expression system. The HelLa
WT and Gly P-gp expressing HelLa cells were incubated in the pres-cg|| |ine (Cervica| epidermoid Carcinoma) was chosen

ence and absence ofuas cyclosporin A for 5 min at 37°C, prior to the due to its low level expression of endogenous P-gp abil-
addition of UIC2 antibody. UIC2 staining was carried out by using 1 . . . ’
rg antibody/100,000 cells at 37°C. Subsequent secondary antibodI y to express a hlgh level of P ap. and relative ease of

incubation and FACS analysis was performed as described above. ragg;eCtion (Hrycyna et al., 1998; Ramachandra et al.,
P-gp expression at the cell surface was detected at
24 hr post-infection-transfection using the monoclonal
Vaccinia virus infected Hela cells, transfected with pTM1, WT, or antibodies MRK16, UIC2 and 4E3, which recognize ex-
Gly” DNA, were treated with either pm lactacystin or 1guv MG-132 ternal epitopes on human P-gp as shown in Fig. 2. HelLa
for 24 hr. Cell lysates were prepared and immunoblotting was per-cg||s infected with virus and the control plasmid contain-
formed as described above with the monoclonal antibody C219. ing no cDNA, pTM1, show very low levels of endog-
enous P-gp expression. As shown in Fig. 2, the Gly
ABBREVIATIONS P-gp is expressed approximately 40-50% less than the
i _ WT P-gp based on median fluorescence intensity. An
FACS, quorgscence—actl\{ated cgll_SOfter, P-gp, P'Q')_/C0‘|mmunob|ot analysis with the monoclonal antibody
protein; Gly, glycosylation-deficient P-glycoprotein 519 4150 shows this difference in expression levels for
(91, 94, 99 Asn- Gln); WT, Wlld-typ_e, FBS, fetal bow_ne Gly~ P-gp and WT P-gp, as shown in Fig. 3. Both by
serum; DMEM, Dulbecco’s modified Eagle’s medium; pacg and immunoblot analysis, it was found that the
IMDM, lIscove’'s modified Dulbecco’s medium; and Gly™ D (91, 94, 99 N D) mutant is expressed at a simi-

TREATMENT WITH PROTEASOMEINHIBITORS

IAAP, [**1]-iodoarylazidoprazosin. lar level as Gly P-gp (91, 94, 99 N. Q). The mobility
of the Gly D protein was retarded compared to WT and
Results N-Q mutant P-gp (Fig. 3), which might be due to
change in the net charge on the protein as a result of the
CONSTRUCTION OFPLASMIDS TO EXPRESS addition of three negatively charged amino acids (91, 94,
GLYCOSYLATION-DEEICIENT P-GLYCOPROTEIN 99 N- D). Comparable results were also obtained with

Gly™ A P-gp (91, 94, 99 N deletedjata not showhn
To express glycosylation-deficient P-gp in HelLa cells, Therefore, for further biochemical analyses, only the
MDRL1 cDNAs in the pTML1 vector were constructed in Gly~ (91, 94, 99 N-Q) mutant P-gp was used. The
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Fig. 1. Two-dimensional hypothetical model of
P-glycoprotein structure. A hypothetical
two-dimensional model of human P-gp based on
hydropathy analysis of the amino acid sequence
[adapted from Gottesman & Pastan (1988)]. The
glycosylation sites in the first extracellular loop are
indicated by the helical lines. Glycosylation occurs
in the first extracellular loop (inset) at the asparagine
residues 91, 94, and 99 contained in the consensus
sequence Asn-X-Ser/Thr (X can be any amino acid
but proline) (Kornfeld & Kornfeld, 1985). The
introduced mutations (N Q), which prevent
glycosylation, are underlined (inset). Although not
shown, 91, 94, and 99 N was also replaced with D
or deleted altogether.

majority of WT P-gp protein migrates mainly al40—  ANALYSES OF DRUG TRANSPORTFUNCTION AND
150 kDa, but a small portion also migrates at 170 kDa.SUBSTRATE SPECIFICITY
This result, which is also supported by earlier observa-
tions in vaccinia virus infected human osteosarcomarhe ability of the Gly P-gp to transport drugs was as-
cells, is attributed to incomplete glycosylation of WT sessed by fluorescence activated cell sorting (FACS).
P-gp due to a rapid rate of protein synthesis (RamaHelLa cells, expressing pTM1 (vector alone), WT P-gp,
chandra et al., 1996). and Gly P-gp were loaded with various fluorescent
Cyclosporin A treatment, which has been demon-drugs or drug analogues for 40 min in the presence and
strated to increase the localization of mutant P-gps at thabsence of the P-gp specific inhibitor, cyclosporin A.
cell surface that otherwise get trapped in the endoplasmiés shown in Fig. 4, the glycosylation-deficient P-gp ex-
reticulum (Loo & Clarke, 1997), was not able to increasepressing HelLa cells accumulate more daunorubicin
Gly™ P-gp cell surface expressiomgta not showjp  than the WT cells. The level of accumulation of fluo-
However, WT P-gp expression levels were elevated taescent substrates parallels the level of the glyco-
some extent (10—15%) when grown in the presence of 18ylation-deficient protein at the cell surface (Fig. 2). The
wM cyclosporin A. These results suggest that reducedsly” P-gp expressed at the cell surface is functional and
Gly™ P-gp expression is not due to increased accumulacapable of transporting drugs across the cell membrane.
tion of the full-length molecule within the endoplasmic A wide range of drugs and drug analogues were then
reticulum or intracellular vesicles. These findings areused to assess the effect of glycosylation on P-gp sub-
also supported by the immunoblot analysis of cellularstrate specificity. As shown in the Table, a qualitative
levels of WT and Gly P-gp &eeFig. 3). assessment of transport was made. The Glygp ex-
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Fig. 3. Wild-type and glycosylation-deficient P-gp expression. HelLa
cells were transfected with pTM1 (control, lane 1), pTM1-MDR1(H6)
(WT P-gp, lane 2), pTM1-MDR1-GI\H6) (Gly~ P-gp, lane 3) or
pTM1-MDR1 Gly D (H6) (Gly-DP-gp, lane 4) and infected with vac-
cinia virus. At 48 hr postinfection, the cells were harvested, and crude
membranes were prepared. An immunoblot analysis of the crude mem-
brane preparations (2g protein/lane) was done using the monoclonal
antibody, C219. The position of P-gp is indicated by an arrow.

P-gp were unaltered. The photoreactive prazosin ana-
logue, IAAP, was used to label WT and Gli?-gp from
vaccinia virus infected HelLa cell crude membranes in
the presence and absence of the inhibitor, cyclosporin A.
Cyclosporin A is a P-gp reversing agent that is capable of
inhibiting IAAP labeling (Dey et al., 1997). The labeled
proteins were analyzed by SDS-PAGE and autoradiog-
raphy. The vaccinia virus infected-transfected control
cells, pTM1, show no IAAP labeling as the endogenous

Fig. 2. Cell surface expression of wild-type and glycosylation- levels of P-gp are not high enough to be detected by
deficient P-gp. Infected-transfected HeLa cells were stained with thephoto-crosslinking at low concentratios nv) of IAAP
external epitope specific monoclonal antibodies, MRK16, UIC2 and (data not ShOW)’] Both the WT (Fig_ 5, lanes 1) and
4E3, and subjected to FACS analysis, as described in Materials anq;|y— P-gp were labeled by IAAP (|ane 3). Furthermore,

Methods. Hela cells were transfected with a vector containing pTMledosporin A completely inhibited 1AAP Iabeling for
(----), pPTM1IWT-MDR1(H6) =), or pTM1-MDR1-Gly (H6) (—).

pressing Hela cells compared to WT generally accumu
late more of the substrate. This increased accumulatio
is consistent with the reduced level of expression. Thi
result suggests that glycosylation is not required for th
drug transport function of P-gp, and the lack of this post-
translational modification does not cause any gross al-.

both WT and Gly P-gp (Fig. 5, lanes 2 and 4, re-

spectively). The use of this P-gp inhibitor demonstrates

Hwat the labeling of both WT and GlyP-gp with I1AAP

s specific. The lower level of IAAP labeling for Gly
-gp results from its reduced level of expression. Thus,

there seems to be no alterations in the drug binding prop-

erties of P-gp resulting from the absence of glycosyla-

terations in substrate specificity. These studies extenaon'
previous work demonstrating that the complete glyco-
sylation of P-gp is not essential for its function (Beck & ATPASE ACTIVITY OF WILD-TYPE AND

Cirtain, 1982; Ling et al., 1983; Germann et al., 1990
Kuchler & Thorner, 1992; Schinkel et al., 1993%eé

below).

DRUG PHOTOAFFINITY LABELING OF P-gp

'GLYCOSYLATION-DEFICIENT P-gp

By measuring the release of inorganic phosphate from
Mg-ATP, the ATPase activity of WT and GlyP-gp was
determined using the vaccinia virus expressed protein in

Drug photoaffinity labeling was performed to verify that crude membranes (Fig.Ap. The control membranes,
the drug binding properties of the glycosylation-deficientprepared with pTM1, show a basal activity of approxi-
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e Table. Assessment of the transport function of wild-type and glyco-
=E ™1 sylation-deficient P-glycoprotein using fluorescent substrates
s{p
2R Compound WT P-gp GlyP-gp  Gly D P-gp
S24
8g1 N-Q (N-D)
E
=K Calcein-AM (0.5um) +++++ ++++ ++++
= . . . Bodipy-FL-Forskolin ++H+t +H++ ++++
10° 10! 102 108 10? (0.5 um)
Fluorescence Intensity Bodipy-FL-Verapamil e+ e+ e+
o (0.5 pum)
: Bodipy-FL-Vinblastine +++++ ++++ ++++
o1 WT i (0.1 pm)
&3 P Bodipy-558/568-Prazosin  +++++ e+t ND
o )
aE N (0.5 pum)
521 ' Bodipy-FL-Prazosin - ot ND
[=] L
©81 | (0.5 pum)
=K ", Bodipy-FL-Taxol e+ttt e+t ND
o] . (0.5 um)
o e "\ Daunorubicin (3um) e+ e+ ND
0 1 2 '3 4
10 10 10 10 10 ] __ ]
Fluorescence Intensity Transport of fluorescent substrates at concen_tratlons as _|nd|c§1ted in the
parentheses, was assessed by FACS analysis as described in Materials
8 and MethodsgeeFig. 4). Unimpaired drug efflux (i.e., similar to WT)
24 Glv- represented by +++++. Reduced drug efflux (60-90% of WT) repre-
S y sented by ++++ and ND, not determined.
231
22
<
S8 WT Gly -
~E 20uM Cyclosporin A - + - +
o . d
o ~ 200-
100 104
Fluorescence Intensity
Fig. 4. Assessment of the drug transport function of wild-type and P-gp<

glycosylation deficient P-gp. The drug accumulation of vaccinia virus

infected-transfected HelLa cells was determined by a FACS analysis

Cells were transfected with pTM1 (control), pTM1-MDR1(H6) (WT

P-gp) or pTM1-MDR1-Gly(H6) (glycosylation deficient P-gp). After 13-
24 hr postinfection, cells were harvested, washed and loaded for 40 mi

with 3 wm daunorubicin, in the absence (=) and presence of an inhibi-

tor, 5 um cyclosporin A (---).

2 3 4
Fig. 5. Photoaffinity labeling of wild-type and glycosylation-deficient
P-gp with a prazosin analogué;?{i]-lodoarylazidoprazosin (IAAP).
mately 6-9 nmoles/min/mg and exhibit no verapamil-Vaccinia virus infected-transfected HeLa cell crude membrane frac-
stimulated ATPase activityd@ta not showp The WT  tions were labeled with 2mIAAP in the absence (laisel & 3) and in
P-gp memtranes have a basal actiy o spproximatelf P e an e Bl oo b 80,
22.0 nmoles/min/mg and a verapamil stimulated activity 2 (e P o
of 39.3 nmoles/min/mg. GlyP-gp membranes have a
basal activity of 10.2 nmoles/min/mg and a verapamil-
stimulated activity of 15.1 nmoles/min/mg protein. The ATPase activity to a similar extent as Gli?-gp (N- Q)
lower levels of activity observed for the glycosylation (data not showh
deficient protein is most likely due to lower levels of Due to the lower level of GlyP-gp protein in crude
expression of Gly P-gp in the crude membrane prepa- membranes, 8-azide<[>?P]-ADP trapping in the pres-
ration (Figs. 2 and 3). However, the fold increase inence of vanadate at 37°C was then performed to further
verapamil-stimulated ATP hydrolysis, which is reflective quantitatively characterize the ATP hydrolysis of the
of P-gp activity, is not significantly altered in the glyco- mutant protein. Verapamil was added to the membranes
sylation deficient P-gp (Fig. A). Moreover, Gly D  to ensure that the ATP hydrolysis of P-gp was stimulated
P-gp (N- D) mutant also exhibits verapamil-stimulated to the maximal level. Upon hydrolysis of<f3?P]-8-
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A 259 virus infected-transfected HelLa cells. HelLa cells were

c -1 starved in DMEM without cysteine/methionine for 30

S 207 min, pulsed with?°S-trans label (583-70@Ci/mL) for 5

3 s ol ‘ min and chased to a maximum of 24 hr (48 hr postin-

E ] fection). As shown in Fig. X, WT P-gp is predomi-

f 1.0 f nately expressed as the 140-150 kDa core glycosylated

E form, and very little of the fully glycosylated 170 kDa
0.5 A , form is observed in vaccinia virus infected-transfected
00 ‘ Hela cells, as previously described (Ramachandra et al.,
’ WT Gly- (N->Q) 1996). As shown in Fig. B, the incorporation of°S in

B wT Gly- Gly™ P-gp is 30-40% less than WT protein. Once the

glycosylation-deficient P-gp is synthesized, its half-life
0.3 mM VO,

of [B hr is approximately the same as the WT protein
(seeFig. 7C). The 3 hr half-life of the vaccinia virus
expressed WT P-gp was significantly shorter than that
previously reported for drug resistant stable cell lines.
For KB-V1 cells, the fully glycosylated P-gp was found
to be synthesized in approximately 2—4 hr and has a
half-life of 48—72 hr (Richert et al., 1988).

The decreased incorporation 8%S in Gly~ P-gp
(Fig. 7B) might be either due to decreased rate of syn-
thesis or increased rate of degradation of improperly
Fig. 6. Drug-stimulated ATP hydrolysis by wild-type and glycosyla- folded protein by the proteasome and/or endoplasmic
tion-deficient P-gp. A) Verapamil-;timulated ATP hydroly;is: Crude reticulum-associated proteases (Jensen et al., 1995: Loo
membranes of HelLa cells expressing WT or GRtgp were incubated & Clarke, 199&). To address this issue, HelLa cells

with 30 um verapamil, 10 mi MgCl,, 5 mm ATP in the presence and . R,
absence of 0.3 msodium orthovanadate at 37°C and the hydrolysis of were treated with proteasome inhibitors (Lee & Gold-

ATP was measured as described in Materials and Methods. Vanadat®€rd, 1998) such as lactacystinyhi) and MG-132 (2 to
sensitive, verapamil-stimulated ATPase activities of WT and®hgp 10 pMm) following transfection-infection for 16-20 hr.
from three independent experiments are shown (mesp) B) Vana-  Although treatment with proteasome inhibitors resulted
date-induced trapping of-%?P-8-azido-ADP. Crude membranes were in an increase in cellular levels of GIP-gp (Fig. D),
incubated withe«-°P-8-azido-ATP (25.m, 10 bCi), in the presence i g not enhance the level of mutant protein at the cell

and absence of vanadate (0.8)mVerapamil (30.m) was added to the . .
assay to ensure the stimulation of ATP hydrolysis. P-gp was immuno-Surface data not ShOW)‘l As described prewously

precipitated using the polyclonal antibody, PEPG 13. SDS-PAGE andJensen et al., 1995), the WT P-gp level was nOt signifi-
autoradiography were performed, as described in Materials and Methcantly affected by the treatment with lactacystin or MG-

ods and the autoradiogram is shown in the figure. 132. These data suggest that the decreased level of Gly
P-gp might be due to degradation of misfolded protein by
the proteasome, as well as by endoplasmic reticulum-
associated proteases (Loo & Clarke, 1898

azido-ATP by P-gp, the phosphate analogue, vanadate,

traps the labeled«{-*P]-8-azido-ADP molecule in the g scepTIBILITY TO TRYPSIN DIGESTION
P-gp active site where it becomes covalently cross-linked

upon exposure to UV light (365 nm) (Urbatsch et al.
1995). As shown in Fig. B, the vanadate induced trap-
ping of 8-azido-ADP (P-giMgADP-V;), revealed that
the glycosylation-deficient mutant has a level of ATP
hydrolysis that iS30-40% of WT P-gp, consistent with
the reduction in expression levels.

' Core glycosylated WT and mutant P-gps, expressed in
HEK 293 cells, have been shown to have an increased
susceptibility to trypsin digestion compared to the fully
glycosylated molecules (Loo & Clarke, 1998 To test
whether unglycosylated P-gp is more susceptible to tryp-
sin digestion, crude membranes of WT and GBrgp
were treated with trypsin at various concentrations. The
BIOSYNTHESIS AND STABILITY OF WILD-TYPE AND extent of P-gp digestion was assessed by immunoblotting
GLYCOSYLATION-DEFICIENT P-GLYCOPROTEIN with the monoclonal antibody, C219. As shown in Fig.

8, Gly” P-gp was not more susceptible to trypsin degra-
It was considered that the reduced levels of expressiodation than the core-glycosylated WT P-gp. Both Gly
Gly~ P-gp might be due to either reduced stability of theand WT P-gp, transiently expressed by the vaccinia virus
protein or alterations in P-gp biosynthesis. Thereforejn Hela cells, are fully degraded at a protein:trypsin ratio
3°S pulse-chase labeling was performed using vaccini®f 50:1.
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Fig. 7. Synthesis and degradation of wild-type and glycosylation deficient P-gp. Vaccinia virus expressed WT aRdgBlgxpressing HelLa
cells were pulsed for 5 min with°S methionine/cysteine 700 wCi/mL) and chased for up to 24 hr. P-gp was immunoprecipitated with the
polyclonal antibody PEPG-13, analyzed by SDS-PAGE, and autoradiographyP&Jp (paneB) shows a reduced synthesis compared to WT
P-gp (panel). PanelB shows the quantitation 6PS incorporation into P-gp. WT P-gp (-) is synthesized to a greater extent tharPGjp

(---), but the two proteins have similar half-lives of 3 hr (pa@g! Vaccina virus infected HelLa cells expressing WT and Gtygp were

treated for 20 hr with 5um lactacystin or 1Quv MG-132 (PaneD). Cell lysates were separated by SDS-PAGE, and P-gp was detected by

immunoblot analysis with C219.

CONFORMATION-SENSITIVE UIC2 BINDING Discussion
TO P-GLYCOPROTEIN

Although there are ten potential glycosylation sites in
It has previously been shown that the reactivity of mono-human P-gp, as determined by the presence of Asn-X-
clonal antibody UIC2 with P-gp at cell surface is in- Ser/Thr residues in the primary amino acid sequence
creased at 37°C in the presence of substrates or ageniShen et al., 1986), only three sites in the first extracel-
that induce ATP depletion (Mechetner et al., 1997). Thislular loop are glycosylated (Schinkel et al., 1993). There
enhanced antibody binding has been proposed to resuk a considerable body of evidence that argues against
from a conformational change induced by drug transporainy major role for glycosylation in regulation of the
or by ATP depletion, resulting in greater UIC2 epitope transport function of P-gp: (i) Inhibition of N-linked gly-
accessibility. When HelLa cells expressing Glp-gp  cosylation with tunicamycin has no effect on the MDR
were pretreated with fum cyclosporin A prior to UIC2  phenotype (Beck & Cirtain, 1982); (i) MDR sublines
staining at 37°C, a similar increase in UIC2 binding wascan be selected from among lectin-resistant CHO mu-
observeddata not showh This result suggests that dur- tants defective in N-linked glycosylation (Ling et al.,
ing drug transport, GlyP-gp, compared to WT P-gp, is 1983); (iii) mutants lacking all three N-linked glycosyla-
able to undergo similar conformational changes. tion sites in the first extracellular loop of P-gp can confer
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expression did not result from the amino acid alterations

A
Protein:Trypsin \.9 ,\4,02&2@4’9‘25’} but rather was due to the lack of glycosylation. Since
160 - mutants with N-Q, N-D or A N all gave a similar
WT LI result, Gly P-gp with N- Q mutations was used for
further studies.
105 - Although cell surface expression is reduced, the
Gly™ P-gp remains fully functional (Fig. 4). Further-
160 - more, the glycosylation deficient protein retains its abil-
Gly- - .- ity to transport a variety of anticancer drugs as well as
105 - other fluorescent substrates. Thus, our observations con-

firm the earlier findings (Schinkel et al., 1993) that gly-
Fig. 8. Susceptibility of wild-type and glycosylation-deficient P-gp to COSYlation is not required for drug transport function and
trypsin treatment. WT and GlyP-gp were subjected to trypsinization provide further evidence for the lack of its effect on the
at 37°C using various protein to trypsin ratios, as given in the figure.qpstrate specificity of P-gs¢eTable). Similar obser-

After the termmatlon_ of the react|or_‘| with trypsm |nh|b|t0r,_ the c_rude vations have been reported for other membrane transport
membrane preparations were subjected to immunoblotting with the

monoclonal antibody, C219. The pattern of degradation for WT andpmtelns as Wel!' .The unglycosylated GLYT1 (glycme_)
Gly~ P-gp is shown in the top and bottom panel (as indicated with wT transporter exhibited decreased cell surface expression,

and Gly on the left), respectively. but retained full activity when it was reconstituted (Oli-
vares et al., 1995). In addition, the function and stability

of the Na/I~ symporter, which is predicted to contain 13

MDR phenotype to the drug-sensitive cells (Schinkel e . . :
al., 1993); and (iv) recombinant P-gps produced in hett-trs r;zr;lﬁ;?i%rr?r(lﬁesayggn;, |slggg)served In the absence of

erologous expression systems such as insect (Sf9, Hig% Biochemical assays were performed to further elu-

Five) cells, and yeast, in which at most COTe" iidate the subtle alterations in P-gp-mediated activiti
glycosylation can occur, exhibit either drug-stimulated _-gp-mediated aclivilies
caused by the lack of glycosylation. Biochemical char-

ATP tivi - o .
(Sarl?:; ;c;;/lt)iggrz.A;Eege;ga;yc:sgrt]ddéu%rgs nigg;t.actenzatlon of the glycosylation mutant shows that there

Ramachandra et al., 1998). However, mutant P-gp§lre no alter_ations in the drug bin_d_ing properties _(Fig._5)
lacking all three glycosylation sites are less efficient inand drug-stimulated ATPase activity of the protein (Fig.

conferring drug resistance. Therefore, glycosylatione)' The lower net verapamil-stimulated ATPase activity

may play a role in targeting P-gp to cell surface, in sta-Of GI){ P-gp can be attributed _to its _Iower level of ex-
bilizing the protein against proteolytic degradation at thePression. However, the fold-stimulation of ATPase ac-
cell surface (Schinkel et al., 1993), or in proper folding f[|V|ty_, an |ntr|r_13|c property that reflects prote_ln func'qc_m-
of the molecule within the endoplasmic reticulum during INg, is essentially unaltered in the glycosylation-deficient
biosynthesis gee below In this report, we have ex- mutant P-gp. Furthermore, thg vaccinia virus ex.prgssed
tended these studies by characterizing various propertiggly” P-gp does not show an increased susceptibility to
such as drug transport, ATPase activity, drug bindingrypsin digestion compared to the WT (Fig. 8). Simi-
synthesis, degradation and gross conformation of glycolarly, the conformation-sensitive monoclonal antibody,
sylation-deficient P-gp. UIC2, exhibits substrate-induced increased binding with
To determine the biochemical role of N-linked gly- Gly~ P-gp to the same extent as WT protein (Mechetner
cosylation in the generation of a MDR phenotype, a gly-€t al., 1997). The unaltered trypsin sensitivity and the
cosylation deficient P-gp was expressed in HelLa cellgeactivity with UIC2 of Gly P-gp suggest that the gross
using a vaccinia virus expression system. Transientlyconformation of the mutant protein is similar to that of
expressed WT P-gp in this system is predominantly coréhe WT P-gp. These results also demonstrate that the
glycosylated, having a molecular weight of approxi- drug binding properties, ATPase activity, and gross con-
mately 140-145 kDa. The core-glycosylation does notfformation of P-gp are not influenced by glycosylation.
affect the cell surface expression or the transport func-  To elucidate the role of glycosylation in the biosyn-
tion of P-gp (Hrycyna et al., 1998; Ramachandra et al.thesis and stability of the proteif>S pulse-chase label-
1998). Upon removal of the glycosylation sites (Gly ing was performed using the vaccinia virus expression
P-gp, 91, 94, and 99 NQ), P-gp does not get glyco- system. Previously, it has been observed that glycosyla-
sylated and is expressed less compared to WT protein dibn can significantly reduce the half-life of norepineph-
the cell surface (Figs. 2 and 3). The replacement of Asrine transporter (Melikian, 1996). GlyP-gp appears to
with negatively charged Asp or the deletion of all the be synthesized at a similar rate as WT, but due to mis-
three Asn residues did not result in an increase in thdolding of some of the mutant protein, it is degraded by
expression of the glycosylation-deficient P-gp. Thereforethe proteasome resulting in lower levels of expression.
these results demonstrate that the decrease in/&lyp  The treatment with inhibitors of proteasome function,
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such as MG-132 or lactacystin, results in increased in{91, 94, 99N- Q) with (His); tag at its carboxy terminus
tracellular levels of Gly P-gp, without increasing its in a baculovirus expression system (J. Gribar, M. Ra-
level at the cell surfaced@ta not showp These protea- machandra and S. Ambudkampublished dafpand this
some inhibitors do not have any significant effect on theapproach should facilitate the elucidation of the 2-D and
level of WT protein (Jensen et al., 1995; Loo & Clarke, 3-D structures of P-gp.
1998&). These findings demonstrate that the protea-
somal degradation of misfolded mutant protein may beWe thank Dr. Alfred Schinkel for providing the humafDR1 cDNA,
the primary cause for the reduced level of GR-gp. pRc/CMV-nedDR1 encoding 'the 91, 94, and 99-NQ (Schinkel et
Thus, the glycosylation appears to affect proper fOldingaI".ngS) mutant P—gp, Drs. Michael M. Gottesman and Ira Pastan for
of P-gp in the endoplasmic reticulum instead of facili- their support and advice and Drs._KathIeen Kerr and Zuben Sauna for

. I N . ) ” - useful comments on the manuscript.
tating its trafficking or increasing its stability at the cell
surface, as proposed earlier (Schinkel et al., 1993).
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