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ABSTRACT: P-Glycoprotein (or ABCB1) has been shown to cause multidrug resistance in tumor cell lines
selected with lipophilic anticancer drugs. ABCB1 encodes a duplicated molecule with two hydrophobic
and hydrophilic domains linked by a highly charged regiom~&0 amino acids, the “linker domain”

with as yet unknown function(s). In this report, we demonstrate a role for this domain in binding to other
cellular proteins. Using overlapping hexapeptides that encode the entire amino acid sequence of the
linker domain of human ABCBL1, we show a direct and specific binding between sequences in the linker
domain and several intracellular proteins. Three different polypeptide sequéhedsdIYFKLVTM 627
(LDS517-627) 6571SRSSLIRKRSTRRSVRGSQES (LDS7-676), and®*PVSFWRIMKLNLT?95 (LDS893-709)]

in the linker domain interacted tightly with several proteins with apparent molecular mass&8,057,

and 30 kDa. Interestingly, only the 57 kDa protein (or P57) interacted with all three different sequences
of the linker domain. Purification and partial N-terminal amino acid sequencing of P57 showed that it
encodes the N-terminal amino acidswfandfS-tubulins. The identity of the P57 interacting protein as
tubulins was further confirmed by Western blotting using monoclonal antibodies snd -tubulin.

Taken together, the results of this study provide the first evidence for ABCBL1 protein interaction mediated
by sequences in the linker domain. These findings are likely to provide further insight into the functions
of ABCBL1 in normal and drug resistant tumor cells.

The successful treatment of cancer patients with chemo-sequence, ABCBL1 is tandemly duplicated with six trans-
therapeutic drugs is often limited by the development of drug membrane helices and a large cytoplasmic domain encoding
resistant tumors. Tumor cell lines selectedyitro, with a an ATP binding sequenceé)( The two halves of ABCB1
single anticancer drug become resistant to a broad spectrunare linked by a stretch of~90 residues rich in polar or
of chemotherapeutic drugs, hence multidrug resistant (or charged amino acids, termed the linker domain.

MDR)* tumor cells (for reviews, see refs-3). The MDR In normal tissues, the distribution of ABCB1 is restricted
phenotype of tumor cells has been associated with the nmainly to tissues with secretory functiorig(lts polarized
overexpression of several ATP binding cassette transporterqocalization to apical surfaces facing a lumen in the adrenal
(or ABC proteins) such as the P-glycoprotein (or ABCB1), gjand, liver, kidney, and intestine suggests a normal transport
the multidrug resistance-associated protein (MRP1 or AB- o getoxification mechanism. Moreover, hematopoietic stem
CCl), and the breast resistant protein (or ABCGZ2; for celis and specific lymphocyte subclasses also express high
reviews, see refs—3). These ABC transporters are members |avels of the protein §). Although ABCB1 has been

of a large family of energy-dependent transporters, consistingjmpjicated in the transport of numerous ligands, the normal
of 48 ABC proteins 4). ABCBL1 is among the most-studied gypstrate of ABCB1 remains unknown. High levels of
transporter, but its tertiary structure remains a matter of ABCB1 have been found in many intrinsically drug resistant
speculation §). On the basis of its primary amino acid tymors from colon, kidney, breast, and adrenals as well as

- o red by funds from the Natural Sci g in other tumors which had acquired the MDR phenotype after
is work was supported by funds from the Natural Sciences an ; R ;
Engineering Research Council of Canada (NSERC) to E.G. ResearchChemOt_herapy (for example, in acute ”OT‘ lymphoblastic
at the Institute of Parasitology is supported by an FQRNT Center Grant. |eUker_ﬂ|a) 2 1_0)- Moreover, _59Vera| studies haVe_ now
US patent no. 7,176,035. established an inverse correlation of ABCB1 expression and

*To whom correspondence should be addressed: Institute of rasponse to chemotherapyl(12). Chan et al. 13, 14) have
Parasitology, McGill University, 21,111 Lakeshore Rd., Ste-Anne de o )

Bellevue, Quebec H9X 1CO, Canada. Telephone: (514) 398-8137. shown that ABCB_l expressmn was p!'OgnOSt'_C of MDR and
Fax: (514) 398-7857. E-mail: elias.georges@mcgill.ca. durable response in childhood leukemia, soft tissue sarcomas,
* Abbreviations: MDR, multidrug resistance; P-gp, P-glycoprotein; and neuroblastomas of children. In light of these studies,
MRP, multidrug resistance protein; SBBAGE, sodium dodecyl — thare gppears to be convincing evidence, at least in some

sulfate-polyacrylamide gel electrophoresis; ABC, ATP binding cas- .
sette: CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propane- cancers, that ABCB1 levels predict response to chemothera-

sulfonate. peutic treatmenti1().

10.1021/bi7006228 CCC: $37.00 © 2007 American Chemical Society
Published on Web 05/27/2007



7338 Biochemistry, Vol. 46, No. 25, 2007 Accelerated Publications

Earlier studies have shown ABCBL to be a substrate for from Cambridge Research Biochemicals (Valley Stream,
protein kinases C and A16, 17). Furthermore, drugs NY). Peptides were synthesized on solid polypropylene
affecting protein kinase C activity modulate ABCB1 phos- rods as previously describe@€). For the binding assay,
phorylation and MDR-mediated phenotyd3(19). In one [35S]methionine-labeled proteins from total cell lysate were
study @0), PMA probol ester was shown to increase ABCB1- mixed with an equal volume of-36% BSA or 1% gelatin
mediated MDR and drug efflux, while in another stu@y) in phosphate-buffered saline and incubated with overlapping
sodium butyrate treatment of SW620 human colonic carci- hexapeptides covalently linked to polypropylene rods. The
noma cells was shown to cause an increase in ABCB1 peptides and total cell lysate were incubated overnight at 4
expression without a concomitant increase in drug resistance’C. The rods were then removed and washed four times in
or efflux. Interestingly, ABCB1 in SW620 cells was shown PBS. The bound proteins were eluded by incubating the pins
to be poorly phosphorylated following sodium butyrate in 1x SDS sample buffer for 60 min at room temperature

treatment21). Taken together, the lack of transport function
of ABCBL1 in SW620 cells was not clear; however, mutations
of ABCBL1 phosphorylation sites within the linker domain

were shown not to affect its drug transport functi@®)(

with shacking.

SDS-PAGE and Western Blottingrotein fractions (100
150uL) were resolved via SDSPAGE using the Laemmli
gel system27). Proteins were dissolved in3solubilization

By contrast, protein kinase C modulation of serine/threonine sample buffer I [62.5 mM Tris-HCI (pH 6.8) containing 2%
residues in the linker domain regulated the activity of an (W/v) SDS, 10% (w/v) glycerol, and 5% -mercaptoethanol],
endogenous chloride channel and thus suggests that ABCBland samples were electrophoresed at a constant current. Gel

is a channel regulatoR®). Thus, although it remains unclear

what functions the linker domain of ABCB1 mediates, it was
of interest to identify the proteins that interact with the linker
domain using ain vitro assay. In this study, we used a large

slabs containing the resolved proteins were fixed in 50%
methanol and 10% acetic acid. Polyacrylamide gels contain-
ing [3°S]methionine labeled proteins were exposed to Kodak
X-ray film following a 30 min incubation in an Amplify

set of overlapping peptides that encode the entire primary spjution (Amersham Inc.). Alternatively, proteins were

sequence of the ABCBL linker domain in a pulldown assay
to identify ABCB1-interacting proteins from total cytosolic

transferred to a nitrocellulose membrane in Tris-glycine
buffer in the presence of 20% methanol for Western blot

proteins. Our results show short sequences in the linker gnalysis according to the procedure of Towb28)( The

domain that interact with proteins with apparent molecular
masses 0f~80, 57, and 27 kDa. Purification and partial
N-terminal amino acid sequencing of the 57 kDa protein (or
P57) were revealed as andf-tubulins.

EXPERIMENTAL PROCEDURES

Metabolic Labeling and Cell ExtractiorDrug resistant
(CEM/VLBY cells were cultured ino-MEM medium
supplemented with 10% fetal calf serum (Hyclon, Inc.) as
previously described2d). All cells were examined for
Mycoplasma contamination every 3 months using the
Mycoplasma PCR kit from Stratagene Inc. (San Diego, CA).
For metabolic labeling of cells, CEM/VLE cells at
70—80% confluency were metabolically labeled with
[*®S]methionine (10Q«Ci/mL, 1000 Ci/mmol; Amersham
Life Sciences, Inc.) o6 h at 37°C in methionine-free

a-MEM medium. Cells were then washed three times with

nitrocellulose membrane was incubated in a 5% skim milk/
PBS mixture prior to the addition of anti-tubulin monoclonal
antibody (0.5«g/mL in 3% BSA; Amersham Inc.). Following
several washing steps with PBS, the nitrocellulose was
incubated with peroxidase-conjugated antibody, and immu-
noreactive proteins were visualized by chemiluminescence
using the ECL method (Amersham Inc.).

Protein Purification and N-Terminal Sequencirihe 57
kDa protein was purified using a block of polypropylene pins
with one of the affinity binding peptide sequences covalently
attached. Briefly, the latter pins were incubated with total
cell lysate as indicated above; however, in this case, the
carrier substance was gelatin (1%). The bound proteins were
eluded in 100 mM phosphate buffer (pH 7.4) containing 2%
SDS and 0.196-mercaptoethanol. The eluted proteins were
precipitated by mixing them with 9 volumes of ice-cold
ethanol and incubated at20 °C. Following a high-speed

phosphate-buffered saline (PBS), resuspended in hypotoniceenrifugation of the latter sample (centrifugation for 15 min

buffer [10 mM KCI, 1.5 mM MgC}, and 10 mM Tris-HCI
(pH 7.4)] containing protease inhibitors (2 mM PMSF, 3
ug/mL leupeptin, 4ug/mL pepstatin A, and lug/mL
aprotinin), and kept on ice for 30 min. Cells were lysed by
homogenization in a hypotonic buffer, and the cell lysate
was sequentially centrifuged at 6@p@r 10 min. Following

the latter centrifugation, the supernatant was removed, and

a final NaCl concentration of 0.5 M from a stock solution

at 1500@ and 4°C), the precipitated proteins were resus-
pended in 1% SDS in PBS and mixed with an equal volume
of 2x SDS Laemmli sample buffer2f). Protein samples
were resolved via 10% SDSPAGE and transferred to PVDF
membrane. The migration of the 57 kDa band was visualized
by staining the PVDF membrane with Ponceau S. The PVDF
membrane containing the 57 kDa band was excised from
and submitted to the protein sequencing facility at the

of 4 M NaCl was reached. The cell lysate was incubated on Biotechnology Service Centre in Toronto, ON. Amino acid

ice for 30 min. The sample was mixed and brought back to

a final NaCl concentration of 0.1 M. The cell lysate was
centrifuged for 10 min at 150@0and 4 °C. The latter
supernatant was removed and recentrifuged at 1Gp@f0
60 min in a Beckman ultracentrifuge using SW55 rotor. The

sequencing of peptides was performed according to the
method of Edman and Begg9) using an Applied Biosys-
tems gas-phase model 470A sequenator according to the
procedure described by FlynBQ).

amount of protein in the samples described above wasRgsyLTS AND DISCUSSION

determined by the method of Lowrg%).
Peptide Synthesis and Binding Assasederivatized plastic

The physiologic function(s) of the ABCB1 linker domain

rods, active ester, and polypropylene trays were purchasedemains a matter of speculation. In this study, it was of
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Ficure 1: P-Glycoprotein-predicted secondary structure and amino acids of the linker domain. A schematic representation of P-gp-predicted
secondary structure. The 12 black squares represent the 12 putative transmembrane domains. The two ATP binding domains are represented
by two circles in the N- and C-terminal halves of P-gp. The inset represents the linker domain. The amino acid sequence of the linker
domains of ABCB1 is indicated as a single-letter amino acid code. The numbers in brackets at the beginning and end of each amino acid
sequence of ABCB1 show the length of the linker domains9@). The numbered lines underneath the amino acid sequence show the
sequence of the overlapping hexapeptides, which differ by one amino acid.

interest to identify cytosolic proteins that interact with the Interestingly, however, the amino acid sequence of the
linker domain ABCBL1 transporter. Using a novel approach second region (peptides 460) encodes protein kinase C
to identifying high-affinity binding sequences (or HABS; E. consensus sequence81). The third region (peptides
Georges, manuscript in preparation), a total of 92 overlapping 81—89) was shown to encode a protein kinase A s3®).(
hexapeptides were synthesized to cover the entire linkerWork is ongoing to determine if modifications of such
sequence of ABCBL1 (see Figure 1). This approach allows sequences by phosphorylation affect their ability to interact
the simultaneous identification of the “high-affinity binding with P57 protein. Such short polypeptides encoding high-
sequences” within the linear sequence of a given protein (“the affinity signature sequences have been previously described,
bait”) and interacting proteins (“the capture”) from a large for example, the Src homology-2 or SH2 domain of Src-
mix of proteins. This is achieved experimentally by synthe- family kinases shown to bind tightly to a phosphorylated
sizing short overlapping peptides on a solid support and tyrosine (Y*-EEI) sequence found in the epidermal growth
allowing such short flexible peptides to interact with a meta- factor receptor and the focal adhesion kina®.(

bolically labeled pool of cellular proteins. Briefly, peptides To determine the identity of P57 protein, sufficient amount
encoding the entire linker sequence of ABCB1 were synthe- of this protein was harvested through the use of sev-
sized onto plastic rods and then incubated with total cell ly- eral copies of two hexapeptides®>*RSSLIR® and
sate from CEM/VLB cells metabolically labeled wit#9S]- 669SVRGS ") from the second region of the ABCBL1 linker
methionine. The bound proteins were then eluded with SDS-domain, which exhibited the strongest capacity to bind to
containing buffers and resolved via SBBAGE (see P57. As expected, the results in Figure 3 show that both
Experimental Procedures). Figure 2 shows proteins boundhexapeptides bound specifically to the 57 kDa protein.
to the 92 overlapping hexapeptides from the ABCBL1 linker However, both hexapeptides bound another protein with an
sequence. Three regions in the ABCB1 linker domain apparent molecular mass 641 kDa. Interestingly, longer
[BYEKGIYFKLVTM 627 (LDS617-627), 65/SRSSLIRKRST- incubation times of the total cell lysate led to an increase in
RRSVRGSQA (LDS%7¢79), and 59PVSFWRIMKLN- the levels of the 41 kDa protein (Figure 3). We speculate
LT705 (LDS®9%7%9)] bound a 57 kDa protein (or P57). thatthe 41 kDa band is likely a degradation product of P57
Hexapeptides 4660, 81-89, and 5-9 (Figure 1) bound with protein due to the addition of 1% gelatin, instead of 3% BSA
decreasing affinities to P57 protein (Figure 2). A peak as a carrier molecule that would allow the isolation of
increase in the intensity of peptiderotein interaction is seen  albumin-free P57.

clearly within LDS57-67¢ sequences. Such increase in the  Using multiple copies of the two high-affinity hexapeptides
level of peptide-protein interaction at a resolution of a single  (5*®RSSLIR% and %°SVRGSG"™) in pulldown assays,
amino acid points to the specificity of this interaction and considerable amounts of pure P57 protein were easily
the applicability of this approach to mapping high affinity obtained. Figure 4 shows a Coomassie blue-stained-SDS
binding domains between any two interacting proteins. In PAGE gel containing the peptide-captured P57 protein. The
addition to P57, peptides 4&0 bound two other proteins  purified protein was transferred to a PVDF membrane and
with apparent molecular masses of 80 and 30 kDa, but to astained with Ponceau S to localize the protein. The Ponceau
lesser extent. It is likely that the latter proteins (80 and 30 S stained band migrating with the expected molecular mass
kDa) are associated with P57, since these proteins arewas cut out and used for direct N-terminal sequenc8aj. (
detected when the intensity of the P57 protein signal is high The first seven rounds of Edman degradation showed two
(Figure 2, peptides 56056). Comparison of the amino acid sequences, MREVISI and MREIVHI. The two polypeptide
sequences of the three polypeptides that bound P57 did nosequences differed by only three amino acids (VIS instead
reveal significant sequence homology among the threeof IVH). Comparison of the two sequences with known
polypeptides to account for their binding to the same protein. protein sequences using the FastA protein search engine
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Ficure 2: Binding of cytosolic proteins to overlapping hexapeptides encoding the ABCBL1 linker domain. Overlapping hexapeptides that
encode the linker domain of ABCB1 were synthesized on polypropylene rods and used to identify proteins that bind to these peptides. A
total of 90 plus two control hexapeptides for ABCB1 were incubated with total cell lysate from CEMA/dIs metabolically labeled

with [3°S]methionine (see Experimental Procedures). All bound proteins were eluted from the peptide-coupled rods and resolved via 10%
SDS-PAGE. Lanes 392 show the $S]methionine-bound proteins from ABCB1. The migration of the molecular weight markers is
shown to the left of the figure.

MW (kDa) 1 2

205 —
116 —
80 —

protein, was consistent with the apparent molecular mass and
the potential degradation products that were observed fol-
lowing long incubation periods (e.g., the 41 kDa polypep-
= tide). The identity of P57 protein as tubulin was confirmed
: by Western blotting on eluted material probed with anti-
49 — TN . ‘g & tubulin and antjg-tubulin monoclonal antibodies. Figure 5
s shows the results of the Western blot analysis. Consistent
32 with the sequencing results, both tubulin suburits0d})
were recognized in the lanes containing the hexapeptide-

ar— i bound proteins, thus establishing the identity of the 57 kDa
Peptide (RSSL'R) + - + = protein as tubulin.
Peptide (SVRGSQ) - + - + The physiological significance of the binding of ABCB1
to tubulin is not clear. However, tubulin has been shown to
Incubation time (hr) 24 48 interact with several membrane proteiB4+37). Therefore,
Ficure 3: Binding of cytosolic proteins to two high-affinity  the interaction of ABCB1 with tubulin, and possibly micro-
hexapeptidesTwo high-affinity binding sequence$fRSSLIR®  pyles, is consistent with the membrarskeleton fence

and%°SVRGSG"4 from the ABCBL linker domain were resyn- .
thesized and incubated with total cell lysate from CEM/\/CBells model @§). In that model, a small fraction of membrane

metabolically labeled with3fS]methionine following a 24 or 48 h ~ receptors seem to be fixed to the underlying cytoskeleton
incubation. Bound proteins were eluded from peptide-coupled rods (39). It is interesting in this respect that the increases in the
and resolved via 10% SDSPAGE. The migration of the molecular stability and level of expression of ABCBL1 in Rat liver
weight markers is shown at the left. L . . S .
tumors in vivo are associated with similar increases in the

revealed the first seven N-terminal amino acidsaefand stability of several cytoskeleton proteins, includimgubulin,
B-tubulins. The identification of tubulins, as the 57 kDa f-actin, and cytokeratins 8/18Q).
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Ficure 4: Purification of the 57 kDa protein. Total cell lysate was
incubated with 50 ABCB1 hexapeptide§>RSSLIF®? and
669SVRGS@“ Samples containing the 57 kDa protein (P57) from
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functions of ABCB1 (e.g., regulator of endogenous chloride
channel) were modulated by phosphorylati@3)( Indeed,

a member of the ABC transporter family, CFTR (the cystic
fibrous transmembrane regulator), which encodes a similar
linker domain was found to colocalize to the microtubule
network @1). Furthermore, microtubule-dependent acute
recruitment of CFTR to the apical plasma membrane of T84
cells was responsive to elevations in intracellular cAMP
levels and phosphorylation of the linker domadii), Taken
together, the localization of tubulin binding sequences to the
linker domain of ABCBL1 protein is the first direct evidence
for a role of this domain in ABCB1 protein interactions.
Moreover, the overlap in ABCB1 phosphorylation with
tubulin binding sequences leads one to speculate about the
role of phosphorylation as a modulator of binding of ABCB1
to tubulin or microtubule filaments. It is worth noting that
selection of tumor cells for resistance to drugs that modulate
or affect microtubule integrity often leads to the overexpres-
sion of ABCB1. Consequently, it is possible that interaction
of ABCB1 with tubulin is part of a signaling mechanism
whereby a change to microtubulin integrity leads to enhanced
ABCBL1 expression as a general defense mechanism. Alter-
natively, ABCB1-tubulin interaction may be important in
determining the protein half-life and turnover. Work is

a 100-hexapeptide incubation mix were pooled and resolved via ongoing to examine these possibilities, including the role of

10% SDS-PAGE. The resolved proteins were transferred to a
PVDF membrane and stained with Ponceau S. The migration of
the molecular weight markers is shown at the right.

1 2 3 4

MW

(kDa)
205 —
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80 —

49 —

32 —
2] —

Total cell Lysate
P57

+

Anti-tubulin alpha beta

Ficure 5: Western blot analysis with anti-tubulin monoclonal
antibodies. Total cell lysate from CEM/VLBL1.0 cells and proteins
eluted from the high-affinity binding hexapeptides of the ABCB1
linker domain (P57) were resolved via SBBAGE and transferred

to a nitrocellulose membrane. One-half of the membrane was probed 9.

with anti-o- and antig-tubulin monoclonal antibodies. The migra-
tion of the molecular weight markers is shown at the left.

In addition, the region with the highest affinity for P57
encodes the three putative phosphorylation sites in ABCB1
(31). Hence, it is possible that interaction of ABCB1 with
tubulin through the linker domain is modulated by phos-
phorylation of these sites. Mutations of ABCB1 phospho-
rylation sites within the linker domain were shown not to
affect its drug transport functior2®), while other proposed

ABCBL1 phosphorylation in tubulin binding.
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