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Multiple drug resistance protein 1 (MDR1) is composed of two homologous halves separated by an intra-
cellular linker region. The linker has been reported to bind myosin regulatory light chain (RLC), but it is
not clear how this can occur in the context of a myosin II complex. We characterized MDR1-RLC interac-
tions and determined that binding occurs via the amino terminal of the RLC, a domain that typically binds
myosin heavy chain. MDR1-RLC interactions were sensitive to the phosphorylation state of the light chain
in that phosphorylation by myosin light chain kinase (MLCK) resulted in a loss of binding in vitro. We
used ML-7, a specific inhibitor of MLCK, to study the functional consequences of disrupting RLC phos-
phorylation in intact cells. Pretreatment of polarized Madin–Darby canine kidney cells stably expressing
MDR1 with ML-7 produced a significant increase in apical to basal permeability and a corresponding
decrease in the efflux ratio (threefold; p < 0.01) of [3H]-digoxin, a classic MDR1 substrate. Together these
data show that MDR1-mediated transport of [3H]-digoxin can be modulated by pharmacological manip-
ulation of myosin RLC, but direct MDR1-RLC interactions are atypical and not explained by the structure
of the myosin II holoenzyme.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

MDR protein 1 (MDR1), also known as P-glycoprotein or ABCB1,
is the prototypical ATP-binding cassette (ABC) efflux transporter
associated with drug resistance. MDR1 has two halves, each con-
sisting of six membrane-spanning domains plus a nucleotide bind-
ing domain, joined by a linker region [1–4]. The intracellular linker
is approximately seventy-five amino acids and is essential to both
the transport function and ATPase activity of MDR1 [3,5]. The
study of ABC transporters in a variety of cell types suggests that
the linker is also a determinant of cell surface expression [3,6,7].
Identification of several cytoskeletal, regulatory and motor pro-
teins as direct binding partners of the linker domain has continued
to support this idea [4,6,8,9]. For example, linker-interacting pro-
teins such as HAX-1 and myosin RLC have been implicated in clath-
rin-mediated endocytosis and apical trafficking of bile salt export
protein (BSEP), respectively [6,9].

The identification of myosin RLC as a binding partner of several
ABC transporters, including MDR1 [9], was intriguing as we had
independently identified the same light chain as a direct binding
partner of subunits belonging to the N-methyl-D-aspartate (NMDA)
family of glutamate-gated ion channels [10,11]. Myosin RLC is re-
garded as an integral component of myosin II, a hexameric
ll rights reserved.
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complex that contributes to cell motility, adhesion, shape and
polarity in nonmuscle cells [12], that has also been implicated in
short-range, actin-based trafficking events [13–17]. Myosin RLC-
NMDA receptor interactions serve a trafficking function but do
not tether the NMDA receptor directly to the myosin II motor com-
plex [18]. As the disposition of RLC in binding other interacting
partners has not been determined [6,19,20], we characterized the
domains required for interaction with the linker region of MDR1
and investigated the consequences of disrupting MDR1-RLC inter-
actions in whole cells.

2. Materials and methods

2.1. DNA constructs and proteins

A fragment encoding the linker region (amino acid residues
633–709) of human MDR1 (GenBank accession No. M14758) was
amplified by PCR and inserted into pGEX-6P-3 (GE Healthcare
Bio-Sciences Corp., Piscataway, NJ). Full-length and mutant RLC
in pET28a (Novagen, Madison, WI), and the C-terminus of NMDAR1
(834–938) in pGEX-2T have been described previously [10,18]. The
C-terminus of the acid-sensing ion channel (ASIC) 2a in pGEX-6P-3
was the gift of Dr. Julie Saugstad (Robert S. Dow Neurobiology Lab-
oratories, Portland, OR). Recombinant pET28a/MRLC was expressed
in Escherichia coli (BL21-Gold(DE3)pLysS; Stratagene, La Jolla, CA),
and purified by nickel chelate chromatography as described
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previously [18]. Purified light chain was phosphorylated in the
presence of smooth muscle 10 lg/ml MLCK [18] and phosphoryla-
tion verified by polyacrylamide gel electrophoresis (PAGE) against
either non-phosphorylated or mock phosphorylated samples. Sam-
ples were heated at 80 �C for 2 min in urea sample buffer (8 M
urea, 33 mM Tris–glycine pH 8.6, 0,17 mM EDTA and bromophenol
blue), and resolved on NOVEX Tris–glycine pre-cast gels (Invitro-
gen, Carlsbad, CA). Protein was visualized directly by Coomassie
blue stain (BioRad Laboratories, Hercules, CA), or electro-trans-
ferred to nitrocellulose membrane (Amersham Bio-sciences, Pis-
cataway, NJ) and detected by immunoblot analysis using a
chemiluminescence assay for detection (Roche, Indianapolis, IN).

2.2. Chemicals and reagents

Radiolabelled [3H]-digoxin (23.4 Ci/mmol, >97% purity) was ob-
tained from Amersham, Inc. (Piscataway, NJ). 1-(5-Iodonaphtha-
lene-1-sulfonyl)-1H-hexahydro-1,4-diazepine hydrochloride (ML-
7), verapamil and digoxin were purchased from Sigma, Inc. (St Louis,
MO). For in vitro phosphorylation reactions, calmodulin was pur-
chased from Calbiochem (San Diego, CA) and smooth muscle MLCK
was a kind gift from Dr. Sonia Anderson (Oregon State University, Cor-
vallis, OR). All stock solutions were prepared on the day of the exper-
iment; final concentrations of DMSO or ethanol did not exceed 0.1% v/
v or 0.5% v/v for ML-7 and verapamil, respectively. Anti-myosin RLC
antibodiesaMRLC/3 [10] andaMRLC/P [18] have been described pre-
viously. Additional primary antibodies were from commercial
sources and included: anti-MDR1 (anti-ABCB1 MAb/ C219; Axxora,
LLC, San Diego, CA) and anti-T7 (Novagen, Madison, WI).

2.3. Glutathione-S-transferase (GST) pull-down assays

Regions of MDR1, NMDAR1 or ASIC2a fused to GST were ex-
pressed in E. coli (BL21-Gold(DE3)pLysS and tested for their ability
to interact with either recombinant myosin RLC or native myosin
RLC derived from mouse brain in the absence of added magnesium
[10,18]. For pull-down assays from brain homogenates, cerebral
cortices were pooled from three adult Swiss Webster mice and
homogenized in a buffer containing (150 mM NaCl, 25 mM Tris,
5 mM EDTA, 5 mM EGTA, 10 mM ATP, 5 mM DTT). Assays were ini-
tiated by the addition of soluble cortical protein (1 mg) and incu-
bated with gentle rotation overnight at 4 �C. Unbound proteins
were removed by three sequential washes with binding buffer
and bound proteins then eluted from the beads by boiling in sam-
ple buffer. Proteins were separated by sodium-dodecyl sulfate
(SDS)–PAGE, and transferred to nitrocellulose membranes for
immunoblot analyses. Recombinant myosin RLC was detected with
either an anti-T7-tag antibody (RLC) or aMRLC/P. Native myosin
RLC was detected with aMRLC/3.

2.4. Transepithelial transport studies

MDCK cells stably expressing human MDR1 (MDCKII-MDR1), a
kind gift from Dr. Piet Borst (The Netherlands Cancer Research
Institute), were maintained in Dulbecco’s Modified Eagle Medium
(DMEM; Gibco, Grand Island, NY) with 10% fetal bovine serum (Hy-
clone; Logan, UT), plus 0.01% penicillin/streptomycin. For transport
studies, cells were grown (3 � 105 cells/well) on Transwell� (Corn-
ing) inserts (4.71 cm2), and maintained for 3 days after confluency
to allow polarization. Inserts were washed three times with trans-
port buffer (Hanks’ Buffered Salt Solution (HBSS) containing
10 mM HEPES and 25 mM D-glucose), and allowed to equilibrate
for 30 min before assessment of monolayer integrity using a World
Precision Instrument (Sarasota, FL). Transepithelial electrical resis-
tance (TEER) values were determined for each monolayer, by sub-
tracting the resistance of blank inserts and correcting for surface
area. Only cultures with resistance >500 X cm2, indicating forma-
tion of tight junctions, were used. The effect of pharmacologecal
inhibitors was assessed by pre-treating monolayers with drug or
vehicle for up to 4 h before initiation of transport studies. There
was no significant difference between TEER values taken before
and after treatment (data not shown), indicating that the integrity
of cell monolayers was not compromised by drug exposure.

Transport studies were conducted at 37 �C in air, 5% CO2 and
95% relative humidity with [3H]-digoxin (1 lCi; 0.5 lM) in trans-
port buffer at pH 6.8 for the apical (AP) and pH 7.4 for the basolat-
eral (BL) compartment. [3H]-Digoxin transport was assessed in
both AP to BL and BL to AP directions. Aliquots (100 ll) were ini-
tially taken from the donor and receiver chambers, and thereafter
from the receiver chamber every 30 min up to 3.0 h. The entire
receiving compartment was replaced with a fresh solution of HBSS
at each time interval. Aliquots were placed in 0.9 ml scintillation
fluid (Cytoscint ES, ICN, Cosa Mesa, CA) and [3H]-activity measured
on a Beckman LS 6500 scintillation counter (Palo Alto, CA). The
effective permeability coefficients (Pe) of digoxin after every
30 min were calculated using the following equation [21]:

Pe ¼ Vd � D%=A� Dt

where Pe is the effective permeability coefficient (cm s�1), Vd is the
volume (cm3) of the donor compartment, A is the surface area of the
monolayer (4.71 cm2), and D%/Dt is the percentage mass trans-
ported (s�1). The apparent permeability (Papp) of digoxin after 3 h
was subsequently calculated using the following equation [22]:

Papp ¼ dQ=dt � 1=ðA� C0Þ

where A is the surface area of the monolayer (4.71 cm2), C0 is the
initial concentration of radiolabelled probe substrate in the donor
compartment; and dQ/dt is the slope of the steady-state rate
constant.

The efflux ratio was determined by dividing Papp in the BL to AP
direction by Papp in the AP to BL direction

Efflux ratio ¼ Papp ðBL! APÞ
Papp ðAP! BLÞ
2.5. Statistical analysis of transport data

Values are presented as mean ± standard error (SE). Differences
in AP and BL permeability, TEER readings and efflux ratios of treat-
ment groups were compared with respective controls using an un-
paired t-test. Differences in TEER readings within various
treatment groups were compared using one-way ANOVA followed
by Bonferroni’s multiple comparison test. Statistical significance
was represented as: **p < 0.01, *p < 0.05.
3. Results and discussion

3.1. Myosin RLC is a direct binding partner of MDR1

We compared the ability of myosin RLC to bind target sequences
from seemingly unrelated membrane-bound proteins (Fig. 1A). For
these studies the intracellular linker region of MDR1, the full-length
C-terminus of NMDAR1, and the C-terminus of an unrelated ion
channel subunit, ASIC2a, were expressed in bacteria as GST fusion
proteins and immobilized on glutathione-Sepharose beads. Immo-
bilized GST fusion proteins were used as affinity matrices to examine
interactions with either recombinant myosin RLC (Fig. 1B, upper pa-
nel), or native light chain derived from mouse cortex (Fig. 1B, lower
panel). Purified myosin RLC bound strongly and specifically to GST/
MDR1 linker and NMDAR1 C-terminus (NR1-C), yet failed to interact
with GST alone or a GST/ASIC2a (lanes 2 and 3, Fig. 1B, upper panel). A



Fig. 1. Myosin RLC binds directly to the linker region of human MDR1. (A)
Schematic representation of the membrane topology of MDR1 and the NMDAR1
subunit of the NMDA receptor showing intracellular myosin RLC binding domains.
(B) Recombinant and native RLC were retained on affinity matrices corresponding
to the MDR1-linker region and C-terminus of NMDAR1 (NR1-C), but not on affinity
matrices corresponding to GST alone or the C-terminus of acid-sensing ion channel
(ASIC) 2a. Autoradiographs are representative of three (purified RLC) or four
independent determinations (brain homogenates for each experiment were
prepared from four independent animals).

Fig. 2. Myosin RLC binds to the linker region of MDR1 via the amino terminal of the
light chain. (A) Schematic representation of a series of HA-tagged myosin RLC
deletion mutants (corresponding to amino acids 1–101, 61–129, 102–172, 1–129,
61–172) used in panel B. (B) A truncated recombinant myosin RLC (amino acids 1–
129) was sufficient for binding directly to the MDR1-linker region (compare lanes 9
and 15). The amino terminal region (1–101) was retained but to a lesser extent than
wild-type myosin RLC (compare lanes 3 and 15). Panel B is representative of three
independent determinations.
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similar pattern of binding was observed in GST pull-down assays
where purified myosin RLC was substituted for homogenates de-
rived from mouse cortex (Fig. 1B, lower panel). Immunoblotting
with an anti-myosin RLC antibody revealed that mouse brain myosin
RLC was retained on GST affinity matrices containing the MDR1 lin-
ker (lane 4, Fig. 1B, lower panel) and the NMDAR1 C terminus (lane 5,
Fig. 1B, upper panel), yet did not bind to either GST alone (lane 2,
Fig. 1B, lower panel) or GST/ASIC2a (lane 3, Fig. 1B, lower panel).
These data indicate that myosin RLC is a direct binding partner of
at least two integral membrane proteins.

3.2. The amino terminal of myosin RLC is required for binding MDR1

To determine the structural basis of light chain interactions
with MDR1 we expressed deletion mutants of RLC in bacteria and
examined them for interaction with the MDR1 linker domain
(Fig. 2). The RLC mutant corresponding to the first three helix–
loop–helix motifs (EF-hand domains) of the protein (1–129) bound
to GST/MDR1 in a manner that was comparable to that of the full-
length (1–172) protein (compare lanes 9 and 15 of Fig. 2, panel B).
The RLC mutant lacking the third EF-hand domain (1–101) was also
retained, albeit to a lesser extent, on a GST/MDR1 affinity matrix
(lane 3 of panel B). Deletion of the first one or two EF-hand domain
of the light chain (to yield either 61–172 or 102–172, respectively)
dramatically reduced or abolished the interaction of RLC with GST/
MDR1 (lanes 6 and 12 of panel B, respectively). These findings indi-
cate that residues in the amino terminal of myosin RLC are critical
for MDR1 binding. The first EF-hand domain is necessary for bind-
ing; residues between 61 and 129 of the light chain likely contrib-
ute to the overall stability of the protein–protein interaction
whereas residues 130–172 are not part of the MDR1-RLC interface.

MDR1-RLC interactions were qualitatively similar to NMDA-RLC
interactions [18], suggesting that the light chain likely adopts a
similar conformation when bound. In contrast, and in keeping with
the available crystal structures of the myosin II complex [23–25],
all four EF-hand domains were previously found to be necessary
for RLC binding to myosin II heavy chain and required magnesium
[18]. The direct interaction between the RLC and MDR1 can there-
fore not be explained by the traditional interaction of myosin RLC
as a component of the myosin II holoenzyme. Rather than forming
a bridge between myosin II heavy chain and MDR1, myosin RLC
likely forms a complex with MDR1 that is independent of the hea-
vy chain. Such light chain-containing complexes have been de-
scribed before for a Saccharomyces cerevisiae essential light chain,
Mlc1p, during mitosis and serve to recruit the target protein to a
specific subcellular, actin-rich compartment [26].

3.3. The phosphorylation state of myosin RLC is a critical determinant
of MDR1-light chain binding

The amino terminal region of myosin RLC is phosphorylated by
MLCK at Ser19 and Thr18 [27]. To determine if MDR1-RLC interac-
tions are modulated by phosphorylation, a minimal RLC-interacting
domain (residues 1–129) was phosphorylated in vitro by MLCK and
tested for interaction with the MDR1 linker and the NMDAR1 C-ter-
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minal (Fig. 3). Phosphorylation was confirmed following all in vitro
reactions by immunoblot analysis of RLCs resolved by urea–glycerol
PAGE (Fig. 3B). Phosphorylated and non-phosphorylated RLCs were
examined in parallel for interaction with GST/MDR1 and GST alone
(Fig. 3C), or GST/NR1-C and GST alone (Fig. 3D) using an antibody
to both forms of the protein. In the phophorylated state myosin
RLC (1–129) binding to either MDR1 (Fig. 3C), or NMDAR1
(Fig. 3D), was dramatically reduced when compared with non-phos-
phorylated RLC (lane 3 and 6, Fig. 3C and D). Loss of binding was con-
firmed by the use of a phospho-specific antibody that recognizes
only the phosphorylated form of the RLC (data not shown). This pat-
tern of binding was also observed when RLC (1–129) was substituted
Fig. 3. Myosin RLC-MDR1 interactions are sensitive to phosphorylation by myosin
light chain kinase (MLCK). (A) Schematic representation of the truncated myosin
RLC mutant (amino acids 1–129) used in panel C showing threonine and serine
phosphorylation sites, respectively. (B) Phosphorylation of recombinant myosin RLC
by MLCK was verified after each reaction by PAGE in 8 M urea followed by
Coomassie staining to visualize recombinant proteins. Panel shows representative
immunoblot analysis of myosin RLC (MRLC 1–129), before (lane 1) and after (lane 2)
phosphorylation by MLCK in vitro. Gels were transferred to nitrocellulose mem-
branes and proteins detected using an anti-T7 antibody. (C,D) GST/MDR1, GST/NR1-
C or GST alone, were immobilized on glutathione-Sepharose beads and incubated
with non-phosphorylated (lanes 1–3) or phosphorylated (lanes 4–6) forms of the
truncated RLC. Following phosphorylation of RLC by MLCK, binding of myosin RLC
(MRLC 1–129) to MDR1 was lost (panel C). Binding of myosin RLC (MRLC 1–129) to
the C-terminus of NMDAR1 was also decreased relative to the non-phosphorylated
state (panel D). Panels C and D are each representative of three independent
determinations.
for full-length RLC (data not shown). Thus, phosphorylation of criti-
cal residues in the amino terminus of the light chain disrupts binding
to both MDR1 and NMDAR1. Our previous study of NMDAR2A re-
vealed the same binding pattern [18], indicating that RLC binding
to at least three proteins can be disrupted by MLCK-induced phos-
phorylation. Furthermore, these interactions are inconsistent with
the conventional interaction of myosin RLC with myosin II heavy
chain in that the RLC remains bound to the heavy chain throughout
the actin-myosin ATPase cycle [22].
3.4. Apical-to-basal transport of [3H]-digoxin is enhanced by an
inhibitor of MLCK

Although myosin RLC interactions have been implicated in
movement of diverse non-myosin targets [6,18] it is not clear if
the light chain and MDR1 are in close enough proximity in whole
cells to influence drug transport. To study a potential influence of
myosin RLC on MDR1 physiology, we investigated the transport
of [3H]-digoxin, a well-known MDR1 substrate, in MDCKII-MDR1
cells. MDCK-type epithelial cells are able to polarize in culture
and are widely used as a model system to evaluate MDR1-medi-
ated transport of drugs. Cell monolayers, grown on semipermeable
supports, were pretreated with either ML-7 (10 lM), a pharmaco-
logical inhibitor of MLCK [28,29], or verapamil (100 lM), a direct
inhibitor of MDR1 function. Transepithelial transport of [3H]-di-
goxin (1 lCi; 0.5 lM) was then assessed across MDCKII-MDR1
monolayers in the absence of inhibitor in both AP to BL and BL to
AP directions.

ML-7 caused a significant increase in AP to BL permeability of
[3H]-digoxin that was generally sustained for the duration of the
three-hour study (Fig. 4A and B). In contrast, we observed no signif-
icant change in BL to AP permeability of [3H]-digoxin in response to
ML-7 (Fig. 4C and data not shown). Effective permeability of [3H]-di-
goxin was greatest in the first 30 min after ML-7 treatment, with a
greater than twofold increase in AP to BL (Fig. 4B), but no significant
change in BL to AP permeability (Fig. 4C). In contrast, verapamil in-
duced a significant decrease in BL to AP permeability, with no signif-
icant change in AP to BL permeability (Fig. 4B and C). Although ML-7
and verapamil induced distinct patterns in [3H]-digoxin transport,
both responses resulted in a decrease in the efflux ratio (Papp

(BL ? AP)/Papp (AP ? BL)) of the substrate. ML-7-treated cells
showed a threefold decrease in the efflux ratio of [3H]-digoxin
(2.70 ± 0.59 compared with 8.44 ± 1.09 in vehicle-treated monolay-
ers; p < 0.01), which was comparable to that measured with verapa-
mil, a direct inhibitor of MDR1-mediated efflux activity, (3.75 ± 1.29
relative to 6.82 ± 1.09 in vehicle).

Our functional studies are consistent with a scenario whereby
MDR1 is closely associated with myosin RLC in MDCK-MDR1 cells.
Efflux of drugs that are also MDR substrates contributes to poor
bioavailability and failure of numerous therapeutic regimens and
thus our findings provide insight into the potential influence
of MDR-interacting proteins on transporter function. Analysis of
MDR1-RLC interactions support site-specific phosphorylation of
amino terminal residues as a mechanism for myosin RLC dissocia-
tion, thus a RLC-bound conformation was likely favored in the
presence of ML-7. In a previous study, expression of a mutated
GFP-tagged RLC in which Thr18 and Ser19 were changed to alanine
resulted in decreased apical expression of BSEP in polarized MDCK
cells [6]. Taking previous studies of BSEP and NMDA receptor traf-
ficking into account [6,18], it is most likely that ML-7 altered trans-
epithelial transport of [3H]-digoxin herein by directly, or indirectly,
perturbing intracellular trafficking of MDR1. However, in contrast
to conclusions drawn with BSEP [6], we find that direct RLC-
MDR1 interactions are not compatible with conventional myosin
II structure.



Fig. 4. Apical to basolateral permeability (Pe) of [3H]-digoxin is enhanced in MDCKII-MDR1 cells following inhibition of myosin light chain kinase (MLCK). (A)Histogram
shows mean effective permeability coefficient (Pe) of [3H]-digoxin ± SE calculated every 30 min in the apical (AP) to basolateral (BL) direction for 3 h after exposure to vehicle
(�ML-7; clear bars) or ML-7 (+ML-7; black bars), a MLCK inhibitor. (B,C) Histograms compare the relative change in [3H]-digoxin effective permeability (Pe) in the AP to BL
direction (panel B), or BL to AP direction (panel C), thirty min following exposure to vehicle (clear bars), ML-7 (10 lM; black bars), or verapamil (100 lM; grey bars), a direct
inhibitor of MDR1-mediated efflux. Methods. For all transepithelial transport studies, permeability of [3H]-digoxin (1 lCi; 0.5 lM) was assessed in polarized, electrically-
resistant MDCKII-MDR1 cell monolayers in both AP?BL and BL?AP after pretreatment with pharmacologic inhibitors or vehicle and are expressed as mean ± SE (n = 3–4
wells for each time point). Differences between treated and control wells were analyzed using an unpaired t-test. Statistical significance is represented as: **p < 0.01, *p < 0.05.
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4. Conclusion

Permeability of digoxin, a widely used cardiac glycoside and
MDR1 substrate, was enhanced by pharmacological inhibition of
the cytoskeletal motor protein myosin RLC. This finding has impli-
cations for pharmacoresistance in that MDR1-interacting partners
potentially represent a class of proteins with the ability to modu-
late drug transport. Although MDR1 can be closely associated with
myosin RLC in intact cells, several observations made in vitro indi-
cate that myosin RLC binds MDR1 in a non-traditional manner.
Binding occurred in the absence of magnesium, via the amino ter-
minal of the RLC, and was inhibited by MLCK-induced phosphory-
lation, It is therefore unlikely that myosin RLC binds the MDR1
linker region and myosin II heavy chain at the same time.
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