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Excitatory synapses contain multiple members of the myosin
superfamily of molecular motors for which functions have not
been assigned. In this study we characterized the molecular
determinants of myosin regulatory light chain (RLC) binding to
two major subunits of the N-methyl-D-aspartate receptor (NR).
Myosin RLC bound to NR subunits in a manner that could be
distinguished from the interaction of RLC with the neck region
of non-muscle myosin II-B (NMII-B) heavy chain; NR-RLC
interactions did not require the addition of magnesium, were
maintained in the absence of the fourth EF-hand domain of the
light chain, andwere sensitive to RLCphosphorylation. Equilib-
rium fluorescence spectroscopy experiments indicate that the
affinity of myosin RLC for NR1 is high (30 nM) in the context of
the isolated light chain. Binding was not favored in the context
of a recombinant NMII-B subfragment one, indicating that if
the RLC is already bound to NMII-B it is unlikely to form a
bridge between two binding partners. We report that sequence
similarity in the “GXXXR” portion of the incomplete IQ2 motif
found in NMII heavy chain isoforms likely contributes to recog-
nition of NR2A as a non-myosin target of the RLC. Using site-
directed mutagenesis to disrupt NR2A-RLC binding in intact
cells, we find that RLC interactions facilitate trafficking of NR1/
NR2A receptors to the cell membrane. We suggest that myosin
RLC can adopt target-dependent conformations and that a role
for this light chain in protein trafficking may be independent of
the myosin II complex.

Regulation and maintenance of glutamate receptor numbers
at postsynaptic sites are critical for excitatory neurotransmis-
sion in the central nervous system. Mechanisms that underlie
targeting of glutamate receptors to synapses almost certainly
involve a regulated series of protein-protein interactions
between the receptor and various binding partners. In trying to
understand how these events are temporally and spatially coor-
dinated, the intracellular carboxyl termini of glutamate recep-
tor subunits have attracted much attention as they have been
shown to bind directly and indirectly to a number of cytoskel-

etal and motor proteins, scaffolding proteins, enzymes, and
other signaling molecules (1). We have previously demon-
strated that three major subunits of the N-methyl-D-aspartate
(NMDA)2 subtype of ionotropic glutamate receptor bind
directly to myosin II regulatory light chain (RLC) (2). Myosin
RLC is an accessory light chain of the actin-basedmotormyosin
II, which is a hexameric complex composed of two heavy
chains, two RLCs, and two essential light chains (ELC) (3).
Myosin II light chains are, like calmodulin, members of the
EF-hand family of calcium-binding proteins (4). However, the
interaction ofmyosin RLCwithNMDA receptor (NR) subunits
could be distinguished from the strictly Ca2�-dependent inter-
action of calmodulin with the NR1 subunit (2).
The light chains of myosin II are integral components of the

myosin II complex that bind to tandem IQmotifs located in the
neck region of myosin II heavy chain. An IQ motif is approxi-
mately 25 amino acids long containing the classic consensus
sequence IQXXXRGXXXR (5). Variations in this consensus IQ
sequence can, however, explain both the light chain binding
preference of heavy chains and also the particular conforma-
tion that a light chain can adopt upon binding (6–8). For exam-
ple, RLCs of myosin II are predicted to adopt an extended con-
formation when bound to the neck region of myosin II heavy
chain (9, 10). However, crystallographic evidence indicates the
ELC of Saccharomyces cerevisiae, Mlc1p, can exist in the fol-
lowing two distinct conformations: compact and extended
depending on the specific IQ sequence of the myosin heavy
chain (8). When bound in an extended conformation, it is sug-
gested that Mlc1p has a free amino terminus that may interact
with another binding partner to form a ternary complex with
myosin II heavy chain (8). This finding has attracted much
attention because ELC in organisms such as S. cerevisiae, Schiz-
osaccharomyces pombe, andDrosophilamelanogaster have sev-
eral binding partners (11). These include class II myosin heavy
chains (Myo1p in S. cerevisiae (12, 13), Myp2 and Myo2 in S.
pombe (14), and zipper in D. melanogaster (11)), myosin V
heavy chains (11, 15), additional unconventional myosins (VI
and VIIa in D. melanogaster (11)), cytoskeletal IQ containing

* This work was supported, in part, by National Institutes of Health Grants
R01AR054406 and P30-ES000210. This work was also supported by Amer-
ican Heart Association Award 0060435Z, P30-ES000210. The costs of pub-
lication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1 To whom correspondence should be addressed. Tel.: 541-737-5783; Fax:
541-737-3999; E-mail: jane.ishmael@oregonstate.edu.

2 The abbreviations used are: NMDA, N-methyl-D-aspartate; NR, NMDA recep-
tor; RLC, regulatory light chain; NMII-B, non-muscle myosin II-B; NMIIB S1,
SMIIB subfragment 1; GST, glutathione S-transferase; ELC, essential light
chain; BSEP, bile salt export protein; ABC, ATP-binding cassette; MHC, myo-
sin II-B heavy chain; MLC, myosin light chain; MLCK, MLC kinase; HEK,
human embryonic kidney; CFP, cyan fluorescent protein; YFP, yellow fluo-
rescent protein; DTT, dithiothreitol; MRLC, myosin RLC; DL-AP5, DL-2-ami-
no-5-phosphonopentanoic acid.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 2, pp. 1252–1266, January 9, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

1252 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 2 • JANUARY 9, 2009



GTPase-activating protein-like proteins (16–18), and a micro-
tubule-associated protein (11).
Myosin RLC has also been reported to interact with a num-

ber of proteins other than myosin II heavy chain. In addition to
NMDA-type glutamate receptor subunits (2), myosin RLC
binds via its amino terminus to the smooth muscle protein cal-
ponin (19). The RLC also binds directly to bile salt export pro-
tein (BSEP) and at least two other members of the family of
ATP-binding cassette (ABC) family of drug efflux transporters
(20), as well as a novel ezrin, radixin, moesin (ERM)-like pro-
tein, with ubiquitin-protein isopeptide ligase activity, known as
myosin regulatory light chain-interacting protein (MIR in
human brain (21–24) and Mir in zebrafish (25, 26)). As it is
widely assumed that RLC functions only in the context of a
myosin II complex, the existence of these additional binding
partners raises the possibility that the RLC could form a ternary
complex with myosin II heavy chain and a third non-myosin
binding partner (20, 24). The goals of this study were as follows:
1) to determine whether brain myosin RLC can bind to two
target sequences simultaneously, and 2) to determine the phys-
iological relevance of RLC-NMDA receptor interactions. We
report that RLC binds NR1 and NR2 subunits in a manner that
can be clearly distinguished from the interaction of RLC with
the neck region of non-muscle myosin II heavy chain. Equilib-
rium fluorescence spectroscopy experiments revealed that the
affinity of myosin RLC for NR1 is high in the context of the
isolated light chain, but is not favored if the RLC was already in
a complexwithmyosin II heavy chain. By focusing on themem-
brane-proximal region of the NR2A subunit, which is not a
target of calmodulin, we report that sequence homology in the
“GXXXR” portion of the incomplete IQ2 motif found in all
three non-muscle myosin II heavy chain isoforms likely con-
tributes to the recognition of NR2 subunits as a non-myosin
target of the RLC. Using site-directed mutagenesis to disrupt
myosin RLC binding in intact cells, we find that RLC interac-
tions likely occur within the Golgi secretory trafficking path-
way. Disruption of RLC binding to NR2A resulted in a delay in
delivery of functional NR1/�NR2A receptors to the cell mem-
brane. Our data suggest a role formyosin RLC that is independ-
ent of the typical interaction of the light chain with myosin II
heavy chain.

EXPERIMENTAL PROCEDURES

Plasmids and Constructs—Plasmids containing rat
NMDAR2A, NMDAR2B, and NMDAR1-1a cDNAs have been
described previously (2). The human MHC-B clone HB5.12/
1.21, used to construct MHC-(771–843) encoding the neck
region of non-muscle myosin II-B (MHC-B) in pGEX-2T (2),
was a kind gift from Dr. R. Adelstein (National Institutes of
Health, Bethesda). The membrane-proximal region of the car-
boxyl terminus of theNMDAR2A subunit (amino acid residues
838–874) in pGEX-6P-3 was the generous gift of Dr. J. Saugs-
tad (Robert S. Dow Neurobiology Laboratories, Portland, OR).
For bacterial expression, NR2A-(875–1029), NR2A-(1030–

1464), NR2A-(1030–1290), NR2A-(1291–1464), NR2A-(838–
867) (known as�868), NR2A-(838–860) (known as�861), and
NR2A-(838–854) (known as�855) were amplified by PCR and
inserted into the bacterial expression vector pGEX-6P-3 (GE

Healthcare). The membrane-proximal region of the carboxyl
terminus of the NMDAR2B subunit (amino acid residues 839–
873) was amplified by PCR and inserted into pGEX-6P-3.Myo-
sin regulatory light chain-(1–101), RLC-(102–172), RLC-(1–
129), RLC-(61–129), and RLC-(61–172) were amplified by PCR
from the mouse pACT2/5-6-1 clone (2) and inserted into the
bacterial expression vector pET 28a (Novagen, Madison, WI).
The construction of full-length myosin RLC-(1–172),
NMDAR1-(834–938), NR1-(834–863) (encoding C0), NR1-
(864–938) (encoding C1C2), and NR1-(834–855) (known as
�856) has been described previously (2). For expression in
mammalian cells, NR2A-(1–1028) and RLC-(1–172) were
amplified by PCR and inserted into EcoRI and XhoI sites of
pECFP-N1 and pEYFP-N1 (Clontech), respectively. NR1 was
excised from the plasmid pTL1/NR1-1a (27) and inserted into
HindIII and XbaI restriction sites of pCDNA 3.1 (Invitrogen).
Full-length RLC-(1–172) was also inserted into pCDNA 3.1.
Site-directed mutagenesis was performed using standard tech-
niques. All sequences were confirmed by the Center for
Genome Research and Biocomputing Core Facility (Oregon
State University, Corvallis, OR).
Antibodies—The anti-myosin RLC antibody (�MRLC/3) was

raised in rabbits against a unique peptide and has been
described previously (2). Antiserum to the phosphorylated
form of serine 19 of myosin RLC was also raised in rabbits
against a unique phosphopeptide (CRPQRATS-PO3-NVFAM)
and affinity-purified (�MRLC/P) (Bethyl Laboratories Inc.,
Montgomery, TX). The anti-GST antibody was a gift of Dr.
Mark Leid (Oregon State University, Corvallis, OR). Other pri-
mary antibodies used in this study are commercially available
and included the following: anti-calmodulin (Upstate Biotech-
nology Inc., Lake Placid, NY), anti-PSD95 (Affinity Bioreagents
Inc., Golden, CO), anti-myosin light chain (MLC) (Abcam,
Cambridge, MA), anti-T7 (Novagen, Madison, WI), anti-adap-
tin � (Transduction Laboratories, Newington, NH), anti-Golgi
58K protein (clone 58K-9) and anti-FLAG (both from Sigma),
and anti-non-muscle myosin heavy chain isoforms IIA and IIB
(both from Covance Research Products, Denver, PA).
Protein Purification—Recombinant myosin RLC was

expressed in Escherichia coli (BL21-Gold(DE3)pLysS; Strat-
agene, La Jolla, CA) and purified by nickel-chelate chromatog-
raphy. The polyhistidine tag was removed by thrombin cleav-
age (Thrombin Clean Cleave kit; Sigma) followed by dialysis
against a buffer containing 20 mM Tris (pH 7.7) and 500 mM
NaCl. GST fusion proteins were bacterially expressed, as above,
and purified by column chromatography using immobilized
glutathione (Pierce). The bound GST fusion protein was eluted
using a buffer containing 10 mM reduced glutathione and 50
mM Tris-HCl (pH 8.0) followed by dialysis against the buffer
containing 50 mM Tris-HCl (pH 8.0). Native smooth muscle
myosin light chain (MLC-2) was isolated and purified from
washed turkey gizzard myofibrils as described previously (28,
29), and was a kind gift from Drs. Sonia Anderson and Dean
Malencik (Oregon State University, Corvallis, OR). Smooth
muscle myosin light chain kinase (MLCK) was a kind gift from
Dr. Christine Cremo (University of Reno, NV). Bovine calmod-
ulin was purchased from Calbiochem. Purified FLAG-tagged
human non-muscle IIB subfragment 1 (NMIIB S1), a truncated
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myosin heavy chain fragment co-expressedwith regulatory and
essential myosin light chains in baculovirus (30), was a kind gift
of Dr. James Sellers (National Institutes of Health, Bethesda).
Phosphorylation of Isolated RLC and NMIIB S1—Regulatory

light chain RLC, either in isolated form or in the context of
NMIIB S1, was phosphorylated in the presence of smoothmus-
cleMLCK (31). Isolated RLCorNMIIB S1was added to a buffer
containing 20 mM Tris (pH 7.5), 0.1 mM EGTA, 1 mM DTT, 10
�g/ml MLCK, 10 �g/ml calmodulin, 5 mM MgCl2, 1.5 mM
CaCl2, and 1 mMATP and incubated at 37 °C for 1 h. Phospho-
rylation of each sample was verified by PAGE in the presence of
urea; control samples were nonphosphorylated or subjected to
mock phosphorylation reactions (lacking MLCK). Samples
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 bromphenol
blue), before loading on NOVEX Tris-glycine pre-cast gels
(Invitrogen). Proteins were visualized directly by Coomassie
Blue stain (Bio-Rad) or were electrotransferred to nitrocellu-
lose membrane (Amersham Biosciences) and detected by
immunoblot with either a T7 tag antibody (RLC), �MRLC/P
(phosphorylated RLC), anti-FLAG antibody (heavy chain), or
anti-MLC1 (ELC) and appropriate horseradish peroxidase-
conjugated secondary antibodies (Calbiochem). Immune com-
plexes were revealed using a chemiluminescence assay (Roche
Diagnostics).
Fluorescence Spectroscopy—A peptide corresponding to the

first 30 amino acids of the carboxyl tail of theNMDAR1 subunit
(residues 834–863) was labeled with fluorescein on the amino
terminus (FITC-EIAYKRHKDARRKQMQLAFAAVNVWRK-
NLQ-COOH) and purified by reverse phase high pressure liq-
uid chromatography (United Biochemical Research, Inc., Seat-
tle, WA). Fluorescence measurements were taken in 2.0 ml of
buffer containing 20mMTris (pH 7.7), 500mMNaCl and a final
peptide concentration of 300 nM. Purified RLCwas added from
a concentrated stock solution and allowed to equilibrate in the
dark for 5 min prior to fluorescence determinations. All addi-
tions of purified RLC were made sequentially from a single
stock solution, and the fluorescence emission was corrected for
dilution. All experiments were performed on an SLM 8000C
spectrofluorometer (SLM Instruments, Urbana, IL). Data were
fit to Equation 1 by weighted nonlinear least squares using the
computer program Scientist� (Micromath Inc., St. Louis, MO)
when the weighting factors were equal to the square of the
reciprocal of the standard deviation for each data point,

F � a � b� 2 R0L0

R0 � L0 � K � ��R0 � L0 � K�2 � 4R0L0
� � cL0

(Eq. 1)

where F is the measured fluorescence enhancement; a is the
fluorescence observed in the absence of RLC; R0 is the total
concentration of fluorescently labeled peptide; L0 is the total
concentration of RLC; K is the dissociation constant for the
peptide-protein complex; b is the relative fluorescence
enhancement of the fluorescent peptide-protein complex; and
c is a parameter used to fit the background linear fluorescence
increase observed as the RLC concentration increased.

FluorescenceMicroscopy, Culture, and Transfection of Mam-
malian Cells—Human embryonic kidney cells (HEK) 293 cells
were maintained in 90% Dulbecco’s modified Eagle’s medium
(Mediatech, Herndon, VA), 10% fetal bovine serum (HyClone,
Logan, UT), 100 units/ml penicillin, and 0.1 mg/ml streptomy-
cin at 37 °C under 5% CO2 in humidified air. The day before
transfection, cells (2� 104) were plated on poly-L-lysine-coated
glass coverslips in medium supplemented with kynurenic acid
(3 mM, Sigma) and DL-AP5 (1 mM Tocris, Ellisville, MO) (32).
Cells were transfected using FuGENE 6 (Roche Diagnostics)
and maintained for up to 72 h. Cells were then washed twice
with 1� phosphate-buffered saline, fixed in 3% formaldehyde
(20 min), and mounted on slides with a ProLong� antifade kit
(Molecular Probes, Eugene, OR). Confocal images were
obtained using a Zeiss LSM510 confocal microscope (Carl
Zeiss, Thornwood, NY) with a Zeiss 63� oil immersion objec-
tive. Fluorescence signals were collected using laser excitation
at 514 nm for YFP and 458 nm for CFP. LP 530 and BP 470–500
filters were used for detection of YFP and CFP emission as
described previously (33). For detection of endogenous K58
Golgi protein and heavy chain isoforms, sections were incu-
bated with appropriate primary antibodies after fixation fol-
lowed by secondary antibodies conjugated to Alexa 546 or Cy5,
respectively.
Glutathione S-Transferase (GST) Pulldown Assays—Pull-

down assays from brain homogenates (extracted in a buffer
containing 250 mM NaCl and 10 mM ATP) were conducted as
described previously (2). Pulldown assays with recombinant
myosin RLC and the carboxyl regions of NR1 or the NMII-B
heavy chain neck region have also been described (2) but
included the following modifications: 1) assays were initiated
with the addition of recombinant RLC (100 nM), and 2) the
incubation time was extended to 2 h. For studies to determine
the interaction of full-length and mutant RLC (phosphorylated
and nonphosphorylated) with the NR2A subunit, GST fusion
proteins or GST alone was incubated in binding buffer (10 mM
HEPES (pH 7.5), 100 mM NaCl, 1 mM EDTA, 1 mM dithiothre-
itol (DTT), 0.1%Nonidet P-40 and 10% glycerol) and allowed to
proceed for 2 h at 4 °C as described above. Unbound protein
was removed by three sequential washes with binding buffer,
and bound proteins were eluted from the beads by boiling in
sample buffer. Proteins were separated by SDS-PAGE, trans-
ferred to nitrocellulose membranes, and processed for immu-
noblot analysis as described above. Calcium-dependent cal-
modulin binding to NMDA receptor subunits was assessed in
the same way in the absence (binding buffer) or presence of
calcium (binding buffer lacking EDTA but including 2 mM cal-
cium chloride). The magnesium dependence of RLC binding
was also assessed in the absence and presence of magnesium
(lacking EDTA but including 1 mMmagnesium chloride). In all
calcium andmagnesium studies, the appropriate binding buffer
was used in all subsequent washes to remove unbound protein.
In light of the apparentmagnesiumdependence of RLCbinding
to the neck region of NMII-B heavy chain, subsequent studies
were carried out in the presence of magnesium (1 mM).
Immunopreciptation Studies—NR2A-(838–874) fused to

GST (150 nM) was purified and mixed with either purified
NMIIB S1, NMIIB S1-P, or bacterially expressed myosin RLC
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(MRLC) in 10 mM HEPES containing 0.1% Nonidet P-40, 100
mM NaCl, 1 mM EDTA, 1 mM DTT, 10% glycerol (pH 7.5) at
4 °C. Bovine serum albumin was added to a final concentration
of 0.5%, and proteins were allowed to incubate with gentle rota-
tion for 2 h at 4 °C. Anti-GST (12 �g) was then added to the
samples and allowed to incubate with gentle rotation for a fur-
ther 2 h at 4 °C. Precipitation of immune complexes was facili-
tated by the addition of a 25-�l aliquot of 50% proteinG-Sepha-
rose slurry (Amersham Biosciences) to each tube, incubated
with gentle rotation for 2 h at 4 °C. Immune complexes were
collected by centrifugation at 3,000 � g for 1 min, followed by
three consecutive resuspension/wash and centrifugation steps.
Precipitated proteins were eluted from the beads by heating for
2min in 2� Laemmli sample buffer. Proteins were separated by
SDS-PAGE, transferred to nitrocellulose membranes, and pro-
cessed for immunoblot analysis as described above.

RESULTS

SmoothMuscle and Brain Isoforms ofMyosin RLCBind to the
NR1 Subunit with High Affinity—Although there is consider-
able sequence homology at the amino acid level among RLCs in
non-muscle and smoothmuscle tissues, subtle differences have
been noted between brain isoforms (34–36) and the well char-
acterized smooth muscle isoform of RLC (37) (Fig. 1A). To
determine whether these small differences in amino acid
sequence were sufficient to influence binding ofmyosin RLC to
the NMDA receptor, we determined binding affinities for the

mouse brain isoform, previously
identified as anNMDA receptor-in-
teracting protein (GenBankTM
accession number AK013776), and
the major smooth muscle isoform
from chicken gizzard (GenBankTM
accession number P02612) using
equilibrium fluorescence spectros-
copy. These initial binding studies
were conducted at supra-physiolog-
ical salt concentrations (0.5 M
NaCl), to distinguish RLC-NR1
interactions from those, such as cal-
ponin (19), that may be strictly lim-
ited to low ionic strength condi-
tions. Functional NMDA receptors
differ with respect to their comple-
ment of NR2 subunits, but the first
30-amino acid region of the car-
boxyl terminus of NR1 (referred to
as C0; Fig. 1B) is conserved in all
splice variants of NR1 and thus
present in all functional NMDA
receptors. As we have previously
determined that NR1-C0 is neces-
sary and sufficient for myosin RLC
binding (2), we used a fluorescein-
labeled peptide (F-NR1-C0) corre-
sponding to this entire region for
our fluorescence binding studies.
The F-NR1-C0 peptide alone exhib-

ited maximum excitation at 493 nm andmaximum emission at
520 nm (data not shown). Titration of either smooth muscle
light chain, isolated and purified from chicken gizzard (Fig. 1C),
or purified, recombinant brain (Fig. 1D) enhanced the fluores-
cence emission of F-NR1-C0 by �30%. These data were best fit
by a single hyperbolic curve using a nonlinear, curve fitting
analysis, allowing us to derive binding affinities of 37 � 24 and
17� 2.2 nM for brain and chicken gizzard RLC isoforms (Fig. 1,
C and D), respectively. The affinity of chicken gizzard RLC for
F-NR1-C0 was not significantly different when the buffer con-
taining half-molar salt was substituted for phosphate-buffered
saline (29 nM; data not shown). Given the large degree of
sequence homology between brain and smooth muscle iso-
forms and the fact that both bind to the C0 region of NR1 with
comparable affinity, it appears unlikely that myosin RLC-
NMDA receptor interactions can be explained by unique char-
acteristics of RLC isoforms present in rodent brain.
Light Chain-NMDA Receptor Interactions Are Not Depend-

ent uponMagnesium—AsMg2� is thought to fulfill a key struc-
tural requirement for RLC binding tomyosin II heavy chain, we
compared the magnesium dependence of NR1 and heavy chain
interactions. For these studies, the full-length carboxyl termi-
nus of NR1 fused to GST and the neck region of non-muscle
myosin II-B heavy chain fused to GST were expressed in bacte-
ria and examined for interaction with RLC in the presence and
absence of Mg2� (Fig. 2). Although Mg2� enhanced binding of
myosin RLC to both interaction partners, RLC-NR1 interac-

FIGURE 1. Myosin RLC isoforms enhance fluorescence emission of a fluorescein-labeled peptide corre-
sponding to the C0 region of the NMDAR1 carboxyl tail. A, amino acid sequence of a myosin RLC isoform
previously identified in mouse hippocampus (GenBankTM accession number AK013776), the major smooth
muscle RLC isoform in chicken gizzard (GenBankTM accession number P02612), and an RLC isoform identified
from mouse cerebellum (GenBankTM accession number AK005133). AK013776 is identical to the isoform pre-
viously identified in mouse brain (MRLC) as an NMDA-receptor interacting protein (2). B, schematic represen-
tation of the NMDAR1 subunit showing the location of C0, C1, and C2 regions. C and D, titration of either
purified smooth muscle MLC-2 (C) or purified, recombinant MRLC (D) enhanced fluorescence emission by
�30%. Data were fit to a single hyperbolic curve using Equation 1 to derive binding affinities of 37 � 25 nM (a �
1.0110 � 0.0001, b � 2.6 � 0.9, c � 0.09 � 0.03, R0 � 0.10 � 0.03, and r2 � 0.999) for MRLC (C), and 17.2 � 2.2
nM (a � 0.996 � 0.004, b � 7.42 � 0.54, c � 0.029 � 0.006, R0 � 0.073 � 0.004, and r2 � 0.999) for MLC-2 (D).
Each point represents fluorescence determined in quadruplicate; standard errors lie within the data points.
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tions appeared to be much less dependent upon Mg2� (Fig. 2).
Consistent with our previous studies (2), myosin RLC showed a
specific interaction with the NR1 carboxyl terminus in the
absence of added Mg2� (Fig. 2, lane 3), whereas no interaction
was detected betweenmyosin II heavy chain andRLCunder the
same conditions (Fig. 2, lane 4). These findings suggest that
RLC-NMDA receptor complexes may be distinguished from
RLC-myosin II heavy chain complexes in vitro on the basis of
their sensitivity to Mg2�. As our peptide binding studies, car-
ried out in the absence of added Mg2�, revealed no major dis-
tinction between RLC isoforms, the basis for this difference
likely resides within the target sequence itself. Taken together,
these observations support a role for NMDA receptor subunits
as non-myosin targets of the RLC.
MyosinRLC Interactswith the IntracellularMembrane-prox-

imal Region of the Carboxyl Terminus of NR2 Subunits—We
have previously shown that myosin RLC binds directly to the
carboxyl-terminal region NR1 and NR2 subunits (2). However,
the carboxyl termini of NR2 family subunits are roughly six
times longer than those of the NR1 subunit (�600 amino acids
versus 90 amino acids). We used a series of deletion mutants
(Fig. 3A) to map regions of the NR2A cytoplasmic tail required
for interaction with myosin RLC. Truncation mutants were
expressed in bacteria as GST fusion proteins and immobilized
on glutathione-Sepharose beads. Immobilized GST/NMDA
receptor fusion proteins andGST alonewere then used as affin-
ity matrices to examine interactions with RLC from homoge-
nates derived from mouse forebrain (lower panel of Fig. 3B).
Immunoblotting with an anti-myosin RLC antibody revealed
that native mouse brain RLC interacted strongly and specifi-
cally with GST/NR2A-(838–874) corresponding to the first 37
amino acids of theNR2A carboxyl terminus (Fig. 3B, lane 5) but
failed to interact with GST/NR2A-(875–1029), GST/NR2A-
(1030–1464), and GST/NR2A-(1030–1290) (Fig. 3B, lanes
6–8). A faint immunoreactive signal was observed correspond-
ing to retention of native myosin RLC on a GST affinity matrix

containing amino acids 1291–1464 of the NR2A carboxyl tail
(Fig. 3B, lane 9). RLC binding, however, was not observed with
the longer GST/NR2A-(1030–1464) mutant, suggesting that
the interaction of native RLC with this distal portion of the
NR2A subunit is either weak or possibly hindered by the pres-
ence of another NR2-interacting protein in mouse brain.
Multiple protein-protein interactions have now been docu-

mented at the level of glutamate receptor carboxyl termini (1).
We therefore tested all GST affinity matrices concurrently for
their ability to bind the known NR2-interacting protein,
postsynaptic density protein of 95 kDa (PSD-95). Consistent
with the NMDA receptor binding specificity of PSD-95 (38),

FIGURE 2. Light chain binding to NMDA receptor subunits does not
require added magnesium. A direct comparison of light chain binding to
the carboxyl terminus of NR1 and the neck region myosin IIB heavy chain
revealed that NR1-RLC interactions are less sensitive to the effects of Mg2�.
The carboxyl tail of NR1-(834 –938) and the neck region of non-muscle myosin
heavy chain IIB-(771– 843), each fused to GST, were immobilized on glutathi-
one-Sepharose beads for use in GST pulldown experiments. GST fusion pro-
teins or GST alone were used as affinity matrices to examine interactions with
purified, recombinant myosin RLC in the absence (lanes 2– 4) or presence
(lanes 5–7) of 1 mM Mg2�. Assays were initiated by the addition of 300 nM

myosin RLC and incubated with rotation for 2 h at 4 °C. Immune complexes
were revealed using an anti-T-7 antibody (Novagen) to detect recombinant
myosin RLC. Figure is representative of three independent experiments.

FIGURE 3. Myosin RLC interacts with a short membrane-proximal region
of the carboxyl-terminal domain of the NMDAR2A subunit. A, schematic
representation of NMDAR2A carboxyl-terminal deletion mutants used in B.
B, deletion mutants of NR1 and NR2A carboxyl termini were fused to GST and
used as baits to pull down native myosin RLC and a reference NMDA receptor-
interacting protein (postsynaptic density protein of 95 kDa (PSD-95)) from
mouse forebrain extract. Native myosin RLC was retained on the affinity mat-
rices corresponding to the membrane-proximal region of NR2A-(838 – 874)
and the membrane-proximal region of NR1-(834 – 863). Native PSD-95 was
retained on NR2A affinity matrices containing only the extreme distal portion
of the NR2A carboxyl terminus, consistent with recognized binding pattern of
this protein (B, lower panel). GST fusion proteins, or GST alone, were immobi-
lized on glutathione-Sepharose beads and incubated with rotation overnight
at 4 °C with soluble forebrain extract (1 mg). Immune complexes correspond-
ing to bound proteins were revealed with anti-myosin RLC (2) and anti-PSD95
antibodies (Abcam). Autoradiographs are representative of three independ-
ent determinations (from three different animals) using all seven NR mutants
fused to GST; various combinations of NR2A mutants fused to GST were
tested more frequently.
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native mouse brain PSD-95 bound only to those mutants that
contained the distal portions of the NR2A carboxyl tail (GST/
NR2A-(1030–1464) and GST/NR2A-(1291–1464) (see Fig. 3B,
lanes 7 and 9 of upper panel). PSD-95 binds to a distal four
amino acid motif (38), and thus our findings served to validate
the use of a GST pulldown assay from mouse brain homoge-
nates to map RLC-NMDA interactions. In agreement with our
previous findings (2), myosin RLC bound specifically to a GST
fusion protein containing the first 30 amino acids of the car-
boxyl terminus of the NR1 subunit (Fig. 3B, lane 3), yet failed to
interact with either GST alone (lane 2) or a GST fusion protein
containing the distal region (amino acid residues 864–938) of
the NR1 carboxyl terminus (lane 4). In addition, native PSD-95
was not retained on control or GST/NR1 affinity matrices (Fig.
3B, lanes 2–4) indicating that PSD-95 displayed appropriate
binding specificity in this assay.
Although NR1 and NR2 subunits of the NMDA receptor

generally share low overall sequence homology (39), the mem-
brane-proximal regions of the carboxyl terminus of both sub-
types contain some conservedmotifs that are primarily respon-
sible for trafficking NMDA receptors to endocytic and
degradative pathways (40, 41). We therefore expressed the
membrane-proximal region of the NR2B subunit in bacteria as
a GST fusion protein (GST/NR2B-(839–873)) to determine
whether RLC also binds to this region of the NR2B subunit
(alignment of all three subunits is shown in Fig. 4A). Native
myosin RLC interacted strongly and specifically with GST/
NR1- (834–863), GST/NR2A-(838–874), and GST/NR2B-
(839–873) (Fig. 4B, lanes 3, 5, and 6 ofupper panel) but failed to
interact with the distal region of NR1-(864–938) (Fig. 4B, lane
4). Consistent with our previous findings with the NR1 subunit
(2), none of the fusion proteins bound myosin ELC extracted
from mouse brain even though this protein was also present in
the homogenate (Fig. 4B, lower panel). Deletion of the mem-
brane-proximal region of the NR2A carboxyl terminus by 7–20
amino acids (GST/NR2A�868 to GST/NR2A�855, Fig. 4C)
abolished the interaction of RLC with NR2A (Fig. 4D, lanes
6–8). Taken together, these data indicate that RLC extracted
frommouse brain binds to a membrane-proximal region of the
carboxyl terminus of threemajor subunits of theNMDA recep-
tor. Theminimal RLC-binding site on theNR2A subunit is�37
amino acids and is not a target for myosin ELC.
Membrane-proximal Regions of NR2A and NR2B Carboxyl

Termini AreNot Targets for Calmodulin—Calmodulin is a res-
ident light chain of some classes of the myosin motor. Cal-
modulin also modulates NMDA receptor function via a
direct calcium-dependent interaction with the NR1 subunit
(42, 43). We have previously shown that myosin RLC and
Ca2�/calmodulin share a common binding site on the mem-
brane-proximal region of the NR1 subunit; myosin RLC was
displaced by Ca2�/calmodulin in vitro but was unaffected by
calmodulin in the absence of calcium (2). To investigate the
possibility of nonspecific interactions between EF-hand family
proteins and NR2 subunits, we tested the ability of purified
calmodulin to bind the membrane-proximal regions of NR2A
andNR2B in vitro. These regions of the NR1, NR2A, andNR2B
carboxyl termini were expressed in bacteria as GST fusion pro-
teins and examined for interaction with purified calmodulin in

the presence and absence of Ca2� (Fig. 5). Calmodulin bound
strongly and specifically to GST/NR1-(834–863) in the pres-
ence of Ca2� (compare lanes 3 and 8 in Fig. 5), yet failed to
interact with the equivalentmembrane-proximal regions of the
NR2A (Fig. 5, lanes 4 and 9) and NR2B carboxyl termini (Fig. 5,
lanes 5 and 10). These findings indicate that the first 34–36
amino acids of the NR2A and NR2B carboxyl termini do not
harbor recognition sequences for calmodulin.
Myosin RLC Co-localizes with NMDAR2A in Whole Cells—

We have previously shown that myosin RLC co-localizes with
the NR1 subunit at dendritic sites in mature hippocampal neu-

FIGURE 4. The membrane-proximal carboxyl-terminal domain of three
major NMDA receptor subunits harbors a binding site for myosin RLC.
A, amino acid alignment of the membrane-proximal regions of NR1, NR2A,
and NR2B subunits; these regions were fused to GST and are represented in
protein-protein interaction studies in B. The location of conserved endocytic
motifs in all three subunits is shown in boldface type, whereas the location of
an endoplasmic reticulum retention motif (HLFY) in NR2A and NR2B is under-
lined. B, membrane-proximal regions of NR1-(834 – 863), NR2A-(838 – 874),
and NR2B-(839 – 873) pulldown myosin RLC but not a related EF-hand bind-
ing protein, myosin essential light chain (ELC), or from a mouse forebrain
extract. C, schematic representation of NR2A carboxyl-terminal truncation
mutants used in D. D, amino acids 838 – 874 in NR2A represent a minimal
NR2A interaction domain. B and D, NR1-(834 – 863) corresponding to the C0
domain, NR1�856, NR1-(864 – 863), NR2A-(838 – 864), NR2B-(839 – 873),
NR2A�868, NR2A�861, and NR2A�855 were expressed as GST fusion pro-
teins. These GST fusion proteins, or GST alone, were immobilized on glutathi-
one-Sepharose beads and used as baits to pull down myosin light chains from
a mouse brain extract. Assays were initiated by the addition of soluble fore-
brain extract (1 mg) and incubated with rotation overnight at 4 °C. Bound
proteins were resolved by PAGE and blotted to nitrocellulose; anti-myosin
RLC (2) and anti-MLC1 (Abcam) antibodies were used to detect native RLC or
ELC, respectively. Panels are representative of between three and five inde-
pendent experiments from different animals.
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rons grown in culture (2). Recombinant green fluorescent pro-
tein-tagged myosin RLC also localizes to postsynaptic sites in
isolated hippocampal neurons (44). However, as all functional
NMDA receptors are assemblies of NR1 andNR2 subunits, it is
difficult to determine the possible significance of NR2A-RLC
interaction in these studies. To provide some insight into the
significance ofmyosin RLC-NR2A interactions in an intact cell,
we took advantage of a heterologous expression system. Previ-
ous studies have shown that unassembled NR2 subunits are
retained in the endoplasmic reticulumof heterologous cells and
neurons by a short retention motif in the membrane-proximal
region of the NR2 carboxyl terminus (Fig. 4A, HLFY under-
lined) and that cell surface expression of NR2 occurs only in the
presence of the NR1 subunit (45). We therefore co-expressed
myosin RLC and NR2A in HEK293 cells in the presence and
absence of NR1. To avoid a potential second myosin RLC rec-
ognition site in the distal part of the carboxyl terminus (see Fig.
3), we usedNR2A-(1–1028) for these studies as thisNR2Adele-
tionmutant has been characterized previously inHEK cells and
forms a functional channel with normal physiological charac-
teristics (46). In this study, expression of functional hetero-
meric NR1/CFP-NR2A-(1–1028) receptors was validated by
the omission of glutamate receptor antagonists from the cul-
ture medium, which resulted in cell death (data not shown).
Confocal fluorescence microscopy of HEK293 cells transiently
expressing either myosin RLC fused to YFP or NR2A-(1–1028)
fused to CFP (hereafter known as NR2A) revealed a predomi-
nant intracellular distribution of both proteins that could be
clearly distinguished from that of YFP or CFP alone (Fig. 6,
compare YFP alone in A–C with D–F and G to H; CFP alone is
not shown). This cytoplasmic distribution was retained in HEK
cells co-expressing YFP-RLC and CFP-NR2A (Fig. 6, J and K),
as shown in an overlay of YFP and CFP channels (Fig. 6L). YFP-

RLC and CFP-NR2A signals remained congruent in cells trans-
fected with all three plasmids, yet the expression pattern was
changed to a more peripheral membrane localization by the
addition of the NR1 subunit (Fig. 6, M–O). Although these
studies do not provide evidence of a direct interaction of myo-
sin RLCwith eitherNMDAreceptor subunits, they suggest that
a cytoskeletal rearrangement of myosin RLC and NR2A occurs
in response to the presence of a functional NR1/NR2A assem-
bly in intact cells.
Can Myosin RLC Bind to NMDA Receptor Subunits in the

Context of aMyosin II Complex?—To determine whether a ter-
nary complex could exist between myosin II heavy chain, the
RLC, and NMDA receptor subunits, we tested the ability of
recombinant NMIIB subfragment 1 (a myosin II heavy chain
fragment that is already in a complex with RLC and ELC) to

FIGURE 5. The membrane-proximal carboxyl-terminal domains of
NMDAR2A and NMDAR2B subunits do not bind calmodulin. Calmodulin
is structurally related to the myosin light chains yet does not bind NR2 sub-
units. The membrane-proximal region of NR1 was used as a positive control;
NR1-(834 – 863) harbors one of two calmodulin-binding sites on the carboxyl
terminus of the NR1 subunit that binds calmodulin in a strictly calcium-de-
pendent manner. NR1-(834 – 863), NR2A-(838 – 874), and NR2B-(839 – 873)
were expressed as GST fusion proteins, immobilized on glutathione-Sepha-
rose beads, and tested for their ability to bind calmodulin in the absence
(lanes 1–5) and presence (lanes 6 –10) of calcium (2 mM). Assays were initiated
by the addition of 500 nM calmodulin (Calbiochem) for 2 h at 4 °C in the
presence and absence of calcium. Where appropriate, calcium (2 mM) was
present throughout the experiment, including all wash buffers. Calmodulin
bound to GST fusion proteins was resolved by PAGE and blotted to nitrocel-
lulose. Immune complexes were detected using an anti-calmodulin antibody
(Upstate Biotechnology, Inc.). Figure is representative of three independent
experiments.

FIGURE 6. The expression pattern of myosin RLC and NMDAR2A remains
congruent in whole cells in the presence of NMDAR1. Co-expression of a
YFP-tagged myosin RLC and a CFP-tagged NR2A subunit in heterologous
cells revealed considerable overlay of both proteins (see overlay of YFP and
CFP signals in L). The expression pattern of YFP-myosin RLC (MRLC-YFP) and
CFP-NR2A remained congruent in the presence of the NR1 subunit (see over-
lay of YFP and CFP signals in O; NR1a is untagged) but was redistributed to a
membrane-associated domain. HEK293 cells grown on glass coverslips were
transiently transfected with vector only (pEYFP-N1 is shown in A–C), a plasmid
encoding full-length myosin RLC (MLC-YFP, D–F), a plasmid encoding
NMDAR2A (1028-CFP, G–I), plasmids encoding myosin RLC plus NMDAR2A
(MRLC-YFP � CFP-NR2A, J–L), or plasmids encoding myosin RLC, NMDAR2A
plus NMDAR1 (MRLC-YFP � CFP-NR2A � NR1a, M–O). Confocal images were
captured 48 –72 h after each transfection, using a Zeiss LSM510 confocal
microscope with a Zeiss 63� oil immersion objective. Fluorescence signals
were collected using laser excitation at 514 nm for YFP and 458 nm for CFP;
pseudocolor images were collected with LP 530 and BP 470 –500 filters for
detection of YFP (1st column) and CFP emission (2nd column), respectively. All
cells were grown under standard conditions in medium supplemented with
kynurenic acid (3 mM) and DL-AP5 (1 mM) to protect against cytotoxic cell
death because of expression of functional recombinant NR1/NR2A receptors.
Confocal images are representative of seven independent transfections.
Scale bar � 5 �m.
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bind to the membrane-proximal region of NR2A. Preliminary
analyses indicated that all three components of NMIIB S1 com-
plex (heavy, regulatory and essential light chains) could be iden-
tified independently either by Coomassie stain (not shown) or
immunoblot analysis (Fig. 7A). Using an immunoprecipitation
strategy, we tested the ability ofNR2A-(838–874) fused toGST
to form a complex with nonphosphorylated NMIIB S1 (Fig. 7B)

or NMIIB S1 in which the RLC had been phosphorylated by
MLCK (Fig. 7C). No precipitation of either form of NMIIB S1
was seenwhenNR2A-(838–874)was precipitatedwith an anti-
GST antibody. Fig. 7, B and C, shows detection of myosin II
heavy chain fragments in the input lane only (lane 1, upper
panels), whereas control blots indicate that NR2A was precip-
itated by anti-GST (lanes 5 and 6, lower panels). An isolated
myosin RLC was, however, co-immunoprecipitated with
NR2A-(838–874) in parallel reactions; Fig. 7D shows positive
identification of RLC (lane 6, upper panel) and NR2A (lane 6,
lower panel) indicating that these two proteins were able to
form a binary complex. Using conditions expected to favor
NMDA receptor binding (i.e. physiological salt concentrations
in the absence of magnesium), titration of NMIIB S1 (0–120
nM) produced a 100% increase in the fluorescence of the F-C0
peptide by 120 nM that was not saturable (data not shown).
Taken together these data indicate that if RLC is already bound
in the context of a myosin II complex, association with an
NMDA receptor target protein likely represents a much lower
affinity interaction than the interactionmeasured betweenNR1
and the isolated RLC.
Amino-terminal Region ofMyosin RLC Is Critical for Interac-

tion with NMDA Receptor Subunits—To determine which
regions ofmyosinRLCare required for interactionwithNMDA
receptor subunits, we expressed several deletion mutants of
RLC in bacteria (Fig. 8A) and examined them for interaction
with either the carboxyl terminus of NR1 (Fig. 8B), the mem-
brane-proximal region of NR2A (Fig. 8C), or the neck region of
NMHC IIB (Fig. 8D) fused to GST, respectively. The RLC
mutant corresponding to the first three helix-loop-helix motifs
(or EF-hand domains) of the protein (residues 1–129) bound to
GST/NR1 and GST/NR2A in a manner that was comparable
with that of the full-length (residues 1–172) protein (Fig. 8B,
compare lanes 12 and 18with Fig. 8C, lanes 9 and 15). The RLC
mutant lacking the first EF-hand domain (residues 61–172)was
also retained, albeit to a lesser extent, on a GST/NR1 affinity
matrix (Fig. 8B, lane 15), but it was not retained on GST/NR2A
(Fig. 8C, lane 12). Further deletion of either EF-hand domains
three and four (residues 1–101), or EF-hand domains one and
two (residues 102–172) abolished the interaction of myosin
RLCwithGST/NR1 andGST/NR2A (Fig. 8,B andC lanes 3 and
6, respectively). A mutant consisting of EF-hand domains two
and three also failed to bind toNR1 (Fig. 8B, lane 6). In contrast
to the pattern observed withNMDA receptor target sequences,
all deletionmutants ofmyosin RLC failed to bind toNMHC IIB
(Fig. 8D, lanes 3, 6, 9, and 12). As shown in Fig. 8D (lane 15) only
the full-length RLC was retained on the GST affinity matrix
comprising the neck region of the myosin IIB heavy chain (res-
idues 771–843). These findings indicate that the interaction of
myosin RLCwithNMDA receptor subunitsmay be structurally
distinct from the classic RLC-heavy chain interaction. All
regions of the light chain appear to be critical for binding to
myosin II heavy chain. In contrast, the interaction of myosin
RLC with NMDA receptor subunits requires residues in the
amino terminus of the light chain and occurs in the absence of
the fourth EF-hand domain.

FIGURE 7. Myosin RLC does not bind NMDAR2A in the context of either a
phosphorylated or nonphosphorylated myosin II subfragment. An NMIIB
S1, consisting of a truncated heavy chain in complex with RLC and ELCs, did
not form a ternary complex with NR2A. A, immunoblot analysis verifying
phosphorylation of NMIIB S1 (NMIIB S1-P) by MLCK. Blots were probed with
antibodies to all three components of the myosin II complex and are shown as
follows: panel a, lanes 1 and 2, detection of heavy chain probed with an anti-
FLAG antibody (Sigma); panel b, lanes 3 and 4, detection of phosphorylated
myosin RLC (RLC-P) probed with a phospho-specific myosin RLC antibody
raised in the laboratory; and panel c, lanes 5 and 6, detection of myosin ELC
(ELC) probed with an anti-MLC1 antibody (Abcam). B, myosin II-B heavy chain
(upper panel) is not precipitated with NR2A-(838 – 874) as a component of a
nonphosphorylated NMIIB S1. C, myosin II-B heavy chain (upper panel) is not
precipitated with NR2A-(838 – 874) as a component of MLCK-phosphorylated
NMIIB S1. D, co-immunoprecipitation of recombinant MRLC with carboxyl-
terminal NR2A-(838 –938). For immunoprecipitation studies, purified GST-
NR2A-(838 – 874) was incubated with nonphosphorylated NMIIB S1 (B), phos-
phorylated NMIIB S1 (C), or isolated myosin RLC (D) for 1 h at 4 °C in binding
buffer (10 mM HEPES (pH 7.5), 100 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol,
0.1% Nonidet P-40 and 10% glycerol). Protein complexes were then incu-
bated with an anti-GST antibody and precipitated with protein G-Sepharose.
Protein complexes were resolved by PAGE, transferred to nitrocellulose, and
revealed by immunoblot analysis of NR2A and each component of the myo-
sin II complex. The phosphorylation status of NMIIB was determined after
each phosphorylation reaction; B–D are representative of at least three inde-
pendent determinations.
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Myosin RLCBinding to the NMDAReceptor Is Sensitive to the
Phosphorylation State of the Light Chain—The cyclical phos-
phorylation and dephosphorylation of myosin RLC represent a
critical step in the actomyosin cycle of non-muscle and smooth
muscle myosin II motors. To determine whether the interac-
tion of myosin RLC with the NMDA receptor is influenced by
phosphorylation of the light chain, we tested the ability of
NR2A to bind full-length (residues 1–172) and mutant (resi-
dues 1–129) RLC phosphorylated by MLCK. By analogy to
other RLCs, Thr-18 and Ser-19 are the likely targets of phos-
phorylation by MLCK. The extent of phosphorylation was first
confirmed by urea-glycerol PAGE of RLCs followed by immu-

noblot analysis (Fig. 9A). Phosphorylated and nonphosphoryl-
ated RLCs were then examined for interaction with GST/
NR2A-(838–874) using an antibody to both forms of the
protein (Fig. 9B). Both the full-length and truncated (residues
1–129) light chains consistently showed reduced binding to
NR2A in the phosphorylated state when compared with non-
phosphorylated proteins (Fig. 9B, compare lanes 5 and 6 with
lanes 11 and 12 of upper panel) or mock-phosphorylated pro-
teins (data not shown). Binding of full-length and truncated
RLC to NR2A was, however, revealed by the use of a phospho-
specific antibody (Fig. 9B, lower panel). These findings indicate
that phosphorylation of target residues in the amino terminus
of the light chain disrupt binding to NR2A- (838–874). This

FIGURE 8. The interaction of myosin RLC with NMDA receptor target
sequences can be distinguished from RLC-heavy chain interactions.
A, schematic representation of a series of hemagglutinin (HA)-tagged myosin
RLC deletion mutants used in B–D. B, truncated recombinant myosin RLC-
(1–129) is sufficient for NR1-(834 –938) binding (compare lanes 12 and 18).
C, interaction of myosin RLC with NR2A-(834 – 874) is qualitatively similar
to that of NR1, inasmuch as myosin RLC-(1–129) is sufficient for NR2A
binding (compare lanes 9 and 15). D, full-length myosin RLC is necessary
for binding non-muscle myosin II-B heavy chain (MHC); all deletion
mutants of myosin RLC failed to bind the neck region of the heavy chain
MHC-(771– 843). Three RLC target sequences, NR1, NR2A, and myosin
heavy chain, fused to GST, were tested for their ability to bind full-length
and mutant RLCs. GST fusion proteins, or GST alone, were immobilized on
glutathione-Sepharose beads and incubated at 4 °C with rotation over-
night in the presence of 1 mM magnesium with either full-length (MRLC-
(1–172)) or truncated light chains as follows: MRLC-(1–101), MRLC-(61–
129), MRLC-(102–172), MRLC-(1–129), and MRLC-(61–172). Bound
proteins were resolved by PAGE and blotted to nitrocellulose. Immune
complexes were revealed by anti-T-7 antibody (Novagen). B–D are repre-
sentative of three or four (NR2A) independent determinations.

FIGURE 9. Myosin RLC-NMDA receptor interactions are sensitive to phos-
phorylation by myosin light chain kinase. A, phosphorylation of recombi-
nant proteins by MLCK was verified after each reaction by PAGE in 8 M urea
followed by Coomassie staining to visualize recombinant proteins. A shows
representative immunoblot of full-length (residues 1–172) and truncated
(residues 1–129) MRLC before (lanes 1 and 3) and after (lanes 2 and 4) phos-
phorylation by MLCK in vitro. B, following phosphorylation of RLC by MLCK,
binding of myosin RLC to NR2A (residues 838 – 874) was decreased relative to
the nonphosphorylated state. Purified proteins (MRLC-(1–172) and MRLC-(1–
129)) were phosphorylated in vitro and used in GST pulldown experiments.
NR2A-(838 – 874) fused to GST or GST alone was immobilized on glutathione-
Sepharose beads and incubated with nonphosphorylated (lanes 1– 6) or
phosphorylated (lanes 7–12) forms of the isolated RLC at 4 °C with rotation for
2 h. Bound proteins were resolved by PAGE, transferred to nitrocellulose
membranes, and probed with an anti-T-7 antibody (Novagen) capable of
detecting both forms of the RLC (upper panel) or an anti-phospho-specific
antibody raised in the laboratory (anti-MRLC-P; lower panel). B is representa-
tive of three independent determinations.
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does not rule out the possibility that the light chain can remain
bound to NR2A in the phosphorylated state.
Residues Lys-844 and Leu-845 in the Membrane-proximal

Region of NR2A Are Critical for Myosin RLC Binding—The
membrane-proximal regions of NMDA receptor subunits con-
tain two tyrosine-based recognition sequences (YXX�, where
� � a hydrophobic residue) for the clathrin-dependent, endo-
cytic adapter protein 2 complex (AP-2) (40, 41) (see Fig. 4A).
The neck region of smooth muscle and non-muscle myosin II
heavy chains also contain a similar tyrosine-based sequence in
the region of the neck that is considered an incomplete region
of the IQ2 sequence (Fig. 10). For example, residues in positions
8, 10, and 11 of IQ2 of non-muscle II-B are identical to residues
842, 844, and 845 in the carboxyl terminus of NR2A (Fig. 10).
We therefore used site-directed mutagenesis to target this
YXKLmotif in NR2A to determine whether these residues may
be important for myosin RLC binding to the receptor (Fig. 11).
Mutation of tyrosine residues 842 and 868 within NR2A (resi-
dues 838–874), either alone or together, produced no change
in myosin RLC binding (Fig. 11B). Myosin RLC binding was
lost, however, when the third and fourth positions of the first
endocytic motif were also mutated to NR2A (Y842F/K844A/
L845A) (Fig. 11B). None of the mutations tested affected the
ability of the NR2A fusions to retain AP-2, which was detected
using an antibody raised to the � subunit of the AP-2 complex
(data not shown).
These data indicate that specific residues within the first

membrane-proximal endocytic motif of NR2A are critical for
myosin RLC binding. Sequence similarity between the mem-
brane-proximal region of NR2 subunits and residues beginning
at position 8 of theGXXXRportion of the incomplete IQ2motif
found in non-musclemyosin II heavy chain isoforms likely con-
tributes to the recognition of NR2A as a non-myosin target of
the RLC. Furthermore, alignment of three non-muscle myosin
II heavy chains with the membrane-proximal regions of NR2A,

NR2B, and the linker region of BSEP (as shown in Fig. 10) sug-
gests that amino acid residues lying outside the typical IQ2
motif may contribute to recognition of non-myosin target
sequences by the RLC.
Myosin RLC-NR2A Interactions Facilitate Forward Traffick-

ing of NR1/NR2A Receptors—We disrupted amino acid resi-
dues 842, 844, and 845 in the context of CFP-NR2A and
co-expressed NR2A(Y842F/K844A/L845A) (abbreviated to
CFP-�NR2A)withNR1 andmyosin RLC inHEK293 cells. Cells
expressing the RLC-deficient NR2A showed dramatically
delayed expression of membrane-associated CFP-�NR2A flu-
orescence when compared with control cells expressing wild-
type NR2A (Fig. 12). Twenty four hours following transfection,
CFP-�NR2A fluorescence appeared restricted to a discrete
intracellular compartment in 73% of transfected cells, com-
pared with the membrane-associated pattern of CFP-NR2A
fluorescence anticipated in the presence of NR1 (Fig. 12, com-
pareAwithD andG). As the three amino acid tails required for
exit of NR1/NR2A assemblies from the endoplasmic reticulum
are intact in CFP-�NR2A (47), we stained transfected cells with
an antibody raised to the Golgi-specific marker protein K58
(Fig. 12, B and E). Overlay of CFP-�NR2A and anti-K58 stain-
ing revealedCFP-�NR2A restricted to a sub-region of K58 pos-
itive staining within the cell (Fig. 12F). Intracellular CFP-
�NR2A fluorescence (Fig. 12G) co-localized with YFP-RLC
fluorescence (Fig. 12H) when observed 20–24 h post-transfec-

FIGURE 10. Sequence alignment of putative RLC binding domains in
non-muscle myosin heavy chain isoforms, NMDAR2 subunits, and bile
salt export protein. Amino acid sequences of incomplete IQ2 motifs in
human non-muscle myosin II heavy chain isoforms as follows: II-A (acces-
sion number NP_002464), II-B (accession number NP_005955), and II-C
(accession number Q7Z406), plus RLC-binding motif found in rat
NMDAR2A (accession number NP_036705), NMDAR2B (accession num-
berAAA50554), and BSEP (accession number O70127). A consensus IQ2
motif is shown in black, where B indicates positions usually occupied by
hydrophobic amino acids, and X is any amino acid. For non-muscle myosin
heavy chain isoforms, the amino-terminal of myosin RLC is predicted to
bind to a conserved target sequence WQWWRVFTKVKPLL for II-B, under-
lined in the consensus IQ2. Arrows indicate the following: the location of a
tyrosine-based YXXXR motif beginning within the incomplete GXXXR por-
tion of IQ2 that is conserved in all three heavy chains and both NMDA
receptor subunits, and the location of an arginine residue that is con-
served in all six myosin RLC targets. Standard single amino acid codes are
used for all amino acid residues; residues are colored according to Clust-
alW (68), where red denotes small � hydrophobic (AVFPMILW), blue
denotes acidic residues (DE), magenta denotes basic residues (RHK); and
green denotes QSTYHCNG.

FIGURE 11. Residues within a tyrosine-based endocytic motif associated
with endocytosis of the NMDAR2A subunit are critical for myosin RLC
binding. A, schematic representation of site mutants used in B. The location
of two tyrosine-based endocytic motifs within NR2A-(838 – 874) is shown in
boldface type. The location of residues targeted for site-directed mutagenesis
is listed below the wild-type sequence of NR2A. B, residues Lys-844 and Leu-
845 in the membrane-proximal region of NR2A are critical for myosin RLC
binding. NR2A-(838 – 874), NR2A-(838 – 874)Y842F, NR2A-(838 – 874)Y842F/
K844A/L845A, NR2A-(838 – 874)Y868F, and NR2A-(838 – 874)Y842F/Y868F
were expressed as GST fusion proteins. NR2A GST fusion proteins, or GST
alone, were immobilized on glutathione-Sepharose beads and used as baits
to pull down myosin light chains from a mouse brain extract. Assays were
initiated by the addition of soluble forebrain extract (1 mg) and incubated
with rotation overnight at 4 °C. Bound proteins were resolved by PAGE and
blotted to nitrocellulose. Immune complexes were revealed using an anti-
myosin RLC antibody (2). Autoradiographs are representative of three inde-
pendent determinations (from three different animals) using all five NR
mutants fused to GST; various combinations of NR2A mutants fused to GST
were tested more frequently.
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tion, shown in an overlay of YFP and CFP channels (Fig. 12I);
however, YFP-RLC expressionwas also observed in the absence
of CFP-�NR2A (Fig. 12I). When observed beyond 24 h after
transfection, YFP-RLC and CFP-�NR2A signals were generally
not congruent (Fig. 13, compare E and F and M and N). Con-
sistent with a trafficking delay, cells expressing NR1/CFP-
�NR2A receptors showed increased viability in the absence of
glutamate receptor antagonists but were not protected from
cell death (cells expressing NR1/CFP-�NR2A showed a 50%
increase in viability at 72 h post-transfection compared with
cells expressing NR1/CFP-NR2A, data not shown). In sum-
mary, myosin RLC-NR2A interactions likely occur within the
Golgi secretory trafficking pathway. Disruption of RLC binding
in intact cells led to altered NR2A expression and resulted in a
delay in delivery of NR1/�NR2A receptors to the cell
membrane.
Myosin RLC Co-localizes with Endogenous Myosin Heavy

Chain following Disruption of the RLC Target Sequence in
NR2A—To determine whether YFP-RLC fluorescence was
associated with a myosin heavy chain, we stained transfected
cells with isoform-specific antibodies raised to either NMHC-

IIA or NMHC-IIB (Fig. 13). It was immediately apparent that
both myosin heavy chain antibodies stained cellular extensions
that showed neither YFP nor CFP fluorescence (Fig. 13, A–C
and I–K). Overlay of all three channels revealed co-expression
of YFP-RLC, CFP-NR2A, and a myosin heavy chain isoform in
association with the cell membrane, in addition to cellular
regions that stained only for NMCH-IIA (Fig. 13D) or NMCH-
IIB (Fig. 13L). This pattern changed, however, if cells were
transfected with the RLC-deficient mutant CFP-�NR2A (Fig.
13, E–G and M to N). Under these conditions cellular exten-
sions showed YFP-RLC fluorescence that co-localized with
NMCH-IIA (Fig. 13H) or NMCH-IIB (Fig. 13P) but not CFP-
�NR2A fluorescence. These data indicate that an isolated RLC
can localize to distinct subcellular compartments within an
intact cell. Furthermore, YFP-RLC was not a component of all
myosin II complexes in the cell, yet could re-localize to a previ-
ously unoccupied cellular compartment with a myosin heavy
chain if binding to a non-myosin target, such as NR2A, was

FIGURE 12. Disruption of the myosin RLC-binding site on NMDAR2A leads
to a trafficking defect in NR1/NR2A assemblies. Co-expression of NR1,
myosin RLC, and CFP-tagged NR2A (A–C) in heterologous cells revealed mem-
brane-associated expression of CFP-NR2A 24 h post-transfection (paired
arrows in A and C). In contrast, the RLC-deficient mutant CFP-�NR2A (CFP-
NR2A-Y842F/K844A/L845A; D–F) showed a restricted cytosolic expression
pattern within a region that was positive for the Golgi-specific marker protein
K58 (E and F) at 24 h post-transfection. The restricted expression of CFP-
�NR2A was congruent with YFP-myosin RLC (YFP-MRLC) despite the pres-
ence of NR1 (G–I) at 24 h post-transfection. In addition, a separate zone of
YFP-myosin RLC fluorescence is also present (see arrowhead, G–I). HEK293
cells grown on glass coverslips were transiently transfected with plasmids
encoding myosin RLC (MRLC), NMDAR1 (NR1a), and either wild-type
NMDAR2A (CFP-NR2A, A–C)) or NMDAR2A-Y842F/K844A/L845A (CFP-�NR2A,
D–F) and grown under standard conditions in medium supplemented with
kynurenic acid (3 mM) and DL-AP5 (1 mM). Cells were fixed and counterstained
with an anti-K58 antibody (Sigma) to visualize the Golgi complex ((A–C and
D–F). Cells were also transfected with plasmids encoding NMDAR1 (NR1a),
myosin RLC (YFP-MRLC), and either wild-type NMDAR2A (not shown) or
NMDAR2A-Y842F/K844A/L845A (CFP-�NR2A, G–I). Confocal images were
captured using a Zeiss LSM510 confocal microscope with a Zeiss 63� oil
immersion objective. Confocal images are representative of at least three
independent transfections. Scale bar � 5 �m.

FIGURE 13. Myosin RLC relocates to cellular extensions containing
endogenous myosin heavy chain isoforms following disruption of
NMDAR2A binding. In the presence of a RLC-deficient NR2A mutant (CFP-
NR2A-Y842F/K844A/L845A), the expression of RLC (YFP-MRLC) changes to a
pattern that mimics myosin heavy chain II-A (see regions that appear teal-
colored in H) or myosin heavy chain II-B (see regions that appear teal-colored
in P). Although YFP-RLC fluorescence is not associated with all cellular exten-
sions that contain myosin heavy chain (see D and L), these regions do contain
an endogenous RLC (arrowhead, R and Q). HEK293 cells grown on glass cov-
erslips were transiently transfected with plasmids encoding either wild-type
NMDAR2A (CFP-NR2A, A–D, I–L, and Q–S) or NMDAR2A-Y842F/K844A/L845A
(CFP-�NR2A, E–H and M–P), plus YFP-myosin RLC (YFP-MRLC) and NMDAR1
(NR1a) then grown under standard conditions in medium supplemented
with kynurenic acid (3 mM) and DL-AP5 (1 mM). Thirty hours following trans-
fection, cells were fixed and counterstained with isoform-specific antibodies
to either non-muscle myosin heavy chain II-A (A–D and E–H), non-muscle
myosin heavy chain II-B (I–L and M–P), or anti-myosin RLC (Q–S). Confocal
images were captured using a Zeiss LSM510 confocal microscope with a Zeiss
63� oil immersion objective. Confocal images are representative of three to
five independent transfections. Scale bar � 5 �m.
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disrupted. Localization of endogenous RLC in cellular exten-
sions (Fig. 13R) not occupied by YFP-RLC (Fig. 13Q) or CFP-
NR2A (omitted for clarity) was observed when cells were
stained with an anti-myosin RLC antibody to reveal both
expressed and native RLC. An overlay of both fluorescent sig-
nals (Fig. 13S) revealed YFP-RLC associated with the cell mem-
brane (Fig. 13, arrow in Q–S) and native RLC (Fig. 13, arrow-
head in R and S) presumably in complex with endogenous
myosin II heavy chain.

DISCUSSION

Several unrelated myosin RLC-binding proteins have been
reported in polarized epithelial cells and neurons, yet it is
unclear how the prototypical myosin II motor complex inter-
acts with these non-myosin targets. The identification of
diverse myosin RLC targets raises the possibility that the RLC,
like other EF-hand proteins, may adopt target-dependent con-
formations distinct from the conventional interaction of RLC
with myosin II heavy chain. In this study we investigated the
ability of a mouse brain myosin RLC to interact with NMDA-
type glutamate receptor subunits.We characterized themolec-
ular determinants that underlie direct binding ofmyosin II RLC
to the membrane-proximal carboxyl-terminal regions of NR1
and NR2 glutamate receptor subunits. The interaction of RLC
with NMDA receptor subunits was fundamentally different
from the typical interaction of the light chain with the neck
region of myosin II heavy chain; NMDA receptor-RLC interac-
tions did not require the addition of magnesium, were main-
tained in the absence of the fourth EF-hand domain of the light
chain, and were sensitive to RLC phosphorylation by MLCK.
Thus, our data support a model whereby the RLC forms a dis-
tinct complex with either NR1 or NR2 subunits that essentially
serve as the “heavy chain.” Finally, subcellular fluorescence
microscopy studies reveal co-localization of myosin RLC with
NR2 subunits and subsequent re-localization of both proteins
in response to NR1 co-expression to form a functional NMDA
receptor channel. Myosin RLC-NR2A interactions were func-
tionally significant, inasmuch as cells expressing an RLC-defi-
cient NR2A subunit showed a trafficking defect in the presence
of NR1. Together these findings suggest a role for myosin RLC
independent of the myosin complex.
We defined a myosin RLC-binding site on three NMDA

receptor subunits that was restricted to a 30–37-amino acid
stretch directly following the fourth hydrophobic domain of
each NR2A subunit. This region is functionally equivalent in
NR1 and NR2 subunits in that it contains tyrosine-based rec-
ognition motifs for endocytosis of the receptor (40, 41). These
membrane-proximal regions lack conserved IQ motifs that are
normally associated withmyosin light chain or apo-calmodulin
binding; however, the C0 region of the NR1 subunit harbors a
non-IQ, atypical CaM-binding site that binds Ca2�-CaM as
well as myosin RLC. The relatively high affinity (�30 nM) of
myosin RLC for the C0 region of NR1 was comparable with
binding affinities derived previously for Ca2�-CaM binding to
C0 in vitro, reported as 87 nM (42) and 21 nM (43) by two differ-
ent groups. Although apo-calmodulin associates with C0 in
vitro (2, 48), it does so with relatively modest affinity in the
absence of calcium (KD � 2.5 �M) (48). Thus the affinity of

myosin RLC for C0, in the absence of calcium, is comparable
with the affinity of Ca2�-CaM for this site. Overlappingmyosin
RLC- and CaM-binding sites have been described previously
in the RLC-interacting protein calponin. Unlike NR1, the
membrane-proximal regions of NR2A and NR2B represent
RLC target sequences that do not bind apo-CaM, Ca2�-
CaM, or myosin ELC. Thus the NR2 subunits potentially
represent RLC-interacting proteins requiring novel RLC
structural conformations, and for this reason formed the
focus of our study.
Our studies support a role for only three of the four EF hand

domains as necessary for RLC binding to NMDA receptor sub-
units. However, we were unable to isolate a stable, high affinity
ternary complex in vitro that, in theory, could be formed if the
fourth EF hand domain remained free to bind myosin heavy
chain. Instead our data support amodelwhereby theRLC forms
a distinct complex with either NR1 or NR2 subunits that inter-
act in lieu of the heavy chain. Such a scenario would not neces-
sarily require a large pool of free light chain as local physiolog-
ical conditions, for example divalent cation concentration
and/or the phosphorylation status of the RLC, may favor tran-
sition between one binding partner over another.
Our findingswith brainmyosin RLC are reminiscent of the S.

cerevisiae light chain Mlc1p, in that Mlc1p forms independent
complexes with myosin II and IQGAP; Mlc1p-Myo1p (myosin
II) interactions can be separated from Mlc1p-IQGAP interac-
tions (16). All three proteins can be isolated in a biochemical
complex and co-localize in cells during late mitosis, yet Mlc1p
does not form a bridge between IQGAP and Myo1p (16). As a
working model, we propose that RLC forms a distinct complex
with NMDA receptor subunits and also with myosin II heavy
chain. By analogy to Mlc1p, such an interaction could serve to
recruit the NMDA receptor and amyosin II motor sequentially
to a specialized subcellular compartment in a neuron. This
model takes into account our biochemical characterization of
direct NMDA-RLC interactions, as well as the work of others
showing that a non-muscle myosin II-B motor complex is
closely associated with the NMDA-type glutamate receptor (2,
49–52).
Although several RLC-interacting proteins have been

described in the literature (2, 19, 20, 24), there is currently no
unifyingmechanism to explain how amyosin II RLC could bind
simultaneously to a myosin II heavy chain and a second target
protein such as MIR, an NMDA receptor subunit, or an ABC
transporter. It has been proposed that calponin binds F-actin
and the phosphorylated formof RLC, in the context of amyosin
II complex, to regulate smooth muscle contractility (53). Cal-
cium appears to be a central regulator of this interaction; myo-
sin RLC is phosphorylated by the Ca2�-CaM-dependent
enzymeMLCK, and the interaction between F-actin and calpo-
nin may be disrupted by Ca2�-CaM (19, 53). This is intriguing
as NMDA receptor subunits bind directly to myosin RLC and
are also physically “latched” to F-actin at postsynaptic sites by
actin-binding proteins such as �-actinin-2 and spectrin (54,
55). TheNMDA receptor is a ligand-gated calcium channel and
thus some functional parallels can be drawn with the calponin
interaction in smoothmuscle. Ca2�-CaM competes formyosin
RLC and�-actinin-2 binding sites on theC0 region ofNR1 (55).
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The direct binding of Ca2�-CaM to the C0 region of NR1
results in a reversible calmodulin-dependent inactivation of
NMDA receptor channels (43, 56), some characteristics of
which can be recapitulated in hippocampal neurons by direct
manipulation of MLCK (50).
Myosin RLC-NMDA receptor interactions were sensitive to

the phosphorylation state of the light chain, in that phospho-
rylation of RLC by MLCK decreased receptor binding relative
to the unphosphorylated RLC. These findings are consistent
with a role for the amino portion of the light chain as a deter-
minant of NMDA receptor binding, as the expected targets for
phosphorylation by MLCK, threonine 18 and serine 19, are
located within this region (3). Our ability to detect phosphoryl-
ated myosin RLC bound to NMDA receptor targets was not
surprising inasmuch as the RLC remains bound to the heavy
chain neck throughout the actin myosin ATPase cycle. These
studies revealed a potentially important similarity between the
interaction of RLC with NMDA receptor subunits and the
smooth muscle protein calponin (19), in that the amino termi-
nus of the light chain is important for binding to both non-
myosin targets. In contrast to the reported interaction of calpo-
nin with RLC (53), the phosphorylated form of RLC was not
favored in our studies. Taken together, these protein-protein
interaction studies indicate that the RLC adopts a conforma-
tion with the NMDA receptor that can be distinguished from
the interaction of RLC with its normal binding partner, myosin
II heavy chain. The disposition of myosin RLC in binding MIR
or ABC transporters such as BSEP remains to be determined.
Despite some common themes, we saw no evidence for bind-

ing of either unphosphorylated or phosphorylatedmyosin RLC
to NR2A in the context of a recombinant NMIIB subfragment
1. These studies were carried out in physiological salt concen-
trations capable of detecting direct binding of proteins such as
PSD-95 or Ca2�-CaM to the receptor. In addition, the fluores-
cence signal arising from the C0 peptide upon titration of sub-
fragment 1 was not easily saturable, indicating that the affinity
of myosin RLC for NR1 in the context of the myosin subfrag-
ment would be significantly lower than the nanomolar affinity
measured for the isolated light chain. These kinds of studies are,
however, technically challenging in vitro as the solubility and
stability of the myosin II subfragment is also compromised at
physiological salt concentrations. Although it is not possible to
rule out a transient calponin-like interaction between the
receptor and a neuronal myosin II in vivo, it seems most likely
that binding of a third target protein is not favored once the
RLC is already in a complex with myosin II heavy chain.
The current understanding of conventional myosin II

structure therefore does not explain how an RLC could bind
to two target proteins simultaneously. Structural studies
have revealed that the RLC always binds to the neck region of
myosin II heavy chain in an open and extended conforma-
tion. In fact the amino terminus of RLC binds to a highly con-
served tryptophan-rich target sequence that is not actually part
of the IQ2 motif, whereas the carboxyl terminus binds to the
IQXXXR portion of the incomplete IQ2 located in the myosin
heavy chain (8). Site-directed mutagenesis of residues within
the NR2A target sequence, however, revealed that the most
likely explanation for recognition of NR2 subunits as non-my-

osin targets was because of sequence homology between NR2
and residues within the neck region of myosin II that are not
part of the canonical IQ2 motif. These findings illustrate that a
protein need not contain consensus IQ motifs to be a target of
the isolated RLC. This is important as screening for the pres-
ence of IQ motifs has been employed as a strategy for uncover-
ing new binding targets of highly related EF-hand-containing
proteins.
It is becoming accepted that myosin ELC has binding part-

ners other than the myosin II heavy chain. This viewpoint has
been facilitated by clear differences in the spatial and temporal
distribution and/or stability of the ELC versus RLC andmyosin
II heavy chain in organisms such as Dictyostelium (57), the
yeasts S. cerevisiae and S. pombe (13, 16, 17), and D. melano-
gaster (11). These kinds of studies are more difficult in the
mammalian central nervous system as expression of compo-
nents of the myosin II complex is under the control of more
than one gene, thus making it difficult to track each polypep-
tide. For example, three separate genes encode non-muscle
myosin II heavy chain isoforms (II-A, II-B, and II-C) (3), and at
least two of these (II-B and II-C) are alternately spliced (58, 59).
Several RLC isoforms have also been described in brain (34–
36), yet it is not clear if particular light chain isoforms are shared
by more than one heavy chain or if the pairing of RLC light
chain and heavy chain II isoforms is isoform-specific. Our pres-
ent findings indicate that a brain RLC can localize with either
myosin II-B or II-A heavy chain isoforms when binding to a
non-myosin target is disrupted. Differential staining patterns
observed with RLC and non-muscle myosin II-B heavy chain
antibodies in brain also indicate that heterogeneity in the com-
position of native myosin II complexes is likely, despite compa-
rable expression of RLC, ELC, andNMHC-IIB inmouse cortex,
hippocampus, and cerebellum (52). In D. melanogaster, which
has a single gene encoding the ELC (essential light chain-cyto-
plasmic), RLC (spaghetti squash), and heavy chain (zipper), at
least four alternate binding partners for the ELC have been
identified (11). However, all three components of the myosin II
complex appear to be expressed in relatively constant stoichio-
metric amounts, and by far the majority of both light chains is
bound to myosin II heavy chain; using an immunodepletion
strategy greater than 90% of ELC and greater than 95% of RLC
were bound tomyosin II heavy chain inwild-type embryos (11).
These authors conclude that although themajority of both light
chains are associated with non-muscle myosin II heavy chain,
pools of free light chain and/or light chain bound to other pro-
teins are present (11). These findings illustrate the potential
challenges in studying either alternate binding partners or free
pools of myosin light chains in the mammalian brain.
The expression pattern of YFP-myosin RLC in HEK cells

showed significant overlay with that of theNR2A subunit when
expressed either alone or in the context of a heteromeric mem-
brane-bound NR1/NR2A receptor. We used site-directed
mutagenesis to disrupt co-localization of NR2A with the light
chain and to identify the Golgi complex as a specific region
within the cell where RLC interactions may be functionally
important in forward trafficking of NR1/NR2A receptors. The
cytosolic localization of myosin RLC and NR2A in cells is con-
sistent with our previous observation that nativemyosin RLC is
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co-expressed with the NR1 subunit in the soma of some neuro-
nal populations in neonatal and adult mice (52). A punctate,
perinuclear staining pattern corresponding to overlappingNR1
and myosin RLC immunoreactivity was clearly observed in the
soma of deep cortical neurons and in Purkinje neurons of the
cerebellum (52). Although the exact intracellular compartment
remains to be identified, the simplest explanation for the
observed expression patterns in cells and neurons is that myo-
sin RLC is closely associated with NMDA receptor subunits
early in the secretory pathway before delivery from the Golgi to
postsynaptic sites. In the case of the ABC transporter BSEP, a
direct binding partner of RLC, it has been proposed thatmyosin
RLC is required for trafficking of newly synthesized BSEP to the
apical membrane and/or the release of BSEP vesicles from the
trans-Golgi network of hepatocytes (20, 60). Myosin II binds to
the Golgi membrane via the tail domain of the heavy chain,
leaving the head region free to interact with F-actin. In this
orientation,myosin II is thought tomoveGolgi-derived vesicles
away from the Golgi complex (61). Our finding that non-mus-
cle myosins IIB and Va are, like NMDA receptor subunits, raft-
associated proteins (62), is consistent with the general hypoth-
esis that affinity for lipid rafts can provide a sorting platform for
exit from the trans-Golgi network in polarized cells (63). The
specific mechanisms responsible for movement and export of
NMDA receptor-containing vesicles from the Golgi are not
clear; however, microtubule-based motors subsequently play a
role in trafficking NMDA receptor transport packets to the
vicinity of a new postsynaptic site (64). The kinesin family
member KIF17 has been reported to associate with the NR2B
subunit; however,NR2B trafficking by this particularmolecular
motor occurs at the level of the dendritic shaft, and KIF17 does
not enter the actin-rich dendritic spine (65). Dendritic spines
are largely devoid of microtubules, and thus it is unlikely that
microtubule-based motors are responsible for movement and
trafficking of NMDA receptor complexes within the spine
itself. Although proteomic analyses have identifiedmembers of
the myosin superfamily representing classes I, II, V, VI, and
XVIII at glutamate synapses (66, 67), the functional significance
of this observation is not yet appreciated.
In this study, we observed significant re-localization ofNR2A

and myosin RLC in heterologous cells in the presence of the
NR1 subunit. Receptors containing an RLC-deficient NR2A
subunit showed a temporal trafficking defect, indicating that
more than one mechanism for trafficking NR1/NR2A assem-
blies is present in HEK cells. The apparent redistribution of
RLC and wild-type NR2A proteins to a membrane-associated
domain is consistent with previous studies in mature hip-
pocampal neurons that show native myosin RLC is located at
dendritic spines withNMDA receptors. Green fluorescent pro-
tein-taggedmyosin RLChas also been shown by others to local-
ize to the dendritic spines of transfected hippocampal neurons
(44). Our findings in intact cells therefore extend our previous
observations in that myosin RLC appears to be associated with
the NR2A subunit, a second marker of functional NMDA
receptors, as well as the NR1 subunit. By analogy to our current
understanding of the role of RLC in BSEP trafficking in polar-
ized epithelial cells (20, 60), the following two possible regions
of interest emerge as being potential locations for direct and/or

indirect interactions between the NMDA receptor, the RLC,
and a neuronal myosin II motor: 1) an endomembrane com-
partment within the neuronal soma that is likely associated
with the Golgi apparatus, and 2) a postsynaptic compartment
corresponding to the dendritic spine.With respect to the direct
interaction of RLC with NMDA receptor subunits, we suggest
thatmyosin RLC has the ability to adopt target-dependent con-
formations with non-myosin binding partners in the absence of
a heavy chain to fulfill a trafficking function.
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