
Muscle-regulated expression and determinants for
neuromuscular junctional localization of the
mouse RIa regulatory subunit of cAMP-
dependent protein kinase
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In skeletal muscle, transcription of the gene encoding the mouse
type Ia (RIa) subunit of the cAMP-dependent protein kinase is
initiated from the alternative noncoding first exons 1a and 1b.
Here, we report that activity of the promoter upstream of exon 1a
(Pa) depends on two adjacent E boxes (E1 and E2) in NIH 3T3-
transfected fibroblasts as well as in intact muscle. Both basal
activity and MyoD transactivation of the Pa promoter require
binding of the upstream stimulating factors (USF) to E1. E2 binds
either an unknown protein in a USFyE1 complex-dependent man-
ner or MyoD. Both E2-bound proteins seem to function as repres-
sors, but with different strengths, of the USF transactivation
potential. Previous work has shown localization of the RIa protein
at the neuromuscular junction. Using DNA injection into muscle of
plasmids encoding segments of RIa or RIIa fused to green fluores-
cent protein, we demonstrate that anchoring at the neuromuscular
junction is specific to RIa subunits and requires the amino-terminal
residues 1–81. Mutagenesis of Phe-54 to Ala in the full-length
RIa–green fluorescent protein template abolishes localization,
indicating that dimerization of RIa is essential for anchoring.
Moreover, two other hydrophobic residues, Val-22 and Ile-27, are
crucial for localization of RIa at the neuromuscular junction. These
amino acids are involved in the interaction of the Caenorhabditis
elegans type Ia homologue RCE with AKAPCE and for in vitro
binding of RIa to dual A-kinase anchoring protein 1. We also show
enrichment of dual A-kinase anchoring protein 1 at the neuromus-
cular junction, suggesting that it could be responsible for RIa
tethering at this site.

Subcellular localization is a crucial mechanism to achieve
optimal activation and substrate specificity of the cAMP-

dependent protein kinase (PKA, EC 2.7.1.37). PKA type II
targeting to subcellular structures and organelles or assembly in
signaling complexes is a result of tethering of RII regulatory (R)
subunits by members of the A-kinase anchoring protein (AKAP)
family, a group of structurally divergent proteins possessing a
conserved RII-binding site (1, 2).

Although a large proportion of type Ia R subunit (RIa) is
dispersed in the cytosol, it also is associated with the plasma
membrane of human erythrocytes (3), recruited to the ‘‘cap site’’
of activated T lymphocytes (4) and sequestered along the fibrous
sheath of mammalian spermatozoa (5). In addition, we have
demonstrated previously the accumulation of RIa at the neu-
romuscular junction (NMJ) of skeletal muscle (6) and its asso-
ciation with microtubules (7). The high affinity RII-binding sites
of certain AKAPs, named dual (D)-AKAPs, also sequester RIa
in vitro but with a 25–500 lower affinity (8, 9). Thus, type I PKA
also could be anchored in intact cells through specific AKAP-
RIa interactions. In fact, Angelo and Rubin (10) have identified
AKAPCE from Caenorhabditis elegans, which binds the RCE
subunit. Because RCE is closely related to mammalian RIa,
AKAPCE is the first eukaryotic RI-specific tethering protein.

Indeed, AKAPCE binds mammalian RIa but not RII subunits
(10, 11).

To define the structural determinants necessary for NMJ
localization of the mouse RIa protein, we used in vivo plasmid
injection into adult muscle as described by Wolff et al. (12). The
first 81 residues of RIa are sufficient to accumulate a green
fluorescent (GFP) fusion protein at the NMJ, indicating that
anchoring requires the dimerizationydocking domain. NMJ lo-
calization is specific for RIa because the corresponding docking
region of RIIa (residues 1–44) does not confer accumulation.
The localization of RIa is affected by mutation of the conserved
residues Val-22, Ile-27, and Phe-54, which are essential for the
interaction of RCE with AKAPCE (11) and for RIa binding to
D-AKAP1 in vitro (13). In fact, we observed an enrichment of
D-AKAP1 at the NMJ, implying that RIa could be recruited by
this anchoring protein.

RIa transcripts as well as the corresponding protein are
enriched at the NMJ (6). Furthermore, we have described five
alternative, noncoding first exons (1a–1e) for mouse RIa tran-
scripts, and only those containing exons 1a and 1b are expressed
in skeletal muscle (14). We investigated whether muscle-specific
regulatory elements are implicated in transcriptional activity of
the cognate exon 1a (Pa) and 1b (Pb) promoters. Muscle-specific
gene regulation depends on E boxes (CANNTG) (15, 16). Basic
helix–loop–helix (bHLH) or bHLH-leucine zipper proteins, such
as the myogenic factors (MyoD, myf5, myogenin, and MRF4)
(17) and the upstream stimulating factors (USF1, 2a and 2b)
(18), bind to E box motifs according to the nature of the two
variable NN nucleotides. Here, we show that two E boxes, which
bind either USF or MyoD, control muscle-enhanced activity of
the Pa promoter of the otherwise ubiquitously expressed RIa
gene.

Materials and Methods
Reporter Gene Constructs and Site-Directed Mutagenesis. A 1.1-kb
fragment (Pa) comprising the presumed mouse RIa exon 1a
promoter and exon 1a (24,258 to 23,161 nt) was amplified with
primer pairs containing SalI or NcoI restriction sites and cloned
into plasmid pSKT-nLacZ, provided by S. Tajbakhsh (Institut
Pasteur), resulting in plasmid Pa-nLacZ. To generate Pb-nLacZ,
the 0.45-kb fragment including exon 1b and its upstream se-
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quence (23,162 to 22,710 nt) was amplified. The plasmid
md(2839y145)nLacZ, containing the b-galactosidase (b-gal)
gene under control of the mouse acetylcholine receptor (AChR)
d-subunit promoter (19), was provided by L. Schaëffer (Ecole
Normale Supérieur, Lyon, France).

To obtain GFP fusion proteins, the coding region of mouse
RIa (14) was amplified from a full-length cDNA clone with the
forward primer RIayHIII (59-TCTCGAGCTCAAGCTTAC-
CACACCGAGAACCATGGCG-39) and the reverse primers
RIayBI (59-GGTGGCGATGGATCCGCAGGACAGGGA-
CACGAAGC-39) or RIa(1–91)yBI (59-GGTTGGCGATG-
GATCCGCCCTTCACCACTGGATTGGG-39) or RIa(1–
81)yBI (59-GGTGGCGATGGTCCCTCGTCCTCCCTC-
AGTCAGT-39). The primers RIIayHIII (59-TCTGAGCT-
CAAGCTTATGAGCCACATCCAGATCCCGCCGGGG-39)
and RIIayBI (59-GTGCGGACGCGCTCCGGGCGGCGG-
GATCCTAGCGGTGGTAC-39) were used to amplify the se-
quence encoding the first 44 residues from a human RIIa cDNA,
given by K. Taskén (University of Oslo, Oslo, Norway). The PCR
products were digested with BamHI and HindIII and ligated into
the vector pEGFP-N3 (CLONTECH). The resulting expression
vectors, pRIa-, pRIa(1–91)-, pRIa(1–81)-, and pRIIa(1–44)-
GFP, contain an in-frame fusion of RIa or RIIa to the 59 end
of the GFP cDNA under control of the human cytomegalovirus
promoter.

Plasmids pE1m, pE2m, pE3m (single E box-mutated), pE21m,
pE31m, pE32m (two mutated E boxes), and pE321m (mutations
in the three E boxes) were obtained from Pa-nLacZ by mu-
tagenesis using the QuickChange Site-Directed Mutagenesis kit
(Stratagene) and mutation primers (Fig. 1B). The double-
stranded primers C18A (59-CGGAGTCTCCGGGAAGC-
CGAGCTCTATGTGCAG-39), V22A (59-GAATGC-
GAGCTCTATGCGCAGAAGCACAATATC-39), I27A (59-
GTGCAGAAGCACAATGCCCAGGCCCTGCTGAAG-39),
and F54A (59-CCTTCGGGAATACGCTGAGAGGTTG-
GAGAAG-39) were used to mutate Cys-18, Val-22, Ile-27, and
Phe-54 to Ala, generating the pRIa(C18A)-, pRIa(V22A)-,
pRIa(I27A)-, and pRIa(F54A)-GFP plasmids, respectively.
Amino acids are numbered as in the European Molecular
Biology Laboratory sequence database (14). All plasmids were
verified by sequencing.

Cell Lines, Culture Conditions, and Transient Expression Assays.
Mouse NIH 3T3 fibroblasts were grown in DMEM supple-
mented with 10% FCS. Mouse C2y7 myoblasts derived from the
C2 skeletal muscle line were grown to confluence in DMEM
with 20% FCS and induced to differentiate into myotubes by
serum starvation (20).

Cells were transfected by the calcium phosphate procedure
(21) with 5 mg of b-gal reporter constructs and 1 mg of a reporter
containing the simian virus 40 early promoter linked to the
luciferase gene (pGL2; Promega) in combination with different
amounts of the MyoD expression plasmid, pEMSV-MyoD,
provided by M. Lemonnier (Institut Pasteur), or vector lacking
the MyoD coding sequence. The DbT1 expression vector
encoding a dominant-negative form of USF1, deficient in
DNA binding, and the TDU1 construct expressing transacti-
vation domain-truncated USF1 proteins (22) were given by B.
Viollet (Institut Cochin de Génétique Moléculaire, Paris).
b-Gal activity was measured by a chemiluminescent reporter
gene assay (Galacto-Light; Perkin–Elmer) and corrected by
the luciferase activity (21).

Nuclear Extracts and Electrophoretic Mobility-Shift Assays (EMSA).
EMSA reactions (20) were performed with nuclear extracts (23)
from NIH 3T3 or myotube stage C2y7 cells and double-stranded
oligonucleotides encompassing either wild-type or mutated E
boxes of the Pa (Fig. 1B), the muscle creatine kinase (mckR)

(17), or the adenovirus major late promoter (MLP) (24). Mono-
clonal anti-MyoD (Dako) and polyclonal anti-USF antibodies,
given by B. Viollet, were used for supershift assays.

In Vivo DNA Injection into Skeletal Muscle. b-Gal test or GFP fusion
plasmids were resuspended in Mg21- and Ca21-free PBS (3
mgyml). The tibialis anterior muscles of 3-week-old C57yBL6j 3
SJL mice were injected (12) with 45 mg of both b-gal test and
pGL2 control plasmids for transient in vivo expression. Five days
later, total muscle proteins were extracted and used to determine
b-gal activities (25), which were corrected for the luciferase
activity. Muscles, injected with the GFP fusion constructs (90
mg), were fixed in 4% formaldehyde, rinsed, and incubated with
tetramethylrhodamine B isothiocyanate-a-bungarotoxin (1:500)
for 30 min to label the NMJ. Fibers were mounted with
Immuno-mount (Shandon, Pittsburgh) and examined with a
photomicroscope (Zeiss).

Immunohistochemistry. Immunohistochemistry was performed on
adult tibialis anterior muscle sections with an anti-D-AKAP1
polyclonal antibody (1:100) directed against the core domain of
the protein (26), a gift of S. S. Taylor (University of California
at San Diego, La Jolla). Images were acquired by confocal
microscopy and analyzed as described (6).

Results and Discussion
E and N Box Motifs Are Present Upstream of RIa Exon 1a. Mouse RIa
transcripts contain five alternative first exons (14). Fragments Pa
to Pe (Fig. 1A) exhibit promoter activity when tested in trans-
fected hepatoma and fibroblast cells (data not shown). Because
muscle expresses exon 1a and 1b transcripts (14), a computer-
assisted search for elements that could account for muscle-
specific regulation was carried out on the Pa and Pb sequences.
Both sequences contain multiple consensus binding sites for
ubiquitous transcription factors (Sp1, AP-1, AP-2, and NF-1). In
addition, Pa contains three E boxes located at 61 (E1), 81 (E2),
and 203 nt (E3) upstream of the most 59 transcription start site
(Fig. 1B). Expression of skeletal muscle-specific genes, such as
the a-subunit of AChR (27), is controlled primarily by MyoD,
myogenin, and other E box-binding bHLH factors specific for the
muscle lineage (15, 16). Pa also contains one N box (CCGGAA)
at 2286 nt; such a motif is required for the differential tran-
scriptional regulation of AChR subunit genes in synaptic vs.
extrasynaptic regions of muscle fibers (28).

The RIa Pa Promoter Is Highly Active in Intact Muscles. The ability of
the Pa promoter to control expression in muscle was investigated
by in vivo Pa-nLacZ plasmid injection into tibialis anterior
muscles of 3-week-old mice. The b-gal reporter gene driven by
Pa (Fig. 1C) exhibited a high activity in total extracts of
nonregenerating muscle. In contrast, the d-AChR promoter
construct showed no detectable activity, as described for the
a-AChR promoter (29).

In situ hybridizations on muscle sections of newborn mice by
using specific probes for exon 1a or 1b showed weak signals
throughout the muscle tissue. In addition, the exon 1a probe was
enriched strongly at the NMJ (data not shown), as AChR subunit
transcripts (30, 31). In situ cytochemical staining for b-gal
activity in plasmid-injected muscle fibers, used to test the ability
of N box elements to direct transcription in subjunctional nuclei
(19, 32, 33), revealed no preferential sites of expression of the
reporter gene driven by either the RIa Pa or Pb promoters alone
or in different combinations with the other RIa promoters (data
not shown). Staining appeared rapidly (45 min to 2 h) and
concerned a large number of nuclei, and the number of positive
fibers was high (up to 800 per muscle) for both the Pa- and
Pb-nLacZ plasmids; in contrast, injection of muscles with the
d-AChR promoter plasmid resulted in only 20–50 positive fibers
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with small numbers of stained nuclei after overnight incubation,
mostly at NMJ sites (data not shown). The rapid staining in a
large number of fibers of muscles injected with the Pa-nLacZ
plasmid leads us to speculate that any subsynaptic expression

conferred by the N box element would be masked in the context
of such a strong promoter.

Activity of the RIa Pa Promoter Involves E Boxes. The ability of the
strong Pa promoter to respond to activation by myogenic tran-
scription factors was examined in transient cotransfection assays
with a MyoD expression vector in NIH 3T3 fibroblast and C2y7
myoblast cells. The Pb-nLacZ plasmid was used as a non-E
box-containing control. Pa activity was enhanced by MyoD up to
6-fold (NIH 3T3, Fig. 1C) and 18-fold (C2y7) in a dose-
dependent manner whereas Pb was not (data not shown).
Moreover, whereas Pb is 6- to 7-fold more active than Pa in NIH
3T3 cells, this difference in promoter strength was reduced in
cells cotransfected with MyoD, resulting in the 1ay1b ratio of 1.5
that we have reported previously for RIa transcripts in adult
skeletal muscle (14). These results show that Pa contains regu-
latory elements necessary not only for ubiquitous expression but
for muscle-enhanced expression as well.

Mutations of the E Boxes Alter Pa Activity. To determine the roles
of the E boxes, we introduced mutations (Fig. 1B) that abolish
protein binding. Pa-nLacZ and the E box mutant plasmids were
injected into intact muscle and reporter gene activities were
measured. Mutations of the E1 box (pE1m) decreased Pa activity
by around 70% (Fig. 1C). In contrast, the pE2m plasmid
conferred a 2-fold higher activity than Pa, suggesting that the E2
box acts as a repressor element. Mutations of the E3 box (pE3m)
had no effect. Simultaneous mutations in E1 and E2 resulted in
activity similar to that obtained by mutating E1 alone, indicating
that E1 has a dominant effect over the dampening activity
mediated by E2. The effects of these mutations also were
examined in transiently transfected NIH 3T3 (Fig. 1C) or C2y7
cells (data not shown). The patterns of activity of the different
b-gal reporter constructs were similar to those observed in whole
muscle, suggesting that similar mechanisms regulate the Pa
promoter in the two situations.

Cotransfections of the test plasmids with different amounts of
MyoD expression vector into NIH 3T3 (Fig. 1C) or C2y7 cells
(data not shown) revealed that mutations of the E1 box abol-
ished transactivation whereas the E3 box mutation had no effect.
Surprisingly, the increased basal expression observed for the E2
box-mutated plasmid was decreased by MyoD without falling
below the MyoD-induced level obtained for the wild-type Pa
plasmid. These results indicate that both basal and MyoD-
induced activity of the Pa promoter require the E1 and E2
elements.

USF Proteins Bind to E1. The identification of the E1-binding
proteins was performed by EMSA (Fig. 2A) by using a probe
encompassing the 249- to 269-nt region of Pa. A major (band
I) and a minor (band II) complex were detected with fibroblast
and myotube nuclear extracts (lanes 1 and 2). Mutation of E1
abolished the formation of both complexes, and the intensity of
the bands diminished in the presence of an excess of unlabeled
probe but was not affected by a MyoD-binding site (mckR) or
preincubation with anti-MyoD antibody (data not shown). In
contrast, competition experiments with an oligonucleotide bear-
ing a USF-binding site (MLP) decreased the intensity of com-
plexes I and II for both extracts (lanes 3 and 4).

The USF family contains three members: USF2a and USF2b,
which are generated by alternative splicing, and USF1 (18).
These factors bind DNA as homo- or heterodimers but do not
associate with the myogenic factors (29). Incubation of nuclear
proteins from fibroblasts or myotubes with anti-USF2 or anti-
USF1 antibodies revealed that complexes I and II contain the
different USF proteins (lanes 5–9).

Fig. 1. E box-dependent basal activity and MyoD transactivation of the
mouse RIa Pa promoter. (A) Structure of the 59 region of the mouse RIa gene,
containing five alternative promoters (Pa to Pe). Untranslated first exons are
given as open boxes. The solid box represents coding sequences. Bent arrows
indicate transcription start sites upstream of the first exons. Solid bars under-
line the region corresponding to the Pa and Pb promoters, which are active in
adult skeletal muscle; the open bars indicate the other RIa promoters (Pc, Pd,
and Pe). Arrowheads show the positions of N boxes. (B) Schematic represen-
tation of the Pa-nLacZ construct, containing the Pa promoter upstream of the
b-gal reporter gene to which a nuclear localization signal has been added
(nLacZ). The E and N boxes are represented as open and solid rectangles,
respectively, and the consensus binding sites for ubiquitous transcription
factors are indicated as circles. Sequences of the E and N boxes and the
Sp1-binding site are underlined, and mutations introduced into the E boxes
are given. (C) Effects of the mutations on basal and MyoD-enhanced expres-
sion of the b-gal reporter gene. (Left) Normalized b-gal activities of total
extracts of injected, nonregenerating tibialis anterior muscles expressed as
mean values relative to the activity of nonmutated Pa-nLacZ (set to 100).
Numbers of injected muscles are indicated in parentheses. (Right) Normalized
b-gal activities of NIH 3T3 fibroblast cells cotransfected with the b-gal reporter
constructs and different amounts of a MyoD expression vector (solid, shaded,
and open histograms correspond to 0, 0.5, and 2 mg, respectively). Activities
relative to Pa-nLacZ (set to 100) are mean values (SD of two independent
experiments with duplicate samples).
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Myogenic Factors Bind to E2. Proteins binding to E2 (Fig. 2B) were
characterized by using a probe spanning 268 to 298 nt. With
myotube extracts, two bands (lanes 2 and 8) were detected that
were similar to those obtained with the control mckR probe
(lane 6). Formation of both complexes was blocked by an excess
of unlabeled E2 or mckR (lanes 3–4) whereas neither was
detectable with NIH 3T3 extracts (lanes 1 and 5) or a mutated

E2 probe (data not shown). Anti-MyoD antibody decreased the
intensity of band I (lanes 7 and 9), but not of band II, showing
that only complex I contains MyoD. Because myogenin is
implicated in the formation of complex II with the mckR probe
(34), complex II may be a result of myogenin binding to the E2
probe.

Protein Binding to E2 in the Absence of MyoD Requires USF Bound to
E1. Simultaneous protein binding was monitored (Fig. 2C) with
a probe containing both E1 and E2 (249 to 298 nt). With C2y7
extracts, in addition to the two faster-migrating bands, which
were blocked with USF- and MyoD-binding sites, a slower-
migrating band was detected (lane 1). Competition and super-
shift assays showed that this complex is formed by binding of
both USF and MyoD. Furthermore, the mutation of either E box
revealed that binding of USF and MyoD occurred independently
(lanes 2 and 3). In contrast, the binding of NIH 3T3 proteins
generated only one faster and a slower migrating band (lane 4).
Mutation of E1 abolished formation of both complexes (lane 5)
whereas mutation in E2 prevented formation only of the slower-
migrating band (lane 6). These results suggest that the slower-
migrating complex is formed by protein binding to E2 in a
USFyE1 complex-dependent manner. Mutations of E2 also
affect an overlapping Sp1-binding site (Fig. 1B). We therefore
investigated whether Sp1 could be bound to E2. However,
preincubation with anti-Sp1 antibodies did not interfere with
formation of the slower-migrating complex (data not shown).
Because E boxes bind proteins containing a bHLH domain, the
E2-binding protein likely belongs to this family. Inhibitory
bHLH proteins that compete with MyoD for DNA binding have
been described and include MyoR (35), Mist1 (36), the mouse
snail-related gene, Smuc (37), and the E1AyE12 hetero-
dimer (38).

MyoD Transactivation Requires USFyE1 Complex Activity. Contribu-
tion of the USF proteins to MyoD transactivation of Pa was
assessed in transient cotransfections of NIH 3T3 cells with MyoD
and truncated forms of USF either lacking the DNA-binding
domain (DbT1) or the transactivation domain (TDU1) (22).
Expression of dominant-negative forms of either USF1 (Fig. 3)
or USF2 proteins (data not shown) decreased the basal expres-

Fig. 2. Proteins binding to the E1 and E2 boxes of promoter Pa. NIH 3T3
fibroblast and C2y7 myotube nuclear extracts were incubated with radiola-
beled, double-stranded oligonucleotides encompassing the E1 box (A), the E2
box or mckR (B), and E1 1 E2 (C). Complexes were resolved in 4% acrylamide
gels. Competitions were performed with a 10- and 50-fold molar excess of
unlabeled oligonucleotide MLP (USF-binding site) or mckR (MyoD-binding
site). Supershifted complexes resulting from preincubation with either MyoD,
USF1 (U1), or USF2 (U2) antibodies are indicated by arrows.

Fig. 3. Dependence on USF of Pa basal and MyoD-mediated activity. NIH 3T3
cells were cotransfected with Pa-nLacZ and different amounts (0.05, 0.5, and
2 mg) of expression vectors encoding truncated forms of USF1 either lacking
the DNA-binding (DbT1) or the transactivation domain (TDU1). To each sam-
ple, 2 mg of the MyoD expression vector (Lower) or the vector lacking the
MyoD-coding region (Upper) was added. b-Gal activities, expressed relative to
activity in the absence of MyoD and truncated USF proteins (set at 100), are
mean values of two experiments.
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sion of the b-gal reporter gene and abolished MyoD transacti-
vation. Thus, basal activity and MyoD transactivation depend on
both DNA binding and transactivation capacity of the USF
proteins.

According to all these observations, we propose a model that
could account for muscle-enhanced expression involving coop-
eration between myogenic and nonmyogenic factors. In the
absence of MyoD, a protein bound to E2 could temper the
transcriptional activation by USF. Mutation of E2, by abolishing
binding of the putative repressor, would lead to increased
transcriptional activity. MyoD transactivation appears to result
from replacement of the repressor. In the presence of MyoD,
activity decreases in the E2-mutated context, suggesting that
MyoD also dampens USF activity. The inhibitory effects of
MyoD on the activity of USF observed for the Pa promoter is in
contrast with the positive cooperation between myogenic and
USF proteins involved in the response to denervation of the
chicken AChR a-subunit gene (29). Our model also could apply
to other cases of tissue-enhanced expression from the Pa pro-
moter (14), assuming the participation of other tissue-specific
bHLH transcription factors.

The Dimerization Domain of RIa Directs Its Accumulation at the NMJ.
We showed previously that the RIa protein is enriched at the
NMJ (6). To study this targeting, we used in vivo injections into
muscles of plasmids encoding RIa-GFP fusion proteins driven
by a viral promoter (Fig. 4A). In vivo injection has been used to
define transcriptional mechanisms that govern subsynaptic ex-
pression (19, 32, 33) but not to study protein localization.
Expression of GFP alone (pEGFP-N3) resulted in diffuse flu-
orescence throughout the cytoplasm (Figs. 4A and 5). In con-
trast, the RIa-GFP fusion protein (pRIa-GFP) accumulated in
green dots at and around the NMJ in 77% of the expressing
fibers. Type I PKA can be recruited by activated epidermal
growth factor receptor through interaction of a proline-rich
region of RIa (residues 82–91) with the SH3 domains of the
Grb2 adapter protein (39). However, this proline stretch is not
required for the accumulation of the fusion proteins because
deletion of this region in pRIa (1–81)-GFP did not abolish
localization (Figs. 4A and 5). These results indicate that the first
81 residues of RIa, containing the dimerization domain, are
sufficient for synaptic localization. This enrichment occurs irre-
spective of the site of reporter gene transcription because
expression of all three fusion proteins controlled by the AChR
d-subunit promoter gave identical results (data not shown). The
dimerization domain of RIa also is implicated in its localization
in sensory cells in the ear and retina through interactions with
the unconventional myosin VIIA (40).

The DimerizationyDocking Domain of RIIa Does Not Confer NMJ
Localization. The dimerization domain of the RIa subunit has
been defined as a docking domain for the in vitro interaction with
D-AKAPs (8, 9, 41) via an a-helix, which shares similarities with
the high-affinity AKAP-binding site of RII subunits (42). How-
ever, the first 44 aa of RIIa, which contain the structural
determinants for dimerization and interaction with AKAPs, do
not confer NMJ localization of the RIIa-GFP fusion protein
(Figs. 4A and 5). RIIa(1–44)-GFP protein-expressing muscle
fibers show perinuclear or nuclear enrichment of GFP fluores-
cence (Fig. 4A), implying its recruitment by an AKAP at this site
as reported previously for cardiac myocytes (43).

NMJ Anchoring Requires RIa Residues Conserved Between Mamma-
lian and Nematode Subunits. The dimerization domains of RIa and
RII subunits show striking similarities in secondary structure
because the N-terminal segment of both subunit types includes
two a-helices (44). The structure and function of the distal
dimerization helix (residues 49–64 in RIa) are highly conserved

between RIa and RII. Substitution of Phe-54 with Ala in the
full-length RIa-GFP fusion protein abolished anchoring to the
NMJ (Fig. 5). Because aromatic amino acids at this position are
indispensable for maintaining the overall dimeric structure of R
subunits, this result indicates that dimerization of RIa is re-
quired for NMJ anchoring.

However, residues in the proximal helix (residues 18–44)
required for docking function are not conserved between RI and
RII. Indeed, side chains from hydrophobic amino acids in the
docking region of RII engage in contacts with apolar core
residues in the tethering domain of classical mammalian AKAPs
(45). In C. elegans, the RI-like RCE subunit contains a proximal
helix that mediates high-affinity binding with the tethering
domain of the isoform-selective anchor protein AKAPCE. Side
chains from Cys-23, Val-27, Ile-32, and Cys-44 assemble a
hydrophobic surface that interacts with a complementary non-
polar-binding pocket in the AKAPCE (11). These amino acids are
conserved in the mammalian RIa subunits. Mutation of the
corresponding Val-22 to Ala in the mouse RIa protein led to a

Fig. 4. Accumulation of RIa-GFP fusion proteins and of D-AKAP1 at the NMJ.
(A) The dimerization domain of RIa, but not of RIIa, is able to direct NMJ
localization. Plasmids encoding full-length or truncated RIa-GFP or RIIa(1–
44)-GFP fusion proteins were injected into tibialis anterior muscles. Whole
fibers expressing GFP were dissected and stained with tetramethylrhodamine
B isothiocyanate-a-bungarotoxin to reveal the NMJ (open arrowheads). A
fiber negative for GFP is shown in Lower Right. The arrow points to a nucleus
in the multinucleated muscle fiber. (B) Confocal microscopy images of an adult
muscle NMJ double-stained with anti-D-AKAP1 antibody and FITC-a-
bungarotoxin. The photos show a single optical slice. (Bar 5 5 mm.)
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50% decrease in frequency of synaptic accumulation whereas
substitution of Ile-27 abolished localization at the NMJ; the
mutation of Cys-18 to Ala had no effect (Fig. 5). Taken together,
our data demonstrate that Val-22, Ile-27, and Phe-54 are nec-
essary for recruitment of the mouse RIa subunit.

D-AKAP1 Is Enriched at the NMJ. The residues we have defined as
critical for the NMJ localization of RIa, Val-22, Ile-27, and Phe-54,
also are required for its interaction with D-AKAP1 in vitro (13). To
determine whether D-AKAP1 could be implicated in maintaining
RIa at the NMJ, its distribution on tibialis anterior muscle sections
was analyzed by immunofluorescence by using an anti-D-AKAP1
antibody (Fig. 4B). Simultaneous labeling with FITC-coupled
a-bungarotoxin and confocal microscopic analysis demonstrated an
enrichment of D-AKAP1 at the NMJ and a partial colocalization
of the two signals. Similar colocalization has been observed by G.
Perkins and S. S. Taylor by using affinity-purified antibody (per-
sonal communication). In addition, two other polyclonal antibodies
directed against different portions of D-AKAP1 gave the same
results (data not shown). Consequently, D-AKAP1 could be re-
sponsible for targeting of RIa to the NMJ. Exclusion of RIIa from
the NMJ was unexpected because D-AKAP1 exhibits higher af-
finity for RII than RI in vitro (9). However, the discrepancy could
be due to the presence in the nuclear area of an AKAP that exhibits
higher affinity for RIIa and, consequently, could preferentially
recruit RIIa. Alternatively, other D-AKAPs or proteins homolo-
gous to AKAPCE could be involved in anchoring type I PKA
regulatory subunits.
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Fig. 5. Structural determinants of RIa required for its NMJ enrichment.
Percentage of coincidence of tetramethylrhodamine B isothiocyanate-a-
bungarotoxin and GFP fluorescence was obtained with plasmids encoding
full-length RIa(pRIa-GFP), N-terminal sequences of RIa(residues 1–91 or 1–81)
or of RIIa (residues 1–44), and single amino acid substitutions of full-length RIa
(C18A, V22A, I27A, F54A). The number of GFP-positive fibers examined for
each construct is indicated in parentheses.
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