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Abstract

The dihydropyridine receptor (DHPR) a1S II–III loop has been shown to be critical for excitation–contraction (EC) coupling in
skeletal muscle, but the importance of other cytoplasmic regions, especially the N-terminus (residues 1–51), remains unclear. In this
study, we found that deletion of a1S residues 2–37 (weakly conserved with N-termini of other L-type Ca2+ channels) had little effect
on the ability of a1S to serve as a Ca2+ channel or voltage sensor for EC coupling. Strikingly, deletion of 10 additional residues,
which are conserved in L-type channels, resulted in ablation of DHPR function. Specifically, confocal microscopy and measurement
of charge movement showed that removal of residues 2–47 resulted in a failure of sarcolemmal insertion. Our results indicate that
the weakly conserved, distal a1S N-terminus is not critical for EC coupling or function as a Ca2+ channel. However, integrity of the
proximal a1S N-terminus is necessary for sarcolemmal expression of the DHPR.
� 2005 Elsevier Inc. All rights reserved.
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Voltage-gated Ca2+ channels are heteromultimeric
complexes containing a primary a1-subunit and auxilia-
ry a2d, b and, in some cases, c-subunits [1]. The Ca2+

channel a1-subunit forms the Ca2+-conducting pore
and houses the voltage-sensing mechanism. Each a1-
subunit is composed of four conserved transmembrane
repeats (I–IV), each consisting of six putative a-helices.
These repeats are linked by three relatively non-con-
served cytoplasmic loops (I–II, II–III, and III–IV),
which are important sites for intracellular protein–
protein interactions [2–9]. Likewise, the cytoplasmic
N- and C-termini of voltage-gated Ca2+ channels are
also known to interact with signaling and scaffolding
molecules [10–19].

The skeletal muscle L-type Ca2+ channel (a1S), or
dihydropyridine receptor (DHPR), serves as the voltage
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sensor for excitation–contraction (EC) coupling with the
type 1 ryanodine receptor (RyR1), [20]. ‘‘Orthograde’’
coupling between the DHPR and RyR1 is observed as
depolarization-induced Ca2+ release, which is dependent
on channel activation rather than L-type Ca2+ current
[21–24]. In addition to the orthograde signal, ‘‘retro-
grade’’ coupling also occurs between the DHPR and
RyR1. In dyspedic (RyR1 null) myotubes, L-type cur-
rent density is significantly reduced compared to that
of normal myotubes, despite similar DHPR membrane
expression [25]. This observation, along with the ability
of exogenously expressed RyR1 to restore current densi-
ty [25–27], supports the conclusion that functional cou-
pling between the DHPR and RyR1 is bi-directional.

A crucial role for the cytoplasmic a1S II–III loop in
skeletal-type EC coupling was revealed in experiments
that employed a chimeric DHPR consisting of the a1S
II–III loop in a cardiac a1C-subunit background [2].
Within the a1S II–III loop, subsequent experiments iden-
tified a ‘‘critical domain’’ composed of residues 720–765
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[28]. Neither orthograde nor retrograde coupling was
supported by a chimera in which the cardiac a1C II–III
loop is substituted for the corresponding region of a1S,
yet orthograde and retrograde coupling were both res-
cued by re-introduction of a1S residues 720–764 into
the cardiac a1C II–III loop of this construct [29]. A more
recent study has proposed that a1S residues 734–748
adopt a random-coil conformation that enables the a1S
to interact with other EC coupling proteins [30].

Several lines of evidence suggest that regions in addi-
tion to the critical domain of the a1S II–III loop are in-
volved in EC coupling. For example, an a1S mutant,
which lacks both the critical domain and an upstream
segment of the a1S II–III loop, supports weak EC cou-
pling associated with Ca2+ transients about 15% the
amplitude of those for wild-type a1S [31]. Additionally,
a chimera consisting of a1H with the II–III loop replaced
by that of a1S fails to produce skeletal type EC coupling
[32] and a1S cytoplasmic domains in addition to the a1S
II–III loop affect the voltage dependence of intracellular
Ca2+ release [33]. Moreover, a variety of experimental
approaches suggest that in addition to the a1S II–III
loop, the a1S I–II loop [3], a1S III–IV loop [34–36],
and a1S C-terminus [17,37,38], as well as the N- and
C-termini of b1a [39–42], may be involved in expression
and targeting of the DHPR and in its transmission of
the EC coupling signal to RyR1. In the case of the a1S
N-terminus, it has been found that its replacement by
the a1C N-terminus did not affect EC coupling [2,33].
However, the ability of such chimeras to test a role of
the a1S N-terminus in EC coupling is limited by structur-
al similarities between a1S and a1C in this region.

In the present study, we examined the effects of delet-
ing portions of the a1S N-terminus, in order to test
unambiguously the necessity of this region for EC cou-
pling. Our results indicate that the weakly conserved,
distal a1S N-terminus (residues 2–37) is unimportant
for bi-directional coupling with RyR1. Deletion of an
additional 10 residues, which are completely conserved
amongst L-type Ca2+ channels (all told, removal of
a1S residues 2–47), results in total loss of sarcolemmal
expression of the DHPR.
Materials and methods

Molecular biology

a1S -YFP. This construct [42] encodes residues 1–1667 of rabbit a1S
[GenBank Accession No. X05921], followed by a 12 residue linker,
followed by YFP (239 residues).

a1SD37. This construct encodes a1S-YFP with a1S residues 2–37
deleted. Forward primer 5 0-cgcgcgcgctagcgccaccatgaacccgctgag
gaaggcgt-30, reverse primer 5 0-cgcgcgcgaattccccactcaggacgccc-30 and
PCR (with elongase) were used to produce a cDNA with atg attached
to nucleotides 756–1655 of a1S-YFP. The forward primer contained an
NheI restriction enzyme site and the reverse primer an EcoRI restric-
tion site that corresponded to an endogenous site at a1S-YFP bp 1650.
The resultant PCR product was inserted into a1S-YFP cut with NheI
and EcoRI.

a1SD47. This construct encodes a1S-YFP minus residues a1S 2–47.
Forward primer 5 0-gctagcatggtggaatggaaacc-3 0 and reverse primer 5 0-
gaattccccactcaggacgcc-30 and PCR (with TAQ) were used to attach atg
to nucleotides 786–1655 of a1S-YFP. This amplified cDNA was
inserted into the TA cloning site of the pCR2.1 cloning vector (Invit-
rogen, Carlsbad, CA). Subsequently, the pCR2.1 vector containing the
inserted cDNA was thoroughly digested with EcoRI (cut sites in the
polylinker flanking either side of the TA site and at the 3 0 end of the
inserted cDNA) and the �900 bp fragment was isolated and ligated
into a1S-YFP cut with EcoRI. The integrity of each cDNA construct
was confirmed by restriction digests and sequencing.

Expression of cDNA

Primary cultures of dysgenic myotubes were prepared from new-
born mice as described previously [43]. Myoblasts were plated into
35 mm ECL-coated, plastic culture dishes (#353801, Falcon, San Jose,
CA) for electrophysiology or onto culture dishes with ECL-coated
glass coverslip bottoms (MatTek, Ashland, MA) for confocal
microscopy. Cultures were grown for 6–7 days in a humidified 37 �C
incubator with 5% CO2 in Dulbecco�s modified Eagle�s medium
(DMEM; #15-017-CM, Mediatech, Herndon, VA), supplemented with
10% fetal bovine serum/10% horse serum (Hyclone Laboratories,
Logan, UT). This medium was then replaced with differentiation
medium (DMEM supplemented with 2% horse serum). After 2–4 days,
single nuclei were microinjected with 100 ng/ll (for electrophysiology)
or 60 ng/ll (for confocal microscopy) cDNA. Expressing myotubes
were examined two days after cDNA expression.

Measurement of ionic currents

Pipettes were fabricated from borosilicate glass and had resistances
of 2.0–3.0 MX when filled with internal solution containing (mM): 140
Cs–aspartate, 10 Cs2–EGTA, 5 MgCl2, and 10 Hepes, pH 7.4, with
CsOH. The external solution contained (mM): 145 TEA-Cl, 10 CaCl2,
0.003 tetrodotoxin (TTX), and 10 Hepes, pH 7.4, with tetraethylam-
monium (TEA)-OH. Linear capacitative and leakage currents were
determined by averaging the currents elicited by eleven, 30 mV
hyperpolarizing pulses from a holding potential of �80 mV. Test
currents were corrected for linear components of leak and capacitive
current by digital scaling and subtraction of this average control cur-
rent. Electronic compensation was used to reduce the effective series
resistance (usually to <1 MX) and the time constant for charging the
linear cell capacitance (usually to <0.5 ms). Ionic currents were filtered
at 2 kHz and digitized at 10 kHz. To measure macroscopic L-type
current in isolation, a 1-s prepulse to �20 mV followed by a 100-ms
repolarization to �50 mV was administered before the test pulse
(prepulse protocol) to inactivate T-type Ca2+ channels. Cell capaci-
tance was determined by integration of the current transient evoked
from �80 to �70 mV using Clampex 8.0 (Axon Instrument, Foster
City, CA). Current–voltage (I–V) curves were fitted using the equation:

I ¼ Gmax � ðV � V revÞ=f1þ exp½ðV G � V Þ=kG�g; ð1Þ

where I is the current for test potential V, Vrev is the reversal potential,
Gmax is the maximum Ca2+ channel conductance, VG is the half-max-
imal activation potential, and kG is the slope factor.

Measurement of intracellular Ca2+ transients

Changes in intracellular Ca2+ were recorded with Fluo-3 (Molec-
ular Probes, Eugene, OR). The salt form of the dye was added to the
standard internal solution for a final concentration of 200 nM. After
entry into the whole-cell configuration, a waiting period of >5 min was
used to allow the dye to diffuse into the cell interior. A 100-W mercury
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illuminator and a set of fluorescein filters were used to excite the dye
present in a small rectangular region of the voltage-clamped myotube.
A computer-controlled shutter was used to block illumination in the
intervals between test pulses. Fluorescence emission was measured by
means of a fluorometer apparatus (Biomedical Instrumentation
Group, University of Pennsylvania, Philadelphia, PA). The average
background fluorescence was quantified before bath immersion of the
patch pipette. Data are expressed as (DF/F), where DF represents the
change in fluorescence from baseline 50 ms after the onset of the test
pulse and F is the fluorescence immediately prior to the test pulse
minus the average background (non-Fluo-3) fluorescence. The peak
value of the fluorescence change (DF/F) for each test potential (V) was
fitted according to

ðDF =F Þ ¼ ðDF =F Þmax=f1þ exp½ðV F � V Þ=kF �g; ð2Þ

where (DF/F)max is the maximal fluorescence change, VF is the poten-
tial causing half the maximal change in fluorescence, and kF is a slope
parameter.

Measurement of charge movements

For measurement of intramembrane charge movements, ionic
currents were blocked by the addition of 0.5 mM CdCl2 + 0.1 mM
LaCl3 to the extracellular solution. All charge movements were mea-
sured with the prepulse protocol (see above) and corrected for linear
cell capacitance and leakage currents using a-P/8 subtraction protocol.
Filtering was carried out at 2 kHz (eight pole Bessel filter; Frequency
Devices) and digitization was at 20 kHz. Voltage clamp command
pulses were exponentially rounded with a time constant of 50–500 ls.
The integral of the ON transient (Qon) for each test potential (V) was
fitted according to

Qon ¼ Qmax=f1þ exp½ðV Q � V Þ=kQ�g; ð3Þ

where Qmax is the maximal Qon, VQ is the potential causing movement
of half the maximal charge, and kQ is a slope parameter.

Electrically evoked contractions

Contractions were elicited by 20-ms, 100 V stimuli applied via an
extracellular pipette which contained 150 mM NaCl and was placed
near intact myotubes expressing constructs of interest. The myotubes
were bathed in rodent Ringer�s solution (in mM: 146 NaCl, 5 KCl,
2 CaCl2, 1 MgCl2, 10 Hepes, and 11 glucose, pH 7.4, with NaOH).
Contractions were assayed by the movement of an identifiable portion
of a myotube across the visual field.

Confocal microscopy

Myotubes in rodent Ringer�s solution were examined at room
temperature using the confocal laser scanning microscope LSM 510
META (Zeiss, Thornwood, NY). An area of 500–2500 lm2 was
selected from the field of view (63· oil immersion objective, 1.4 NA),
which included the myotube and also an adjacent, non-cellular region
for measurement of background fluorescence. YFP was excited with
the 488-nm line of an argon laser (30-mW maximum output, operated
at 50% or 6.3 A). The emitted fluorescence was directed to a photo-
multiplier equipped with a 505-nm long-pass filter. Confocal fluores-
cence intensity data were recorded as the average of four line scans per
pixel and digitized at 8-bits, with photomultiplier gain adjusted such
that maximum pixel intensities were no more than �70% saturated.

Analysis

Gmax/Q
0 ratios were only calculated in myotubes where both L-type

current and intramembrane charge movements were measured. The
average total Gmax was calculated by Eq. (1) whereas the Q 0 was
derived by subtracting the endogenous charge movement of dysgenic
myotubes (Qdys) from the average total Qmax, where Qdys = 0.95 nC/
lF (measured at +40 mV). Alignments were made with MacVector
(version 7.2.2). All data are presented as means ± SEM. Statistical
comparisons were by ANOVA or by unpaired, two-tailed t test (as
appropriate), with p < 0.05 considered significant.
Results

Previous studies to identify regions of a1S of potential
importance for EC coupling employed the strategy of
constructing chimeric proteins between a1S and a1C
[2,28,33] or a1A [44]. This approach can fail to identify
regions of functional importance if the regions are suffi-
ciently conserved between the parental proteins. Fig. 1A
shows alignments of the primary protein sequences of
rabbit a1S [45], rabbit a1C [46], human a1D [47], and rab-
bit a1A [48]. The protein sequence is identical/conserved
between a1S, a1C, and a1D from a1S residue 38 into Re-
peat I (which begins at a1S residue 52). However, the N-
terminus is considerably shorter in a1S than a1C or a1D
and is less conserved amongst L-type channels before
a1S residue 38 (Fig. 1A). For this reason, we prepared
a cDNA that encoded an a1S-subunit that lacked resi-
dues 2–37 (a1SD37) to determine whether the less-con-
served a1S distal N-terminus may play a specialized
role in skeletal-type EC coupling (a1SD37; Fig. 1B, mid-
dle). a1SD37 was derived (see Materials and methods)
from a parent a1S-YFP fusion construct (hereafter re-
ferred to as a1S-YFP; Fig. 1B, top) in which the full-
length channel was truncated prior to an endogenous
proteolytic cleavage site [49]. Such truncated a1S con-
structs do not show any obvious functional differences
from full-length a1S [42,50].

Deletion of a1S residues 2–37 does not affect DHPR

function

Both a1S-YFP and a1SD37 produced large-amplitude
L-type Ca2+ currents (bottom panels, Figs. 2A and B,
respectively) that were much like those previously
reported for full-length GFP-a1S constructs
[51–53]. Furthermore, the Ca2+ currents for a1SD37
had a voltage-dependence similar to that of the Ca2+

currents for a1S-YFP (Fig. 2C, Table 1). Also having
similar voltage-dependence were the charge movements
produced by the two constructs (Fig. 2D, Table 1). It
should be noted that there was a statistically significant
(p < 0.022) reduction in the peak current density for
a1SD37 (�3.9 ± 0.3 pA/pF at +40 mV; n = 16) com-
pared to a1S-YFP (�5.1 ± 0.3 pA/pF; n = 37). This
reduction in peak current density was probably a conse-
quence of reduced DHPR expression since maximal
charge movements were also reduced (Qmax = 5.0 ±
0.5 nC/lF, n = 5 vs 6.0 ± 0.4 nC/lF; n = 8, respectively,
for a1SD37 and a1S-YFP). Consequently, in the subset of
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Fig. 1. Sequence comparison of the N-termini of a1S, a1C, a1D, and a1A, and schematic representation of a1S deletion constructs. (A) Sequence
comparison of rabbit a1S [GenBank Accession No. X05921], rabbit a1C [GenBank Accession No. X15539], human a1D [GenBank Accession No.
NM000721], and rabbit a1A [GenBank Accession No. X57477]. Identical residues are shown in bold and boxed in black. Similar residues are shown
in bold and boxed in gray. Red a�s and green d�s denote residues in the a and d positions, respectively, of the imperfect leucine zipper (LZ)-like motif
[54]. Arrows indicate the position of deletions depicted in (B). (B) Schematic representation of the a1S constructs: top, a1S; YFP middle, a1SD37;
bottom, a1SD47. Numbers refer to amino acid residues of a1S. Wavy lines represent a 12-residue linker between a1S and YFP (see Materials and
methods for construction details). (For interpretation of the references to colors in this figure legend, the reader is referred to the web version of this
paper.)
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experiments where both L-type currents and charge
movements were obtained, the Gmax/Q

0 ratio (see Mate-
rials and methods for calculation) was virtually identical
for myotubes expressing a1S-YFP and a1SD37 (32.6 vs
34.8, respectively). Thus, the reduced current density
was likely a consequence of decreased membrane expres-
sion, rather than reduced retrograde coupling with
RyR1 (Table 1). This decreased membrane expression
has a number of possible explanations, but its small size
suggests that the weakly conserved, distal a1S N-termi-
nus has little or no role in regulating the biosynthesis
or membrane targeting of the DHPR.

Myoplasmic Ca2+ transients were measured to assess
potential effects of deletion of a1S residues 2–37 on
orthograde coupling. a1S-YFP and a1SD37 both trig-
gered robust Ca2+ transients (top panels, Figs. 2A and
B, respectively) that had a similar sigmoidal dependence
on test potential (Fig. 2E, Table 1), a hallmark of skel-
etal-type EC coupling [24]. In addition to having similar
voltage-dependence, Ca2+ transients for a1S-YFP and
a1SD37 also had similar amplitudes: (DF/F)max of
0.58 ± 0.09 (n = 15) and 0.51 ± 0.14 (n = 6), respective-
ly (not significantly different, p > 0.67). Likewise, electri-
cally evoked contractions were observed for both
a1SD37 (23 of 41 myotubes tested) and YFP-a1S (41 of
47 myotubes tested). Altogether, these data indicate that
the amino acids 2–37 of a1S are not directly involved in
orthograde coupling between RyR1 and the DHPR.

Deletion of a1S residues 2–47 ablates DHPR membrane

expression

To determine whether highly conserved residues in
the a1S N-terminus (specifically, a1S residues 38–47)
may be important for EC coupling, we prepared a
cDNA that encoded an a1S- subunit lacking residues
2–47 (a1SD47; Fig. 1B, bottom). Deletion of the N-ter-
minal 47 residues of a1S left 5 residues (including the
start methionine) prior to the first putative membrane-
embedded a-helix of repeat I (Fig. 1A), [45]. In contrast
to myotubes expressing a1SD37 (Fig. 2), myotubes
expressing a1SD47 lacked significant L-type current
(Fig. 3A; n = 15) and thus resembled uninjected dysgenic

myotubes (n = 7; Fig. 3A). The ability of a1SD47 to sup-
port myoplasmic Ca2+ release was not examined be-
cause of: (1) the lack of evoked contractions in
myotubes expressing a1SD47 (n = 22); and (2) the appar-
ent lack of DHPR membrane expression (see below).

When viewed with confocal microscopy, junctionally
targeted, fluorescent protein-tagged skeletal muscle
DHPRs are observed as punctate foci on themyotube sur-
face [42,51]. As expected from the ability to support EC
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Table 1
Ca2+ conductance, intramembrane charge movement, and Ca2+ transients of a1S-YFP constructs

Gmax

(nS/nF)
VG

(mV)
kG
(mV)

Qmax

(nC/lF)
VQ

(mV)
kQ
(mV)

Gmax/Q
0�max

(nS/pC)
(DF/F)max

(DF/F)
VF

(mV)
kF
(mV)

a1S-YFP 140 ± 5 (37) 31.2 ± 0.8 8.1 ± 0.2 6.0 ± 0.4 (8) 9.0 ± 0.7 �3.2 ± 2.0 32.6 (8) 0.58 ± 0.09 (15) 4.7 ± 0.4 6.6 ± 1.6
a1SD37 119 ± 9 (16) 32.8 ± 1.4 8.8 ± 0.6 5.0 ± 0.5 (5) 9.2 ± 1.5 �5.8 ± 1.6 34.8 (5) 0.51 ± 0.14 (6) 5.1 ± 0.5 8.3 ± 2.3
a1SD47 No inward

current (15)
NF ND ND

Uninjected
dysgenic

myotubes

No inward
current (7)

NF ND ND

Data are given as means ± SEM, with the numbers in parentheses indicating the number of myotubes tested. See Materials and methods for fits. Q–V
relationships for a1SD47 and uninjected dysgenic myotubes are labeled ‘‘NF’’ because these data could not be fitted by the appropriate equation.
Q 0

max is the difference between Qmax and the endogenous charge movement of dysgenic myotubes (0.95 nC/lF; measured at +40 mV). For all the
data given, the calculated average voltage error was <5 mV.
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coupling, a1S-YFP and a1SD37 each localized to punctate
foci (Fig. 3B, top and middle), indicating that both con-
structs were properly targeted to the triad junction. In
contrast, no obvious fluorescence puncta were evident in
cell myotubes expressing a1SD47 and the fluorescence
was restricted to the region of themyotube near the inject-
ed nucleus, suggesting that the translated protein was un-
able to traffic to the plasma membrane (Fig. 3B, bottom).
Intramembrane charge movement was measured to con-
firm the absence of membrane expression. The maximal
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Fig. 3. Deletion of a1S residues 2–47 ablates DHPR membrane
expression. (A) unfitted I–V relationships for dysgenic myotubes
expressing a1SD47 (j; n = 12) and uninjected dysgenic myotubes (�;
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interpretation of the references to colors in this figure legend, the
reader is referred to the web version of this paper.)
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charge movement (measured at +40 mV) of dysgenic

myotubes expressing a1SD47 (0.84 ± 0.17 nC/lF; n = 5)
was not different from that of uninjected dysgenicmyotu-
bes (0.95 ± 0.33 nC/lF; n = 5). These results indicate
that proximal a1S N-terminus (a1S residues 38–47) is
important for either proper folding of the channel protein
or export of the channel to the plasma membrane.
Discussion

The two main findings of this study are: (1) removal
of the weakly conserved, distal portion of the a1S N-ter-
minus (residues 2–37) has no effect on bi-directional
coupling between the DHPR and RyR1; and (2) the
additional removal of the proximal, conserved residues
38–47 ablates sarcolemmal expression of the DHPR.
In regard to the first of these two findings, earlier studies
showed that substitution of the a1C N-terminus for that
of a1S does not alter skeletal EC coupling [2,33]. Addi-
tionally, junctional targeting of DHPRs was found not
to be affected when the a1S N-terminus was replaced
by the a1A N-terminus [44]. These results are now great-
ly strengthened by the demonstration that complete
deletion of a1S residues 2–37 has essentially no effect
on either Ca2+ currents or EC coupling (Fig. 2). Accord-
ingly, these residues must not play an important role in
either the function or targeting of DHPRs. The role in
signaling of the more proximal residues (38–47), which
are conserved/identical amongst L-type Ca2+ channels,
is less clear because removing them together with resi-
dues 2–37 resulted in a loss of membrane expression as
judged by the absence both of fluorescent foci near the
cell surface (Fig. 3) and of intramembrane charge move-
ment (Table 1). Possibly, these proximal ten residues,
which also are 50% conserved in a1A (Fig. 1A), govern
trafficking through the biosynthetic pathway, although
it is also quite possible that their absence leads to mis-
folding of the channel protein.

In a past attempt to identify interaction partners for
the a1S N-terminus, our laboratory has employed a
yeast-2-hybrid screen [Proenza and Beam, unpublished
results]. This screen failed to produce any potential
interaction partners, but this does not imply that no
such interaction partners exist. Examination of the a1S
N-terminus reveals the presence of at least two putative
protein-protein interaction domains: a PXXP motif
(amino acids 3–6) and an imperfect leucine zipper
(LZ)-like motif (a1S amino acids 24–47), [54]. PXXP mo-
tifs bind to src-homology 3 (SH3) interaction domains
[55] which are present in a myriad of proteins, including
the MAGUK family of scaffolding proteins. The CaV
b-subunits contain an SH3 domain, but it is thought
to be inactive [7–9] and thus unlikely to represent an
interaction partner. In fact, binding of the N-terminal
PXXP motif of a1S to any SH3 domain seems unlikely
to be critical for basic function of a1S since its deletion
had little effect. However, a modulatory role remains a
possibility.

LZ motifs are formed by hydrophobic amino acids
lining a face of an a-helix and are potential interaction
sites for LZ motifs of other proteins [56]. In some cases,
leucine residues are substituted by isoleucine, valine or
occasionally non-hydrophobic residues to form LZ-like
motifs, which are functionally equivalent to true LZ mo-
tifs [54]. Perhaps, the complete ablation of DHPR mem-
brane expression with a1SD47 (Fig. 3) may have been a
consequence of elimination of the entire N-terminal
LZ-like motif. In regard to possible interaction partners
for the N-terminal LZ-like motif, skeletal and cardiac
DHPRs both contain LZ-like domains in their respec-
tive C-termini, which have been reported to mediate
interactions with the scaffold protein AKAP15 [18,19].
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The DHPR b1a-subunit also contains an LZ-like,
heptad-repeat domain in the variable D5 region of the
C-terminus and disruption of this domain impairs
skeletal-type EC coupling [39–41]. Because an a1–b
interaction site in addition to the I–II loop [3] has
recently been proposed [57,58], it is tantalizing to specu-
late that the LZ-like domain of the a1S N-terminus may
interact with the heptad repeat of the b1a C-terminus to
promote channel expression and subsequently facilitate
bi-directional coupling. RyR1 has many LZ domains
[54] and therefore a direct interaction between the
DHPR N-terminus and RyR1 via a LZ interaction is
also an intriguing possibility.

In conclusion, the distal, weakly conserved portion of
the a1S N-terminus does not appear to have an impor-
tant role in the expression of the skeletal DHPR or in
the bi-directional interactions of the DHPR with
RyR1. The deletion of the more proximal, highly
conserved a1S N-terminus led to a loss of membrane
expression. It remains an open question as to whether
this region is important for bi-directional signaling and
an important goal for future experiments will be to
determine whether this portion of the N-terminus inter-
acts with other regions of a1S, or with other known (e.g.,
b1a, RyR1) or unknown junctional proteins.
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