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In skeletal muscle, coupling between the 1,4-dihydropyridine
receptor (DHPR) and the type 1 ryanodine receptor (RyR1)
underlies excitation-contraction (EC) coupling. The III-IV loop
of theDHPR�1S subunit binds to a segment ofRyR1 in vitro, and
mutations in the III-IV loop alter the voltage dependence of EC
coupling, raising thepossibility that this loop is directly involved
in signal transmission from the DHPR to RyR1. To clarify the
role of the�1S III-IV loop in EC coupling, we examined the func-
tional properties of a chimera (GFP-�1S[III-IVa]) in which the
III-IV loop of the divergent �1A isoform replaced that of �1S.
Dysgenic myotubes expressing GFP-�1S[III-IVa] yielded myo-
plasmic Ca2� transients that activated at �10 mV more hyper-
polarized potentials and that were �65% smaller than those of
GFP-�1S. A similar reduction was observed in voltage-depend-
ent chargemovements for GFP-�1S[III-IVa], indicating that the
chimeric channels trafficked less well to the membrane but that
those that were in themembrane functioned as efficiently in EC
coupling as GFP-�1S. Relative to GFP-�1S, L-type currents
mediated byGFP-�1S[III-IVa] were�40% smaller and activated
at�5mVmore hyperpolarized potentials. The altered gating of
GFP-�1S[III-IVa] was accentuated by exposure to �Bay K 8644,
which caused a much larger hyperpolarizing shift in activation
comparedwith its effect onGFP-�1S. Taken together, our obser-
vations indicate that the �1S III-IV loop is not directly involved
in EC coupling but does influence DHPR gating transitions
important both for EC coupling and activation of L-type
conductance.

The skeletal muscle L-type Ca2� channel (1,4-dihydropyri-
dine receptor; DHPR)3 serves as the voltage sensor for excita-
tion-contraction (EC) coupling, activating Ca2� release from

the sarcoplasmic reticulum via the type 1 ryanodine receptor
(RyR1) in response to depolarization of the plasma membrane
(1). Skeletal muscle DHPRs are heteromultimeric channels
composed of a primary�1S subunit and auxiliary�1a,�2�-1, and
�1 subunits (2). Neither genetic ablation of DHPR �1 subunits
(3, 4) nor small interfering RNA knockdown of DHPR �2�-1
subunits (5–7) seem to have pronounced effects on coupling of
the DHPRwith RyR1. On the other hand, the DHPR �1S and �1
subunits are essential for EC coupling (8, 9).Mice null for either
the �1S or �1 subunit die perinatally because of respiratory
paralysis. EC coupling can be restored in myotubes cultured
from the respective null mouse pups, as well as from �1 null
zebrafish embryos, by heterologous expression of the missing
subunit (1, 9–17).
The inability of heterologously expressed cardiac (�1C)

DHPRs to restore skeletal-type (i.e. Ca2� entry-independent)
EC coupling in dysgenic (�1S null) myotubes (18, 19) enabled
Tanabe et al. (10) to employ chimeric DHPRs as a means to
probe regions of �1S that are essential for skeletal-type EC cou-
pling. In that study, the chimera containing the �1S II-III loop
was the only chimera with a single loop substitution that was
capable of restoring EC coupling similar to that observed for
wild-type �1S when expressed in dysgenic myotubes. Subse-
quently, the experimental approach of expressing progressively
more complex �1S/�1C chimeras in dysgenic myotubes identi-
fied a subdomain within the �1S II-III loop (residues 720–765,
the “critical domain”) that was necessary to support skeletal-
type EC coupling (“orthograde coupling”) (20–22). Similarly,
the critical domain also has been found to be a major determi-
nant for RyR1-dependent enhancement of the L-type current
(“retrograde coupling”) (23).
Although an essential role for the critical domain in skeletal

EC coupling has been established (Refs. 20–22, 24, and 25; but
see Ref. 26), roles for other intracellular loops of the�1S subunit
have also been proposed (27). For example, the �1S carboxyl
terminus facilitates expression and targeting of the DHPR (28,
29), most likely by interacting with other junctional proteins
(e.g. RyR1) (30–34). The �1S I-II loop is essential for EC cou-
pling because it is the site of interaction with �1a (35–37). The
�1S amino terminus does not play a major role in EC coupling,
because deletion of the bulk of the amino terminus has little
effect on EC coupling (38).
In contrast to the relatively well defined roles of the other

intracellular regions of�1S in EC coupling, little is known about
the contribution of the �1S III-IV loop. A potentially important
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role for the �1S III-IV loop in EC coupling was first raised by its
identification as the locus for the only DHPR mutations
(R1086H and R1086C) currently linked to malignant hyper-
thermia (39). Functional analysis of the R1086H mutant chan-
nel expressed in a dysgenic cell line showed that the�1S R1086H
mutation causes a hyperpolarizing shift in the activation of
myoplasmic Ca2� transients (40). In addition, the �1S III-IV
loop has also been identified as a potential site of DHPR-RyR1
protein-protein interaction by virtue of the ability of an �1S
III-IV loop-glutathione S-transferase fusion protein to bind a
purified fragment of RyR1 (residues 922–1112) in vitro (41).

Previous studies seeking to identify�1S cytoplasmic domains
important for EC coupling have made use of chimeras of �1S
and �1C (10, 42). Although these studies have been invaluable,
they have not been revealing about the III-IV loop because it is
highly conserved between �1S and �1C (46/53 residues con-
served). To test the contribution of the �1S III-IV loop to EC
coupling more stringently, we examined the functional charac-
teristics of an �1S-based chimera that incorporated the rela-
tively nonconserved (29 of 53 residues) III-IV loop of the neu-
ronal P/Q-type channel �1A in place of the �1S III-IV loop. Our
results indicate that the �1S III-IV loop influences conforma-
tional transitions of the DHPR, including transitions important
for EC coupling. However, it is unlikely to represent a DHPR-
RyR1 site of contact that is necessary for EC coupling.

EXPERIMENTAL PROCEDURES

Myotube Culture and Expression of cDNA—All of the proce-
dures involving mice were approved by the University of Colo-
rado-Denver Institutional Animal Care and Use Committee. Pri-
mary cultures of dysgenicmyotubes were prepared fromnewborn
mice as described previously (43). For electrophysiological exper-
iments,myoblasts were plated on 35-mmECL-coated, plastic cul-
ture dishes (number 353801; Falcon, San Jose, CA). Cultures were
grown for 6–7 days in a humidified 37 °C incubator with 5% CO2
in Dulbecco’s modified Eagle’s medium (number 15-017-CM;
Mediatech, Herndon, VA), supplemented with 10% fetal bovine
serum/10% horse serum (Hyclone Laboratories, Logan, UT). This
mediumwas then replaced with differentiationmedium (Dulbec-
co’s modified Eagle’s medium supplemented with 2% horse
serum). Two to four days after the switch to differentiation
medium, single nuclei weremicroinjectedwith cDNA (400 ng/�l)
encoding either GFP-�1S or GFP-�1S[III-IVa]. GFP-�1S (Gen-
BankTM accession number X05921) and GFP-�1S[III-IVa] were
constructed as previously described (44, 29).
Measurement of Ionic Currents—Myotubes were used in

electrophysiological experiments 2 days following injection.
Pipettes were fabricated from borosilicate glass and had resis-
tances of �1.5 M� when filled with internal solution, which
consisted of 140mM cesium aspartate, 10mMCs2-EGTA, 5mM
MgCl2, and 10 mM HEPES, pH 7.4, with CsOH. The external
solution contained 145 mM tetraethylammonium chloride, 10
mM CaCl2, 0.003 mM tetrodotoxin, and 10 mM HEPES, pH 7.4,
with tetraethylammonium-OH. In some experiments, L-type
currents were recorded in the continuous presence of racemic
Bay K 8644 (10 �M; kindly supplied by Dr. A. Scriabine, Miles
Laboratories Inc., New Haven, CT) in the bath solution. Linear
capacitative and leakage currents were determined by averag-

ing 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 M�) and the time constant for
charging the linear cell capacitance (usually to �0.5 ms). Ionic
currents were filtered at 2 kHz (eight pole Bessel filter; Fre-
quencyDevices, Inc.) and digitized at 10 kHz. Tomeasuremac-
roscopic L-type current in isolation, a 1-s prepulse to �20 mV
followed by a 50-ms repolarization to �50 mV was adminis-
tered before the test pulse (prepulse protocol) (11) to inactivate
T-type Ca2� channels. Cell capacitance was determined by
integration of a transient from �80 mV to �70 mV using
Clampex 8.0 (Axon Instrument, Foster City, CA) and was used
to normalize current amplitudes (pA/pF). Current-voltage
(I-V) curves were fitted using the following Boltzmann
expression,

I � Gmax*�V � Vrev�/�1 � exp	��V � V1/ 2�/kG
� (Eq. 1)

where I is the current for the test potentialV,Vrev is the reversal
potential,Gmax is themaximumCa2� channel conductance,V1⁄2
is the half-maximal activation potential, and kG is the slope
factor. Tail-current amplitude (Itail) was measured 1 ms after
the onset of the repolarization from the test pulse to �50 mV
(45).
Measurement of Intracellular Ca2� Transients—Changes in

intracellular Ca2� were recorded with Fluo-3 (F-3715; Molec-
ular Probes, Eugene, OR) in the whole cell configuration. 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�5minwas used to allow
the dye to diffuse into the cell interior. A 100-W mercury illu-
minator 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. Fluores-
cence emission was measured by means of a fluorometer appa-
ratus (Biomedical Instrumentation Group, University of Penn-
sylvania, Philadelphia, PA). The average background
fluorescencewas quantified before bath immersion of the patch
pipette. Fluorescence data are expressed as 
F/F, where 
F
represents the change in peak fluorescence from base line dur-
ing the test pulse, and F is the fluorescence immediately prior to
the test pulse minus the average background (non-Fluo-3) flu-
orescence. Unless otherwise noted, the peak value of the fluo-
rescence change (
F/F) for each test potential (V) was fitted
according to the following equation,

�
F/F� � �
F/F�max/�1 � exp	�VF � V�/kF
� (Eq. 2)

where (
F/F)max is the maximal fluorescence change, VF is the
potential causing half the maximal change in fluorescence, and
kF is a slope parameter.
Electrically EvokedContractions—Contractionswere elicited

by 20-ms, 100-V stimuli applied via an extracellular pipette
that contained 150 mM NaCl and was placed near intact
myotubes expressing constructs of interest. The myotubes
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were bathed in rodent Ringer’s solution (146 mMNaCl, 5 mM
KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 11 mM glu-
cose, pH 7.4, with NaOH). Contractions were assayed by the
movement of an identifiable portion of a myotube across the
visual field.
Measurement of Charge Movements—For recordings of

immobilization-resistant intramembrane charge movements
as ameasure of functional DHPR channel expression, ionic cur-
rents were blocked by the addition of 0.5 mM CdCl2 � 0.1 mM
LaCl3 to the standard extracellular recording solution.All of the
charge movements were corrected for linear cell capacitance
and leakage currents using a �P/8 subtraction protocol (46).
Filtering was at 2 kHz, and digitization was at 20 kHz. Voltage
clamp command pulses were exponentially rounded with a time
constant of 50–500�s, and the prepulse protocol (see above) was
used to reduce the contribution of gating currents from voltage-
gatedNa� channels andT-typeCa2� channels.The integral of the
depolarization transient (Qon) for each test potential (V) was fitted
according to the following equation,

Qon � Qmax/�1 � exp	�VQ � V�/kQ
� (Eq. 3)

where Qmax is the maximal Qon, VQ is the potential causing
movement of half the maximal charge, and kQ is a slope
parameter.
Analysis—The figures were made using the software pro-

gram SigmaPlot (version 7.0, Systat
Software, Inc., San Jose, CA). All of
the data are presented as the
means � S.E. Statistical compari-
sons were by unpaired, two-tailed t
test (as appropriate), with p � 0.05
considered significant.

RESULTS

The primary experimental
approach that has been used to
determine the contributions of the
�1S cytoplasmic domains to skele-
tal-type EC coupling is to character-
ize Ca2� transients produced by
chimeras of �1S and �1C (10, 20, 42).
However, this approach is of limited
value for the III-IV loop because it is
highly conserved between �1S and
�1C (Fig. 1A). In the present study,
we examined the functional charac-
teristics of a chimera in which the
less conserved III-IV loop of the �1A
subunit of the neuronal high volt-
age-activated P/Q type channel was
incorporated into the correspond-
ing region of �1S (chimera GFP-
�1S[III-IVa]; Fig. 1B).
Ca2� Release Is Reduced in

Myotubes Expressing GFP-�1S[III-
IVa]—Myoplasmic Ca2� transients
were measured in the whole cell
patch clamp configuration to deter-

FIGURE 1. Rationale for examination of the functional properties of the GFP-
�1S[III-IVa] chimera. A, sequence comparison of the III-IV loops of rabbit �1S
(GenBankTM accession number X05921), rabbit �1C (GenBankTM accession
number X15539), and rabbit �1A (GenBankTM accession number X57477). Res-
idues of �1C or �1A identical to those of �1S are shown boxed in black, and
residues conserved with those of �1S are shown boxed in gray. Note that the
residue corresponding to �1S R1086 (indicated with a red arrow) that, if
exchanged to H or C is linked to the MH phenotype, is conserved in all three
channels. B, schematic representation of GFP-�1S[III-IVa].
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FIGURE 2. EC coupling is reduced in myotubes expressing GFP-�1S[III-IVa]. Simultaneous recordings of
myoplasmic Ca2� transients (top) and L-type Ca2� currents (bottom), elicited by 50-ms depolarizations from
�50 mV to the indicated test potentials are shown for dysgenic myotubes expressing either GFP-�1S (A) or
GFP-�1S[III-IVa] (B). C, average 
F/F-V relationships. D, 
F/F-V relationships normalized to average 
F/F at �50
mV to allow direct comparison of voltage dependence. The smooth curves are plotted according to Equation 2,
with fit parameters presented in Table 1. Throughout, the error bars represent � S.E.
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mine whether replacement of the �1S III-IV loop by that of �1A
affects EC coupling. As shown in Fig. 2A, GFP-�1S expressing
dysgenic myotubes produced robust Ca2� transients with an
average 
F/Fmax of 0.75 � 0.16 
F/F (n � 5). In contrast, dys-
genicmyotubes expressingGFP-�1S[III-IVa] yieldedCa2� tran-
sients that were considerably smaller in magnitude (
F/Fmax �
0.27� 0.09; n� 5; p� 0.05; Fig. 2B). The reduction in
F/Fmax
observed for GFP-�1S[III-IVa] was accompanied by a substan-
tial (�10 mV; p � 0.01) hyperpolarizing shift in voltage
dependence of Ca2� release (Fig. 2C and Table 1). This shift
became more apparent when the respective 
F/F-V curves
were normalized to the average
F/Fmeasured at�50mV (Fig.
2D). Although the magnitude of Ca2� release in response to
depolarization from the sarcoplasmic reticulumwas reduced in
comparisonwithGFP-�1S,GFP-�1S[III-IVa]was still capable of
producing myotube contractions evoked by extracellular elec-
trical stimulation (10 of 16 myotubes tested; Table 1).
L-type Ca2� Currents Are Reduced in Myotubes Expressing

GFP-�1S[III-IVa]—As expected, GFP-�1S produced large,
slowly activating L-type currents (-4.7� 0.6 pA/pF at�40mV;
n � 13; Fig. 3A, left panel) when expressed in dysgenic myo-
tubes. By comparison, L-type currents were smaller in dysgenic
myotubes expressing GFP-�1S[III-IVa] (-3.1 � 0.3 pA/pF; n �
20;p� 0.05; Fig. 3A, right panel). Based on fittingwith Equation
1, there was also a hyperpolarizing shift in the voltage depend-
ence of activation for GFP-�1S[III-IVa] in comparison with
GFP-�1S (V1⁄2 � 28.9 � 1.0 mV versus 32.5 � 1.5 mV, respec-
tively;p� 0.05; Fig. 3B andTable 2). Based on this same analysis
with Equation 1, the reduction inGmax was �25%. It should be
noted that the reversal potential for GFP-�1S[III-IVa] was rou-
tinely shifted by �10 mV to more hyperpolarized potentials
(Fig. 3B). Such a shift in reversal potential is typical of lowmag-
nitude L-type currents recorded under similar conditions (47–
50), whichmost likely occurs because of contamination by out-
ward currents. Thus, we also used tail currents (Itail) to estimate
relative conductances because these are unaffected by changes
in apparent reversal potential (Fig. 3C). Tail currents at �50
mV upon repolarization from �40 mV (“Itail(40)”) were
�11.2 � 1.8 pA/pF in dysgenic myotubes expressing GFP-�1S
(n� 13) and�6.3� 0.8 pA/pF indysgenicmyotubes expressing
GFP-�1S[III-IVa] (n � 11; p � 0.05).
Charge Movements Are Reduced in Myotubes Expressing

GFP-�1S[III-IVa]—Immobilization-resistant charge move-
ments in GFP-�1S[III-IVa] expressing myotubes were reduced
by 65% relative toGFP-�1S-expressingmyotubes (Qmax� 2.9�

0.5 nC/�F; n � 5 versus 8.3 � 1.3 nC/�F; n � 6, respectively;
p � 0.0051; Fig. 4, A and B). A small hyperpolarizing shift was
also observed forGFP-�1S[III-IVa], but this shift was not signif-
icant (Table 2). Importantly, the reduction inQmax (Fig. 4B and
Table 2) was nearly equal in magnitude to the reduction in
maximal Ca2� transients for GFP-�1S[III-IVa] (Fig. 2C and
Table 1). Thus, GFP-�1S[III-IVa] appeared to have an ability to
activate Ca2� release via RyR1 that was similar to that of GFP-
�1S (Fig. 4C, left panel). However, the reduction in peak Ca2�

current for GFP-�1S[III-IVa] (Fig. 3B) was smaller than the
reduction inQmax, suggesting that Po is higher for the chimeric
channels. To assess the change in Po more directly, we calcu-
lated the ratio between Itail(40) and Q�, where Q� is the meas-
ured, maximal charge (Qmax) corrected for the charge that is
present in uninjected dysgenic myotubes (Qdys; 0.9 � 0.2
nC/�F; n � 3). This ratio provides an indication of channel Po
(11, 51). The ratio Itail(40)/Q� was substantially larger for GFP-
�1S[III-IVa] than for GFP-�1S (3.2 versus 1.5 pA/fC, respec-
tively; Fig. 4C, right panel, and Table 2).
GFP-�1S[III-IVa] Is Potentiated by �Bay K 8644—We won-

dered whether the elevated Po for GFP-�1S[III-IVa] would
affect the response of the chimeric channel to the L-type Ca2�

channel agonist Bay K 8644, because this agent is also known to
increase the Po of L-type channels. In agreement with previous
work on native skeletal muscle L-type channels (52), applica-
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FIGURE 3. L-type Ca2� currents are reduced in myotubes expressing GFP-
�1S[III-IVa]. A, recordings of L-type Ca2� currents, elicited by 200-ms depo-
larizations to the indicated test potentials are shown for dysgenic myotubes
expressing GFP-�1S or GFP-�1S[III-IVa]. B, comparison of average peak I-V rela-
tionships. The dashed curve represents the I-V relationship for GFP-�1S[III-IVa]
scaled to match the peak current density for GFP-�1S. The currents were
evoked at 0.1 Hz by test potentials ranging from �20 mV through �80 mV in
10-mV increments following a prepulse protocol (11). The current amplitudes
were normalized by linear cell capacitance (pA/pF). The smooth I-V curves are
plotted according to Equation 1. The best fit parameters for each plot are
presented in Table 2. C, tail current amplitudes measured 1 ms after repolar-
ization to �50 mV are plotted as a function of the preceding test potential.

TABLE 1
�F/F � V parameters and electrically-evoked contractions
The parameters for
F/F�Vwere obtained by best fits of the raw data according to
Equation 2. The values are given as the means � S.E., with the number of myotubes
tested indicated in parentheses. ND, not determined.

Construct
�F/F � V Contracting

cells/tested�F/Fmax VF kF

F/F mV mV

GFP-�1S 0.75 � 0.16 (5) 8.1 � 2.1 7.1 � 2.1 22/39c
GFP-�1S	III-IVa
 0.27 � 0.09 (5)a �2.0 � 1.9b 8.1 � 1.1 10/16
Uninjected dysgenic
myotubes

ND 0/91

a Significant difference from GFP-� 1S (p � 0.05).
b Significant difference from GFP-� 1S (p � 0.01).
c Data from Ref. 24.
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tion of�Bay K 8644 (10�M) caused an increase in peak current
for GFP-�1S (Fig. 5A) that was relativelymodest comparedwith
the effect on native�1C (53, 54). Themost prominent effect was
a slowing of tail current decay (Fig. 5A, inset), which was also
seen for GFP-�1S[III-IVa] (Fig. 5B, inset). However, GFP-
�1S[III-IVa] differed fromGFP-�1S in that�Bay K 8644 caused
a pronounced leftward shift in activation (Fig. 5B and Table 2).
This shift meant that the potentiation of peak current by �Bay
K 8644 was much greater for GFP-�1S[III-IVa] than for GFP-
�1S at less depolarized potentials (Fig. 5C). The differential

effect of �Bay K 8644 is another indication that the III-IV loop
influences gating transitions of the DHPR.

DISCUSSION

In the current study, depolarization-triggered myoplasmic
Ca2� transients in dysgenic myotubes expressing GFP-�1S[III-
IVa]were found to be activated�10mVmore negatively and to
be reduced by �65% in amplitude, compared with those of
GFP-�1S (Fig. 2 and Table 1). L-type Ca2� currents were also
reduced for GFP-�1S[III-IVa], but to a lesser extent (�40%)
than the Ca2� transients, and were also shifted to more hyper-
polarizing potentials (Fig. 3). Immobilization-resistant charge
movements were reduced by�65% for GFP-�1S[III-IVa] (Fig. 4
and Table 2), similar to the reduction in themagnitude of Ca2�

transients but larger than the reduction in L-type Ca2� cur-
rents. Calculation of the ratio between tail current amplitude
(Itail(40)) and the charge attributable to DHPRs inserted into
the membrane following construct cDNA injection (Q�) indi-
cated that channel Po was increased about 2-fold for GFP-
�1S[III-IVa] compared with GFP-�1S (Fig. 4). The hyperpolar-
izing shift in GFP-�1S[III-IVa] channel activation was
accentuated by exposure to the L-type channel agonist �Bay K
8644 (Fig. 5).
The observation of a hyperpolarizing shift in Ca2� release for

GFP-�1S[III-IVa] compared with GFP-�1S (Fig. 2 and Table 1)
supports the idea that the �1S III-IV loop is in some way
involved in EC coupling. Such an involvement was proposed by
Weiss et al. (40) on the basis of a similar hyperpolarizing shift
for an �1S construct containing the R1086H point mutation,
which is located in the III-IV loop and has been linked to the
malignant hyperthermia phenotype. One possibility for the
involvement of the �1S III-IV loop in controlling sarcoplasmic
reticulum Ca2� release would be by direct interaction with
RyR1, as suggested by the in vitro binding of this loop to a
fragment (residues 922–1112) of RyR1 (41). If such a direct
interaction were important, one might predict that the effi-
ciency of EC coupling would be reduced for GFP-�1S[III-IVa]
because the sequence of its III-IV loop differs significantly from
that of wild-type �1S (Fig. 1). As an indicator of this efficiency,
we calculated the ratio of 
F/Fmax (the maximum change in
Fluo-3 fluorescence elicited by a 50-ms depolarization) toQ�
(which equals Qmax � Qdys and is the charge attributable to
recombinant DHPRs in the plasma membrane) (11). Because
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FIGURE 4. GFP-�1S[III-IVa] releases Ca2� as efficiently as GFP-�1S but has
a higher L-type channel open probability (Po). A, recordings of immobiliza-
tion-resistant charge movements elicited by 20-ms depolarizations from
�50 mV to the indicated test potentials are shown for dysgenic myotubes
expressing GFP-�1S or GFP-�1S[III-IVa]. B, comparison of Q-V relationships.
Charge movements were evoked at 0.1 Hz by test potentials ranging from
�40 mV through �60 mV in 10-mV increments, following a prepulse pro-
tocol (11). The smooth curves are plotted according to Equation 3, with best fit
parameters presented in Table 2. C, (
F/F)max/Q� and Itail(40)/Q� (left and right,
respectively) for GFP-�1S and GFP-�1S[III-IVa]. Q� represents the charge attrib-
utable to heterologously expressed DHPRs in the membrane and was calcu-
lated as Qmax � Qdys (Table 2). The values for (
F/F)max are from Table 1. The
values for Itail(40) are given in the text and Table 2.

TABLE 2
Conductance and intramembrane charge movement
The best fit parameters determined by fitting peak I-V data according to Equation 1 and Q-V data according to Equation 3. The values are given as the means � S.E. with
the number of myotubes tested given in parentheses. Itail(40) represents the average amplitude of the current measured 1 ms after repolarizing to �50 mV after a 200-ms
depolarization to�40mV.Q� �Qmax�Qdys, using the average values for each given in the table.ND, not determined. For all of the data given, the calculated average voltage
error was �5 mV.

Construct
G-V Q-V

Gmax V1⁄2 kG Qmax VQ kQ Itail(40)/Q
nS/nF mV mV nC/microfarad mV mV pA/fC

GFP-� 1S 128 � 10 (13) 32.5 � 1.5 8.1 � 0.4 8.3 � 1.3 (6) �0.6 � 3.0 13.5 � 1.7 1.5
GFP-�1S	III-IVa
 96 � 8 (20)a 28.9 � 1.0a 8.4 � 0.3 2.9 � 0.5 (5)b �5.2 � 3.7 10.6 � 2.6 3.2
GFP-�1S � Bay K 8644 181 � 24 (8)a 29.2 � 2.3 6.9 � 0.3a ND ND
GFP-�1S	III-IVa
 � Bay K 8644 148 � 16 (7) 19.9 � 2.6b 6.7 � 0.9 ND ND
Uninjected dysgenicmyotubes No inward

current (13)
0.9 � 0.2 (3)b �22.8 � 3.5b 3.4 � 2.9b ND

a Significant difference from GFP-�1S (p � 0.05).
b Significant difference from GFP-�1S (p � 0.01).
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the value of (
F/Fmax)/Q� was very similar for GFP-�1S[III-
IVa] and GFP-�1S (Fig. 4C), it seems unlikely that an inter-
action between the �1S III-IV loop and RyR1 plays an impor-
tant role in EC coupling. Furthermore, the fraction of cells
contracting in response to focal extracellular stimulation

was similar for cells expressing GFP-�1S[III-IVa] and GFP-
�1S (Table 1). This result supports the idea that the reduced
number of GFP-�1S[III-IVa] channels in the plasma mem-
brane were effectively targeted to junctions with RyR1 (29)
and elicited local Ca2� release fluxes comparable with those
elicited by GFP-�1S.
Although our data provide evidence against a direct interac-

tion of the �1S III-IV loop with RyR1, they are consistent with
the hypothesis that this loop is important for regulating gating
transitions of other regions of the DHPR that are coupled
directly to activation of RyR1. In particular, we observed that
three features of L-type Ca2� current were significantly altered
for GFP-�1S[III-IVa]: 1) activation was shifted in the hyperpo-
larizing direction, 2) Po was increased, and 3) sensitivity to
potentiation by �Bay K 8644 was enhanced. Each of these
effects indicate that substitution of the �1A III-IV loop for that
of �1S promotes transitions of the channel from closed states
into open states, which can be accounted for by the hypoth-
esis that the wild-type �1S III-IV loop stabilizes resting states
of the DHPR. Because some of the gating transitions of the
DHPR that result in activation of L-type current may also be
involved in activation of RyR1, it seems reasonable that the
�1S III-IV loop might also inhibit depolarization-induced
DHPR conformational changes that activate RyR1. This
hypothesis would account for the hyperpolarizing shift in
Ca2� release observed for GFP-�1S[III-IVa] if substitution of
the �1A III-IV loop removed the inhibitory effect of the wild-
type �1S III-IV loop on depolarization-induced DHPR con-
formational changes.
The maximal Po is typically very low (�0.1) for L-type chan-

nels containing either �1S (55) or �1C (56) as the principle sub-
unit, but quite high (�0.5) for P/Q-type channels containing
�1A (57) orN-type channels containing�1B (58) as the principle
subunit. Previously, we had shown that a chimera containing
�1C sequence for its amino-terminal half and �1A sequence for
its carboxyl-terminal half had a maximal Po more like that of
�1A than that of�1C (45). The increased Po forGFP-�1S[III-IVa]
compared with GFP-�1S (Fig. 4C) now identifies the III-IV loop
as an important determinant of Po. Indeed, our results with
GFP-�1S[III-IVa] suggest that the III-IV loop has a quite wide-
spread influence on channel gating. One important goal of
future research will be to determine the mechanism whereby
the III-IV loop influences the function of L-type channels. For
example, do these effects depend only on the interaction of the
III-IV loop with proximal portions of the primary sequence
(IIIS6, IVS1), or do they depend on interaction of the loop with
more distal portions of the primary sequence? Most likely, the
interactions are complex because the �1S R1086H mutant dis-
plays a hyperpolarizing shift in activation of Ca2� release and a
depolarizing shift in activation of L-type Ca2� current (40). In
addition to determining themechanismof III-IV loop effects on
L-type channel gating, another important goal for future
research will be to determine whether modifying the sequence
of the III-IV loop affects gating of N- or P/Q-type channels. It
seems possible that the III-IV loop represents a region of hith-
erto unrecognized importance for the regulation of all the high
voltage-activated channels.
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FIGURE 5. GFP-�1S[III-IVa] is more sensitive to �Bay K 8644 than GFP-�1S.
A, average peak I-V relationships for GFP-�1S in the presence (Œ, n � 8) and
absence (F, n � 13) of 10 �M �Bay K 8644. B, average peak I-V relationships
for GFP-�1S[III-IVa] in the presence (‚, n � 7) and absence (E, n � 20) of 10 �M

�Bay K 8644. In both (A) and (B), peak I-V data obtained in the absence of
�Bay K 8644 are replotted from Fig. 3, and the smooth curves are plotted
according to Equation 1 with best fit parameters given in Table 2. The insets
illustrate representative currents obtained at a test potential of �30 mV in the
presence of �Bay K 8644. The vertical scale bar equals 5 pA/pF. The horizontal
scale bar equals 50 ms. Note that these tail currents decay more slowly than
currents in the absence of �Bay K 8644 (Fig. 3A). C, potentiation ratios
(IBay K 8644/Iuntreated) for GFP-�1S (Œ) or GFP-�1S[III-IVa] (‚). The dashed line rep-
resents a potentiation ratio of 1.
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