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A physical association between the II–III loop of the DHPR
(dihydropryidine receptor) and the RyR (ryanodine receptor) is
essential for excitation–contraction coupling in skeletal, but not
cardiac, muscle. However, peptides corresponding to a part of
the II–III loop interact with the cardiac RyR2 suggesting the
possibility of a physical coupling between the proteins. Whether
the full II–III loop and its functionally important ‘C’ region
(cardiac DHPR residues 855–891 or skeletal 724–760) interact
with cardiac RyR2 is not known and is examined in the present
study. Both the cardiac DHPR II–III loop (CDCL) and cardiac
peptide (CC) activated RyR2 channels at concentrations >10 nM.
The skeletal DHPR II–III loop (SDCL) activated channels at
� 100 nM and weakly inhibited at � 1 µM. In contrast, skeletal
peptide (CS) inhibited channels at all concentrations when added
alone, or was ineffective if added in the presence of CC. Ca2+-

induced Ca2+ release from cardiac sarcoplasmic reticulum was
enhanced by CDCL, SDCL and the C peptides. The results
indicate that the interaction between the II–III loop and RyR2
depends critically on the ‘A’ region (skeletal DHPR residues 671–
690 or cardiac 793–812) and also involves the C region. Structure
analysis indicated that (i) both CS and CC are random coil at
room temperature, but, at 5 ◦C, have partial helical regions in their
N-terminal and central parts, and (ii) secondary-structure profiles
for CDCL and SDCL are similar. The data provide novel evidence
that the DHPR II–III loop and its C region interact with cardiac
RyR2, and that the ability to interact is not isoform-specific.

Key words: cardiac muscle, dihydropyridine receptor, excita-
tion–contraction coupling, ryanodine receptor, protein–protein
interaction, skeletal muscle.

INTRODUCTION

The aim of the present study was to investigate interactions be-
tween the native cardiac RyR (ryanodine receptor) (RyR2) Ca2+-
release channel and fragments of the DHPR (dihydropyridine re-
ceptor) L-type Ca2+ channel. The RyR in the SR (sarcoplasmic
reticulum) of cardiac muscle is activated during EC (excitation–
contraction) coupling by Ca2+ entering the fibre through L-type
Ca2+ channels. In contrast, skeletal muscle RyR (RyR1) activation
depends on a protein–protein interaction with DHPR. Although
physical coupling between the DHPR and RyR is not required for
EC coupling in the heart [1,2], there is evidence that the two pro-
teins, or parts of the proteins, can interact with each other under
appropriate conditions. Parts of the DHPR II–III loop bind to
RyR2 [3,4]. In intact myocytes (i) a dihydropyridine (BayK) binds
to the DHPR and enhances RyR2 activity [5,6], (ii) ryanodine
enhances dihydropyridine binding to the cardiac DHPR [7] and
(iii) the ten C-terminal residues of the cardiac DHPR ‘A’ sequence
(residues 803–812) depress Ca2+ spark frequency [8]. Although
most lipid bilayer studies fail to show an interaction between
the DHPR II–III loop and RyR2 [9–12], recent reports indicate
that A peptides (corresponding to 20 residues in the N-terminus
of the II–III loop) can alter RyR2 activity [13,14]. In the light of
these studies, we have examined the recombinant cardiac and
skeletal DHPR II–III loops (between the second and third trans-
membrane repeats; CDCL and SDCL respectively) and the cardiac

and skeletal C peptides (CC, cardiac residues 855–891 and CS,
skeletal residues 724–760).

The II–III loop and its ‘C’ region have been studied because
they are required for skeletal EC coupling and are thought to
contain the parts of the DHPR that physically interact with RyR1
in this process [15–17]. In addition, the corresponding fragments
of the DHPR interact with RyR1 in vitro. The recombinant
SDCL and the acidic C region [18] are high-affinity activators
of RyR1 [12,18–20]. The strongly α-helical basic ‘A’ region
peptide [21] also activates RyR1 with high affinity [10–12,20,22].
These functional interactions possibly reflect binding reactions
that contribute to the protein–protein interactions in skeletal
muscle [18,20]. The fact that the A peptides also interact with
RyR2 provides evidence for potential DHPR–RyR interactions in
the heart [13]. It is thus important to discover whether the other
regions of the DHPR that are functionally active on RyR1s, i.e.
the C region of the II–III loop and the recombinant II–III loop,
can also modify the activity of RyR2 channels.

The results show that the full II–III loop and the C region
peptides do alter RyR2 activity in an isoform-independent inter-
action. We suggest that the DHPR and RyR do not interact
significantly in the heart in vivo because the DHPR is (i) expressed
in relatively small amounts [23] and (ii) not targeted to positions
opposite RyRs [24]. However, the proteins have the potential to
interact and to transmit signals between the external environment
and the SR.

Abbreviations used: CC, cardiac C region peptide; CS, skeletal C region peptide; CDCL, cardiac dihydropyridine receptor II–III loop; DHPR, dihydro-
pyridine receptor; EC, excitation–contraction; HSQC, heteronuclear single-quantum coherence; I′c, control mean current; I′t, mean current under test
conditions; Po, open probability; Poc, control Po; Pot, Po under test conditions; RyR, ryanodine receptor; SDCL, skeletal DHPR II–III loop; SR, sarcoplasmic
reticulum; Tc, mean closed time; To, mean open time.

1 To whom correspondence should be addressed (email angela.dulhunty@anu.edu.au).
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EXPERIMENTAL

Materials

The following peptides were synthesized and purified (by the
John Curtin School of Medical Research Biomolecular Resource
Facility) as described previously [21,22,25]. Peptide CS, E724FE-
SNVNEVKDPYPSADFPGDDEEDEPEIPVSPRPRP760 and pep-
tide CC, D855LQPNESEDKSPYPNPETTGEEDEEEPEMPVGP-
RPRP891.

Expression of the DHPR II–III loop

The 391 or 405 bp cDNA fragments encoding SDCL and CDCL
respectively were amplified by PCR and cloned in-frame down-
stream of a poly-histidine-tagged ubiquitin sequence in the plas-
mid pHUE [26]. The construct was checked by sequencing to
exclude amplification errors. The plasmid was transferred into
Escherichia coli BL21, and expression of fusion protein was
induced by addition of 0.1 mM IPTG (isopropyl β-D-thio-
galactoside) to the culture medium. The His-tagged protein was
purified by chromatography on Ni–agarose [26,27]. Ubiquitin
was removed from the N-terminal end of the II–III loop by
digestion with a His-tagged ubiquitin-dependent protease [26].
The ubiquitin protease and cleaved ubiquitin were removed by
re-chromatography on Ni–agarose. The recombinant II–III loop,
without additional residues, was purified further by preparative
electrophoresis under native conditions using a Bio-Rad model
491 prep cell. The sample was eluted in 25 mM Tris/HCl and
192 mM glycine, pH 8.3. Uniformly 15N-labelled protein was pro-
duced by growing the expression strain in M9 minimal medium
with 15NH4Cl as the sole nitrogen source.

Single channel measurements [21,22,25]

Recording solutions were (cis): 230 mM caesium methane-
sulphonate, 20 mM CsCl and 10 mM Tes (pH 7.4 with CsOH)
and (trans): 230 mM caesium methanesulphonate, 20 mM CsCl,
1 mM CaCl2 and 10 mM Tes (pH 7.4). The cis Ca2+ concentration
was normally either 10−4 or 10−7 M, buffered using 1 mM BAPTA
[bis-(o-aminophenoxy)ethane-N,N,N ′,N ′-tetra-acetic acid]. The
cis chamber was held at ground and the voltage of the trans
chamber controlled. Bilayer potential, expressed as Vcis − Vtrans,
was changed between +40 and −40 mV every 30 s. We recorded
2 min of activity under control conditions and after each addition
of peptide or II–III loop.

Table 1 Effect of MgATP in the cytoplasmic (cis) solution on RyR activity

Single-channel parameters under control conditions and in the presence of 2 mM MgATP and
10−5 M cis Ca2+ at +40 or −40 mV. Data are given (means +− S.E.M.) for open probability
(Po), mean open time (T o) and mean closed time (T c). Asterisks (*) indicate a significant
difference between the initial reference value and the parameter value with MgATP. Data for
10−4 M cis Ca2+ is from [13] and is included here for comparison.

+40 mV −40 mV

10−5 M 10−4 M 10−5 M 10−4 M
cis [Ca2+] (n = 5) (n = 10) (n = 5) (n = 10)

Po Initial 0.293 +− 0.149 0.25 +− 0.08 0.256 +− 0.141 0.17 +− 0.08
+MgATP 0.201 +− 0.084 0.40 +− 0.11* 0.169 +− 0.016 0.38 +− 0.09*

T o(ms) Initial 49.4 +− 44.5 26.2 +− 22.4 42.7 +− 40.6 22.8 +− 20.3
+MgATP 76.8 +− 36.1* 45.6 +− 20.1* 49.7 +− 28.2 26.9 +− 15.3*

T c (ms) Initial 198.9 +− 107.1 42 +− 56.2 82.9 +− 63.3 161 +− 57
+MgATP 132.4 +− 56 76 +− 30.5 124.2 +− 92.1 67 +− 47*

Figure 1 Peptide CC activates RyR2 channels by abbreviating channel
closures

Channel opening (in this and subsequent Figures) is upwards at +40 mV (left-hand panels)
and downwards at −40 mV (right-hand panels), from the closed level c to the maximum single
channel current o. In (A), control activity is shown with 2 mM MgATP and 100 µM Ca2+ in
the cis chamber (first trace), after subsequent addition of 100 nM (second trace) or 100 µM
peptide (third trace), and shortly after cis perfusion with a solution containing 100 µM Ca2+

and lacking MgATP and peptide (fourth trace). Note that the peptide concentration following
perfusion is approx. 30 nM and the channel remains activated. Average relative Po is shown
in (B), relative T os in (C) and relative T cs in (D) at +40 mV (left-hand panels) and −40 mV
(right-hand panels). Means are for five experiments. In (C) to (D), the first symbol and broken
line shows data obtained under control conditions.

Analysis of channel activity

Currents were analysed over one to two 30 s periods of continuous
activity at +40 and −40 mV. Slow fluctuations in the baseline
were corrected using an in-house baseline-correction program
(written by Dr D. R. Laver, University of Newcastle, Newcastle,
Australia). Channel activity was measured either as ‘mean cur-
rent’ (average of all data points in a record) or as open probability
(Po), using a threshold analysis with the program Channel 2,
(developed by P. W. Gage and M. Smith, John Curtin School
of Medical Research). Measurements of mean current, per-
formed on records from experiments containing one to four
channels, included all channel activity from the smallest
subconductance level to maximum openings. Po, mean open time
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Figure 2 Reversible activation of RyR2 channels by peptide CC and reversible inhibition by peptide CS

Data are shown at +40 mV (left-hand panels) and −40 mV (right-hand panels). In each panel, traces show 5 s of activity under each condition, and the associated histogram shows all-points
histograms from the 30 s record. Under all conditions, 2 mM MgATP was present. The upper record shows control activity, the middle record shows activity in the presence of 100 nM peptide CC

(A) or 5 nM peptide CS (B), and the third record shows activity between 30 and 60 s after perfusion of peptide from the cis chamber. Note that the bilayer in (B) contained two channels and that two
open levels (O1 and O2) are indicated where appropriate.

(To) and mean closed time (T c) measurements were restricted
to records in which the opening of a single channel only was
detected. This analysis does not detect openings that fall within
the baseline noise. Threshold levels for channel opening and
closing were set to exclude baseline noise, at approx. 20 % of
the maximum single channel conductance. Channel activity is
expressed as relative Po to include data in which activity varied
from ∼0.01 to ∼0.6 and data from bilayers containing more than
one channel. Relative Po was calculated either (i) from I ′t/I ′c,
where I ′t is the mean current under test conditions and I ′c is the
control mean current or (ii) from Pot/Poc, where Pot is the open
probability under test conditions and Poc is the control open pro-
bability. Since mean current divided by the maximum current
approximates open probability, I ′t/I ′c ≡ Pot/Poc.

Ca2+ release [13]

SR vesicles (100 µg/ml), prepared from sheep heart [28], were
added to a solution containing 100 mM KH2PO4 (pH 7), 4 mM
MgCl2, 1 mM Na2ATP, 0.5 mM antipyrylazo III, 5 mM phos-
pho(enol)pyruvate and 25 µg/ml pyruvate kinase. Extravesicular
Ca2+ concentration was monitored at 710 nm. Vesicles were
loaded with Ca2+ by adding four aliquots of CaCl2, each initially
increasing the extravesicular Ca2+ concentration by 7.5 µM, with
3 min between each addition of Ca2+. Thapsigargin (200 nM)
was added to block the Ca2+ ATPase, and finally 20 µM Ca2+

was used to initiate Ca2+-induced Ca2+ release. Ca2+ release with
thapsigargin was subtracted from the initial rates of Ca2+-induced
Ca2+ release. Experiments were performed with either vehicle
alone (control) or vehicle plus peptide or recombinant loop, added
before thapsigargin.

NMR spectroscopy

Peptides CC and CS were dissolved in 10 % 2H2O/90% H2O to a
final concentration of approx. 2 mM at pH 5.0. The samples for
CDCL and SDCL were prepared in 50 mM potassium phos-

phate buffer (pH 6.5) containing 10 % 2H2O, with a protein
concentration of 1 mM in the presence of 200 mM KCl. Data was
recorded at 25 or 5 ◦C on a Varian Inova 600 MHz spectrometer
equipped with a pentaprobe. In order to obtain resonance assign-
ments, one- and two-dimensional NMR spectroscopy was per-
formed as described previously [21,25]. 15N/1H spectra were
acquired using a sensitivity-enhanced 15N-HSQC (heteronuclear
single-quantum coherence) pulse sequence [29]. Structural
models for the CC and CS peptides were constructed using the pro-
gram Biopolymer (Accelrys).

Circular dichroism

All peptide samples were diluted to 25 µM for CD measurements
in 20% trifluoroethanol and 80% water, and the pH values were
adjusted to 5.0. CD spectra were collected at 5 and 25 ◦C on a Jobin
Yvon CD6 Dichrograph using a cell path length of 1 mm. Ten
spectra were collected per sample, averaged and then subjected
to a smoothing function.

Statistics

The significance of differences between values was tested using
a Students t test, either one- or two-tailed, for independent or
paired data as appropriate, or by the non-parametric ‘Sign’ test
[30]. Differences were considered significant when P � 0.05.

RESULTS

The C peptides and recombinant II–III loop were added to the cis
solution bathing the cytoplasmic side of native RyR2 channels.
The channels were identified as RyRs by their Cs+ conductance
of approx. 400 pS and their block by 30 µM Ruthenium Red.

Activation by peptide CC

The C peptides maximally stimulate RyR1s at activating cyto-
plasmic Ca2+ concentrations of 10−4 M or 10−5 M [18,20], and
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were examined here with 10−4 M or 10−5 M cis Ca2+ and 2 mM
MgATP to mimic in vivo conditions. Single-channel parameters
under these control conditions (with and without MgATP) are
given in Table 1. When MgATP was added, there was a trend to-
wards a decline in Po with MgATP at 10−5 M cis Ca2+, or an in-
crease at 10−4 M cis Ca2+, as reported previously [31]. Since there
was a wide range of control channel activities (reflected in the stan-
dard errors in Table 1), average data below is presented as relative
changes in channel activity to give equivalent weighting to the
effects of the DHPR fragments on high- and low-activity channels.

Peptide CC increased relative open probability approx. 2–3-fold
by inducing a >10-fold reduction in the average Tcs at both
positive and negative potentials (Figure 1). When the cis chamber
was perfused with 10 vol. of cis solution, the 100 µM peptide was
diluted to approx. 30 nM, and ATP to approx. 600 nM [13]. Po

after perfusion fell (Figure 1) because of the dilution of peptide
and ATP; however, it remained greater than the initial activity
in the absence of MgATP in all channels (results not shown), as
expected if (i) the peptide remained at an activating concentration,
and (ii) activation did not depend on the presence 2 mM MgATP.
The activation by CC was reversible after perfusion of lower
concentrations of peptide (100 nM) from the cis chamber (n = 4;
Figure 2A).

Inhibition by peptide CS

Unlike CC, peptide CS inhibited RyR2 channels reversibly (Fig-
ure 2B). Po fell with CS as low as 1 nM, at positive and negative
potentials, and remained low with peptide concentrations up to
100 µM (Figure 3). The fall in activity was associated with com-
plex changes in channel gating and was almost entirely due to
a reduction in Tos at +40 mV. In contrast, although activity at
−40 mV fell at low peptide concentrations because of a decrease
in Tos, the Tos recovered at higher peptide concentrations, and low
activity was maintained by an increase in closed durations. The
recovery of open durations may reflect a lower affinity activation
by the peptide. Because of the sequence (see the Experimental
section) and structural (see below) similarities between peptides
CC and CS, it was possible that they were exerting different actions
on RyR2 by binding to the same site. To test this possibility, we
added 10 µM CS to the cis solution, followed by peptide CS in
increasing concentrations from 10 nM to 10 µM. The usual activ-
ation was seen with CC, but CS no longer inhibited the channels
(Figure 3D). In the reverse experiment, initial exposure to CS

caused the usual inhibition. Subsequent exposure to low concen-
trations of CC did not cause activation, but there was a trend
towards reduced inhibition at higher concentrations of CC (Fig-
ure 3E). These results provide strong evidence that the two C
peptides act at the same or at closely related sites.

The effects of the C peptides on RyR2 are specific effects, since
we have shown that another acidic II–III loop peptide, as well as
the scrambled peptide A sequence, do not alter the activity of
these channels [13]. In addition, unrelated peptides, luteinizing-
hormone-releasing hormone (A. F. Dulhunty and S. M. Curtis,
unpublished work) and inhibitory peptides for protein kinase A,
protein kinase C and Ca2+/calmodulin kinase II [32], all fail to
alter RyR activity.

The recombinant II–III loop

The recombinant peptides CDCL and SDCL corresponding to the
II–III loop of the α1 subunit of the cardiac and skeletal DHPR
respectively, and containing both the A and C sequences, were ex-
pressed and purified (see the Experimental section), and were
found to run on SDS/PAGE at the same molecular masses as those

Figure 3 Changes in channel gating with peptide CS

(A), (B) and (C) show average relative Po (n = 10), T o and T c (n = 7 single-channel experiments)
respectively, at +40 mV (left-hand panels) and −40 mV (right-hand panels). In (A) and (B),
the first symbol and broken line show data obtained under control conditions. Note that the
decline in Po is due to a fall in the duration of channel opening at +40 mV, but is due to more
complex changes in the T os and T cs at −40 mV. (D) Average relative Po (data at +40 mV
and −40 mV combined) from six experiments after exposure to 1 or 10 µM CC, followed by
exposure to 10 nM, 100 nM, 1 µM and 10 µM CS. Note that CS does not inhibit channels if
added in the presence of CC. (E) Average relative Po (data at +40 mV and −40 mV combined)
from five experiments after exposure to 10 µM CS, followed by exposure to 10 nM, 100 nM,
1 µM and 10 µM CC. Note the relief of CS inhibition at higher CC concentrations. Asterisks
indicate significant differences from the previous conditions.

shown in [9], i.e. 30 kDa for CDCL and 21 kDa for SDCL (Fig-
ure 4), which were higher than the calculated masses of
14.134 kDa and 15.230 kDa respectively.

CDCL and SDCL activate RyR2s

CDCL activated channels at concentrations �10 nM, at positive
and negative potentials (Figure 5). The 5–6-fold increase in Po

was due to a significant increase in channel To and abbreviation
of closures at all concentrations. In contrast with the rapidly
reversible effects of the C region peptides, the activation by CDCL
was not reversible within the time frame of the bilayer experiment.
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Figure 4 Expression of SDCL and CDCL

Purified SDCL and CDCL on 12 % denaturing polyacrylamide gels. Methods for expression
and purification of the protein are given in the Experimental section. Molecular-mass markers
are shown in the left-hand lane (MMM, with corresponding masses indicated in kDa), with 5 µg
of CDCL in the centre lane (at approx. 30 kDa) and 5 µg of SDCL in the right-hand lane (at
approx. 21 kDa).

Channel activity remained higher than control levels for up to
10 min after perfusion of CDCL from the cis chamber. This lack
of reversibility is indicative of strong binding of the recombinant
loop to the native RyR2 channel.

SDCL also activated cardiac channels at concentrations
�10 nM in a voltage-independent manner (Figure 6). This was
due to a 2–3-fold increase in the channel Tos together with a small
decline in the T cs which was greatest with 10 and 100 nM, and
appeared to be less at higher loop concentrations. The increase in
closed durations when SDCL was increased from 1 to 10 µM was
accompanied by reduction in Tcs. Activity increased further when
SDCL was perfused from the cis chamber, but then returned to
control levels after approx. 3 min. These changes in activity are
indicative of a high-affinity, slowly reversible, activation associ-
ated with SDCL binding plus an additional lower-affinity rapidly
reversible inhibitory process.

Ca2+ release from cardiac SR

Measurements were made in the presence of thapsigargin (see
the Experimental section), so that the Ca2+,Mg2+-ATPase was
blocked, and changes in release rate could be attributed to Ca2+ ef-
flux through the RyR. CC, CS and SDCL all enhanced Ca2+-
induced Ca2+ release (Figure 7A). CDCL did not cause a signi-
ficant change in the release, although there was a trend towards
increased release with 40 µM protein. Even higher concentrations
of CDCL may have significantly increased release, but could
not be used because of low stock concentrations and a limit on
volumes that could be added to the cuvette. In contrast with Ca2+-
induced Ca2+ release, neither of the peptides or the recombinant
loops altered resting Ca2+ release (results not shown).

As noted previously, modification of Ca2+ release required
higher concentrations of DHPR fragments than effects on RyR
channels in bilayers [9,22,33], possibly due to different conditions
imposed by the different techniques.

Does the II–III loop bind to RyR2 via its A or C region?

To determine whether the A or C region of the loop was involved
in the interaction between CDCL or SDCL and RyR2, the ability

Figure 5 CDCL causes a high-affinity increase in RyR2 activity that is
irreversible within the time frame of the experiment

Brief (5 s) channel records (left-hand panels) and all-points histograms from a 30 s record
(right-hand panels) are shown at +40 mV (A) and −40 mV (B). The upper record in each
panel was obtained under control conditions with 10 µM cis Ca2+, the middle records in the
presence of 10 nM CDCL and the final record >3 min after perfusion of CDCL from the cis
chamber. The histograms in (C), (D) and (E) show average data for relative Po (C), relative T o

(D) and relative T c (E) at +40 mV (left-hand panels) and −40 mV (right-hand panels). In each
panel, data are shown under control conditions, with 10 nM, 100 nM and 1 µM CDCL and
after perfusion of CDCL from the cis chamber. Asterisks indicate significant differences from
control.

of the recombinant loops to activate the channel were assessed in
the presence of either the A or the C peptide (Figures 7B–7E). The
results indicate that the A region is strongly involved and suggest a
weaker contribution from the C region. Addition of 1 µM AC or AS

caused the usual reduction in RyR2 activity seen with activating
cis Ca2+ concentration (in contrast with activation when cis Ca2+

concentration is lower) [13], but there were only small increases in
activity with subsequent addition of CDCL or SDCL. In contrast,
both CDCL and SDCL activated the channels following addition
of CC or CS respectively, with usual levels of activation seen
with 1 µM loop. However, activation by 10 nM of the loop was
significantly less in the presence of the C peptides than in their
absence (Figures 5 and 6). This is particularly apparent when
CDCL was added with CC (Figure 7C).
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Figure 6 SDCL causes a high-affinity, slowly reversible, increase in RyR2 activity

(A) and (B) include 5 s current recordings (left-hand panels) and all-points histograms from 30 s of channel activity (right-hand panels) at +40 and −40 mV respectively. Data are shown under
control conditions with 10 µM cis Ca2+, after addition of 10 nM, then 10 µM SDCL , and then 30 s and 4 min after perfusion of SDCL from the cis chamber. (C) and (D) show relative Po at
+40 mV and −40 mV. Data for average relative T c (E) and relative T c (F) is the combined average of values obtained at +40 mV and −40 mV, since the results were very similar at both potentials.
Average values are shown under control conditions, in the presence of 10 nM, 100 nM, 200 nM, 1 µM and 10 µM SDCL , and after perfusion of 10 µM SDCL from the cis chamber. Asterisks
indicate significant differences from control.

Structure of the C peptides, CDCL and SDCL

NMR TOCSY and NOESY experiments were performed to assign
individual proton resonances (assignments not shown). The ex-
periments were carried out at 5 ◦C (since weakly structured
proteins are likely to be more stable at lower temperatures) as well
as at 25 ◦C. Peptide CS has been shown previously to have a ran-
dom coil structure at room temperature [18]. The lack of cross-
peaks in the NOESY spectra for CC (Figure 8B) suggest that the

cardiac C peptide is also random coil at 25 ◦C. In contrast,
the cross-peaks in the NMR spectra at 5 ◦C indicated that both CS

and CC have some helical content (Figures 8A and 8C). Assign-
ment of these residues indicate that there are common elements of
helical structure in both C peptides, encompassing residues 17–25
(Figure 8F), which have been depicted in Figure 8(G). The CD
spectra are consistent with the fact that both peptides are mostly
random coil in structure, with little difference apparent in their
spectral profile (Figure 8E). Helical peptides display minima at
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Figure 7 CDCL and SDCL increase Ca2+-induced Ca2+ release from cardiac
SR vesicles and compete strongly with the A peptides and partly with C
peptides when activating RyR2 channels in bilayers

(A) Relative rates of Ca2+-induced Ca2+ release are shown as a function of peptide concentration.
Average data are shown for peptide CS (�; n = 5); CC (�; n = 5); SDCL (�; n = 2) and CDCL
(�; n = 2). (B)–(E) Competition between the recombinant II–III loops and A or C peptide for
activation of RyR2. In each experiment, 1 µM peptide was added for 4 min, and then the channel
was exposed to 10 nM, 100 nM or 1 µM of II–III loop for 4 min at each concentration.
Channels were treated with AC and CDCL (B) (n = 5), CC and CDCL (C) (n = 4), AS and
SDCL (D) (n = 4), CS and SDCL (E) (n = 4).

208 and 222 nm. The fact that both peptides show a minima at
wavelengths less than 208 nm and a weak inflection near 222 nm
suggests that the helical content is weak.

Examination of the 15N/1H-HSQC NMR spectra for CDCL
and SDCL indicates that the spectral profile of both recombinant
proteins are similar. Although the three-dimensional structure of
either of these proteins has not been determined, the chemical-
shift distribution and line widths of the cross-peaks are good indi-
cators of secondary structure and the oligomeric state respectively.
Based on preliminary NMR data obtained for SDCL and the
spectral similarities with CDCL, we can assert that the two pro-
teins are monomeric and adopt a helical/random coil structure.
NMR spectra for CDCL and SDCL show that both recombinant
proteins contain similar amounts of α-helical content (Figures 9A
and 9B). Local differences are due to differences in amino acid
composition, as well as minor structural variations. These differ-
ences will be elucidated in future determination of the solution
structures. The secondary-structure composition was confirmed
with the CD analysis, which indicated that CDCL and SDCL
have a random coil/helical content, but substantially less helix

than that in the approx. 80 % helical AS peptide (Figure 9C). At
this level of analysis, there did not appear to be a major difference
between the secondary structures of the CDCL and the SDCL.

DISCUSSION

Novel results show that the 36-residue peptides corresponding to
the C region of the DHPR II–III loop, as well as the ∼120-resi-
due recombinant loops, interact with native RyR2 channels. Fun-
ctional changes reflecting binding to the RyR2 complex were seen
with skeletal and cardiac DHPR sequences. NMR and CD analysis
showed that both the cardiac CC and the CS peptide had a partial
α-helical structure. The results (i) are consistent with observations
that other parts of the skeletal and cardiac DHPR can bind to RyR2
and (ii) support the hypothesis that both the skeletal and cardiac
DHPRs have the potential for physical/conformational coupling
to RyR2.

Interactions between DHPRs and RyRs

An isoform-independent ability of DHPRs to interact with RyRs
is indicated by the cross-reactions between skeletal or cardiac
DHPR fragments and skeletal or cardiac RyRs ([13,14,20],
C. S. Haarmann, A. F. Dulhunty and D. R. Laver, unpublished
results, and the present study). Some myocyte studies indicate
physical interactions between the cardiac DHPR and RyR and
voltage-activated Ca2+ release through RyR2 in the cardiac tissue
has been reported [5–7,34,35], although the contribution of this
mechanism to EC coupling is questioned [1,2]. There are studies in
other tissues indicating isoform-independent interactions between
DHPRs and RyR. For example, cardiac DHPRs (CaV1.2), as
well as CaV1.3, but not skeletal DHPRs (CaV1.1), in brain co-
immunoprecipitate RyR1 [36]. In spinal cord white matter, CaV1.2
co-immunoprecipitates RyR1, while CaV1.3 precipitates RyR2,
and functional evidence is presented suggesting an external Ca2+-
independent coupling process like that in skeletal muscle [37].
These observations have led to suggestions of functional depolar-
ization-dependent coupling between the cardiac DHPR and RyR1
in the central nervous system. With hindsight, the isoform-
independent interactions between cardiac and skeletal DHPRs and
RyRs are not surprising given the homology between the isoforms
of each protein [38,39]. An isoform-independent ability to interact
is attractive from an evolutionary perspective, since a primitive
system could diverge into either the external Ca2+-dependent or
Ca2+-independent (i.e. cardiac or skeletal type) EC coupling in
muscle and in other tissues with adjustments to the ratio of DHPRs
to RyRs, targeting signals or RyR gating mechanisms.

Previous studies of Ca2+ release from cardiac SR may not have
detected functional interactions with C region peptides or recom-
binant loops [10,19], because they were not performed under
conditions which reveal the effects, i.e. Ca2+-induced Ca2+ release
in the presence of thapsigargin. Previous bilayer studies may have
failed to detect interactions between DHPR fragments and RyR2s
because the channels were CHAPS-purified [9,12], and may have
been modified during purification or separated from an essential
co-protein. The possibility of a requirement for a co-protein is
suggested because the skeletal DHPR A fragment interacts with
RyR1 only in the presence of FKBP12 [3,22,40].

The C peptides and II–III loops can either activate or inhibit
RyR2s. Enhanced Ca2+ release and channel activation were seen
with peptide CC and SDCL. On the other hand, Ca2+ release was
increased with CS, while channel activity was inhibited, indicating
that the bilayer conditions may favour inhibition, while Ca2+

release conditions favour activation. It is notable that an increase
in Tos at high CS concentrations indicated a low-affinity activation
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Figure 8 Comparison of structures of CC and CS

(A)–(D) The amide–amide region of the CC and CS NOESY spectra respectively in 10 % 2H2O/90 % H2O, at 5◦C (A and C) or 25◦C (B and D). The off-diagonal cross-peaks in the 5◦C spectrum
are indicative of helical structure, whereas the lack of cross-peaks at 25◦C indicate random coil structures. (E) CD spectra for CC and CS at 25◦C show a minima at approx. 200 nm, suggesting a
mixture of random coil and helical structure. Assignment of the connectivities contributing to the NOE (nuclear Overhauser effect) cross-peaks at 25◦C indicated helical structure between residues
as indicated in (F), allowing prediction of the structures in (G). In CC, there is a helical turn involving residues 5 and 6, helical structure between residues 17 and 26. In CS, there is helical structure
between residues 4 and 8, and between residues 16 and 25.

with this peptide. A dual effect of the C peptides is also seen with
RyR1s, where activation or inhibition of channels is seen under
different conditions [18]. Evidence for dual effects of the II–III
loop fragments is also seen with (i) SDCL, which activates RyR2
at low concentrations, but tends to inhibit at high concentrations,
and (ii) CDCL, which tends to reduce Ca2+ release at low
concentrations, but enhances release at high concentrations. The
A peptides either activate RyR2s with nanomolar concentrations
of cis Ca2+ or inhibit with 10–100 µM cis Ca2+ [13].

Binding sites for the DHPR fragments

It is not clear whether the DHPR fragments bind to the RyR2 or
to proteins that remain associated with the cytoplasmic side of the
channel, such as FK506-binding proteins, Ca2+/calmodulin kinase

II (on RyR1) or protein kinase A (on RyR2) [32,41–43]. However,
the binding sites for the DHPR fragments are most likely to be on
RyR2, since binding to the protein is seen in two-hybrid [4] and
surface plasmon resonance studies [3]. Nevertheless, we cannot
exclude the possibility that some effects are mediated by binding
to an associated protein such as sorcin, which binds to both the
RyR and DHPR in cardiac and in skeletal muscle, and is thought to
facilitate communication between the channels [44]. Similarly, on
the luminal side of the SR, calsequestrin modulates RyR activity
by binding to the anchoring proteins triadin and junctin [45,46].

Do CC and CS bind to the same sites on RyR2s? Peptides CC and
CS have similar C-terminal, but different N-terminal, sequences.
Although the peptides are thought to bind to the same sites on
RyR1 because their actions on the channel are similar [18,20,47]),
their different actions on RyR2 do not necessarily indicate
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Figure 9 Comparison of the structural profiles of CDCL and SDCL

(A) and (B) 15N/1H-HSQC spectra for CDCL and SDCL . The similar spectral distribution of
cross-peaks suggest a similar degree of structure in the two recombinant proteins. (C) CD spectra
for the 80 % helical AS peptide and for CDCL and SDCL . The spectra for the recombinant
proteins show minima at approx. 200 nm, indicating less helical content than AS, which has
a minimum at 204 nm. The more pronounced dip at approx. 222 nm in CDCL is indicative of
greater helical content in that protein.

different binding sites. Indeed, the competition experiments
(Figure 3) provide strong evidence for the peptides binding to a
similar site. It is not uncommon for compounds binding to a single
site to have different actions. Calmodulin can either activate or
inhibit RyRs, depending on its association with Ca2+ (its Ca2+-
dependent conformation), even though Ca2+/calmodulin and apo-
calmodulin bind to the same, or overlapping, sites [48,49]. Thus
the C peptides may bind to a common site, with the functional
effects of the binding depending on the sequence/structural dif-
ferences between the peptides.

CDCL and SDCL are likely to bind to the same site(s) on
RyR2. Both recombinant proteins induced high-affinity, slowly re-
versible, activation of RyR2s, which differed from the rapidly
reversible effects of the C peptides. CDCL and SDCL could bind
to the RyR2 channel complex via either their C region or their A re-
gion, since both A and C peptides bind to the complex. The A
region of the skeletal II–III loop is important in II–III loop binding
to the skeletal RyR [50,51]. We also found that binding of the A
peptide reduces activation of RyR2 by the recombinant II–III
loops substantially, indicating that SDCL and CDCL may bind
to RyR2 at the A binding site. The affinity of RyR2 for SDCL
and CDCL was apparently decreased in the presence of the C
peptides, indicating either that the II–III loops also bind to the
C site on RyR2, or that the negatively charged C peptide binds to
the A region of the loops and prevents their interaction with RyR2.
This latter possibility seems unlikely, since peptides AS and CS do
not bind to each other [18]. Thus we propose a model in which

CDCL/SDCL bind to RyR2 at both the A binding site and the
C binding site. If the A site is occluded by peptide A binding,
then binding to the C site causes weak activation. If the C site is
occupied by peptide C, activation through binding to the A site oc-
curs at higher loop concentrations.

Structure of the C peptides and recombinant II–III loops

We have shown previously that, at room temperature, the CS

peptide is random coil [18] and is one of a group of intrinsically un-
structured, functionally important proteins [52]. However, weak
hydrogen bonding interactions and weak secondary-structure ele-
ments can be detected if NMR experiments are performed at a
lower temperature. When this was done for CS and CC peptides
in the present study, weak helical components were evident in
both peptides, although only a small number of the total amino
acid residues were involved in the formation of the nascent helix.
Overall, peptide CS has marginally more helical content than CC,
but the helix in the conserved central negatively charged region
was stronger in CC. Given the sequence similarity, it is no real
surprise that the region has a similar structure in the two peptides.
The appearance of structure at low temperature raises the possi-
bility that secondary-structural elements may be stabilized when
the DHPR binds to the RyR in vivo. The slight secondary-structure
differences in the C region do not alter the ability of CC or CDCL
to interact with either RyR2 (see above) or RyR1 [20]. Preliminary
work performed on the full skeletal II–III loop suggests that the
C region is also mostly random coil in structure (M. G. Casarotto
and A. F. Dulhunty, unpublished work), as do published structure
prediction studies [14,53]. In contrast with our data, the pre-
dictions suggest that there is significantly more helical content in
the cardiac C region than in the skeletal C region [14,53].

Physiological significance of peptide effects on RyR2

Skeletal EC coupling in expression systems is specific for the
skeletal isoforms of both the DHPR II–III loop and the RyR.
In contrast, the physical interaction between the proteins is not
isoform-specific (see above). Thus the loss of skeletal EC coupling
when the cardiac C region replaces the skeletal C region in
the DHPR cannot be attributed to an inability of the DHPR to
interact with the RyR when the C region contains either the
cardiac sequence or a helical structure [53]. This suggests that
the specificity in EC coupling is for expression of appropriate
numbers of DHPRs or for their targeting into tetrads in exact
opposition to the RyR. There are many fewer DHPRs than RyRs
in cardiac muscle [23], and the DHPRs are not normally located
opposite RyRs [24].

It is clear that direct DHPR–RyR coupling does not contribute
significantly to EC coupling in the heart [1,2]. However, the
ability of the two proteins to interact raises the possibilities that
(i) physical interaction could contribute to some signal transduc-
tion processes in the heart and (ii) isoform-independent physical
interactions between the two proteins could occur in other tissues
(such as brain) if the proteins are appropriately targeted.

In conclusion, we show for the first time that both the C
region of the DHPR II–III loop and the recombinant full-length
DHPR II–III loop are capable of isoform-independent functional
interactions with RyR2. A novel structural analysis shows that
the C region of the CDCL and SDCL peptides is a mixture of
α-helix and random coil. Furthermore, we show that the overall
helical content of the full DHPR II–III loop is comparable in
the recombinant CDCL and SDCL proteins. The results add
to an increasing body of evidence that differences between EC
coupling in cardiac and skeletal muscle is related more to factors
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regulating expression levels and targeting of the DHPR and RyR
than to intrinsic differences between the ability of the proteins to
physically interact with each other.
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