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Abstract: Ca2+ leak from cardiomyocyte sarcoplasmic reticulum (SR) via hyperactive resting cardiac 10 
ryanodine receptor channels (RyR2) is pro-arrhythmic. An exogenous peptide, (DPc10) detects 11 
leaky RyR2 in cardiomyocytes. Conversely, calmodulin (CaM) inhibits RyR2 leak. These observa- 12 
tions have led to designing a FRET biosensor for drug discovery targeting RyR2. Here we used FRET 13 
to understand the molecular mechanism driving the DPc10-CaM interdependence when binding 14 
RyR2 in SR vesicles. We used donor-FKBP12.6 (D-FKBP) to resolve RyR2 binding of acceptor-CaM 15 
(A-CaM). In low nanomolar Ca2+, DPc10 decreased both FRETmax (under saturating [A-CaM]) and 16 
the CaM/RyR2 binding affinity. In micromolar Ca2+, DPc10 decreased FRETmax without affecting 17 
CaM/RyR2 binding affinity. This correlates with analysis of fluorescence-lifetime-detected FRET in- 18 
dicating that DPc10 lowers occupancy of the RyR2 CaM-binding sites in nanomolar (not micromo- 19 
lar) Ca2+ and lengthens D-FKBP/A-CaM distances independent of [Ca2+]. To observe DPc10/RyR2 20 
binding, we used acceptor-DPc10 (A-DPc10). CaM weakens A-DPc10/RyR2 binding, this effect be- 21 
ing larger in micromolar vs. nanomolar Ca2+. Moreover, A-DPc10/RyR2 binding is cooperative in 22 
CaM- and FKBP-dependent manner, suggesting that both endogenous modulators promote con- 23 
certed structural changes between RyR2 protomers for channel regulation. Aided by analysis of 24 
cryo-EM structures, these insights inform further development of the DPc10-CaM paradigm for 25 
therapeutic discovery targeting RyR2. 26 

Keywords: sarcoplasmic reticulum, calcium release channel, FKBP12.6, calmodulin, FRET, fluores- 27 
cence lifetime. 28 
 29 

1. Introduction 30 

In failing hearts, increased diastolic Ca2+ leak from the sarcoplasmic reticulum (SR), 31 
via the type 2 ryanodine receptor (RyR2) channel, has been identified as a key contributor 32 
to elevated intracellular [Ca2+] that can trigger potentially fatal arrhythmias [1]. RyR chan- 33 
nels are homotetrameric assemblies of 565-kDa protomers, with approximately 80% of 34 
their mass in the cytosolic headpiece domain that contains binding sites for much smaller, 35 
soluble modulators like calmodulin (CaM) and the FK-506 binding proteins (FKBP 12.0 36 
and 12.6) [2]. 37 

CaM is a 148-residue cytosolic protein that binds Ca2+ at four EF-hand sites and un- 38 
dergoes conformational changes that transduce intracellular [Ca2+] signals into functional 39 
responses of CaM’s binding partners. Both Ca2+-loaded and Ca2+-free (apo-)CaM bind to 40 
RyRs with high affinity and a stoichiometry of 4CaM/RyR channel, to partially inhibit the 41 
RyR2 Ca2+ channel activity [3]. The importance of CaM-mediated inhibition of RyR2 for 42 
normal heart function, is highlighted by reduced CaM/RyR2 binding affinity in heart fail- 43 
ure (HF) and other pathophysiological states that are accompanied by a more oxidative 44 
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intracellular environment [4-7]. Furthermore, restoring CaM binding in HF models has 45 
been shown to restore normal intracellular Ca2+ homeostasis [4,7,8].  46 

The 108-residue FKBP12.6 (FKBP) binds tightly to the RyR2 channels and is proposed 47 
to promote their closed state and cooperativity between the protomers of the RyR2 com- 48 
plex [9-11]. Conversely, the absence of FKBP is associated with poorly resolved RyR2 49 
structures [12], and might lead to elevated Ca2+ leak through a destabilized channel. How- 50 
ever, the extent and details of the correlation between FKBP-RyR2 binding and Ca2+ leak 51 
through RyR2 remain controversial in the myocyte environment [2]. 52 

DPc10 is a 36-residue peptide – derived from the RyR2 2460-2495 segment in the cen- 53 
tral sequence region – that preferentially binds to pathologically leaky RyR2 channels in 54 
permeabilized ventricular myocytes [13-15]. Due to this property, an acceptor-labeled de- 55 
rivative of the peptide (A-DPc10), has been used in a biosensor system for therapeutic 56 
discovery [16]. Mechanistically, DPc10 has been postulated to act by binding near the 57 
RyR2 N-terminus, to destabilize a critical contact between the N-terminal and central hot- 58 
spot regions [17]. Anti-arrhythmogenic agents, such as CaM and dantrolene, which re- 59 
duce pathological SR Ca2+ leak, have been shown to also reduce DPc10 binding affinity for 60 
RyR2 [4,18,19] in cardiomyocytes. Therefore, RyR2 binding sites for DPc10 and CaM are 61 
thought to be tightly coupled via an allosteric mechanism [20], given that DPc10 has been 62 
shown to inhibit RyR2-CaM binding [7]. However, structural details of the cross-talk be- 63 
tween DPc10- and CaM-binding to RyR2 are scant. Such knowledge is necessary for con- 64 
tinued development of A-DPc10 and related peptides as tools for therapeutic discovery 65 
[16] targeting RyR dysfunction in clinical indications such as cardiac and skeletal myopa- 66 
thies or neurodegeneration (Alzheimer’s, Parkinson’s, or Huntington’s diseases) [21]. 67 

Here we used a previously developed FRET molecular system to observe binding of 68 
acceptor-labeled ligands near donor-labeled FKBP (D-FKBP) within the RyR2 channel 69 
complex [5,19,20,22-25]. We used FRET from D-FKBPs to acceptors on either CaM or 70 
DPc10 (A-CaM or A-DPC10), to resolve structural interactions between CaM, FKBP, and 71 
DPc10 binding to intact RyR2 in cardiac SR vesicles, at nanomolar and micromolar [Ca2+]. 72 

2. Results 73 

2.1. Effect of DPc10 on CaM/RyR2 binding 74 

To specifically observe CaM binding to RyR2 in SR membranes, we measured FRET 75 
to A-CaM from D-FKBP that was pre-bound to RyR2 [26]. Donor and acceptor labels were 76 
covalently attached at residue 49 of FKBP and 34 of CaM, respectively. To determine 77 
whether DPc10 interferes with CaM binding to RyR2, we measured FRET as a function of 78 
[A-CaM] in the presence and absence of 50 µM unlabeled DPc10 (Figure 1A). At this sub- 79 
saturating concentration (50-100 µM), DPc10 peptide has been typically used to induce 80 
the leaky RyR2 state [13,15,17,27]. FRET dependence on [A-CaM], in control (no DPc10) 81 
saturation curves shows high-affinity A-CaM binding to RyR2, under both 30 nM and 300 82 
µM Ca2+ conditions (Figure 1A), with a ~2.7-fold higher affinity at high Ca2+ (Figure 1B).  83 
In 30 nM Ca2+, the DPc10 peptide (50 µM) decreased the apparent A-CaM/RyR2 binding 84 
affinity, by 4-fold (Figure 1B), while also decreasing Emax, the FRET efficiency at saturating 85 
A-CaM by ~37%. In 300 µM Ca2+ (Figure 1A), DPc10 had no significant effect on the A- 86 
CaM/RyR2 affinity, Kd (Figure 1B), but decreased Emax by ~17%. Thus, DPc10 strongly re- 87 
duces the CaM/RyR2 binding affinity in 30 nM (resting) Ca2+, but not in 300 µM (contract- 88 
ing) Ca2+. The changes in Emax suggest that DPc10 causes a structural shift in the A- 89 
CaM/RyR2 complex at both [Ca2+]. The striking distinction between the DPc10 effects on 90 
the CaM/RyR2 binding (Figure 1A) at resting vs. contracting Ca2+ further suggests that the 91 
interaction between CaM and DPc10 binding sites involves different structural pathways 92 
under diastolic and systolic calcium concentrations, which is consistent with the shift in 93 
the CaM binding position within RyR2 that has been observed via cryo-EM [28]. 94 
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2.2. Fluorescence lifetime (FLT)-detected FRET resolves DPc10 effects on CaM/RyR2 structure 95 

The decrease in Emax observed after incubation with DPc10 (Figure 1) may be ex- 96 
plained by a reduction in the occupancy of RyR2 CaM-binding sites, and/or by a change 97 
in the A-CaM conformation affecting donor-acceptor distance relationships. To determine 98 
the structural basis of the DPc10 effect on Emax, we carried out FLT-FRET measurements 99 
with a saturating concentration of A-CaM (0.8 µM), at nM and µM Ca2+, in the presence 100 
and absence of DPc10 (Figure 2). Under these conditions, we probed for differences in the 101 
level of CaM/RyR2 binding and structure of CaM relative to FKBP12.6 bound to RyR2 in 102 
SR membranes. Using multi-exponential analysis of these FLT-FRET data (examples of 103 
donor fluorescence decays examples in Figure 2A), we identified a one-distance Gaussian 104 
distribution as the best-fit model to describe the distance relationship between D-FKBP 105 
and A-CaM (Figure 2B). Consistent with previous reports [25], we found little Ca2+-driven 106 
change in the distance between the FRET probes in the no-DPc10 controls (Figure 2B, dot- 107 
ted traces). Similarly, there is little Ca2+-driven effect on the distance in the presence of 50 108 
µM DPc10 (Figure 2B, solid traces). However, DPc10 led to an increase in the distance 109 
between D-FKBP and A-CaM fluorophores of 5 Å in nM Ca2+ (Figure 2B, compare blue 110 
traces) and 6 Å in µM Ca2+ (Figure 2B, compare red traces). We also observed a Ca2+-driven 111 
broadening of the Gaussian distribution full-width at half maximum (FWHM) values by 112 
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Figure 1. DPc10 effect on CaM/RyR2 binding. (A) RyR2 in SR isolated from porcine heart was deco-

rated with D-FKBP, then treated with (solid symbols) or without (open symbols) DPc10 (50 µM) for 

60 min (25°C). The concentration dependence of A-CaM binding to RyR2 was measured using FRET 

after further incubating with A-CaM at the indicated concentrations (150 min, 25°C), in 30 nM or 300 

µM Ca2+, as indicated. (B), Parameters Kd and Emax obtained from fitting the data shown in A to a 

single rectangular hyperbola. Data represent the mean ± SE from 4 paired experiments. *significantly 

different from no-DPc10 controls; #significantly different from the 30 nM Ca2+ condition, as deter-

mined by p ≤ 0.05 (unpaired Student’s t-tests). 
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Figure 2. FLT-FRET detection of DPc10 structural effect on CaM/RyR2 complex. (A) RyR2 in cardiac 
SR membranes was decorated with D-FKBP, then treated with (solid line) or without (dotted line) 
DPc10 (50 µM), and finally incubated with saturating (0.8 µM) A-CaM. A representative FLT-FRET 
experiment is illustrated by fluorescence decays of D-FKBP without A-CaM (grey, D) and with 
(black, DA) A-CaM. (B) Multi-exponential analysis of panel A FLT-FRET decays resolves a one-dis-
tance Gaussian distribution of the separation between D-FKBP and A-CaM on RyR2 in 30 nM (blue) 
or 30 µM (red) Ca2+. Distributions are centered at the distances indicated in panel A, and their widths 
(FWHMs) shown in panel C. (D) Effect of Ca2+ and DPc10 on the mole-fraction of D-FKBP not par-
ticipating in FRET (XD-only). Data shown as means ± SE; n=4-6. *p≤0.5 (paired Student’s t-test). 
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2-fold (Figure 2C). This is consistent with our previous report using a different donor- 113 
acceptor pair [23]. DPc10 appears to reduce FWHM (i.e., narrow the range of detected 114 
donor-acceptor distances), but this is only a trend (Figure 2C). Finally, DPc10 also in- 115 
creased the (XD-only in Figure 2D) the donor population that that is too far from an acceptor 116 
to participate in FRET (i.e., uncoupled donors). This change was significant in 30 nM Ca2+, 117 
and a trend in 30 µM Ca2+ (Figure 2D). 118 

To summarize the Figure 2 analysis, FLT detection of the DPc10 effect on FRET be- 119 
tween D-FKBP and A-CaM in nM Ca2+ (Figure 1) suggests that this involves (1) a length- 120 
ening of the D-FKBP/A-CaM distance, (2) a decrease in disorder, and (3) a decrease in the 121 
fractional population of donors participating in FRET (i.e., an increase in the unoccupied 122 
RyR2 CaM binding sites). 123 

2.3. Effect of CaM on DPc10 binding to RyR2 124 

To resolve DPc10 binding to RyR2 in native cardiac SR membranes, we measured 125 
FRET from D-FKBP to acceptor labeled DPc10 (A-DPc10), with the non-fluorescent accep- 126 
tor probe QXL520 attached at the N-terminus of the peptide. With FRET as an index of A- 127 
DPc10 binding to RyR2, the micromolar affinity (Kd = 10.3±0.3 µM vs. 13.2±1.3 µM, in 30 128 
nM and 300 µM Ca, respectively; Figure 3) and similarly strong FRET (Emax = 0.57±0.05 129 
and 0.54±0.03 in 30 nM and 300 µM Ca2+, respectively; Figure 3) undergoes little change 130 
between nM and µM Ca2+. To gauge the effect of CaM on DPc10/RyR2 binding, the FRET 131 
sample was pre-incubated with 30 µM unlabeled CaM for 40 min before addition of A- 132 
DPc10. At both nM and µM Ca2+, the presence of CaM did not significantly alter Emax 133 
(0.54±0.03 and 0.57±0.06, in 30 nM and 300 µM Ca2+, respectively; Figure 3) relative to the 134 
no-CaM controls. This suggests that the ensemble distance relationship between the D- 135 
FKBP and A-DPc10 probes was not significantly changed by the presence of CaM within 136 
the RyR2 complex. However, CaM significantly decreased the apparent affinity of 137 
DPc10/RyR2 binding at both nM and µM Ca2+. In both Ca2+ conditions, the Kd shifts are 138 
reproducible (as indicated by t-test) but their amplitude is much larger in µM than in nM 139 
Ca2+ (∆Kd = 4.2±0.4 µM vs. 26.7±5.1 µM, in 30 nM and 300 µM Ca2+, respectively; Figure 3).  140 

Unlike A-CaM binding detected as FRET from D-FKBP (Figure 1), A-DPc10 binding 141 
appears to be cooperative, with a Hill coefficient (nH) of ~2 in 30 nM and 300 µM Ca2+ 142 

[A-DPc10] (μM)

  300 µM Ca2+

 
 

 

Figure 3. CaM influence on DPc10/RyR2 binding. RyR2 in cardiac SR membranes was decorated with 

D-FKBP, and then pre-incubated 40 min with or without 30 µM CaM. These samples were then fur-

ther incubated (40 min) with a series of [A-DPc10], as indicated, at 30 nM Ca2+ (A) or 300 µM Ca2+ (B). 

DPc10/RyR2 binding was measured using FRET from D-FKBP to A-DPc10. Fitting was performed 

using the Hill function; fitting parameters are shown in Table1. Data shown as mean ± SE, n = 4-6 *p 

≤ 0.05 (paired Student’s t-test).  
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(Figure 3). This suggests that DPc10 binding at one site within the RyR2 homotetramer 143 
facilitates binding at additional sites. In the presence of CaM, this cooperative binding 144 
significantly increases, as indicated by the greater nH values in 30 nM and 300 µM Ca2+. 145 

 146 

Table 1. Fitting parameters for curves in Figure 3.1 
 30 nM Ca2+ 300 µM Ca2+ 
 KD(µM) Emax nH KD(µM) Emax nH 

(-)CaM 10.4(.3)* 0.57(.05) 2.0(.1)* 13.2(1.3)* 0.54(.03) 1.8(.1) 
(+)CaM 14.6(.1)* 0.54(.03) 2.6(.3)* 33.9(3.8)* 0.57(.06) 2.3(.4) 

1Fitting performed using Hill function. 
* statistical significance (-) vs. (+) CaM, etc. 

 147 

2.4. Effect of FKBP12.6 on DPc10/RyR2 148 
binding 149 

FKBP12 and 12.6 are thought to pro- 150 
mote cooperativity between RyRs while 151 
also inhibiting the RyR2 leak state [9-11]. 152 
We hypothesized that the observed A- 153 
DPc10 binding cooperativity (nH ≈ 2 in Fig- 154 
ure 3), depends on RyR2 being decorated 155 
with D-FKBP of functional potency similar 156 
to WT-FKBP12.6. To evaluate the effect of 157 
FKBP12.6/RyR2 functional interaction on 158 
A-DPc10 binding, we measured the de- 159 
pendence of FRET on [A-DPc10] using the 160 
loss-of-inhibition AF488-labeled N32C- 161 
FKBP12.6 in comparison with variants of 162 
AF488-labeled FKBP (fluorophore at posi- 163 
tions 14, 49 or 85) that are functionally 164 
equivalent to WT-FKBP12.6 [26]. We have 165 
previously shown that the D-32-FKBP var- 166 
iant inhibits RyR1 activity ~60% less than 167 
WT-FKBP12.6 or its other AF488-labeled 168 
single-Cys variants (labeled at positions 169 
14, 49 or 85) while its RyR1 binding affin- 170 
ity remained unchanged vs. WT-FKBP12.6 171 
[26]. We measured similar A-DPc10 bind- 172 
ing affinity (Kd ≈ 10 µM) using FRET from 173 
all four different AF488-labeled variants 174 
(14, 32, 49, and 85) of FKBP12.6 (Figure 4). 175 
However, cooperativity was significantly 176 
lower for the saturation curve of A-DPc10 measured via FRET from D-32-FKBP 177 
(nH=1.3±0.03) vs. D-14-FKBP (nH=1.9±0.07), D-49-FKBP (nH=2.0±0.15) and D-85-FKBP 178 
(nH=1.9±0.12) (Figure 4). In light of the functional effect of these fluorescently labeled 179 
FKBP12.6 variants on RyR [26], this result indicates that the inhibitory efficacy of 180 
FKBP12.6 toward channel activity is a major contributor to the propensity for cooperative 181 
binding of DPc10 to RyR channels. 182 

3. Discussion 183 

We used FRET donors bound to FKBP, and acceptors bound to CaM or DPc10 to 184 
determine the allosteric structural interplay between these small, soluble polypeptides 185 
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Figure 4. RyR2 in cardiac SR membranes were deco-

rated with either D-14-FKBP, D-32-FKBP, D-49-

FKBP, D-85-FKBP, and incubated with A-DPc10. Fit-

ting parameters are shown in Table 2 (n=4-6).  

Table 2. Parameters of best fit to the Figure 4 data1 
D-x-FKBP2 KD(µM) Emax nH 

14 10.0(.2) .51(.01) 1.9(.07) 
32 13.1(.3) .55(.04) 1.3(.03) 
49 9.9(.4) .67(.02) 2.0(.15) 
85 10.4(.3) .57(.05) 2.0(.10) 

1Fitting performed using Hill function (n=4-6). 
2x indicates the labeled position within the 
FKBP12.6 sequence. 
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upon binding to the functional RyR2 tetrameric assembly where they regulate its activity 186 
as a Ca2+ release channel. Previous studies in myocytes have uncovered the allosteric in- 187 
teraction between CaM and DPc10 in binding to RyR2 [19,20], in quiescent (diastolic Ca2+) 188 
adult rat and mouse myocytes. Here, we tested the effect of Ca2+ on the CaM-DPc10-RyR2 189 
relationship. Emax results shown in Figure 1 suggest that DPc10 induces a structural change 190 
in the CaM/RyR2 complex in nM and µM Ca2+. We used FLT-detected FRET to test this 191 
hypothesis and showed that, in both 30 nM and 300 µM Ca2+, DPc10 induces a significant 192 
increase in the distance between A-CaM and D-FKBP (Figure 2D), while also narrowing 193 
its distribution, suggesting a decrease in disorder (Figure 2C). These effects suggest that 194 
in the DPc10-induced leaky RyR2 structure, the CaM binding domain is shifted closer to 195 
the membrane, thus further from D-FKBP, as apparent in recent structures of the CaM- 196 
less RyR2 [12,29].  197 

Ca2+ effect on A-CaM and A-DPc10 binding 198 
The allosteric interaction between A-CaM and A-DPc10 in RyR2 binding is strongly 199 

influenced by Ca2+, whereby the DPc10-mediated decrease in CaM/RyR2 binding affinity 200 
is robust in 30 nM Ca2+ but insignificant in 300 µM Ca2+ (Figure 1), while the CaM-medi- 201 
ated decrease in RyR2-DPc10 binding affinity is >6-fold larger in 300 µM than in 30 nM 202 
Ca2+ (Figure 3). These Ca2+-mediated effects could be due to Ca2+ binding either to RyR2 203 
or to CaM. However, the former is unlikely, because the impact of Ca2+ on DPc10/RyR2 204 
binding affinity is small (Figure 3) compared to the impact of Ca2+ on CaM-RyR2 binding 205 
(Figure 1). Taken together, results in Figure 1 and 3 suggest that DPc10 reduces apo-CaM 206 
(but not Ca-CaM), affinity for RyR2; whereas Ca-CaM (but not apo-CaM), reduces DPc10 207 
affinity for RyR2. Moreover, the smaller – yet significant – effect of CaM on DPc10/RyR2 208 
binding in nM Ca2+ (Figure 3 left) is consistent with previous reports proposing that a 209 
significant fraction of RyR-associated CaM is Ca2+-loaded even under normal diastolic 210 
[Ca2+] [30-32]. 211 

FKBP- and CaM-dependent cooperativity of DPc10 binding to RyR2 212 
Upon measuring A-DPc10 binding, we observed that the saturation-binding curves 213 

are cooperative (nH >1), and that CaM and FKBP increase cooperativity (Figs. 3 and 4). 214 
This is indicated by the nH increase in the presence of CaM (vs. no-CaM) (Figure 3) and 215 
by the nH reduction when using the loss-of-function D-FKBP variant (labeled at 32C). 216 
Thus, CaM binding (while not cooperative itself) increases the cooperativity of DPc10 217 
binding, which may reflect stronger structural coupling between the protomers within the 218 
tetrameric RyR channel assembly. Similarly, FKBP12.6 binding itself is not cooperative 219 
[33], but may structurally alter RyRs in a manner sensed by DPc10 cooperativity. These 220 
findings suggest that CaM- and FKBP12.6-mediated mitigation of Ca2+ leak through RyR 221 
channels entails stabilizing inter-protomer structural coupling within the RyR2 homo- 222 
tetrameric complex. This is consistent with the significant structural changes observed us- 223 
ing cryo-EM in RyR2 upon FKBP binding [29]. 224 
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Revised DPc10 binding location and effect on RyR2 function 225 
Based on our previous work on determining the location of DPc10 binding to RyR2 226 

from trilateration of FRET measurements [24] and the current RyR2 cryo-EM structures 227 
[28], we propose a new mode of interaction between RyR2 and the exogenous A-DPc10 228 
peptide. Assuming that the C-terminal region of DPc10 intercalates within the Helical Do- 229 
main 1 (HD1), this places the acceptor fluorophore (which is N-terminally attached to 230 
DPc10) underneath HD1, in the cavity formed between the Central Domain on one RyR2 231 
protomer and the SPRY2 domain of the adjacent protomer (Figure 5). At the time of our 232 
report on the RyR2 mapping of DPc10 binding [24], the sequence stretch corresponding 233 
to the DPc10 peptide had not been resolved in any of the available structures. When the 234 
high-resolution RyR2 structure became available [28], we realized that the FRET-deter- 235 
mined distances were probably underestimated because the RyR2 sequence correspond- 236 
ing to DPc10 is centrally-located, which leads to two acceptors contributing to FRET with 237 
each donor. By re-evaluating our previous FRET data for trilateration of A-DPc10 in light 238 
of the new RyR2 cryo-EM structures, the acceptor probe can be mapped to the cavity near 239 
the SPRY2 domain. The acceptor probe location is also near the C-lobe of CaM. Thus, the 240 
potential mechanism by which DPc10 promotes a leaky RyR2 involves competition with 241 
the native helix-helix packing in HD1, thereby weakening the interaction between HD1 242 
and NTDA or HD1 and SPRY2 domains of the next protomer. 243 

 244 

4. Materials and Methods 245 

4.1. Materials 246 

SR vesicles were isolated by differential ultracentrifugation of ventricular tissue ob- 247 
tained from porcine hearts [26]. Residual native CaM was stripped from SR by incubation 248 
with 300 nM of the M13 skeletal muscle myosin light-chain kinase CaM-binding peptide 249 

FKBP

CaM

NTDA

NTDC

SPRY2

HD1

 

Figure 5. Location of the A-DPc10 biosensor within the RyR2 structure. The RyR2 cryo-EM structure with 

CaM and FKBP bound (PDB ID: 6JI8) [28] is shown as ribbon representation. Two RyR2 protomers are shown 

in green and the other two are shown in gray to emphasize protomer boundaries. CaM is shown in purple and 

FKBP is shown in blue. The helices of HD1 of RyR2 that correspond to the sequence range that the DPc10 

peptide is derived from (2460-2495) are shown as red cylinders. Inserted in this location is A-DPc10 shown as 

a yellow cylinder with the fluorophore shown as a yellow star. The fluorophore is located in the cavity below 

HD1, NTDA, and NTDC, between the Central domain of one protomer and the SPRY2 domain of the adjacent 

protomer. Structure figures were created using VMD [34]. 
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(Anaspec, Fremont, CA, USA), as described previously [35]. Resuspended SR (30 mg/mL) 250 
was flash-frozen and stored at -80°C. Fluorescent FKBP and CaM were prepared as pre- 251 
viously described [26]. Briefly, Alexa Fluor 488 (AF488; Life Technologies, Eugene, OR, 252 
USA) was used to label single cysteines substituted at positions 14, 32, 49, and 85 into a 253 
null-cysteine (C22A/76I) variant of human FKBP12.6. Alexa Fluor 555 (AF555, Life tech- 254 
nologies) was used to label a single cysteine substituted at position 34 in the wild-type 255 
mammalian CaM [22]. DPc10 peptides were synthesized at AnaSpec (Fremont, CA) cor- 256 
responding to the RyR2 sequence 2460-GFCPDHKAAMVLFLDRVYGIEVQDFLLHLL- 257 
EVGFLP-2495 [36].  For FRET assays of DPc10/RyR2 binding, the dark acceptor QXL520 258 
was covalently attached at the N-terminus of DPc10 (resulting in A-DPc10) at AnaSpec. 259 
Other reagents were from Sigma (St. Louis, MO). 260 

4.2. FRET Measurements 261 

RyR2 in cardiac SR membranes was preloaded with D-FKBP as described previously 262 
[26]. Samples were then incubated with the indicated concentration of WT-CaM or DPc10 263 
for 40 min at 22ºC in media containing 150 mM KCl, 5mM GSH, 0.1 mg/ml BSA, 1 µg/ml 264 
Aprotinin/Leupeptin, 1mM DTT, and 20 mM PIPES (pH 7.0), 1 mM EGTA and 0.065 or 265 
1.338 mM CaCl2 to give 30 nM or 300 µM Ca2+ (calculated by MaxChelator). Binding of A- 266 
CaM or A-DPc10 to RyR in the proximity of D-FKBP was measured following 2.5-hr in- 267 
cubation at 22ºC. Fluorescence spectra were acquired as described previously [26]. For the 268 
AF488/AF555 and AF488/QXL520 donor/acceptor pairs, distance calculations were made 269 
based on Förster distances of 70 and 54 Å, respectively. 270 

4.3. Model-based fitting of time-resolved FRET data. 271 

For FLT detection of FRET, we used time-correlated single-photon counting as de- 272 
scribed previously [37]. Using global multi-exponential analysis, we performed multi-ex- 273 
ponential fitting of the FLT-FRET data to a series of structural models, as extensively de- 274 
scribed elsewhere [37,38].  This type of FLT-FRET data analysis resolves both binding 275 
and structural information. 276 

4.4. Statistics 277 

Sample means are from ≥3 independent experiments (as indicated by n in figure leg- 278 
ends). Data are presented as mean ± S.E. Statistical significance was evaluated using un- 279 
paired Student’s t test. 280 

 281 
 282 

5. Conclusions 283 

In this report, we demonstrate the structural impact of DPc10 on CaM/RyR2 binding 284 
and highlight the impact of DPc10 on RyR2 structure at the CaM binding sites. In addition, 285 
by examining the role of FKBP12.6 and CaM-mediated inhibition on the cooperative bind- 286 
ing of DPc10 to RyR2 protomers, we provide novel information into the role of these na- 287 
tive, soluble, cytosolic RyR2 regulators on the RyR2 leak state. In light of previous FRET 288 
and cryo-EM data, the new information provided here can translate into further develop- 289 
ment of biosensors of RyRs for therapeutic discovery targeting a broad range of clinical 290 
indications fueled by dysfunctional Ca2+ homeostasis.  291 
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