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SUPPLEMENTARY MATERIALS  
SYNERGY BETWEEN CAMKII SUBSTRATES AND β-ADRENERGIC SIGNALING IN 

REGULATION OF CARDIAC MYOCYTE Ca2+ HANDLING 
Soltis, A.R. and Saucerman J.J. 

 
Target Kinase Dynamic 

Regulation
Description 

LCC CaMKII/PKA Yes/Yes Enhanced ICa opening probability (both), facilitation 
(CaMKII), and recovery from inactivation (CaMKII), 
via phosphorylation-dependent increases in fraction 
of mode 2 gating. PKA also increases fraction of 
available channels. 

RyR CaMKII/PKA Yes/Yes Enhanced channel opening probability (both) and leak 
(CaMKII) due to channel phosphorylation. 

PLB CaMKII/PKA Yes/Yes Enhanced Ca2+-sensitivity of SERCA pump 
(reduction of forward mode KM) due to PLB 
phosphorylation (both kinases). 

INa,f, INa,L CaMKII No Shifted INa availability towards hyperpolarized 
potentials, delayed recovery from inactivation, and 
enhanced INa,L magnitude. 

Ito CaMKII No Enhanced Ito magnitude (via Ito,s) and recovery from 
inactivation. 

IKs PKA Yes Enhanced channel availability and left-shifted 
current-voltage relationship 

ICFTR PKA Yes Graded activation of current as a result of PKA 
phosphorylation 

TnI PKA Yes Decreased TnC affinity for Ca2+ 
TABLE S1. Summary of Included Functional ECC Regulation Modules. 
 
 

Parameter 
Name 

Value Units Description Source 

Vcyt 2.14 x 10-11 L Cytosolic volume (5)* 

Vdyad 1.79 x 10-14 L Dyadic cleft volume (5)* 
LCCtot-dyad 28.3 µM Total dyadic [LCC] (µmol/L dyad) (8-9)† 
LCCtot-sl 84.6 nM Total subsarcolemmal [LCC] 

(nmol/L sl) 
(8-9)† 

RyRtot-dyad 382.6 µM Total dyadic [RyR] (8-9)† 
PLBtot 38 µM Total cytosolic [PLB] (8, 10)† 
PP1 95.6 µM Total dyadic [PP1] (11)‡ 

PP2A 95.6 µM Total dyadic [PP2A] (11)‡ 
CaMKIItot 120 µM Total dyadic [CaMKII] (12)* 

kCK_LCC 0.4 1/s CaMKII phosphorylation rate at 
LCC 

(13-14)†, (1, 15)‡ 

kPP1-LCC 0.1103 1/s PP1 dephosphorylation rate at LCC (16-17)†, (1, 15)‡ 
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KM_CK-LCC 12 µM Michaelis Constant for CaMKII 
phosphorylation at LCC 

(13)*, (14)‡

KM_PP1-LCC 9 µM Michaelis Constant for PP1 
dephosphorylation at LCC 

(17)*, (16)‡ 

kb_2815 0.35 1/s Basal phosphorylation of Ser2815 (18)§ 
kCK_RyR 0.4 1/s CaMKII phosphorylation rate at 

RyR 
(16-17)†, (15)‡ 

kPP1_RyR 1.07 1/s PP1 dephosphorylation rate at RyR (16-17)† 
kPP2A_RyR 0.481 1/s PP2A dephosphorylation rate at 

RyR 
(16-17, 19)†‡, (18)§ 

KM_CK-RyR 12 µM Michaelis Constant for CaMKII 
phosphorylation at RyR 

(13)*, (14)‡ 

KM_PP1-RyR 9 µM Michaelis Constant for PP1 
dephosphorylation at RyR 

(17)*, (16)‡ 

KM_PP2A-RyR 47 µM Michaelis Constant for PP2A 
dephosphorylation at RyR 

(17)*, (16)‡ 

kCK_PLB 0.008 1/s CaMKII phosphorylation rate at 
PLB 

(16-17)†, (15)‡ 

kPP1_PLB 0.0428 1/s PP1 dephosphorylation rate at PLB (16-17)† 
KM_CK-PLB 12 µM Michaelis constant for CaMKII 

phosphorylation at PLB 
(13)*, (14)‡ 

KM_PP1-PLB 9 µM Michaelis constant for PLB 
dephosphorylation at PLB 

(17)*, (16)‡ 

Ki_OA-PP1 780 nM Inhibitory constant of OA on PP1 (18)§‡ 
Ki_OA-PP2A 37 nM Inhibitory constant of OA on PP2a (18)§‡ 

TABLE S2. CaMKII phosphorylation parameters. Parameters are direct (*), derived (†), or 
estimated/assumed (‡) from experimental sources. Parameters denoted with ‘§’ were determined 
through parameter estimation against data from cited sources. 
 

Parameter Value Description Units 
Ligtot Variable (0-1.0) Total ligand (ISO) concentration µM 

LCCtot-BA 0.025 Total [LCC] per liter cytosol µM 
RyRtot-BA 0.135 Total [RyR] per liter cytosol µM 
PLBtot-BA 38 Total [PLB] per liter cytosol µM 
TnItot-BA 70 Total [TnI] per liter cytosol µM 
IKstot-BA 0.025 Total [IKs] channels per liter cytosol µM 

CFTRtot-BA 0.025 Total [CFTR] channels per liter cytosol µM 
PP1PLB-tot-BA 0.89 Total [PP1] in the vicinity of PLB per liter 

cytosol 
µM 

TABLE S3. Total Protein Concentrations in β-AR model. Total PKA target concentrations as 
assigned in Saucerman et al. (2004) (20). A full list of parameter values can be found in the 
previous publication.  
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Figure Simulation Protocols 
1 None. 

2 (A) Steady state pacing at 0.5 Hz during CaMKII OE with abrupt switch to 2.0 Hz 
pacing at 4 s time point in figure. (B-D) Average, steady state phosphorylation 
levels at labeled targets.  

3 (A) 1 Hz paced, steady state [Ca2+]i transients. (B) AP traces during same 
conditions in A. (C-D) 1 Hz, steady state values for each parameter explained in 
legend. (E-F) Steady state values of each parameter at various frequencies under 
listed conditions. 

4 (A) Model was stimulated to 0.25 Hz steady state and abruptly switched to 1 Hz 
pacing. (B) Model stimulated to steady state at 2 Hz voltage clamp (-80 mV 
holding potential, 0 mV test, 200 ms pulse duration).  

5 (A) Steady state, 2 Hz dyadic CaMKII transients for each condition. (B-C) Steady 
state values were taken with some target phosphor-regulation fixed at control 
levels. (D) Steady state 2 Hz [Ca2+]i transients for listed conditions.  

6 Protocol discussed in text, figure, and figure legend.  

S1 (B-C) Protocol labeled in figure (and described below for Fig. S2). 

S2 (A) 2.0 Hz voltage clamp from -90 mV holding potential to -50 mV for 50 ms then 
to 0 mV test potential for 200 ms (at 295ºK, see inset in Fig S1 B). Protocol begun 
from -90 mV rest. (B) Experimental data from (1).   

S3 
 

(A) Same protocol as shown in Fig S1 (0.5 Hz). (B) For each test potential, 0.5 Hz 
voltage clamp (protocol in S1) was applied until steady was reached; reported 
values are peak ICa minus residual. (C) For all conditions, 1 Hz voltage clamp from 
-70 mV to 0 mV test potential for 10 s (to activate CaMKII), 2 s rest at -90 mV, 
500 ms square pulse to 0 mV, rest at -90 mV for variable length of time, followed 
by additional 500 ms pulse to 0 mV. All simulations were performed at 295ºK. (D-
F) Experimental data from (1).   

S4 Model run at various [OA] until steady state Ser2815 phosphorylation achieved; 
values normalized to phosphorylation level at saturating [OA]. 

S5 Steady state phosphorylation at RyR for labeled condition.  

S6 2 Hz steady state PLB phosphorylation level with and without inclusion of 
inhibitor-1/PP1 interaction.  

S7 (A) 500 ms voltage clamp to -20 mV from -140 mV holding potential. (B) Steady-
state [Na]i levels predicted by model. (C) Experimental data from (6).  

S8 (A) 500 ms square pulse to 50 mV from -80 mV, followed by hold at -80 mV for 
variable length of time and an additional 500 ms pulse to 50 mV. Data points from 
(2) (B) 1 Hz Ito during pacing.  

S9 1 Hz pacing during labeled test conditions. 
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S10 1 Hz pacing to steady state, 30 s rest, and additional paced beat. 

S11 Steady state pacing t50s for ∆[Ca2+]i at indicated frequencies. 

S12 Pacing protocol described in figure legend and listed above panels A and B. 

S13 1 Hz pacing with 1 µM ISO for 60s. 

S14 Protocol described in figure legend. 

S15 Protocol described in figure legend. 

Table S4. Simulation protocols for individual figures.   
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CAMKII AND PKA PHOSPHORYLATION MODULES 

Non-competitive Okadaic Acid inhibition terms (x = 1 or 2A) 
 

1 1 ⁄  

 
LCC MODULE 
L-type calcium channels (LCCs) are responsible for the majority of Ca2+ influx during systole 
(21). In rabbit myocytes, total [LCC] is ~26.3 nmol/L cytosol (8-9); assuming 90% dyadic and 
10% subsarcolemmal placement (as in the Shannon model (5)), total [LCC] was set to 28.3 µM 
and 84.6 nM in the dyad and subsarcolemma, respectively. CaMKII can phosphorylate LCCs at a 
number of sites, including Ser1512 and Ser1570 on the α subunit (22-23) and Thr498 on the β2a 
subunit (24). No specific distinction is made between sites in the model for simplicity and PP1 is 
assumed to be the main phosphatase that opposes CaMKII phosphorylation (25-26). We assume 
that dyadic cleft channels are regulated by dyadic cleft CaMKII. Similarly, subsarcolemmal 
channels are only regulated by subsarcolemmal CaMKII. 
 Numerous studies have demonstrated that CaMKII is necessary for LCC current (ICa) 
facilitation, the phenomenon of positive staircase in macroscopic ICa amplitude after repetitive 
depolarization from rest (Fig. S2) (7, 23-24, 27-29). As the time course of facilitation is fast 
(completes within 5-10 pulses), CaMKII-LCC phosphorylation kinetics were assumed to be 
quick (as suggested by Huke and Bers (15)). Experimental (27) and modeling (30) studies 
demonstrated that facilitation is the result of a CaMKII-induced shift in the distribution of LCC 
gating modes. Namely, CaMKII increases the fraction of LCCs gating in mode 2, a mode 
characterized by long channel openings (in contrast to mode 1 gating which is characterized by 
frequent, short openings) (27).  

To model the effect of CaMKII phosphorylation on modal gating, we replaced the 
existing ECC model’s LCC model with the seven-state Markovian scheme developed by 
Mahajan et al. (31) (Fig. S1 A). Parameter adjustments were made during implementation to 
preserve the Ca2+-handling characteristics of the original ECC model and to match relevant 
experimental readouts, including ICa amplitude (GIca-current), Ca2+-inactivation (cp-bar, and ko

p) 
and recovery from inactivation (k5 and k5p). Four sets of changes to Markov state transitions were 
implemented in the ECC model: two for mode 1 dyadic cleft and subsarcolemmal channels and 
an additional two for mode 2 channels in each compartment. In keeping with previous 
representations of mode 2 gating (30, 32), the voltage-independent rate constant r2 was reduced 
from 3.0 to 0.3 ms for mode 2 channels. This alteration resulted in an increase in peak channel 
opening probability during 0 mV voltage clamp from ~0.05 to ~0.25 (consistent with mean LCC 
opening probability data from Dzhura et al. (27)) (Fig. S1 B) and a reduction in the rate of 
channel inactivation (Fig. S1 C). It is important to note that the values of parameters s2 and s2

’ (or 
s2p) are dependent on the value of r2 through the principle of microscopic reversibility (31). 
Therefore, these parameters were redefined in cases where r2 was altered to preserve these 
constraints. Total ICa is the sum of all currents from mode 1 and mode 2 channels.  
 We assume that with no CaMKII or PKA phosphorylation, all LCCs gate in mode 1. 
CaMKII phosphorylation increases the distribution of mode 2 channels, though this effect is 
appreciable only in the dyadic cleft (where CaMKII signals are strongest). We do not assume a 
1:1 relationship between phosphorylation and number of mode 2 channels; rather, CaMKII is 
assumed to, at most, shift 10% of channels to mode 2 (as in data from highly phosphorylated 
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single channel studies (27, 33)). This effect was implemented with a simple linear function of 
fractional LCC phosphorylaton that enhances the percentage of channels obeying mode 2 
parameters (see below equations).  
 Our new CaMKII-LCC model was able to reproduce a number of typical experimental 
readouts for CaMKII-dependent regulation of ICa. As shown Fig. S2, the model displays 
CaMKII-dependent ICa facilitation that is enhanced with CaMKII overexpression and reversed 
during rapid (2 Hz) pacing with CaMKII inhibition. Fig S3 A shows sample ICa traces at 0.5 Hz 
voltage clamp where peak current was increased from -5.6 to -6.7 A/F with CaMKII 
overexpression (similar to experimental data in Fig. S3 D). The overall current-voltage (I-V) 
relationship of ICa (Fig. S3 B) is consistent with experimental data (Fig. S3 E), where CaMKII 
overexpression increased current magnitude without altering the voltage dependence of ICa. Also, 
our model displays CaMKII-dependent hastening of LCC recovery from inactivation (Fig S3 C 
model, Fig. S3 F data).  

PKA also phosphorylates the α1C and β2a subunits of LCCs with distinct functional 
consequences. As we have modeled previously (20), phosphorylation at α1C sites increases 
channel opening probability while β2a phosphorylation increases channel availability. Adrenergic 
stimulation has also been shown to enhance the proportion of channels gating in mode 2 (33). 
We implemented PKA-dependent shifting of channels to mode 2 as a function of α1C 
phosphorylation assuming that, at most, PKA shifts 15% of all channels to mode 2 (similar to 
values assumed in (32)). PKA percentage phosphorylation of dyadic cleft and subsarcolemmal 
LCCs is assumed to be equal, given our previous assumption of equivalent PKA activation in 
both compartments. Lastly, the effects of PKA-dependent β2a subunit phosphorylation were 
implemented by multiplying all LCC currents by a factor favail, which is an increasing linear 
function of β2a-phosphorylated channels.  
 
CaMKII-dependent LCC Phosphorylation equations (see Saucerman et al. (2004) (20) for PKA 
phosphorylation reactions) 
 

 
 

_  

 

_ 1
 

 

 

 
 
L-Type Calcium Channel (LCC) Markov Model 
 
Fixed Parameters/Transition Rates 

Parameter Name Value Units 
pCa 5.4 x 10-4 cm/s 
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τpo 1 ms 
TBa 450 ms 
s1o 0.0221 1/ms 
k1o 0.03 1/ms 

ko
p* 2.5 µM 

 or cp-bar* 8.0 µM 
r1 0.3 1/ms 
r2  3.0 (mode 1), 0.3 (mode 2) 1/ms 
s1p  0.00195 1/ms 
k1p  0.00413 1/ms 
k2  1 x 10-4 1/ms 
k2p  0.00224 1/ms 

GIca‐current*  5.25 1/cm/L/F 
Fjunc‐CaL†  0.9 None 

Fsl‐CaL†  0.1 None 

Q10‐CaL†  1.8 None 

pK†  2.7 x 10-7 cm/s 

pNa†  1.5 x 10-8 cm/s 

* Indicate parameters that differ from original Mahajan et al. model (31).  
† Indicates parameters taken from original LCC model in Shannon et al. (5).  
 
Voltage and Ca-dependent parameters: 
Note – Cax represents a Ca concentration in either the dyadic cleft (‘j’) or subsarcolemma (‘sl’).  
 

1 1  

1 1  

10 4954 / .  

Pr 1 1 1  

1 1 .  

78.0329 0.1 1  

1  
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Transitions Rates: 
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Differential Equations for Markov States 
 

1          
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Where all Markov states are possible in mode 1 junctional (m1j), mode 2 junctional (m2j), 

subsarcolemmal mode 1 (slm1), or subsarcolemmal mode 2 (slm2) channels. 
 
CaMKII- and PKA-dependent alterations to ICa and overall current equations 
 

0.1  

 

0.1543 0.0043 

 
0.0328 

 

0.017 0.983 

 

4
. 001 0.341

1
 

310 /10 

 

 

 

1  



Page 10 of 43 
 

 

 

   

1  

Potassium and Sodium currents through LCCs 
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RyR MODULE 
RyRs are homotetrameric structures that control Ca2+ release from the SR during systole (8). 
Release is triggered by local dyadic cleft Ca2+ signals (Ca2+-induced Ca2+ release) and the 
sensitivity of RyRs for Ca2+ is enhanced by CaMKII and PKA-dependent phosphorylation (34). 
[RyR] is estimated to be ~0.32 µmol monomer/L cytosol in rabbit ventricular myocytes (8-9). 
Assuming all RyRs reside in the dyadic cleft, total model [RyR] was set to 382.6 µmol/L dyad. 
[PP1] and [PP2A] were both set to 95.6 µM based on the assumption of 1 phosphatase molecule 
per RyR tetramer (11).  

Several sites (Ser2809, Ser2815, and Ser2031 in rabbit) have been identified as targets for 
CaMKII or PKA-dependent RyR phosphorylation (15, 18, 34-38), though Ser2815 appears to be 
the main CaMKII target (1, 15, 18, 34). Huke and Bers (15) demonstrated that ~15% of Ser2815 
sites are phosphorylated under basal conditions and that these levels are not dependent on 
CaMKII activity (18). To account for this, a CaMKII-independent basal phosphorylation rate 
was modeled as a first-order process against opposing PP1/PP2A dephosphorylation. The basal 
rate constant (kb) was determined through parameter estimation (nonlinear least squares fitting in 
Matlab) with experimental data of increasing phosphatase inhibitor okadaic acid (OA) (Fig. S4) 
(18). Note that OA is a selective phosphatase inhibitor that blocks PP2A at low concentrations 
(IC50 of 2 nM) and PP1 at higher concentrations (IC50 of 270 nM) (16, 18). At 2 Hz pacing, 
CaMKII activity increases Ser2815 phosphorylation to ~25% (15), thus the catalytic rate constant 
for CaMKII phosphorylation was tuned to mimic this quantitative increase at the same frequency 
(Fig. 2 C, main text).  

CaMKII phosphorylation has been shown to increase RyR opening probability (as 
demonstrated in lipid bilayers (34)) and SR leakage (1, 3, 38-41). While some groups have 
reported negative regulation of RyR opening (42) and suppression of Ca2+ sparks (a measure of 
spontaneous Ca2+ release through RyRs) (43) by CaMKII, a number of experiments in which SR 
content was tightly controlled strongly support positive CaMKII-dependent channel regulation 
(7, 39-40, 44). CaMKII overexpression in mouse (3, 41) and rabbit myocytes (1) showed 
enhancement of Ca2+ spark frequency, reduced [Ca]SRT, and enhanced CaMKII-dependent RyR 
phosphorylation. Inhibition of CaMKII in rabbit myocytes increased [Ca]SRT (for a given SR 
leak) and decreased SR leak (for a given [Ca]SRT) (39-40). Also, targeted CaMKII inhibition at 
the SR membrane in mouse myocytes resulted in decreased SR Ca2+ leakage and Ser2815 
phosphorylation (45).  

To mimic these experimental findings, the rate constants controlling Ca2+-dependent 
opening of the RyR (koCa) and SR leak (kleak) were re-implemented as functions of CaMKII-
dependent RyR phosphorylation. The alteration to the Ca2+-dependent RyR opening constant koCa 
increases CaMKII-dependent RyR Ca2+ sensitivity, leading to enhanced opening probability (as 
observed in bilayer data (34)). The alteration to kleak represents a basal RyR flux which is 
mechanistically linked to RyR openings during diastole (e.g. via Ca2+ sparks). The alterations to 
these two parameters were necessary to produce sufficient RyR Ca2+-sensitivity and leak during 
CaMKII overexpression that decreased [Ca2+]SRT and, more modestly in some cases, ∆[Ca2+]i (as 
in experiments (1, 3)). Also, total leak during CaMKII overexpression increased between ~1.8 
and ~2.6 times (at 0.5 and 3 Hz, respectively) compared to control, which is consistent with 
estimates of ~3 times more leak during overexpression from spark data (41).  

PKA-dependent RyR phosphorylation also enhances channel Ca2+-sensitivity and 
opening probability (11, 34), though PKA does not appear to significantly influence RyR-
dependent diastolic leakage in normal (40, 44, 46) and failing (44) myocytes. Therefore, we 
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implemented PKA-dependent regulation of RyR opening by further enhancing the rate constant 
koCa as a linear function of RyR phosphorylation.   
 
RyR Ser2815 Phosphorylation Equations (see Saucerman et al. (2004) (20) for PKA 
phosphorylation reactions) 
 

 
 

_  
 

_
 

 

_ 1
 

 

_ 2
 

 

 

 
Alterations to RyR opening (by PKA and CaMKII) and leak (CaMKII)  
 

Parameter Name Value Units 
ks 25 1/ms 

koCa 10 1/mM2/ms 
kom 0.06 1/ms 
kiCa 0.5 1/mM/ms 
kim 0.005 1/ms 

EC50-SR 0.45 mM 
MaxSR 15 None 
MinSR 1 None 
HSR 2.5 None 

kSR-leak 5.348 x 10-6 1/ms 
RyR gating. Parameters from Shannon et al. (5, 47) describing RyR opening transitions and 
leak. 
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PLB MODULE 
PLB is a homopentameric protein that resides in the SR membrane and negatively regulates the 
SERCA pump. Phosphorylation relieves this inhibitory action and SERCA is allowed to more 
freely pump Ca2+ back into the SR during diastole (48). In ventricular myocytes, two PLB 
monomers exist per single SERCA molecule (8, 49). [SERCA] in rabbit myocytes is ~19 µmol/L 
cytosol (8, 10), thus total [PLB] was set to 38 µM in the model. CaMKII can phosphorylate PLB 
at Thr17 in a frequency dependent manner that is distinct from the PKA site at Ser16 (50-51). This 
interaction results in an increase in the Ca2+ sensitivity of the SERCA pump (i.e. a lowering of 
the forward pump rate Km) (48, 52-54). While some groups have reported a direct CaMKII-
SERCA interaction (at Ser38) that results in a larger pump VMax (independent of CaMKII 
interactions with PLB) (55-56), these results have been contested and may be artifacts of the 
particular experimental protocols used (48, 53). Given this controversy, no direct CaMKII-
SERCA interaction was included in our model.  
 Our model predicts very weak cytosolic CaMKII activity (~10-4%) due to weak Ca2+ 
signals and low total CaM and CaMKII in this compartment (12). These results suggest that PLB 
may be regulated by CaMKII signals that are distinct from those of the bulk cytosol. Physically, 
translocation of active CaMKII from the dyad to PLB could occur, though such a process has not 
been shown experimentally. Given that the only sufficiently strong CaMKII signals in our model 
are in the dyadic cleft and that CaMKII indeed phosphorylates PLB in a frequency dependent 
manner (50), we decided to model CaMKII regulation of PLB using dyadic cleft signals. To 
account for the slow kinetics of PLB phosphorylation observed experimentally (15, 57), the kcat 
of this reaction was set to a value fifty times smaller than those of the LCC and RyR reactions (8 
vs. 400 ms). Also, Huke and Bers showed that Thr17 phosphorylation levels are quantitatively 
low (< 5% at 2 Hz pacing) under normal conditions (15). This is evident when Thr17 
phosphorylation levels are compared during pacing with and without OA, a strong positive 
control for maximal phosphorylation. Indeed, our model predicts low Thr17 phosphorylation 
levels during control scenarios (Fig. 2 D, main text), consistent with these quantitative findings.  
 One avenue for crosstalk between the CaMKII and PKA pathways is through inhibitor-1 
(I-1). I-1 is activated during adrenergic stimulation via PKA phosphorylation and inhibits protein 
phosphatase 1 in the vicinity of PLB (58-59). This pathway was already present in the β-
adrenergic signaling cascade and was extended to CaMKII-PLB interactions here. Specifically, 
the fraction of available PP1 molecules near PLB in our CaMKII signaling module was reduced 
in proportion to the amount of PP1 inhibition predicted by the β-adrenergic network (see 
equations and Fig. S6 for results).  

CaMKII and PKA actions on PLB are functionally similar, with each kinase capable of 
lowering SERCA forward mode Km by ~1/2 at maximum (53). In studies where Thr17 is mutated 
to Ala, phosphorylation at Ser16 alone is sufficient for mediating full responses to β-adrenergic 
stimulation (60). Given the similarity of these interactions, the total functional effect on Kmf was 
set to the maximal effect exerted by either kinase, thus preventing unrealistic additive 
interactions between the two effects. 
 
PLB Thr17 Phosphorylation Equations (see Saucerman et al. (2004) (20) for PKA 
phosphorylation reactions) 
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_  

 

1
1  

1
1  

 
Where PP1PLB-avail-BA is the amount of available PP1 near PLB predicted by the β-adrenergic 

signaling model 
 

_ 1
 

 

 

  
Alterations to SERCA flux and SERCA Model 
 

Parameter Name Value Units 
VMax-SERCA 286 µmol/l cytosol/s 

Kmf 0.246 µM 
Kmr 1.7 mM 

HSERCA 1.787 None 
Q10-SERCA 2.6 None 

 
 

∆ 1 0.5  

 
.9926 

 

∆
3

4

/ 1

4
 

 
∆ min  ∆ , ∆  

 
 

∆

1
∆

 

 
 
Fast and Late Sodium Currents (INa,f and INa,L)  
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The fast sodium current (INa,f) is identical to the formulation described in Shannon et al. (2004) 
(5) with the important addition of the late component (INa,L). The INa,L formulation used is 
essentially the same as that described in Hund and Rudy (2008) (61). CaMKII overexpression in 
rabbit myocytes shifts INa availability in the hyperpolarizing direction, delays recovery from 
inactivation, and enhances the magnitude of the late Na+ current (6). Similar to Hund and Rudy 
(2008) (61), these effects were implemented by shifting the voltage dependence of inactivation 
gates to the left, slowing the forward rate of the recovery gate ‘j’, and increasing the conductance 
of the late current. These altered properties were only selected during CaMKII overexpression 
simulations as no dynamic regulation of INa was included in the model. The effect of CaMKII 
overexpression on the late current is shown in Fig. S7.  
 
INa and INa,L parameters 

Parameter Value Units 
GNa 16 mS/µF 

FjuncNa 0.11 None 
FslNa 0.89 None 
GNa,L 0.013 mS/µF 

 
 
CaMKII overexpression-dependent alterations to INa,f and INa,L 

 
if CaMKIIOE 
  INashift   3.25 mV 
  αCaMKII   0.18 
  ∆GbarNa,L   2  
else  
  INashift   0 mV 
  αCaMKII   0 
  ∆GbarNa,L   0 
 
Equations for INa,f 

 

ln  

 

ln  

 
. .

. .   0.08 /  

 
if V + INashift ≥ -40  
 
 α    0, α    0 
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Equations for INa,L  
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Total sodium current (INa) 
 

, ,  
 
Transient-outward Potassium Current (Ito) 
The Ito formulation (Ito,f + Ito,s, fast plus slow components) is essentially the same as in Shannon 
et al. (2004) (5) with the adjustments described in Grandi et al. (2007) (62). Acute CaMKII 
overexpression in rabbit ventricular myocytes has been shown to increase Ito amplitude (via 
increased Ito,s) and recovery from inactivation (2). In these studies, protein expression for the 
channel forming subunit of Ito,s (Kv1.4) is significantly increased, possibly the result of CaMKII-
dependent transcriptional regulation. Given that the mechanisms underlying CaMKII-dependent 
regulation of Ito are somewhat unclear (2), these effects were implemented during CaMKII 
overexpression simulations only. As in Grandi et al. (2007) (62), Ito,s conductance and gating was 
altered to mimic enhanced Ito,s amplitude and recovery from inactivation (Fig. S8).  
 
Ito Parameters 
 

Parameter Value Units 
Gto,f 0.02 mS/µF 
Gto,s 0.06 mS/µF 

 
CaMKII overexpression-dependent changes to Ito 
 
if CaMKIIOE 
  Py   15 
  Pr1   3600 
  Pr2   500 
  ∆Gto,slow   1.5 
else 

Py   182 
  Pr1   8085 
  Pr2   313 
  ∆Gto,slow   1 
 
Equations for Ito,s 



Page 19 of 43 
 

 

ln  

 

, , 1 1 /⁄  

 

, , 1 1 . /⁄  

 

, , 1 1 . /⁄  

 

, 9 1 /⁄ 0.5 

 

, 1 . /⁄ 1 

 

, 1 1 . /⁄ 2 

 

, , , ,

,
 

 

, , , ,

,
 

 

, , , ,

,
 

 

, ∆ , , , ,  

 
Equations for Ito,f 

 

, , 1 1 /⁄  

 

, , 1 1 . /⁄  

 

, 3.5 / 1.5 

 

, 20 1 . /⁄ 20 

 

, , , ,

,
 

 

, , , ,

,
 

 



Page 20 of 43 
 

, , , ,  

 
Total Ito 

 

, ,  

 
 
Slow Delayed Rectifier Potassium Channel Current ( IKs)  
 
The formulation for IKs is identical to that of Shannon et al. (2004) (5), though we included 
dynamic regulation of the current by PKA. When PKA is activated, the fraction of available IKs 

channels (fIKs-avail) is increased and the current-voltage relationship is shifted leftward. These 
changes were implemented as linear functions of fractional channel phosphorylation by PKA (as 
in Saucerman et al. (2004) (20)).  
 
Fixed IKs Parameters 
 

Parameter Value Units 
pNaK 0.01833 mS/µF 

FxKs-junc 0.11 None 
FxKs-sl 0.89 None 

 
 
PKA-dependent Regulation of IKs 
 

0.0720 
 

/   
 

0.2 0.8⁄  
 

1.5 2 ⁄  
 
 Equations for IKs   
 

3 log  
 

Where x represents either the junctional or sub-sarcolemmal compartment 
 

0.07 0.057
0.19

1 . / .
 

 

ln  
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Cystic Fibrosis Transmembrane Conductance Regulator Current (ICFTR or ICl(cAMP)) 
 
β-adrenergic stimulation activates a time and Em-independent outward chloride current in cardiac 
myocytes (63-64). This current is carried by the cardiac variant of the cystic fibrosis 
transmembrane conductance regulator (CFTR) whose sequence in rabbit myocytes shows >90% 
similarity to human epithelial cell CFTR (65). PKA appears to be tightly coupled to CFTR 
channels through AKAP-mediated targeting and ICFTR magnitude is graded with respect to PKA 
activity levels (66). We added PKA-dependent phosphorylation and activation of CFTR channels 
to the β-adrenergic signaling module, assuming similar CFTR density as IKs channels. We 
assume a 1:1 ratio of PKA molecules to CFTR channels and, given the PKA-CFTR scaffold, that 
phosphorylation reactions are subject to scaling by a factor ε (set to 10 by default (67)) to 
increase the effective concentration of the substrate. In response to 10 µM Forskolin, CFTR 
phosphorylation reaches steady state in ~30 s, consistent with the experimentally measured time 
course for Forskolin-induced activation of ICFTR (between 26 and 46 s) (66) (see Fig. S13 B, 
second row middle for phosphorylation kinetics). ICFTR was modeled with the simple ohmic 
formulation used in Shannon et al. (2005) (47), though its conductance increases as a linear 
function of PKA-dependent phosphorylation.  
 
CFTR Module Parameters 

Parameter Value Units 
CFTRtot 0.025 µM 

PKAIICCFTR-tot 0.025 µM 
PKAIItot 0.084 µM 
PP1CFTR 0.025 µM 
kPKA-CFTR 54 1/s 

KM-PKA-CFTR 8.5 µM 
kPP1-CFTR 8.52 1/s 

KM-PP1-CFTR 7 µM 
ε 10 none 

GCFTR 4.9 x 10-3 mS/µF 
 
PKA-dependent phosphorylation of CFTR channels 
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1

 
 

 

 

 
Equations for ICFTR 
 

ln  

 

1.1933 0.1933 

 
   

 
TnI regulation by PKA 
 
As in our previous β-adrenergic signaling model (20, 68), PKA phosphorylation of troponin I 
(TnI) decreases myofilament Ca2+ sensitivity by increasing the Kd of TnC for Ca2+. The 
phosphorylation and regulatory equations were taken directly from our previous models and 
implemented in the Shannon ECC model.  
 
TnC parameters 

Parameter Value Units 
Bmax-TnCl 70 µM 
koff-TnCl 19.6 x 10-3 1/ms 
kon-TnCl 32.7 1/mM/ms 

 
Regulation of TnC Ca2+ affinity 
 

.0031 
 

1.45 0.45
1 ⁄

1
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ADDITIONAL COMPONENTS OF ECC MODEL 
 
Formulations for the Na+ background current (INab), Na+/K+ pump, IKr, the plateau K+ current 
(IKp), time-independent K+ current (IK1), Ca2+-activated Cl- current (IClCa), Na+/Ca2+ exchanger 
(INCX), sarcolemmal Ca2+ pump current (IpCa), background Ca2+ current (ICabk), ionic buffering 
and diffusion are as in Shannon et al. (2004) (5).    
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SUPPLEMENTARY FIGURES 
 
 
  

 

Figure S1. LCC Markov Model and LCC Po. (A) Schematic of seven-state LCC Markov 
model. Parameter r2 was modified to induce long-lasting openings for mode 2 channels. The 
fraction of channels in mode 1 or mode 2 in dyadic cleft or subsarcolemma (juncm2 or slm2, 
respectively) is determined by CaMKII and PKA-dependent phosphorylation levels (see 
equations). (B) Dynamic changes in mode 1 (~0.05 peak Po) and mode 2 (~0.25 peak Po) LCC 
opening probabilities during voltage clamp (protocol shown in insert). (C) Normalization of 
traces shown in B, highlighting reduction in mode 2 channel inactivation rate. It is important 
to note that parameters s2 and s2’ shown in panel (A) are defined using the principal of 
detailed balance and are inversely proportional to the value of r2. Therefore, these parameters 
were also re-adjusted in cases where r2 was altered. 
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Figure S2. CaMKII is responsible for 
ICa facilitation (A) CaMKII induces a 
step-wise increase in ICa amplitude 
(facilitation) during 2.0 Hz voltage 
clamp stimulation from rest. CaMKII-
OE enhances and hastens facilitation. 
During CaMKII-KO, facilitation is 
eliminated and successive currents are 
smaller than the first beat due to 
incomplete channel recovery from 
inactivation. (B) Experimental ICa 
facilitation from Kohlhaas et al. (1). 
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FIGURE S3. Additional properties of CaMKII-dependent ICa augmentation. (A) 
Comparison of steady-state macroscopic ICa kinetics with a 0 mV test potential during 0.5 Hz 
voltage clamp. Peak ICa increases from -5.6 to -6.74 A/F due to CaMKII-OE. (B) Current-
voltage relationship shows increased peak ICa at a number of test potentials during 0.5 Hz 
voltage clamp with CaMKII-OE, though voltage dependence of peak ICa is unaltered. (C) 
CaMKII activity enhances apparent LCC recovery from inactivation. This effect is enhanced 
further during CaMKII-OE. (D-F) Sample experimental measures of CaMKII-dependent 
alterations to ICa: ICa kinetics (D) and I-V curves (E) from Kohlhaas et al. (1) and (F) recovery 
from inactivation from Li et al. (1997) (7).  
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FIGURE S4. Biphasic Phosphatase action and basal 
phosphorylation at Ser2815 of RyR. PP1 and PP2A are 
both active at Ser2815 of RyRs, the main CaMKII 
phosphorylation site. Okadaic acid (OA) inhibits PP2A 
at low concentrations (IC50 ~2 nM) and PP1 at higher 
concentrations (IC50 ~270 nM). Model values are basal 
phosphorylation levels (i.e. no pacing, CaMKII activity 
< 1%) fit against experimental data points from Huke & 
Bers (1).  
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FIGURE S5. Quantitative increase in RyR 
Ser2815 phosphorylation due to CaMKII-OE. 
During 1 Hz pacing, Ser2815 phosphorylation 
increases ~3.3 times when CaMKII is 
overexpressed in the model. This quantitative 
increase is similar to that seen experimentally in 
rabbit myocytes (2.7 ± 0.7 times) overexpressing 
CaMKII (Kohlhaas et al. (2006) (1)) 
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FIGURE S6. Inhibitor 1 enhances PLB Thr17 
phosphorylation during β-adrenergic 
stimulation. During adrenergic stimulation, 
PKA activates inhibitor-1 which inhibits PP1 
near PLB. In simulations with ISO, inclusion of 
this interaction resulted in an overall increase in 
PLB-Thr17 phosphorylation in both control and 
CaMKII-OE conditions. 
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FIGURE S7. Alterations to INa,L, and [Na]i during CaMKII-OE. (A) Quantification of 
enhanced INa,L during CaMKII OE simulations. Normalized current integrals were computed by 
integrating the late current from 50 to 500 ms and dividing the result by the integral if no 
inactivation had occurred (peak current x 450 ms). Insert shows comparison of model results to 
data from Wagner et al. (2006) (6). (B) Predicted [Na]i during control, CaMKII-OE, and 
CaMKII-KO simulations at various pacing frequencies. CaMKII-OE and KO slightly raised 
and lowered [Na]i, respectively. (C) Reported [Na]i from CaMKII-OE (CaMKIIδC), control (β-
Gal), and CaMKII inhibited (KN-93) rabbit myocytes from same study in (A). Model correctly 
predicts qualitative trends in [Na]i changes though absolute quantitative levels differ from 
experiments, suggesting additional mechanisms beyond INa(f,L) interactions exist for CaMKII-
dependent [Na]i regulation. 
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FIGURE S8. Ito Properties. (A) Ito recovery from inactivation hastens during CaMKII-OE 
simulations. Experimental data are from Wagner et al. (2009) (2). (B) Predicted Ito traces 
during 1 Hz pacing during control and CaMKII-OE simulations. Note that CaMKII increases 
current amplitude and causes total current to inactivate at an earlier time point (shortening 
APD).  
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FIGURE S9. Net influence of Ito 
and INa effects on [Ca2+]i and APD 
during CaMKII-OE. During 1 Hz 
pacing, CaMKII-OE slightly lowers 
∆[Ca2+]i (from 402 to 365 nM) (A) 
and shortens APD (from 213 to 194 
ms) (B). Simulations with CaMKII-
OE but no Ito or INa effects predict 
slightly smaller ∆[Ca2+]i (331 nM) 
and slightly larger APD (218 ms) 
compared to control. Thus, 
alterations to Ito or INa during 
CaMKII-OE are essential for 
prediction of APD shortening but 
have modest effects on overall 
[Ca2+]i. 
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FIGURE S10. CaMKII-OE enhances post-rest decay of Ca2+ transient. (A) Post-rest (PR) 
decay was assessed by comparing pre-rest Ca2+ transient amplitudes (steady-state 1 Hz) to 
Ca2+ transients after 30 s rest. (B) Quantification of results in panel A demonstrates that 
CaMKII slightly enhances PR decay. This is consistent with experimental data from Kohlhaas 
et al. (4). 
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FIGURE S11. CaMKII-dependent regulation of steady-state frequency-dependent 
acceleration of relaxation (FDAR). The model exhibits normal FDAR, which is slightly 
CaMKII-dependent at steady state. CaMKII-OE makes the slope of steady-state FDAR more 
negative (consistent with experimental data show in (B) (3)), while the slope during CaMKII-
KO is slightly less negative compared to control.   
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FIGURE S12. CaMKII enhances early FDAR via LCC phosphorylation. (A-D) [Ca2+]i 
transients in response to an increase in pacing frequency. The model was paced to steady state 
at 0.25 Hz and switched to 1 Hz at 4 s. Panels A and C show time courses during control and 
CaMKII-KO simulations, respectively, while B and D show control simulations where 
CaMKII phosphorylation of LCCs and RyRs, respectively, were fixed at their diastolic 0.25 
Hz levels (the model was otherwise like the control). (E) Time courses of t50 adaptation show 
rapid FDAR in control simulations that is slowed by CaMKII-KO. (F) Elimination of 
CaMKII-dependent LCC phosphorylation reduced early FDAR compared to control, while 
elimination of RyR phosphorylation enhanced early FDAR. This shows that CaMKII-LCC 
interactions are particularly important for the early phase of FDAR. Overall CaMKII-
dependent FDAR is determined by a balance of LCC and RyR regulation.  
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FIGURE S13. Time Course of β-
adrenergic signaling. After reaching 
steady-state at 1 Hz pacing, 1 µM 
Isoproterenol was added to the model (at 0 
s). Time courses for (A) Gsα –GTP, cAMP, 
(B) PKA substrates (LCC α1C and β2a 

subunits, RyR, PLB Ser16, IKs channels, 
CFTR channels, and TnI) and (C) [Ca]i 

transients during ISO stimulation are 
shown. 
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FIGURE S14. Quantification of SR Ca2+ 
release threshold for DADs. SR Ca2+ release 
following 2 Hz pacing (during CaMKII-OE with 
1 µM ISO) producing sub (non-shaded) and 
supra threshold (shaded) DADs was quantified 
by integrating the total RyR release flux leading 
to the spontaneous depolarizations. Graded RyR 
release was obtained by scaling a RyR gating 
parameter koSRCa to varying degrees, similar to 
that caused by caffeine. The predicted SR Ca2+ 
release threshold for stimulation of a full DAD is 
~70 µM, which is quantitatively consistent with 
the experimentally measured value of ~64 µM in 
Schlotthauer and Bers (2000) (4).  

SR [Ca] release (J
RyR

 - mol/L cytosol)


 E

m
 (

m
V

)

20 40 60 80 100

0

50

100

150

Suprathreshold
Region

Subthreshold Region



Page 38 of 43 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

FIGURE S15. CaMKII-dependent RyR 
phosphorylation induces DAD formation. All 
simulations were performed in the presence of 1 µM 
ISO. (A) As in Fig. 6 of the main text, CaMKII OE + 
ISO produced DADs following stimulus removal at 2 
Hz (blue trace), whereas control simulations did not 
(black trace). If RyR hyperphosphorylation by CaMKII 
is is restricted and all other targets retain functional 
regulation by CaMKII-OE, Ca2+ transients are 
dramatically enhanced, though DADs are eliminated. 
Similar results are shown in B when membrane potential 
is analyzed during the same simulations. These findings 
point to the key role of CaMKII-dependent RyR 
phosphorylation during DAD formation.  
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