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Introduction
Ca2+/calmodulin-dependent protein kinase II (CaMKII) is a  
serine/threonine kinase with important roles in cardiovascular 
physiology and disease (1–4). Despite the critical role of CaMKII 
in fight-or-flight responses and human diseases, common path-
ways shared between vertebrates and invertebrates that regulate 
CaMKII-mediated cardiac stress responses remain unknown. 
CaMKII is initially activated after binding calcified calmodulin 
(Ca2+/CaM) (5). The CaM-binding domain is a discrete region of 
amino acids that is conserved in all CaMKII isoforms (α, β, γ, and 
δ) across species (Supplemental Figure 1A; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI133181DS1), and is nearly invariant in more than 120,000 
humans in the genome aggregation database (gnomAD). Here 

we show that MICAL1 (molecule interacting with Cas-L 1), a 
methionine monooxygenase thought to exclusively target actin 
(6–8), selectively catalyzes oxidation of M308 to reduce Ca2+/CaM 
binding and prevent pathological CaMKII activation. MICAL1 
together with methionine sulfoxide reductase B (MSRB) (8, 9), a 
methionine reductase, set the stereospecific redox status of M308 
to regulate physiological and pathological cardiac responses to 
stress. We used in silico modeling, chemical and cellular studies, 
and developed in vivo models to demonstrate that the redox sta-
tus of M308 determines physiological and pathological cardiac 
responses to stress by regulating Ca2+/CaM binding and CaM-
KII activity in mice and flies. Our models revealed unanticipat-
ed evidence that the redox status of M308 is a critical regulator 
of fight-or-flight responses across species. As a therapeutic proof 
of concept, we demonstrate that this pathway can be targeted to 
rescue the arrhythmic phenotype of human induced pluripotent 
stem cell–derived (hiPSC-derived) cardiomyocytes with catechol-
aminergic polymorphic ventricular tachycardia (CPVT), a genetic 
arrhythmia syndrome linked to CaMKII hyperactivation (10–13). 
Our findings provide evidence for an essential and expanded 
role of MICAL1 in Ca2+-sensing biology beyond the cytoskeleton, 
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MSRB, the S- and R-stereospecific reductases, respectively. We 
found that MSRB, the R-stereospecific partner of MICAL1 (8, 
9), reversed the +16-Da shift (Figure 1C). However, MSRA, the 
S-stereospecific reductase, with activity toward diverse oxidized 
proteins, including oxidized CaMKIIδ MM281/282 (14, 21), was 
ineffective (Figure 1D). These findings indicate that MICAL1 
generated only the R-stereospecific CaMKII sulfoxide through a 
catalytic reaction and not indirectly through hydrogen peroxide 
formation. CaMKII MS/MS peptide sequencing identified methi-
onine 308 (M308) as the residue oxidized to M308-sulfoxide 
(M308-SO) by MICAL1 (Figure 1B, Supplemental Figure 1B, and 
Table 1). Incubation of mutant CaMKIIδ M308V with MICAL1 
and NADPH did not produce a mass shift (Figure 1E), confirming 
the identity of this residue as the only MICAL1 target under these 
assay conditions. These assays were performed in the absence of 
Ca2+/CaM, suggesting that CaMKII activation is not required for 
M308 oxidation by MICAL1.

Analysis of crystallographic structures of fully calcified CaM 
[(Ca2+)4-CaM] bound to WT CaMKII peptides showed that CaM 
side chains E84, I85, A88, and M145 make close contacts (<4.5 
Å) with reduced M308, with the terminal methyl group of M145 
close to the sulfur moiety of M308 (22). Our structural modeling 
of the M308-SO (R-stereoisomer) predicted an approximately  
180° rotation of the M308-SO side chain compared with the side 
chain of the reduced M308 (Supplemental Figure 1C). The rota-
tion of the M308-SO side chain caused a loss of energetically 
favorable hydrophobic-hydrophobic interactions and increased 
destabilizing hydrophobic-hydrophilic interactions with the sur-
rounding CaM amino acids. The M308-SO oxygen is predicted 
to be solvent exposed. The network of interactions between CaM 
M145 and Met-SO at position 308 was significantly different from 
the interface with reduced M308. The sulfur atom of M308-SO 
interacted more closely with E84 than M145, causing reorienta-
tion of both E84 and I85. As CaM M145 is known to interact with 
multiple amino acids in the CaM-binding domain of CaMKII (22), 
our findings suggest that the perturbations caused by M308-SO 
could have secondary effects on the interactions between CaM 
and other amino acids in the CaM-binding domain of CaM-
KII. Given our structural analysis and modeling prediction, we 
designed FITC-labeled peptides of the CaMKII CaM-binding 
domain to measure CaM binding to M308 in reduced and sulfox-
ide forms, using fluorescence anisotropy (22). Compared with the 
peptide synthesized with methionine in the 308 position, the pep-
tide synthesized with M308-SO showed significantly decreased 
binding to CaM (M308 peptide Kd 0.684 μM, M308-SO peptide 
Kd 8.2 μM) (Figure 1F). Taken together, these findings established 
M308 on CaMKII as a potentially novel target for MICAL1- 
catalyzed oxidation and MSRB-catalyzed reduction in vitro. The 
known connection between Ca2+/CaM binding and CaMKII acti-
vation suggests a model where redox modulation of M308 tunes 
CaMKII activity (Figure 1G).

CaMKII hyperactivation and increased mortality in 
MICAL1-knockout mice after cardiac stress. Based on our finding  
that CaMKIIδ is a stereospecific MICAL1 substrate at M308 in 
vitro, and that Met308-SO significantly decreases binding to 
Ca2+/CaM, we next asked if CaMKII activity was increased in 
hearts from MICAL1-knockout (MICAL1–/–)mice. We found that 

and suggest, based on the conserved nature of the CaMKII Ca2+/
CaM-binding domain in all CaMKII isoforms, that our findings 
will have broad implications for CaMKII signaling in diverse cell 
types governing multiple biological systems.

Results
The redox state of CaMKII M308 is set by MICAL1 and MSRB to 
control CaM binding. CaMKII function is known to be enhanced 
by oxidative modifications of regulatory domain methionines 
(MM281/282) where oxidation prevents CaMKII autoinhibition, 
causing excessive CaMKII activity (14). However, it is unknown 
whether CaMKII methionine oxidation is mediated by enzymes. 
We began our studies with an aim to identify an oxidase capa-
ble of activating CaMKII. The family of MICAL proteins rep-
resents the only known example of enzymes that catalyze methi-
onine oxidation. MICAL1 is the best-characterized MICAL 
protein, based on available structure-activity studies (15–17), and 
it has 10- to 100-fold higher activity at baseline compared with 
MICAL2 and MICAL3 (18). We incubated full-length CaMKIIδ 
in the presence of MICAL1 and NADPH (17, 19), and observed a 
significant increase in NADPH consumption in the presence of 
CaMKIIδ (Figure 1A), suggesting that CaMKII is either a MICAL1 
activator or a substrate. In the presence of MICAL1 and NADPH, 
mass spectrometry (MS) revealed a +16-Da shift in the mass of 
CaMKIIδ, consistent with the addition of a single oxygen (Fig-
ure 1B), demonstrating that CaMKII is a MICAL1 substrate. In 
contrast, there was no mass increase for CaMKIIδ induced by 
NADPH in the absence of MICAL1 (Figure 1B). Methionine oxi-
dation by MICAL1 is stereospecific (8, 9, 20) and generates the  
R-stereospecific sulfoxide, whereas methionine oxidation by 
hydrogen peroxide is not stereospecific and generates an equal 
amount of R- and S-sulfoxide epimers (20). To confirm that 
MICAL1 oxidation of CaMKII was direct and stereospecific 
we incubated the MICAL1-oxidized CaMKII with MSRA and 

Figure 1. The redox state of CaMKII M308 is set by MICAL1 and MSRB 
to control CaM binding. (A) Enzymatic activity of MICAL1 as measured 
by NADPH absorbance at 340 nm in the absence and presence of CaMKII 
with increasing concentrations of NADPH. The curves represent nonlinear 
regression fit derived from experimental data (curves are derived from 
n = 14 or 15 experimental measurements in each group; each data point 
represents the average of n = 2–3 measurements at different NADPH 
concentrations. (B) Mass spectrometry showing a +16-Da shift in the mass 
of WT CaMKII after incubation with MICAL1 and NADPH (bottom panel) 
but not with NADPH only (top panel). (C) Methionine sulfoxide reductase 
B (MSRB) reverses the +16-Da shift in the mass of WT CaMKII treated 
with MICAL1 and NADPH. (D) Methionine sulfoxide reductase A (MSRA) 
does not reverse the +16-Da shift in the mass of WT CaMKII treated with 
MICAL1 and NADPH. (E) Mass spectrometry of CaMKII M308V mutant 
incubated with NADPH only (top panel). CaMKII M308V mutant does not 
exhibit a +16-Da shift in mass after incubation with MICAL1 and NADPH 
(bottom panel). Findings in B–E are representative of at least 2 inde-
pendent experiments. (F) Fluorescence anisotropy measurements show 
binding of FITC-labeled M308-sulfoxide (M308-SO) and WT peptides from 
CaMKII CaM-binding domain at various (n = 11) CaM concentrations. The 
curves represent nonlinear regression fit derived from the experimental 
data. Each data point represents the average of n = 2 measurements at 
each CaM concentration. (G) A schematic model in which the redox status 
of M308, set by MICAL1 and MSRB, regulates CaM binding, the requisite 
initial step for CaMKII activation.
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a known consequences of excessive CaMKII 
activity (26, 27). In order to determine whether  
CaMKII hyperactivation was sufficient to 
explain the increased mortality in MICAL1–/– 
mice, we repeated the aortic banding studies 
in MICAL1–/– mice infused with either KN-93, 
a small-molecule CaM and CaMKII inhibitor, 
or with an inactive KN-93 congener, KN-92, 
using osmotic minipumps that can deliver these 
drugs for 4 weeks (Supplemental Methods and 
refs. 25, 28). KN-93, but not KN-92, infusion 
rescued the mortality in MICAL1–/– mice after 
aortic banding surgery during the drug infu-
sion period (see Kaplan-Meier survival curve 
in Figure 2D). Interestingly, mortality in the 
MICAL1–/– KN-93–treated group was evident 
after pump exhaustion, between 4 and 8 weeks 
(see Kaplan-Meier survival curve in Figure 2D). 
These findings suggest that CaMKII is exces-
sively activated in the hearts of mice lacking 
MICAL1, and that hyperactivation of CaMKII 
contributes to excess mortality after patholog-
ical myocardial stress.

MICAL1 R116H shows selective loss of actin targeting and retains 
protection against CaMKII hyperactivation. F-actin has been the 
only known substrate for MICAL1 (6, 7). Given the important role 
of actin in cardiac function, the known effects of MICAL1 on actin 
dynamics (6, 7, 29, 30), and the potential contribution of defec-
tive actin dynamics to increased mortality in MICAL1–/– mice, we 
screened MICAL1 mutants with the goal to identify a mutant pro-
tein that could distinguish F-actin and CaMKII (Figure 2E). We 
found that MICAL1 R116H was unable to support F-actin depo-
lymerization (Figure 2E), but sustained its ability to accelerate 
NADPH oxidation in the presence of CaMKII at the same level as 
WT MICAL1 (Figure 2F).

We used computational modeling to suggest a potential 
structural basis for the differences in activities seen between WT 
MICAL1 and R116H for CaMKII and actin. To catalyze the ste-
reospecific oxidation of M308 by O2, MICAL1 requires the bind-
ing of CaMKII with its M308 sulfur group in closer proximity to 
the isoalloxazine of the reduced FAD (Supplemental Figure 2F). 
Our structural analysis revealed that M308 is well positioned for 
oxidation by the hydroxyperoxide group of FAD (Supplemental 
Figure 2F). The MICAL1 monooxygenase domain opens its cat-
alytic site after cofactor reduction (16), facilitating the protein- 
substrate binding to catalyze its oxidation (Supplemental Figure 2, 
F and G). Modeling showed that R116 is located in a critical site of 
the MICAL1 monooxygenase domain (15, 16), interacts with the 
ribose moiety of FAD, and participates in the FAD adenosine-bind-
ing pocket (Supplemental Figure 2, F and G). This pocket anchors 
the FAD tail, allowing the isoalloxazine head to bend and swing 
into the catalytic site upon FAD reduction. Compared with WT, 
the R116H mutation weakened the MICAL1–FAD adenosine inter-
action by widening the MICAL1-binding pocket, and removing a 
polar interaction with its ribose moiety (Supplemental Figure 2G). 
In addition, this mutation removed a positive charge stabilizing 
the FAD phosphates. These perturbations may impair positioning 

MICAL1–/– heart lysates exhibited increased CaMKII activation, 
compared with hearts from WT littermate controls, based on 
increased levels of autophosphorylated-T287 CaMKII (ref. 23 
and Figure 2A; see complete unedited blots in the supplemental 
material) and phosphorylated phospholamban at T17 (p-T17 PLN), 
a known downstream target of active CaMKII (ref. 24 and Figure 
2B). To assess whether the absence of MICAL1 led to other changes  
in the sarcoplasmic reticulum (SR) we measured the levels of 2 
other SR proteins, ryanodine receptor type 2 (RyR2) and the sarco-
plasmic endoplasmic reticulum Ca2+ ATPase (SERCA), but found 
no difference between WT and MICAL1–/– mice (Supplemental 
Figure 2, A and B). Moreover, we isolated adult cardiomyocytes 
from WT and MICAL1–/– mouse hearts and measured intracellular 
Ca2+ (Supplemental Figure 2C). We did not find any differences at 
baseline between WT and MICAL1–/– adult mouse cardiomyocytes 
in cytoplasmic Ca2+ decay slope, diastolic Ca2+ concentration, Ca2+ 
peak amplitude, or SR Ca2+ content (Supplemental Figure 2C). 
Excessive CaMKII activation predisposes to adverse responses  
to pathological stress, including transaortic banding surgery, 
a model of chronic left ventricular pressure overload (3, 4, 25). 
Within 4 weeks of transaortic banding surgery, 54% of MICAL1–/– 
mice had died compared with no deaths in their WT littermates 
(see Kaplan-Meier survival curve in Figure 2C). To assess the 
mode of death in MICAL1–/– mice after transaortic banding, we 
performed serial echocardiograms to monitor cardiac function 
and implanted subcutaneous telemeters to assess for cardiac 
arrhythmias. There was no difference in left ventricular function 
between WT and MICAL1–/– mice at baseline, 3 days, 7 days, and 
14 days after transaortic banding (Supplemental Figure 2D). Two 
MICAL1–/– mice died during ECG monitoring. Both mice had sig-
nificant arrhythmias preceding their death — the first mouse had 
severe bradycardia and the second mouse exhibited episodes of 
a polymorphic agonal rhythm (Supplemental Figure 2E) — sug-
gesting that excess mortality was linked to cardiac arrhythmias, 

Table 1. Sequencing of the Met308-containing tryptic peptide by mass spectrometry

b ions y ions
Residue Calculated Observed Calculated Observed
Gly302 b1 58.03 58.07 -
Ala303 b2 129.07 129.12 y10 1106.62 ND
Ile304 b3 242.15 242.15 y9 1035.59 ND
Leu305 b4 355.24 355.22 y8 922.50 ND
Thr306 b5 456.28 456.28 y7 809.42 ND
Thr307 b6 557.33 557.35 y6 708.37 708.37
Met308 b7 704.36 704.37 y5 607.32 ND
Leu309 b8 817.45 817.44 y4 460.29 460.28
Ala310 b9 888.49 ND y3 347.20 347.20
Thr311 b10 989.53 989.52 y2 276.17 275.17
Arg312 b11 - y1 175.12 175.12
The expected mass of each singly charged b and y ion was calculated by GPMAW and compared 
with the observed mass, demonstrating that Met308 was oxidized. ND, not detected. Although 
not shown, the doubly charged ions of some of the peptides were also detected, such as y9 with 
m/z of 518.30. The spectral data were also processed by PEAKS, which confirmed oxidation at 
Met308.
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decreased binding to CaM in titrations over a wide range of CaM 
concentrations and after the addition of Ca2+ (Figure 3, B and C). 
Because MICAL1 oxidation produces the R-stereospecific sulf-
oxide (8, 9), we next asked if the R-stereospecific M308-SO pep-
tide would lead to decreased Ca2+/CaM binding. The process for 
synthesizing the M308-SO–containing peptide produced a race-
mic mixture of both R and S epimers (Supplemental Figure 3A). 
We treated the racemic peptide mixture with MSRA to reduce the 
S-stereospecific M308-SO and then purified the R-stereospecific  
M308-SO–containing peptide (Supplemental Figure 3A). The 
R-stereospecific M308-SO peptide showed decreased binding to 
Ca2+/CaM compared with the peptide with reduced methionine 
(Supplemental Figure 3B), indicating that R-stereospecific oxida-
tion of M308 was sufficient to reduce Ca2+/CaM binding.

We next used a computational model of CaMKII activation 
within the holoenzyme structure (see Supplemental Methods) to 
determine the consequences of diminished Ca2+/CaM binding 
affinity in oxidized compared with reduced M308. Ca2+/CaM 
binding initially disrupts autoinhibition of the catalytic subunit, 
permitting T287 autophosphorylation between neighboring sub-
units (5). T287 autophosphorylation sustains CaMKII activity in 
the event of Ca2+/CaM dissociation, but it also simultaneously 
causes Ca2+/CaM trapping that biases against inactivation and 
autoinhibition. CaMKII activation responds to the frequency and 
duration of cytoplasmic Ca2+ transients (31). Using computational  
modeling (see Supplemental Methods), we compared CaMKII 
activity between WT, M308-SO, and M308V across a range of 
CaM and Ca2+ concentrations at various Ca2+ concentration pulse 
frequencies and durations (Figure 3D and Supplemental Figure 
3, C and D). Our modeling data predicted that M308 oxidation 
prevents a relentless, feed-forward CaMKII activation process, 
providing a critical checking mechanism to constrain excessive 
CaMKII activity (Figure 3D and Supplemental Figure 3, C and D). 
Based on these results, we directly measured the consequences of 
CaMKII activity using an artificial substrate to assess the role of 
M308. Because the M308-SO and M308V peptides showed sim-
ilarly reduced Ca2+/CaM binding affinity (Figure 3, B and C), and 
were predicted by our modeling to have similar effects on CaMKII 
activity (Figure 3D and Supplemental Figure 3, C and D), we used 
full-length M308V CaMKIIδ to quantify the impact of Met308  
oxidation on Ca2+/CaM-dependent activation. Using 2 indepen-
dent CaMKII activity assays (see Supplemental Methods), we ver-
ified decreased activity of M308V compared with WT CaMKIIδ 
(Figure 3, E and F), suggesting that M308V is hypomorphic but not 
inactive. Taken together, these studies show that M308-SO and 
M308V profoundly reduce Ca2+/CaM binding, and subsequent 
CaMKII activity.

M308 constrains CaMKII responses in cardiac myocytes and 
in vivo in mice. CaMKII is activated by Ca2+/CaM and, in turn, 
catalyzes the phosphorylation of Ca2+ homeostatic proteins in 
myocardium (2). Phospholamban is a CaMKII substrate (32) and 
an inhibitor of SERCA2a that operates to sequester cytoplasmic 
Ca2+ to the SR, allowing myocardial relaxation. Based on our 
finding that M308 oxidation could reduce Ca2+/CaM binding 
and CaMKII activation, we next used computational modeling 
of myocardial Ca2+-homeostatic proteins in the presence and 
absence of M308 oxidation (Supplemental Figure 4, A and B). 

of the isoalloxazine head and weaken the coupling between FAD 
reduction and MICAL1 conformational changes. We postulate 
that, in contrast to the flexible linker between the CaMKII asso-
ciation and regulatory domains, F‑actin is a less adaptable sub-
strate for MICAL1 R116H. Taken together, our experimental find-
ings and enzymatic and structural modeling suggest that R116H 
MICAL1 has differential effects on CaMKII and F-actin compared 
with WT MICAL1.

In order to separate the effects of MICAL1 on actin and CaM-
KII in vivo, we developed a MICAL1 R116H–knockin (MICAL1R116H) 
mouse using CRISPR/Cas9 technology (Supplemental Figure 2H 
and Methods). MICAL1R116H mice were born at Mendelian ratios 
with no obvious morphometric differences compared with their 
WT littermates. At baseline, MICAL1R116H mice, unlike MICAL1–/– 
mice, did not exhibit elevated levels of myocardial autophosphor-
ylated-T287 CaMKII (Figure 2A), indicating that R116H sustains 
its ability to oxidize CaMKII in vivo and that oxidation of CaM-
KII M308 by MICAL1 prevents excessive CaMKII activity. The 
MICAL1R116H mice were protected from the excessive mortality 
seen in MICAL1–/– mice following transaortic banding surgery 
(Figure 2G). F-actin staining with phalloidin did not reveal evi-
dence of disordered actin at baseline in MICAL1–/– hearts, nor in 
MICAL1R116H hearts, compared with WT littermate controls (Sup-
plemental Figure 2I), suggesting redundancy in actin regulation 
among the MICAL isoforms in the heart. We interpret our data 
to suggest that MICAL1 constrains CaMKII activity in vivo, that 
loss of MICAL1 activity is sufficient to promote CaMKII-triggered 
heart disease, and that these observations are not due to loss of 
MICAL1 functions related to actin oxidation.

M308 is a redox switch that determines CaMKII activity. Based 
on the apparent importance of MICAL1 for constraining CaMKII  
activity and the identification of M308 in the CaM-binding 
domain of CaMKII as a critical MICAL1 target, we returned to 
structural modeling to interrogate the relationship between oxi-
dized and reduced CaMKII M308, and M308 mutants (M308V 
and M308Q), to Ca2+/CaM binding (Figure 3A). Computational  
modeling of M308V suggested that M308V reduces affinity for 
(Ca2+)4-CaM, as the contact surface area between valine and 
(Ca2+)4-CaM would be about half of that observed for reduced 
Met, with a complete loss of close contacts (≤4.5 Å) with CaM I85 
and M145 (Figure 3A), leaving a gap between M308V and CaM. 
M308Q was predicted to be the worst perturbation. Similar to 
M308V, it reduced the contact surface between CaM and CaMKII  
to approximately 75% of that of WT. Reorientation of M308Q 
eliminated close contacts with the atoms of M145. Similar to the 
M308-SO side chain, M308Q moved away from the CaM pocket  
toward the solvent. There were additional destabilizing inter-
actions in the M308Q mutant relative to M308-SO. Thus, our 
structural models suggested that the reduced form of methionine 
would be optimal for binding (Ca2+)4-CaM, and predicted that oxi-
dation of methionine to M308-SO, or replacement of methionine 
with valine or glutamine, would reduce affinity for (Ca2+)4-CaM. 
To test this hypothesis, we designed additional FITC-labeled pep-
tides modeled after the CaMKII CaM-binding domain to measure 
Ca2+/CaM binding using fluorescence anisotropy. Compared with 
the peptide synthesized with M308, peptides synthesized with 
M308-SO or mutated to M308V or M308Q showed significantly 
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This modeling predicted a slowing of Ca2+ transient decay in the 
M308V model compared with WT under conditions of elevated 
CaMKII activity (Supplemental Figure 4B, left panel). Further-
more, the difference between WT and M308V Ca2+ dynamics in 
the model was dependent on CaMKII targeting of phospholam-
ban and SR Ca2+ uptake (Supplemental Figure 4B, right panel). 
We next developed a CaMKIIδ M308V–knockin (CaMKIIδM308V) 
mouse (Supplemental Figure 4C and Methods) to test the con-
sequences of reduced Ca2+/CaM binding and CaMKII activation 
in cardiac myocytes and in vivo. Ventricular myocytes isolated 
from CaMKIIδM308V mice showed a significant decrease in the 
cytoplasmic Ca2+ concentration decay rate during diastole com-
pared with ventricular myocytes isolated from WT littermates 
(Figure 4A). These data suggested that the consequences of 
M308 oxidation, mimicked in M308V ventricular myocytes, 
affect intracellular Ca2+ fluxes, at least in part, by slowing uptake 
of Ca2+ by SERCA2a.

CaMKII inhibition slows heart rate in mice by reducing SR 
Ca2+ release (1, 33). Based on our findings of slowed cytosolic 
Ca2+ uptake in cardiac myocytes, we asked if CaMKIIδM308V mice 
would exhibit reduced heart rates. We found that unrestrained 
CaMKIIδM308V mice, implanted with heart rate and activity mon-
itors, showed significantly lower heart rates compared with WT 
littermate controls averaged over a 24-hour period (Figure 4B). 
Furthermore, CaMKIIδM308V mice had diminished heart rate accel-
eration (Figure 4C) with less autophosphorylated T287 CaMKII 
compared with WT mice following isoproterenol injection (Sup-
plemental Figure 4D and Supplemental Methods). Heart rate is a 
fundamental physiological response in which cardiac pacemaker  
cells play a predominant role, integrating autonomic nervous 
system inputs (34). In order to determine whether the heart rate 

slowing in CaMKIIδM308V mice was due to innate characteristics of 
sinoatrial nodal pacemaker cells, we measured spontaneous and 
isoproterenol-stimulated rates in isolated sinoatrial nodal pace-
maker cells. Consistent with our in vivo findings, sinoatrial cells 
from CaMKIIδM308V mice exhibited significantly slower responses 
to isoproterenol treatment compared with sinoatrial cells isolated 
from WT littermates (Figure 4D). Taken together, these findings 
show that M308V impairs fight-or-flight physiological cardiac 
responses in mice.

Loss of normal heart tube physiology and altered circadian 
rhythms in M308V Drosophila mutants. In contrast to Homo sapiens  
and Mus musculus that express 4 CaMKII isoforms, Drosophila 
melanogaster has a single CaMKII, and like Homo sapiens and Mus 
musculus, M308 is conserved in the CaM-binding domain of Dro-
sophila (Supplemental Figure 1A). We next sought to investigate 
whether the redox status of M308 is shared among vertebrates and 
invertebrates to regulate physiological and pathological cardiac 
function. Based on our Ca2+/CaM-binding assay results (Figure 3, 
B and C) and modeling of CaMKII activity (Figure 3D and Supple-
mental Figure 3, C and D), we developed CaMKII M308V–knockin  
(CaMKIIM308V) Drosophila melanogaster using CRISPR/Cas9 tech-
nology (Supplemental Figure 5A and Methods) to mimic the loss 
of Ca2+/CaM binding associated with M308 oxidation by MICAL1. 
CaMKII has been shown to regulate the core circadian oscillator, 
across multiple species (35). CaMKII activation accelerates the 
circadian rhythm cycle through phosphorylation of core clock pro-
teins such as CLOCK and loss-of-function manipulations in Dro-
sophila melanogaster and mice result in increased period length (35, 
36). In addition, hypoactive CaMKII variants are known to prolong 
circadian rhythm in Clunio marinus midges (37). To assess whether  
the M308V mutation results in a hypoactive CaMKII variant in 
flies, we monitored locomotor activity of WT and CaMKIIM308V flies 
in constant darkness (see Supplemental Methods). Consistent with 
a hypoactive CaMKII variant, CaMKIIM308V flies had a longer circa-
dian rhythm period compared with WT flies (Figure 5, A and B). 
In addition, CaMKIIM308V flies had decreased average locomotion 
(Figure 5C) and sustained wake-sleep rhythm strength (Figure 5D) 
under constant darkness compared with WT flies.

CaMKII activation is critical for mouse cardiac fight-or-flight 
physiology (1, 38); however, the role of CaMKII in Drosophila heart 
tube function is not known. Heart contraction and relaxation are 
regulated by Ca2+ dynamics and Ca2+-dependent steric modula-
tion of myosin cross-bridge cycling on actin (39). To test for poten-
tial effects of CaMKII M308 on heart tube physiology we assessed 
beating hearts using high-speed video microscopy and motion 
analysis programs (Figure 5E, Supplemental Methods, and ref. 
40). Compared with the WT flies, CaMKIIM308V flies had strikingly 
impaired cardiac function. CaMKIIM308V flies had significantly lower  
cardiac output (Figure 5F), lower fractional shortening (Figure 
5G), markedly decreased shortening speed (Figure 5H) and relax-
ation rate (Figure 5I), significantly smaller diastolic and systolic 
diameters (Supplemental Figure 5, B and C), and shorter diastolic  
intervals (Supplemental Figure 5D). Our findings in Drosophila 
melanogaster hearts suggested that oxidized M308 diminishes 
fight-or-flight responses in flies. Given the known effects of CaMKII  
on Ca2+ dynamics, and our modeling and experimental find-
ings showing slowed intracellular Ca2+dynamics in CaMKIIδM308V 

Figure 2. MICAL1–/– mice show hyperactivation of CaMKII at baseline and 
increased mortality with pathological cardiac stress. (A and B) Hearts of 
MICAL1–/– mice exhibit higher levels of (A) active, autophosphorylated-T287 
CaMKII (p-CaMKII) and (B) phosphorylated phospholamban at T17 (p-T17 
PLN) at baseline compared with WT littermate mice. MICAL1R116H mice do 
not exhibit increased p-CaMKII at baseline. Quantification of the Western 
blot data is shown (right panel in A and bottom panels in B) (WT n = 5 
mice, MICAL1R116H n = 4 mice, MICAL1–/– n = 5 mice). t-CaMKII, total CaMKII; 
t-PLN, total PLN. (C) Survival curve of WT littermate and MICAL1–/– mice 
within 4 weeks of transaortic constriction (TAC). WT n = 8, MICAL1–/– n = 
24; P = 0.01. (D) Mortality of the MICAL1–/– mice at 28 days is reversed by 
administration of KN-93 (n = 13) via osmotic minipumps (drug delivery for 
28 days), but not its inactive congener KN-92 (n = 13). Mortality reappears 
in the MICAL1–/– KN-93–treated group after pump exhaustion (P < 0.05 at 
4 weeks, P < 0.01 at 8 weeks). Quantification of the mortality data (left 
panel) is shown (right panels). (E) Screening of various MICAL1 mutants 
identifies R116H that does not depolymerize F-actin. Depolymerization 
of pyrene F-actin is measured as a reduction in the fluorescence signal of 
pyrene F-actin (excitation wavelength at 350 nm and emission wavelength 
at 407 nm). Data represented as the mean of n = 2–3 replicates. (F) R116H 
accelerates NADPH consumption at the same rate as the WT MICAL1 after 
addition of CaMKII (measured as absorbance at 340 nm). Data represented 
as the mean of n = 3 replicates. (G) Survival curve of WT and MICAL1R116H 
mice within 4 weeks of transaortic constriction (WT n = 10, MICAL1R116H n = 
14) shows no difference between WT littermate and MICAL1R116H mice (P = 
1). *P < 0.05; **P < 0.01; ***P < 0.001 by 1-way ANOVA with Tukey’s  
multiple-comparisons test (A), 2-tailed Student’s t test (B), or 2-tailed 
Fischer’s exact test (C and D).
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activity in CPVT (Figure 6A). To directly study the potential role 
of M308 oxidation in CPVT, we introduced M308V in hiPSCs  
with CPVT (RYR2R4650I/WT) using CRISPR/Cas9 technology. Using 
Sanger sequencing, we confirmed the presence of M308V and 
CPVT mutations in the hiPSCs (Figure 6B), and did not find any 
of the potential CRISPR-mediated off-target effects on genes 
predicted by computational analysis as the top potential off- 
targets (see Methods). We confirmed that hiPSCs met a cardio-
myocyte differentiation profile using cTnT staining measured by 
flow cytometry (Supplemental Figure 6). The hiPSC-derived car-
diomyocytes harboring the CPVT mutation exhibited increased 
spontaneous Ca2+ release event frequency, both at baseline and 
after isoproterenol (Figure 6, C and D), consistent with the reported  
CPVT cellular arrhythmia phenotype (11, 41). In contrast, CPVT 
hiPSC–derived cardiomyocytes harboring CaMKIIδM308V were 
resistant to increased spontaneous Ca2+ release events (Figure 6, 
C and D). As expected, the CaMKIIδM308V mutant WT and CPVT 
hiPSC–derived cardiomyocytes showed significantly lower T287 
autophosphorylated CaMKII following isoproterenol challenge 
compared with isogenic hiPSC-derived cardiomyocytes with WT 
CaMKIIδ (Figure 6E). Taken together, these in vivo and in vitro 
findings confirm a role for M308 in determining fundamental 
physiological and disease responses to CaMKII.

Discussion
CaMKII is a multifunctional serine/threonine protein kinase 
that enhances myocardial physiological responses to stress (1, 
38, 44). However, excessive CaMKII activity is now recognized 
to contribute to heart failure and arrhythmias, common forms 
of heart disease (2–4, 25, 45). Our findings reveal that inverte-
brates and vertebrates rely on an ancient CaM-binding domain 
redox switch to regulate physiological and pathological cardiac 
responses to stress. Our data support a new model of CaMKII 
regulation in which M308 oxidation by MICAL1 is a molecu-
lar brake constraining excessive CaMKII activity by inhibiting 
Ca2+/CaM binding. M308 and the CaM-binding domain are 
highly conserved among all species and all CaMKII isoforms. 
M308 first appeared in free-living unicellular eukaryotes with 
origins more than 600 million years ago (46). Our finding that 
MICAL1-catalyzed oxidation of M308 holds CaMKII activity in 
check by diminishing Ca2+/CaM binding provides critical miss-
ing information required for understanding why oxidant stress 
does not excessively bias CaMKII toward hyperactivation under 
normal, physiological conditions, as was predicted by computa-
tional modeling (Figure 3D and Supplemental Figure 3, C and 
D). High intensity physiological stimulation in excitable cells, 
such as nerve and muscle, including myocardium, promotes 
T287 autophosphorylation in CaMKII (31, 47). Autophosphory-
lation prevents autoinhibition by a mechanism that is similar to 
oxidation of MM281/282, but is a more potent CaMKII-activat-
ing posttranslational modification because it induces a 1000-
fold increase in Ca2+/CaM binding to CaMKII, so-called CaM 
trapping (48). CaMKII basal autophosphorylation at T306/
T307 can also prevent or reduce Ca2+/CaM binding in vitro 
(49–51); however, to our knowledge these sites have not been 
shown to be dynamically regulated, nor to affect physiological/
pathological processes in vivo. MM281/282 oxidation activates 

mouse cardiomyocytes (Figure 4A and Supplemental Figure 4B), 
we hypothesized that CaMKIIM308V flies have impaired heart tube 
physiology due, at least in part, to altered Ca2+ dynamics. To test 
this hypothesis, we treated WT and CaMKIIM308V flies with extra-
cellular and intracellular Ca2+ chelators (EGTA and EGTA-AM, see 
Supplemental Methods). After Ca2+ chelation, CaMKIIM308V flies 
showed a significantly greater increase in heart tube lumen diam-
eter during diastole compared with WT (Figure 5J and Supplemen-
tal Figure 5E), suggesting impaired Ca2+ dynamics in CaMKIIM308V 
heart tubes. Our findings in Drosophila melanogaster demonstrate 
the critical role of M308 redox status in invertebrate cardiac func-
tion regulation.

M308V protects against a genetic human arrhythmia. CPVT 
is a dominant genetic arrhythmia syndrome due to mutations 
that destabilize the closed state of the cardiac ryanodine recep-
tor (RyR2) intracellular Ca2+ channel (41). CPVT heart cells have 
increased RyR2 Ca2+ leak, commonly measured as spontaneous 
Ca2+ release events (42), and cell membrane hyperexcitability due 
to loss of intracellular Ca2+ homeostasis (13, 41). CaMKII hyperac-
tivation contributes to CPVT because it is bound to RyR2 and cat-
alyzes phosphorylation of serine 2814 that further enhances RyR2 
Ca2+ release from intracellular stores (43). Importantly, CaMKII 
inhibition can prevent CPVT in a humanized knockin mouse model  
(11), suggesting that identification of new pathways for inhibiting 
CaMKII could have therapeutic benefits in CPVT. In CPVT the 
genetic instability of RyR2 induces Ca2+ leak that activates CaMKII,  
and activated CaMKII amplifies the RyR2 Ca2+ leak, creating a 
feed forward, proarrhythmic phenotype. Based on mathematical 
modeling, we predicted that modification of CaMKII M308 by oxi-
dation or mutation to M308V could significantly inhibit CaMKII  

Figure 3. Met308 is critical for CaM binding and CaMKII activity. (A) Model 
interfaces between (Ca2+)4-CaM residues E84, I85, A88, and M145 and 
CaMKII residues M308 (WT), M308-SO, M308V, or M308Q shown from 
2 viewpoints (rotated by 90° about the vertical y axis). CaM side chains 
are red sticks, with E84 carboxyl oxygens (OE1, OE2) highlighted in pink, 
M145 sulfur (SD) atom shown as a yellow-orange sphere, CaMKII WT M308 
(black), mutant M308-SO (green), M308V (burgundy), and M308Q (cyan) 
heteroatoms are shown as spheres; C-α carbon atoms (gray), hydrogen 
atoms (white), M308 and M308-SO, sulfur (yellow-orange), side chain oxy-
gen of M308-SO (forest green). Models were aligned based on the backbone 
of CaMKII residues 294–311 (gray cylinder). (B) Fluorescence anisotropy 
measurements show binding of WT CaMKII CaM-binding-domain peptide 
compared with peptides with M308-SO, M308V, or M308Q at various (n = 
9–11) CaM concentrations (WT and M308-SO data are the same as shown 
in Figure 1F). The curves represent nonlinear regression fit derived from 
the experimental data. Each data point represents the average of n = 2 
measurements at each CaM concentration. (C) Fluorescence anisotropy 
measurements of the same peptides as B at baseline and after the addition 
of 50 μM Ca2+. Data represented as the mean of n = 3 replicates ± SEM. (D) 
Modeling of WT CaMKII holoenzyme activity compared with M308-SO  
CaMKII and M308V CaMKII with increasing frequency stimulation. Note 
that M308-SO and M308V curves are superimposed. (E) CaMKII kinase 
activity for WT and M308V recombinant proteins using syntide as a 
substrate with radioactive 32P-ATP. Data represented as the mean of n = 3 
replicates. Bars denote mean ± SEM. (F) CaMKII kinase activity for WT and 
M308V recombinant proteins using syntide as a substrate with nonradio-
active ATP using HPLC (representative image of n = 2 replicates). mAU, mil-
liabsorbance units. **P < 0.01; ***P < 0.001 by 1-way ANOVA with Tukey’s 
multiple-comparisons test (C) or 2-tailed Student’s t test (E).
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control preventing CaMKII from causing injury or dysfunction 
under physiological redox stress.

Our studies demonstrate that the CaMKII M308 redox status 
is determined by MICAL1 and its stereospecific partner MSRB (8, 
9). Our findings show that MICALs are multifunctional, directing 
cellular processes more broadly than initially recognized, since 
their discovery almost 20 years ago. This is also consistent with 
the different multidomain structures of MICAL proteins, sug-
gesting additional levels of regulation. Our findings indicate that 
regulation of protein function by methionine R-sulfoxidation is 
a general and conserved mechanism to control protein function, 

CaMKII without attendant CaM trapping, presumably due to 
oxidation of M308 (14). In contrast to the MM281/282 mod-
ule that appears to arise in vertebrate evolution (52), M308 is 
present in primordial CaMKII, suggesting that a check against 
excessive CaMKII activation during oxidized conditions has 
always been fundamental to CaMKII molecular physiology. 
Thus, M308 is an oxidant sensor that constrains and prevents 
excessive CaMKII activity by shifting the affinity of Ca2+/CaM 
binding to reduce initial activation and to counterbalance activ-
ity-sustaining CaM trapping. This dual role of oxidation to acti-
vate and check CaMKII likely provides balance for multilevel 

Figure 4. M308 determines fight-or-flight responses in mouse heart. (A) Left: Representative Ca2+ transients from ventricular myocytes isolated from 
WT and CaMKIIδM308V mice. Right: Diastolic Ca2+ decay rates in WT and CaMKIIδM308V ventricular myocytes at various pacing frequency stimuli (WT n = 4 
mice, n = 49 cells; CaMKIIδM308V n = 4 mice, n = 66–72 cells). (B) Heart rate at baseline averaged over a 24-hour period recorded by implanted telemeters in 
WT and CaMKIIδM308V mice (WT n = 5, CaMKIIδM308V n = 7). WT median heart rate = 520 bpm, CaMKIIδM308V median heart rate = 505 bpm (P < 0.0001). (C) 
Heart rate responses to isoproterenol injection (0.4 mg/kg/mouse, intraperitoneal) in WT compared with CaMKIIδM308V mice (WT n = 5, CaMKIIδM308V n = 
7). (D) Left: Representative tracings of beating rate of isolated sinoatrial cells from WT and CaMKIIδM308V mice at baseline and after isoproterenol treat-
ment (right panel). Right: Quantitative analysis of beating rates (WT n = 6 mice, n = 28–33 cells; CaMKIIδM308V n = 7 mice, n = 28–33 cells). ***P < 0.001, 
****P < 0.0001 by 1-way ANOVA with Tukey’s multiple-comparisons test (A and D).
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Figure 5. M308 determines circadian rhythms and heart tube physiology in Drosophila melanogaster. (A) Representative actograms of WT and  
CaMKIIM308V flies. Actograms are double plotted with yellow bars representing light exposure. (B) CaMKIIM308V flies have a significantly longer free-running 
circadian period, as estimated by χ2 periodogram (WT n = 99, CaMKIIM308V n = 120). Bars denote mean ± SEM. (C) CaMKIIM308V flies exhibit significantly 
decreased average daily locomotion during constant darkness, as measured by beam-break counts per day (WT n = 99, CaMKIIM308V n = 120). Bars denote 
mean ± SEM. (D) Circadian χ2 amplitude indicates increased rhythm strength of CaMKIIM308V flies under constant darkness (WT n = 99, CaMKIIM308V n = 120). 
Bars denote mean ± SEM. (E) Representative M-mode kymograms generated from high-speed videos of beating WT and CaMKIIM308V fly heart tubes. Top 
panel shows cardiac cycle dynamics and heart wall contraction over time. Bottom panel shows individual systolic intervals of WT and CaMKIIM308V flies. 
CaMKIIM308V flies exhibit reduced wall movement distance (d) during systole and a prolonged time of shortening (ts) resulting in significantly diminished 
shortening speed. (F–I) CaMKIIM308V flies have markedly impaired heart function compared with WT flies. CaMKIIM308V flies at baseline exhibit (F) decreased 
cardiac output, (G) decreased fractional shortening, (H) decreased shortening speed, and (I) decreased relaxation rate (WT n = 33, CaMKIIM308V n = 30). (J) 
CaMKIIM308V heart tube diastolic diameter is markedly increased after intracellular Ca2+ chelation with EGTA-AM compared with WT heart tubes (WT n = 20, 
CaMKIIM308V n = 23). *P < 0.05, **P < 0.01, ***P < 0.001 by 2-tailed Student’s t test (B–D and F–I) or 2-tailed Mann-Whitney test (J).

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/9


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

4 6 7 4 jci.org      Volume 130      Number 9      September 2020

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/9


The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

4 6 7 5jci.org      Volume 130      Number 9      September 2020

ing gRNA and ssODN oligonucleotides were used for the generation 
of the knockin mice using CRISPR: MICAL1R116H mouse guide RNA, 
AAAAGCGTATCAAGTTCTCTAGG; MICAL1R116H mouse ssODN, 
TGTCTCGTGGTAGGTGCCGGGCCTTGCGGACTTCGGGCT-
GCTGTGGAGTTGGCACTGTTAGGTGCCCGAGTGGTACTTGT-
G G A A A AG C ATATC A AG T TC TC TAG AC AC A ATG TG C TC C 
ATCTCTGGCCCTTCACCATCCATGACCTTCGGGCACTTGGGG-
CCAAGAAGTTCTACGGGCGCTTCTGTAC; CaMKIIδM308V mouse 
guide RNA, CGCCATCTTGACAACTATGCTGG; and CaMKIIδM308V 
mouse ssODN, GCTACCTGATTTTAGGTCAGAGGTTTGTTAG-
GGCCAACTATAATCCATTTCTCTTATTTCTTTGATAGGGCG-
CaataTTGACCACCGTGCTGGCTACGAGAAATTTTTCAGGTATA-
CATGTTTGAACTCTGTTCCTTGTCCTCTCACCTCT.

Successful introduction of the mutations was confirmed in both 
lines with Sanger sequencing. Before any experiments, founder  
mice were backcrossed with WT C57BL/6J mice obtained from 
Jackson Laboratory. The mice used in our experiments were litter
mates to minimize the impact of potential off-target effects of 
CRISPR. We used online algorithms (CRISPR RGEN Tools) to 
search for potential off-target effects. We performed this analysis 
for the MICAL1R116H and CaMKIIδM308V mice and CaMKIIM308V flies 
and found no potential off-target regions in the targeted gene–con-
taining chromosomes, allowing up to 3 mismatches between the 
gRNA and DNA region. Previous studies have shown that gRNA 
with mismatches greater or equal to 3 have minimal or no effect 
on gene function (57), suggesting that our findings are extremely 
unlikely due to off-target effects.

Drosophila melanogaster experiments
CaMKIIM308V Drosophila melanogaster. CaMKIIM308V flies were gener-
ated by Rainbow Transgenic Flies, Inc. on the w118 background. Suc-
cessful introduction of the desired mutation was confirmed by Sanger 
sequencing and the flies were shipped to Johns Hopkins University. 
To minimize potential off-target effects, the CaMKIIM308V flies were 
backcrossed 5 times with WT iso31 flies before experiments. During 
the backcrossing process, the presence of the CaMKIIM308V-carry-
ing allele was confirmed by Sanger sequencing. To generate the  
CaMKIIM308V flies we used the gRNA AGCCATACTTACGACAAT-
GTTGG and the ssODN GTAGACTGTCTCAAGAAATTTAATGCG-
CGGCGCAAGCTAAAGGGAGCCATACTTACGACAGTGTTGGC-
GACCAGAAATTTTTCGAGTATGTAACTTAACTTAATTAATCTT-
GACCACATCAAT.

Recombinant protein experiments
Recombinant proteins and mutagenesis. WT CaMKII and M308V 
CaMKIIδ recombinant proteins were generated using the Bac-to-
Bac baculovirus system (Invitrogen) and purified on a CaM-agarose 
column. Sf9 cells infected with recombinant CaMKII baculovirus 
were harvested 48 hours after infection by centrifugation. Cells were 
resuspended in homogenization buffer (50 mM Tris-HCl pH 7.5, 
300 mM NaCl, 5% betaine, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 
and protease inhibitors [P8340, MilliporeSigma]), and sonicated to 
release cell contents. Cell lysate was then centrifuged at 15,000 g 
and 4°C for 20 minutes. The supernatant was removed and added  
to 3 volumes of equilibration buffer (50 mM Tris-HCl pH 7.5, 100 
mM NaCl, 2 mM CaCl2, 4 mM magnesium acetate, 1 mM DTT, 
protease inhibitors) and CaM-agarose, and incubated for 1 hour at 

rather than an actin-specific regulatory mechanism. The R116H 
mutation in MICAL1 demonstrates that the dual proclivities of 
MICAL1 for F-actin and CaMKII can be disarticulated. We found 
that MICAL1 absence led to CaMKII hyperactivation at baseline, 
and increased mortality with pathological stress. These find-
ings suggest that the MICAL isoforms (MICAL1, MICAL2, and 
MICAL3) in the heart are unlikely to all similarly target CaMKII, 
and therefore probably perform, at least partially, nonredun-
dant tasks. In contrast, MICAL1 knockout did not cause obvious 
baseline cardiac actin defects, suggesting redundancy in actin 
regulation among the MICAL isoforms in the heart. MICAL1 
mutations are now recognized to cause human diseases (53), 
suggesting that CaMKII dysregulation could be a downstream 
consequence. Relatively little is known about MICAL regulation 
(54), but it is possible that upstream signals could also modify 
MICAL substrate specificity. We speculate that MICAL may reg-
ulate other, yet unknown, protein targets, including enzymes, 
thereby enabling fine-tuned redox control of cellular signaling. 
Our findings uncover an unanticipated biological function for 
MICALs beyond the cytoskeleton, in cellular Ca2+-sensing physi-
ology and signaling across species.

Methods

Mouse experiments
MICAL1–/–, MICAL1R116H, and CaMKIIδM308V mice. All mouse experi-
ments were carried out under protocols approved by the Johns Hop-
kins University animal care and use committee. MICAL1–/– mice 
were generated as described previously (55). MICAL1R116H- and  
CaMKIIδM308V-knockin mice were generated using CRISPR technology 
at the Johns Hopkins University Transgenic Mouse Core. Pronuclear 
injection of 1-cell C57BL/6J embryos (Jackson Laboratory) was per-
formed with standard microinjection techniques (56) using a mix of 
Cas9 protein (30 ng/μL, PNABio), tracrRNA (0.6 μM, Dharmacon), 
crRNA (0.6 μM, IDT), and ssDNA oligo (10 ng/μL, IDT) diluted in 
RNase-free injection buffer (10 mM Tris-HCl, pH 7.4, 0.25 mM EDTA). 
Injected embryos were transferred into the oviducts of pseudopreg-
nant ICR females (Envigo) as described previously (56). The follow-

Figure 6. Prevention of CaMKII hyperactivation by M308V rescues cate-
cholaminergic polymorphic ventricular tachycardia (CPVT). (A) Modeling 
comparing WT, M308-SO, and M308V CaMKII holoenzyme activity under 
normal and CPVT conditions. Note that M308-SO and M308V curves under 
normal and CPVT conditions are superimposed. (B) Successful introduction 
of M308V (CaMKIIδM308V) in iPSCs from patients with CPVT (RyR2R4650I/WT)  
was confirmed with Sanger sequencing. (C) Representative confocal line 
scans of hiPSC-derived cardiomyocytes expressing GCaMP6f-Junctin 
nanosensor at baseline and after isoproterenol (ISO) treatment. Horizontal 
scale bars: 20 μm. (D) Spontaneous Ca2+ release events measured with 
the GCaMP6f-Junctin nanosensor in hiPSC-derived cardiomyocytes from 
controls (WT), patients with CPVT (CPVT), and their isogenic lines with 
homozygous CaMKIIδM308V. Recordings at baseline and after isoproterenol 
treatment (WT n = 31–33 cells, WT-CaMKIIδM308V n = 34–35 cells, CPVT n = 
37–41 cells, CPVT-CaMKIIδM308V n = 35 cells). (E) Left: Western blots showing 
autophosphorylated-T287 CaMKII (p-CaMKII) and total CaMKII (t-CaMKII) 
in WT and CPVT hiPSC–derived cardiomyocytes with WT or CaMKIIδM308V 
at baseline and after isoproterenol treatment. Quantification is shown in 
right panels (n = 3 in each group). *P < 0.05; **P < 0.01; ****P < 0.0001 by 
1-way ANOVA with Tukey’s multiple-comparisons test (D and E).
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dicted off-target genes (CaMKIIα, CaMKIIβ, CaMKIIγ, cTnT5, PLEC, 
WDR33, STMP1, SLC6A19, and LOC105376183) were amplified from 
all 4 iPSC lines and Sanger sequenced.

Statistics. Statistical analysis between 2 groups was calculated  
by 2-tailed Student’s t test and 1-way ANOVA with Tukey’s mul-
tiple-comparisons test for more than 2-group comparisons unless 
otherwise specified. Statistical analysis of differences between cate-
gorical data was done using Fisher’s exact test. The Kds for the CaM-
KII CaM-binding peptides were calculated using GraphPad Prism 7 
software nonlinear regression 1-site-specific binding analysis. The 
D’Agostino-Pearson test was performed to test for normality. For 
non-normally distributed data, the Mann-Whitney test was used to 
test for statistical significance. Statistical values are NS > 0.05, *P < 
0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001, unless otherwise 
specified. Bars denote mean ± SEM. All statistical analyses were done 
using GraphPad Prism software.
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4°C. Resin was washed 3 times with wash buffer (50 mM Tris-HCl 
pH 7.5, 1 mM CaCl2, 1 mM magnesium acetate, 1 mM DTT, protease 
inhibitors), followed by 2 washes with 1 M NaCl wash buffer (50 mM 
HEPES pH 7.5, 1 M NaCl, 1 mM CaCl2, 1 mM magnesium acetate, 
1 mM DTT, protease inhibitors), and 2 washes with 1 M NaCl wash 
buffer without protease inhibitors. CaMKII was eluted from the res-
in in 5 fractions of elution buffer (50 mM HEPES pH 7.5, 100 mM 
NaCl, 2.5 mM EDTA, 1 mM DTT). Protein fractions were dialyzed 
overnight at 4°C into storage buffer (50 mM HEPES pH 7.5, 1 mM 
EDTA, 50% glycerol, 10% ethylene glycol). The fractions containing 
CaMKII protein were determined by SDS-PAGE. The experiments 
shown in Figure 1 were done using C-terminally 6×His-tagged WT 
CaMKII. WT MICAL1 gene was subcloned into the pET-28a vector 
(Novagen; kanamycin resistance with N-terminal 6×His tag). WT 
MICAL1 full-length recombinant proteins and mutant MICAL1 pro-
teins were generated using an E. coli bacterial expression system, as 
described previously (8, 17). MSRA and MSRB proteins were gener-
ated by Geumsoo Kim (National Heart, Lung, and Blood Institute), 
as described previously (58). Mutagenesis of MICAL1 and CaMKIIδ 
cDNA was performed using the QuikChange Lightning Site-Direct-
ed Mutagenesis Kit from Agilent Technologies. Introduction of the 
various mutations was confirmed using Sanger sequencing at the 
Johns Hopkins University Genetics Resources Core Facility. Recom-
binant WT CaM was generated as described previously (22).

MICAL1 activity assessed by NADPH absorbance at 340 nm. The 
enzymatic activity of MICAL1 recombinant proteins (100 nM) was 
monitored by the rate of NADPH consumption, measured as decreas-
ing light absorbance at 340 nm, as described previously (17, 19). All 
reactions were done in 50 mM HEPES buffer, pH 7.4. To obtain 
MICAL1 kinetics with CaMKII, reactions were performed at various 
NADPH concentrations (50, 100, and 150 μM). Kinetic values were 
derived using the initial slope of NADPH consumption. WT and 
MICAL1 R116H (100 nM) activities were measured with CaMKII (100 
nM) using NADPH (200 μM).

hiPSC studies
hiPSC maintenance and genome editing. All the iPSC lines in this study 
were maintained in mTeSR1 medium (STEMCELL Technologies) and 
passaged in Versene Solution (15040066, Thermo Fisher Scientific) 
every 5 days. Culture dishes were precoated with Geltrex (Thermo 
Fisher Scientific) diluted 1:100. The procedures for CRISPR/Cas9 
genome editing were described in detail in a previous publication 
(59). To introduce the M308V mutation in CaMKIIδ, we first syn-
thesized the single-stranded gRNA (EnGen RNA synthesis kit, New 
England BioLabs): 5′-CTGGCTACAAGGAATTTCTC-3′. We then 
transfected the gRNA along with a targeted donor template (5′-CACT-
GACT T T TGTGT TCTAAT T T T T T TCACAGGGTGCCATCT T-
GACAACTGTGCTAGCCACCAGAAATTTCTCAGGTACATG-
CATTGGGAACTCTGCTTC-3′) into both WT hiPSCs containing a 
doxycycline-inducible Cas9 allele and an isogenic iPSC line harboring 
the RYR2 mutation R4651I (RYR2R4651I/WT). After exposure to doxycy-
cline (5 μM) for 18 hours, cells were plated at low density to isolate sin-
gle cells. A 300-bp region surrounding the target site was amplified 
by PCR and positive colonies were identified by restriction digestion 
with NheI. Introduction of the homozygous M308V mutation was 
confirmed by Sanger sequencing. We predicted Cas9-gRNA off-target 
sites using http://crispr.mit.edu/. Amplicons containing the top pre-
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