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Abstract:

Background - Calmodulin (CaM) is encoded by three genes, CALM1, CALM2, and CALM3, all 

of which harbor pathogenic variants linked to long QT syndrome (LQTS) with early and severe 

expressivity.  These LQTS-causative variants reduce CaM affinity to Ca2+ and alter the 

properties of the cardiac L-type calcium channel (CaV1.2).  CaM also modulates NaV1.5 and the 

ryanodine receptor, RyR2.  All of these interactions may play a role in disease pathogenesis. 

Here, we determine the spectrum and prevalence of pathogenic CaM variants in a cohort of 

genetically elusive LQTS, and functionally characterize the novel variants. 

Methods and Results - Thirty-nine genetically elusive LQTS cases underwent whole exome 

sequencing to identify CaM variants.  Non-synonymous CaM variants were overrepresented

significantly in this heretofore LQTS cohort (15.4%) compared to exome aggregation consortium 

(0.04%; p<0.0001).  When the clinical sequelae of these 6 CaM-positive cases was compared to 

the 33 CaM-negative cases, CaM-positive cases had a more severe phenotype with an average 

age of onset of 8 months, an average QTc of 679 ms, and a high prevalence of cardiac arrest. 

Functional characterization of one novel variant, E141G-CaM, revealed an 11-fold reduction in 

Ca2+ binding affinity and a functionally-dominant loss of inactivation in CaV1.2, mild 

accentuation in NaV1.5 late current, but no effect on intracellular RyR2-mediated calcium

release.   

Conclusions - Overall, 15% of our genetically elusive LQTS cohort harbored non-synonymous 

variants in CaM.  Genetic testing of CALM1-3 should be pursued for individuals with LQTS,

especially those with early childhood cardiac arrest, extreme QT prolongation, and a negative 

family history. 

Key words: calmodulin; L-type calcium channels; long QT syndrome; ryanodine receptor; 
sodium channels 
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Introduction

Calmodulin (CaM) is an essential Ca2+ sensing, signal-transducing protein.  Calcium-induced 

activation of CaM regulates many calcium-dependent processes and modulates the function of 

cardiac ion channels including the long QT syndrome (LQTS)-associated CACNA1C-encoded

CaV1.2 calcium channel and SCN5A-encoded NaV1.5 sodium channel, as well as the 

catecholaminergic polymorphic ventricular tachycardia (CPVT)-associated RYR2-encoded 

ryanodine receptor.1-3  Interestingly, there are three calmodulin genes, CALM1 (chr14q31),

CALM2 (chr2p21), and CALM3 (chr19q13),4 with unique nucleotide sequences that all encode 

for a completely identical 149 amino acid CaM protein,5, 6 which are expressed differentially in 

the human heart.7  

Variants in all three of the calmodulin genes (CALM1, CALM2, and CALM3) have been 

described recently in LQTS.7-9 LQTS is a disorder of ventricular myocardial repolarization 

characterized by the prolongation of the heart-rate corrected QT interval (QTc) on a resting 

electrocardiogram (ECG), manifesting clinically as syncope, seizures, or sudden death in the 

setting of a structurally normal heart.  In 2013, whole exome sequencing (WES) was utilized on 

two parent-child trios of severe cases of LQTS presenting during infancy yielding de novo

variants in CALM1 and CALM2.7 Follow-up cohort analysis identified two additional LQTS 

patients with variants in CALM1.  Since then, additional CALM2 variants have also been 

identified in cases of LQTS and LQTS/CPVT overlap phenotypes.8 Finally, a variant was 

identified in CALM3-encoded CaM in a severe case of LQTS.9

All of the identified LQTS-associated variants in CaM characterized to date have reduced 

affinity for Ca2+ and attenuated CaV1.2 inactivation through the loss of calcium dependent 

inactivation (CDI).7, 8, 10, 11 Here, we describe the spectrum, prevalence, and functional 

he human heart.7  

VaV rianants iin n all three of the calmodulin geneses (CALM1, CALM2, aandn  CALM3)3 have been 

dededescccribed recececentntntlylyly in n LQLQLQTSTSTS..7-9 LQLQLQTSTSTS iiisss a dddisisisoroo derrr ooof vvenenentrtrtriciciculu ararar mmmyoyoyocacacardrdrdial rererepopopolalalarirr zazaatititiononon 

chchharrraca terized bybyy thhhe prororolonggatatatioioi n offf ttheee hhhearrrt--rate coorrererectctctededd QQQT iiintttervalll (QQQTTcTc)) ) on aaa rreeestttinngng

electrocardiogram (E(EECGCGC ),)  maaanininifeff sts ingg clinicallyy aaas s syyncopoppe,e,e, seie zures,s ooorr r sudden death in the

eettttining g g ofof aa sstrtrucuctuturaralllly y y nonormrmalal hheaeartrt.. IIn n 20201313, , , whwholole e exexomome e seseququq enencicingngg (W(W( ESES))) wwasas uutitililizezed d onon 
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consequence of novel CaM variants identified within our cohort of 39 unrelated patients with 

genetically elusive LQTS. 

Methods

Study subjects 

The study population consisted of 39 unrelated patients with clinically diagnosed LQTS with a 

Schwartz score (Table 1) that were referred to the Windland Smith Rice Sudden Death 

Genomics Laboratory at Mayo Clinic, Rochester, MN for genetic testing.  All 39 patients were 

genotype-negative for all known LQTS-susceptibility genes: AKAP9, ANKB, CACNA1C, CAV3,

KCNE1, KCNE2, KCNH2, KCNJ2, KCNJ5, KCNQ1, SCN4B, SCN5A, SNTA1, and TRDN.

Thus, the 39 cases tested here represent those patients that would fall within the estimated 20% 

remnant of patients with a clinically certain diagnosis of LQTS, yet remain without an identified 

genetic cause following genetic testing of all currently known LQTS susceptibility genes. This 

study was approved by the Mayo Foundation Institutional Review Board and informed consent 

was obtained for all patients.   

Whole Exome Sequencing (WES) with Targeted Calmodulin Gene Analysis

All 39 LQTS patients underwent WES and subsequent calmodulin (CaM) gene (CALM1,

CALM2, and CALM3) specific analysis. Briefly, paired-end libraries were prepared following 

the manufacturer’s protocol (Illumina, San Diego, CA and Agilent, Santa Clara, CA) using the 

Bravo liquid handler from Agilent.  Whole exon capture was carried out using the protocol for 

Agilent’s SureSelect Human All Exon v4 + UTRs kit. Exome libraries were loaded onto TruSeq 

Rapid run paired end flow cells at concentrations of 9 pM to generate cluster densities of 

600,000-800,000/mm2 following Illumina’s standard protocol using the Illumina cBot and 

KCNE1, KCNE2, KCNH2, KCNJ2, KCNJ5, KCNQ1, SCN4B, SCN5A, SNTA1, anannddd TRTRTRDNDNDN..NN

Thus, ththe e 39 ccaseses tested here represent those patieentn s that would fall wiiththin the estimated 20% 

eeemmnmnant of ppataa ieieientntnts wiwiwiththth aaa ccclil nininicacacalllllly y y cececertrtrtaiaa n nn dididiagaa nooosiis ofoff LLLQTQTQTS, yyyettt rrremememaiaiain nn wiithththouououttt ana idididenenentititifififiedee  

gegeeneneetic cause follllooowinnng geneeetiiic cc testininng g oof allll cccurreeentttlyy kkknnnownwnwn LQTQTQTS susssceeepttitibbibility gggeenenees. Thiiis 

tudy was approvedd bbby y y tht e MaMaMayoyoyo Founddation Instttititi utu ional l ReReReviv ew Boaoaardrdrd and informed consent 

wawas s obobtatainineded fforor aallll pppatatieientnts.s.  
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TruSeq Rapid Paired end cluster kit version 1. The flow cells were sequenced as 100 X 2 paired 

end reads on an Illumina HiSeq 2500 using TruSeq Rapid SBS kit version 1 and HiSeq data 

collection version 2.0.12.0 software. Base-calling was performed using Illumina’s RTA version 

1.17.21.3.

The Illumina paired end reads were aligned to the hg19 reference genome using 

Novoalign 2.08 (http://novocraft.com) followed by the sorting and marking of duplicate reads 

using Picard (http://picard.sourceforge.net). Local realignment of INDELs and base quality score 

recalibration were then performed using the Genome Analysis Toolkit 2.7-4 (GATK).12 Single 

nucleotide variants (SNVs) and insertions/deletions (INDELs) were called across all of the 

samples simultaneously using GATK's Unified Genotyper with variant quality score 

recalibration.13

Following the Mayo Clinic bioinformatics pipeline analysis, the data was provided in 

comprehensive Microsoft Excel (Redmond, WA) spreadsheet with all of the identified variants 

across WES samples.  Using filter functions in Microsoft Excel, we searched for variants within 

CALM1 (NM_006888), CALM2 (NM_001743), and CALM3 (NM_005184) that had a genotype 

call quality score of > 20 and a read depth of > 10. To be considered as a putative pathogenic 

variant, the identified CaM variants had to be i) non-synonymous (amino acid altering), ii) 

involve a highly conserved amino acid, iii) and absent in the Exome Aggregation Consortium 

(ExAC , n=60,706) database.14 All CaM variants identified through WES were Sanger sequence 

verified. Primer sequences and conditions are available upon request. 

Functional Analysis 

The novel CaM variant (p.E141G) was characterized functionally using Ca2+ binding assays and 

patch-clamp electrophysiological recording to assess its pathogenicity.

amples simultaneously using GATK's Unified Genotyper with variant quality sccocorerere 

ecalibrbrattion..13

Followowwinininggg thhe e e MaMaMayoyoyo CClililinininiccc bibib oioioinfnfnforrrmamamatics piiipellininineee anananalysysysisiss,,, ththt eee dadadata wwwasasas ppprororoviidededed d d ininin 

cocoompmpmprehensive MiMiMicrosssoooft Exxxceceel (Rededdmmmonnd, WWAW ) spspspreadadadshssheeettt witthth all offf ttthe ididdene tififiiededd vvvarrrianttts

across WES samplesess. . . UUsinggg fffilililtett r funcctions in MMMicici rosoft EEExcxx ele , we sseaeaearcrcrched for variants within 

CACALMLM11 (N(N( MM_000068688888))),,, CACALMLM22 (N(N( MM_000017174343))),,, anand d CACALMLM33 (N(N( MM_000051518484))) ththatat hhadad aa gggenenototypypypee
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Generation of recombinant CaM and measurement of Ca2+ binding to CaM

Wildtype and mutant CaM proteins were prepared and the Ca2+ affinities for WT- and E141G-

CaM were determined using methods previously described.7

CaM mammalian expression vectors and site-directed mutagenesis  

The EGFP-HA-CaM (EGFP: enhanced green florescent protein) vector, kindly provided by Dr. 

Emanuel Strehler, Mayo Clinic, Rochester, MN, was used for the heterologous expression 

electrophysiology studies of CaV1.2 and NaV1.5 in TSA201 cells.  The p.E141G missense variant 

was engineered into EGFP-HA-CaM vector using primers containing the missense variant 

(available upon request) in combination with the Quikchange II XL Site-Directed Mutagenesis 

Kit (Stratagene, La Jolla, CA). The integrity of all constructs was verified by DNA sequencing.  

Heterologous expression and electrophysiological analysis of CaV1.2 co-expressed with WT- 

or E141G-CaM

The constructs utilized to recapitulate CaV1.2 have been described previously.15  TSA201 cells 

were cultured in Dulbecco’s Modification of Eagle’s Medium supplemented with 10% Fetal 

Bovine Serum (FBS), 1.0% L-glutamine, and 1.2% penicillin/streptomycin solution in a 5% CO2

incubator at 37oC. Heterologous expression of CaV1.2 was accomplished by co-transfec

CACNA1C ([(EYFP)N 1c,77] in pcDNA),15 CACNB2b (in pIRES2-dsRED2),15

CACNA2D1 (in pcDNA3.1)15

(GFP-EV; kindly provided by Dr. Gianrico Farrugia, Mayo Clinic, Rochester MN), EGFP-HA-

CaM-WT, or EGFP-HA-CaM- ,

Carlsbad, CA). The media was replaced with fresh OPTI-MEM after 4-6 hours. Transfected 

TSA201 cells were cultured in OPTI-MEM and incubated for 48 hours and cells exhibiting 

green, red, and yellow fluorescence were selected for electrophysiological experiments. Standard 

Kit (Stratagene, La Jolla, CA). The integrity of all constructs was verified by DNNNA AA sesequququenenencicicingn . 

Heterorolologogog usus expxppression and electrophysiologgiccalalal analysis of CaV1.2 2 coc -expressed with WT

ororor EEE141G-CaCaaMMM

ThThThe ee constructs uuutilllizeddd ttto reccacappipitulatetete CCCaaaV1.222 hhhaveee bbbeeeennn dddessscrrribeddd ppreviooouuuslylyy.1115 TSSA2AA20001 celllls

were cultured in Dulullbebebeccc o’s MoMoModification of Eaglglle’ee s Medididiumumum ssuppplp ememmenenented with 10% Fetal 

BoBovivinene SSererumum (((FBFBS)S)),,, 1.1.0%0% LL-ggglulutatamiminene, , , anand d 1.1.2%2% pppenenicicilillilin/n/ststrereptptp omomycycy inin ssololututioion n inin aa 55% % COCO222
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whole-cell patch clamp technique was used to measure CaV1.2 WT currents co-expressed with 

WT- or E141G-CaM at room temperature (22-24 oC) as described previously.15 In addition, we 

also examined persistent ICaL current, which was measured at the end of a 500 ms long 

depolarization.

Animal use and experiments in ventricular myocytes

The use of animals in this study was approved by the Animal Care and Use Committees of 

Vanderbilt University, Nashville, TN, USA and performed in accordance with National Institutes 

of Health guidelines.  Single ventricular myocytes from 10- to 16-week-old C57BL/6 mice were 

isolated by enzymatic digestion using collagenase as previously described.16  Inactivation of 

CaV1.2 current was studied in freshly isolated murine ventricular myocytes using whole-cell 

patch clamp technique. CaM (total concentration 6 μM for all experiments) was added to pipette 

solution and then dialyzed into the cell via patch pipette. Currents were elicited with 500-ms 

depolarizing pulses to 0 mV from holding potential (HP) of -70 mV applied every 2 minutes to 

track the effect of CaM over time, as it diffuses into the cell. Usually, the effect of CaM on 

inactivation reached its maximum 4-6 min after start of dialysis. 15-ms pre-pulses to -40 mV 

were applied prior to the test pulse to inactivate Na+ currents. Cells were pre-treated with 

ryanodine (50 μM) and thapsigargin (10 μM) for 30 min prior to experiment to prevent 

sarcoplasmic reticulum (SR) Ca2+ release. Experiments were conducted at room temperature. For 

mixing studies, a mixture of 75% of WT CaM and 25% of mutant CaM (total CaM concentration 

6 μM) was used. Tau values represent mono-exponential fit of the last 350 ms of the current 

during depolarizing step.  

In addition, Ca2+ spark measurements to examine RyR2 activity were completed as 

previously described.3

CaV1.2 current was studied in freshly isolated murine ventricular myocytes usinggg whwhwhololole-e-e-cececellllll 

patch clclammpp tetechhninique. CaM (total concentration 6 6 μMμμ  for all experimenntst ) was added to pipette 

oooluuution and tttheheenn n didd alallyzyzyzededed iiintn o o o thththe e e cecec llllll vvviai pppatatatchcc pppipppetteee. CuCuCurrrrr ennntststs wwweree e e e elelelicii itededd wwwititith h h 5000000-msmsms  

dedeepopoolarizing pppulseseses to 0 mV frfrromoo  hololo diiinng poooteeentiaaal (HPHPP) ) ) ofof -7770 mmmVVV appllieeed evevevere y 22 2 mmminnunutttes ttto 

rack the effect of CaCaaM MM over tttimimime, as it diffuses innntotot  the celelell.l.l. UUsuallyyy, thththe ee effect of CaM on 

nnacactitivavatitionon rreaeachcheded iitsts mmaxaximimumum 44-6-6 mminin aaftfterer sstatartrt oof f didialalysysy isis.. 1515-mms s prprp e-e pupup lslseses tto o -440 0 mVmV 
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Heterologous expression and electrophysiological analysis of NaV1.5 co-expressed with WT- 

or E141G-CaM

In order to recapitulate the SCN5A-encoded NaV

voltage-dependent Na+ Genbank accession no.AY148488)  

in the pcDNA3 vector (Invitrogen, Carlsbad, CA) was co- -EV, 

EGFP-HA-CaM-WT, EGFP-HA-CaM- -HA-CaM-

EGFP-HA-CaM-

TSA201 cells were cultured in OPTI-MEM (Gibco, Carlsbad, CA) and incubated for 24 hours 

after transfection and cells exhibiting green fluorescence were selected for electrophysiological 

experiments. Standard whole-cell patch clamp technique was used to measure NaV1.5 WT 

currents co-expressed with WT-CaM, E141G-CaM, or WT-CaM + E141G-CaM (to mimic the 

heterozygous state of the patient) at room temperature as previously described.17 Late INa was 

measured at the end of 700 ms long depolarization.

Statistical analysis 

Data are presented as mean values ± standard error of the mean (SEM) or ± 95% confidence 

intervals. Comparisons were made using one-way ANOVA or Student’s t-test where appropriate 

and p-values < 0.05 were considered significant. Chi square test with Yates correction was 

utilized to derive the p-value to test for the enrichment of variants in the 39 variants versus 

ExAC.14 Categorical comparisons were made using a Fisher’s exact test and p-values < 0.05 

were considered significant. 

Results

Genetic Analysis

Our genetically elusive LQTS cohort consisted of 39 individuals (41% males, average age at

experiments. Standard whole-cell patch clamp technique was used to measure NaaaV1.1.1.555 WTWTWT 

currentsts cco-exexpresessed with WT-CaM, E141G-CaM,M,, or WT-CaM + E1411GG-CaM (to mimic the 

heheheteeerozygousss statatatetete of f f thththe e e papapatit enennt)t)t) atatat roooooom mm teteempmpmperaattuuure asasas ppprererevivv ououusslsly y y dededescscscrirr bed.d.d.177 LaLaLatet IIINNaNa wawawasss

mmemeasasasured at the enenend offf 77700 mmms s s long dddepppooolarizzzaaationnn.

Statistical analysiss 

DaDatata aarere pppreresesentnteded aass memeanan vvalalueues s ± ststanandadardrd eerrrroror oof f ththee memeanan (((SESEM)M)) oor r ± 9595% % coconfnfididenencece 
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diagnosis was 20 ± 18 years, 26% were < 5 years-old).  The average QTc was 538 ± 13 ms, 38% 

experienced syncope, 36% cardiac arrest, and 36% had a positive family history of cardiac 

arrhythmias or sudden unexplained death (Table 1).  

WES revealed 6 CaM missense variants, p.D96V (c.287 A>T, CALM2), p.D130G (c.389

A>G, CALM2), p.D130V (c.389 A>T, CALM2), p.E141G (c.422 A>G, CALM1), and two cases 

with p.F142L (c.426 C>G, CALM1), in a total of 6 of 39 cases (15.4%; Table 2, Figure 1).  Both 

p.D130V and p.E141G represent novel CaM variants.  The, p.D96V, p.D130G, and p.F142L 

CaM variants have been characterized functionally and described previously as LQTS-

susceptibility variants (Table 2).7, 10, 11, 18  Our previously discovered CALM3-variant positive 

child was not included in this cohort of unrelated cases as the child’s variant had been discovered 

by WES and genomic triangulation (proband/parent trio) akin to the previous CALM1 and 

CALM2 discoveries.9

 The p.D96V variant was identified in a female who was diagnosed prenatally with LQTS 

(Figure 1).  She was delivered at term and her first ECG demonstrated a QTc of 690 ms, 2:1 AV 

block, and T-wave alternans (TWA).  She was treated with beta-blockers and discharged.  At 1-

month of age, she experienced her first sudden cardiac arrest (SCA), and a single chamber 

internal cardiac defibrillator (ICD) was implanted.  She developed a brain injury from the SCA

and at 2-years-old developed seizures as a result.  The family history was negative for 

arrhythmias and sudden death.  Parental DNA was unavailable to test for de novo versus familial 

inheritance of the variant.

 The p.D130G variant was identified in a female born at term that was noted to have 

bradycardia (Figure 1).  An ECG, recorded 12 hours after birth, revealed a QTc of 740 ms and 

2:1 AV block.  She was treated with beta-blockers, phenytoin, spironolactone, potassium, and a 

child was not included in this cohort of unrelated cases as the child’s variant had d bebeeenenn dddisisiscococovvev red

by WESES aand ggennomomic triangulation (proband/parentnt trio) akin to the previvious CALM1 and 

CACACALLLM2 discovovo erererieieies.9

The pp.D99696VV vaaarriiant wawawas idennntit fffieeed innn aaa femamamale whwhwho wwwas dddiaaagng osededed prrerennnatallyy y wwiwiththh LQTQTQTS

Figure 1).  She was s s dededelivered d d atatat tere m ana d her firssst tt ECG dededemomom nstratededd aaa QQQTc of 690 ms, 2:1 AV 

blblocock,k,, aandnd TT-wawaveve aaltlterernanansns (T(T( WAWA))).. SShehe wwasas ttrereatateded wwitith h bebetata-b-blolockckerers s anand d didiscschahargrggeded.. AAt t 1-1
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single chamber pacemaker in the first week of life. At 6-years-old, a single chamber ICD was 

implanted and beta-blocker therapy continued.  At 11- and 14-years-old, she experienced 

appropriate ICD discharges for ventricular fibrillation (VF). The family history was negative.

Parental DNA was unavailable.

 The p.D130V variant was identified in a male born with 2:1 AV block in utero (Figure 1).  

QT prolongation (QTc = 800 ms) was documented at birth, macroscopic TWA was observed,

and beta-blocker therapy was initiated.  Echocardiograms at the first month of life showed 

restrictive cardiomyopathy with borderline systolic function.  In his second month of life, he 

developed torsades de pointes, and subsequently had a left T2-T4 sympathetic denervation and 

minimally invasive epicardial ICD. His beta-blocker was combined with sodium channel 

blockers.  At 6-years-old he experienced an appropriate VF-terminating shock after a medication 

dose change by his parents.  His echocardiograms demonstrated dilated cardiomyopathy with 

hypertrabeculation, and continued QT prolongation.  At 7-years-old, he had an additional VF-

terminating shock after missing a single beta-blocker dose.  The family history was negative. The

p.D130V was absent in both parents, thus confirming a de novo occurrence in the child.

 The p.E141G variant was identified in a male with his first unwitnessed syncopal event at 

3 years of age from which he was found unconscious and spontaneously recovered (Figure 1).  

He experienced his first SCA at 4 years of age in which CPR was initiated, and after 30 minutes, 

consciousness was regained.  After his SCA, an ECG revealed a QTc of 610 ms, and he was 

treated subsequently with beta blockers and sodium channel blockers.  His QT prolongation has 

persisted, however the index case is now 11-years-old and has not experienced an episode since 

the initiation of treatment.  An echocardiogram revealed mild LV dilation; however the cardiac 

valves and structure were normal. In addition, it was noted that he has speech and motor skill 

minimally invasive epicardial ICD. His beta-blocker was combined with sodium m chchhanannnenenel l l 

blockeersrs.  Att 66-yeyey ara s-old he experienced an appropopprir ate VF-terminating g shshock after a medication

dododoseee change bybyby hhhisisis ppparararenenentststs. HHHisisis eeechchchococcararardidd ogogogrararams deeemonononstststrararatet d d dddilalalatetet d d d cacacardiooomymymyopopopata hyhyhy wwwititithh h 

hyhyypepeertrabeculationonon, annnd contttinininueuu d QTQTQT ppprrrolongngngation.. AtAtAt 777-yyyeaaars-ooolddd, he hhhaaad aaann n additttiooonaaal VVF---

erminating shock afaffteteter rr missininng g g a sis ngglee beta-blockckckere  dose.e.e.  ThThT e familylyy hhhistoryy was negative. The

p.p.p D1D13030V V wawas s ababsesentnt iin n bobothth pppararenentsts, , , ththusus ccononfifirmrmining g g a a dede nnovovo o ococcucurrrrenencece inin tthehe cchihildld..
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delay. He has negative family history. The p.E141G was not identified in either parent 

confirming a de novo occurrence in the child. 

 The p.F142L variant was identified in a female. Her ECG shortly after birth showed a 

QTc of 612 ms and 2:1 AV block (Figure 1).  Her initial treatment consisted of beta-blockers and 

at 19 months a dual chamber pacemaker was implanted. Shortly thereafter, she had SCA, which 

caused anoxic brain injury and seizure-like syncopal episodes.  After the initiation of this genetic 

investigation, the patient died suddenly.  She was brought to the emergency room for altered 

mental status.  Echocardiogram revealed severely diminished left ventricular systolic 

dysfunction. Soon after arrival she deteriorated to ventricular fibrillation and was unable to be 

resuscitated.  Her autopsy revealed cardiomegaly with dilation and hypertrophy.  She had no 

family history of arrhythmias, and her mother was negative for the p.F142L variant.  The father’s 

sample was unavailable.  

This p.F142L variant was also identified in a male.  He was delivered at term, and 

bradycardia was noted.  This prompted an ECG which revealed a QTc of 620 ms.  He was 

treated with beta-blockers and had a pacemaker placed for atrial pacing.  This combination 

therapy was associated with an attenuation of his QTc down to 540 ms.  Shortly after recruitment 

into our study at 1 year and 3 months of age, this patient died suddenly.  He was placed for a nap 

and was found gasping for air, unconscious and blue, and unfortunately was unable to be 

resuscitated.  Interrogation of his pacemaker showed sinus rhythm with 1:1 conduction just 

before a period of fast VF which stabilized into VT.  He had no prior recorded events on his 

pacemaker.  ECGs were obtained for the parents and siblings, all were normal, and both parents 

were negative for the p.F142L variant, supporting de novo occurrence.  

esuscitated.  Her autopsy revealed cardiomegaly with dilation and hypertrophy.  ShShShe hahahad d d nonono 

familylyy hhistoryryy of f ara rhythmias, and her mother wass nen gative for the p.F1442L2  variant.  The father’s

aaammpmple was unununavavavaiaia laablblbleee..  

This ppp.F1414142L vvvaaarianttt wwwas alssso o iiideeentifffieeed innn aaa mamamalelele. HHe waasss deliveveverreddd aatat termm,m, aannnd 

bradycardia was noteteteddd. .  This prprpromomo pted an ECG whwhwhich revevevealalaledd a QTcTcc ooof ff 620 ms.  He was
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Over-representation of CaM variants in LQTS versus ExAC  

Non-synonymous CaM variants were overrepresented significantly in our LQTS cohort (6/39; 

15.4%) compared to ExAC (23/60,706; 0.04%, p<0.0001; Figure 1).  The 21 rare non-

synonymous CaM variants identified in ExAC are shown in Figure 1 and Supplemental Table 1.

Interestingly, all 8 of the pathogenic CaM residues (D96, N98, D130, D132, D134, Q136, E141, 

and F142)7-9 that are affected in LQTS patients reside within one of the four EF-hands, where 

Ca2+ binds to CaM. Specifically, these pathogenic variants localize to either the third (D96 and 

N98) or fourth (D130, D134, Q136, E141, and F142) EF-hands located in the C-domain (Figure 

1).  Moreover, the side chains of 7 of these 8 residues interact directly with Ca2+. In contrast,

only 4 of the 21 unique variants in ExAC (G24, I28, A103, and A104) reside within an EF-hand

calcium binding loop, however none of them involve a residue whose side chain interacts 

directly with calcium (Figure 1).  In addition, there are two extremely rare protein truncating 

variants (G42* and D51Gfs*5) present in the ExAC browser that were identified in 2/60,706 

individuals.   However, given the severity of CaM-related LQTS, this would suggest that having 

a non-functioning CaM protein from one of six CaM-generating alleles is not pathogenic.14

Demographic and clinical characteristics of patients harboring CaM variants  

Compared to our original LQTS referral cohort that comprised 541 patients in 2005 where the 

average age at diagnosis was 24 ± 16 years, the average QTc was 482 ± 57 ms, and 12% had 

cardiac arrest,19 Table 3 details the differences between LQT1-3 positive and LQT1-3 negative 

cases in this original cohort,19 the CaM-positive cases herein, and the CaM-negative cases that 

still remain genetically elusive.  The average age of CaM-positive patients was significantly 

younger (0.67 years) compared to CaM-negative (23 years; p<0.01; Figure 2A; Table 3).19 In 

addition, the yield of CaM variants was significantly higher in patients < 5-years-old (6/10, 60%)

only 4 of the 21 unique variants in ExAC (G24, I28, A103, and A104) reside withthhininin aan n n EFEFEF---hahahand

calcium m bib nddini g g loloop, however none of them invololvev  a residue whose sidde e chain interacts 

dididireeectc ly with h cacacalclclciuiuiumm (((FiFiFigugugurerr 111).).).  InInIn aadddddditii iooon,n,n, ttthereee aaare tttwowowo exexextremememelelely yy rarararerere prototteieiein n n trtrtrununu cacacatititingngng 

vavaariiianana ts (G42* aaanddd D515151Gfs***5)5)) presenene t t innn theee EEExACACAC brororowwwseeer ttthat wwwere idddeeentitiififiiedee  in 2/2//60600,77706 d

ndividuals.   Howeevevever,rr ggivennn ttthehh sseverity y of CaMMM--related d LQLQLQTS, thiss wwwouoo ld suggest that having 

a a nonon-n fufuncnctitiononining g g CaCaM M prprp ototeiein n frfromom oonene oof f sisix x CaCaM-M-gegeg neneraratitingngg aalllleleleses iis s nonot t papap ththogoggenenicic..14
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compared to patients -old (0/29, 0%, p<0.0001; Figure 2B).   The average QTc was 

significantly longer in CaM- positive patients (679  ± 32 ms) compared to CaM-negative patients

(514 ± 9 ms; p<0.0001; Figure 2C; Table 3).19 In addition, the occurrence of cardiac arrest was 

significantly higher in CaM-positive patients (6/6; 100%) compared to CaM-negative patients 

(8/33; 24%, p<0.001; Figure 2D; Table 3).19  

Functional Characterization 

Since p.D96V, p.D130G, and p.F142L are disruptive functionally (Table 2),7, 10, 11 we 

confidently conclude that these variants are responsible for the LQTS phenotype observed in our 

patients.  Although p.D130V is novel, we believe that because glycine (G) and valine (V) are 

replacing a critical negatively charged aspartic acid (D) known to interact with the positively 

charged calcium ion (Figure 1), p.D130V will functionally and clinically mimic p.D130G.  The 

p.E141G variant was the only variant affecting a novel residue and we therefore characterized it

functionally in this study.  

E141G-CaM impairs Ca2+ binding by CaM

In line with previous observations, the p.E141G variant, located in EF-hand IV of the C-domain 

(Figure 1), decreased the Ca2+ affinity of the C-domain (by 11-fold) but did not significantly alter 

the Ca2+ affinity of the N-domain (Figure 3A). 

E141G-CaM disrupts CaV1.2’s CDI

The previously published LQTS-associated CaM variants significantly impaired CaV1.2 calcium 

dependent inactivation (CDI) leading to a loss of inactivation.11 10 Therefore, we examined the 

effects of p.E141G-CaM on CaV1.2 in a heterologous expression system. Typical CaV1.2

tracings of voltage-dependent activation from CaV1.2 with GFP-EV, WT- and  E141G-CaM are 

shown in Figure 3B with holding potential at -90 mV to various depolarization potentials (see 

eplacing a critical negatively charged aspartic acid (D) known to interact with thhehe ppposssitititivivivelelely yy

chargeged d cac lciuium ioion (Figure 1), p.D130V will funcnctitionally and clinically y y mim mic p.D130G.  The

p.p.p.E11141G variriiananantt t waww s s thththe e e onononlyly vavavariririananant t afafaffeff ctcttinining gg a nnnovvvel rereresisisidududue ananand d wewew tttheheherefoorerere ccchahaharar ctctcterererizizzededed iti

fufuuncncctit onally in thhhisss stuuudyyy.  

E141G-CaM impaairirirs s s CaC 2+ bibibindndn ini g gg byyy CaM
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figure legend). Current-voltage relationship shows that p.E141G-CaM did not change CaV1.2

peak current density (Figure 3C). However, p.E141G-CaM shifted CaV1.2 V1/2 of steady-state 

inactivation 1.9 mV from -16.8 ± 0.23 mV (CaV1.2+WT-CaM; n=11) to -14.9 ± 0.27 mV 

(CaV1.2+E141G-CaM; n=9).  The p.E141G-CaM also shifted CaV1.2 V1/2 of activation -3.9 mV 

from 16.4 ± 0.97 mV (CaV1.2+WT-CaM, n=12) to 12.5 ± 0.76 mV (CaV1.2+E141G-CaM; n=12; 

p < 0.05; Figure 3D).    

CaV1.2+E141G-CaM exhibited much slower fast and slow decay time across the voltages 

+10 mV to +50 mV compared with CaV1.2+WT-CaM (n=10 for each group, p<0.05) (Figure 3E-

F). Typical CaV1.2 current tracings from CaV1.2+EV, WT-CaM, and E141G-CaM are shown in 

Figure 4A. E141G-CaM increased CaV1.2’s persistent current 7.1 fold from 2.1 ± 0.5% (CaV1.2

+ WT-CaM; n=9) to 17.0 ± 3.0% (CaV1.2 + E141G-CaM; n=10, p<0.05; Figure 4B).

We next tested the effect of E141G-CaM in native murine ventricular myocytes.  As in 

our heterologous expression system, E141G-CaM drastically impaired CaV1.2 current 

inactivation without affecting peak currents (Figure 4C-E). Even a 25% fraction of E141G-CaM 

in the presence of 75% WT-CaM was sufficient to significantly impair the CaV1.2 inactivation, 

which is consistent with a dominant negative effect.

E141G-CaM accentuates NaV1.5 late current

Next, we determined if E141G-CaM affected the electrophysiological characteristics of NaV1.5.

Typical INa tracings of voltage-dependent activation from NaV1.5 with GFP-EV, WT- and  

E141G-CaM are shown in Figure 5A with holding potential at -100 mV to various depolarization 

potentials (see figure legend). Current-voltage relationship shows that WT- and E141G-CaM did 

not change NaV1.5 peak current density, voltage-dependent inactivation or activation, or decay 

time (Figure 5B-D). 

Figure 4A. E141G-CaM increased CaV1.2’s persistent current 7.1 fold from 2.1 ±±± 0.0.0.5%5%5% (((CaCaCaVVV111.2

+ WT-CCaMa ; n=n 9)9)) to 17.0 ± 3.0% (CaV1.2 + E141G-G CaM; n=10, p<0.05;5;;  FiF gure 4B).

We nnexeextt t tetetestededd ttthehehe eeefff ececect t t ofofof EEE1414141G11 ---CaCaCaM innn nnnativivve e e mumumurinenene vvvenenentrtrriciciculuu ar mmmyoyoyocycycytet s.s.s.  AsAsAs iiinn n 

ououur hehh terologogg usss eeexpreeessssion sysysystem, , , E1E114441G---CCCaM drrrassstititicccallyy impppaiiired CCaCaVV1...22 cuc rreenenttt 

nactivation withouttt aaafffff ece tingngng pppeaee k currents ((Figuguurerer 4C-E).).). EEEveven a 255% % % frff action of E141G-CaM
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DOI: 10.1161/CIRCGENETICS.115.001323

15

Typical NaV1.5 late current tracings from NaV1.5 with EV, WT-, E141G-CaM, and WT-

CaM+E141G-CaM are shown in Figure 5E. E141G-CaM increased NaV1.5’s late current 1.7-

fold from 0.13 ± 0.01% (NaV1.5+WT-CaM; n=8) to 0.35 ± 0.06% (NaV1.5+E141G-CaM; n=10; 

p<0.05; Figure 5F). However, when WT-CaM was co-expressed with E141G-CaM, there was no 

longer an effect on the NaV1.5 peak late current (Figure 5E-F). This result suggests that unlike 

for Cav1.2, there was no functional dominance of E141G-CaM in the regulation of NaV1.5 late 

currents.

E141G-CaM has no effect on RyR2 Ca2+ release channels and SR Ca2+ handling

CaM variants have also been identified in patients with CPVT,18  leading to activation of RyR2 

SR Ca2+ release channels.3  However, to date, the known LQTS-associated CaM variants have 

exerted no effect or only slightly reduced RyR2 Ca2+ release channel activity.20 Therefore, we 

determined the effect of E141G-CaM on intracellular Ca2+ handling by measuring Ca2+ sparks (a 

measure of RyR2 Ca2+ release channel activity) and found that E141G-CaM had no effect on 

Ca2+ sparks and SR Ca2+ content (Figure 6).

Discussion

Our examination of 39 patients with genetically elusive LQTS identified 6 individuals (15.4%)

that harbored variants in either CALM1 or CALM2. Three of the identified variants, p.D96V, 

p.D130G, and p.F142L, had been published previously in other cases of LQTS,7 one variant 

represented a novel amino acid change at a previously described position, p.D130V, and the final 

variant, p.E141G, was novel.  Within our cohort, CaM variants were overrepresented 

significantly when compared to the publically available databases in essentially a modified 

case:control analysis, which provides additional evidence that single amino acid substitutions 

SR Ca2+ release channels.3  However, to date, the known LQTS-associated CaM vavaaririr ananantststs hhhavavave 

exerted d non  effffect t oro  only slightly reduced RyR2 CaCa2+ release channel acttivivity.20 Therefore, we

dededeteeermined thhhe e efefeffeff ctctt ooof f f E1E1E14144 G-G-G-CaCaCaM M M ononon intntntrararacecc lluuulaaar CCCaaa2+2 hhhanaa dldldliining g g bybyby mmmeaee suuririringngng CCCaa2+ spspsparararksksks ((a

mmemeasasasure of RyRyy 222 CCa2+++ rrreleasssee chc annenen l accctiviiityyy) annnd founununddd thhhaaat E1414141G-CCCaaMaM hhaaad no efefffefecttt on 

Ca2+ sparks and SR CCCaaa2+ contetetentntnt ((Figug re 6).)
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within CaM, particularly those involving calcium-interacting residues in the C-domain, are not 

well tolerated.  

When examining the clinical characteristics of these six patients harboring CaM variants,

we found that they had an early age at onset with the average age of onset at 8 months, average 

QTc of 679 ± 32 ms, and all experienced cardiac arrest (Figure 2, Table 3).19 Moreover, all CaM 

variants were shown to occur as de novo when parental DNA was available for testing, thus 

supporting the malignant nature of LQTS-related CaM variants. These clinical characteristics 

seemed even more severe than those of the previously published  LQT1-3 genotype-positive and 

LQT1-3 genotype-negative LQTS (Table 3),19 and the previously described LQTS7 and 

LQTS/CPVT8 patients with CaM variants (n=10), where the average age at diagnosis was 3

years, the average QTc was 591 ± 22 ms, and 60% experienced cardiac arrest (Table 2). 

However, if we separate the previously described CaM-positive patients into two categories, 

LQTS/CPVT overlap phenotypes and a pure LQTS phenotype, it becomes more apparent that 

LQTS/CPVT patients (n=3)8 may be less severe, as the average age at diagnosis was 7 years, the 

average QTc was 519 ± 53 ms, with only 33% experiencing cardiac arrest.  In contrast, the 

patients with a pure LQTS phenotype (n=7) were similar to our LQTS CaM-positive patients, 

with an average age at diagnosis of 14 months, an average QTc of 622 ± 20 ms, and with 86% 

experiencing cardiac arrest.  This provides evidence that CaM-mediated LQTS is very severe and 

it may be important to delineate these phenotypes, as they may present with different disease 

severities, and the phenotypic presentation may be regulated by distinct underlying mechanisms.  

Therefore, continued studies will be necessary to elucidate the key differences between CaM 

variants and their associated phenotypes.  In addition, children with CaM-mediated LQTS who 

survive will need ongoing surveillance for the potential development of a cardiomyopathy as two 

LQTS/CPVT8 patients with CaM variants (n=10), where the average age at diagnnnosossisisi wwwasasas  333

years, ththe e avere agggee QTc was 591 ± 22 ms, and 60% % exe perienced cardiac ararrest (Table 2). 
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of the CaM variant-positive children who have survived past 5 years of age, and one of the 

deceased patients on autopsy, had developed dilated cardiomyopathy.  It is possible that the 

CaV1.2’s impaired CDI may contribute to diastolic calcium excess that could precipitate 

cardiomyopathic structural remodeling.

CaM modulates the activity of several different ion channels by sensing and transducing 

Ca2+ signals. When Ca2+ levels are raised, CaM binds up to 4 calcium ions, which stabilize an 

open conformation within each domain that mediates interactions with CaM’s targets. Hence, we 

first examined the effects of the E141G variant on the Ca2+ affinity of CaM, and found that this 

mutant resulted in an 11-fold reduction in the Ca2+ affinity of the C-domain. These results are 

comparable to the Ca2+ binding impairments caused by the 8 variants previously associated with 

LQTS or LQTS/CPVT overlap phenotypes (5-54 fold increased dissociation of Ca2+ in the C-

domain, Table 2), 7, 10, 18 suggesting that impaired Ca2+ binding properties in the C-domain is a 

common underlying pathomechanism of LQTS-associated CaM variants.

 These disrupted Ca2+ affinities have direct implications on CaV1.2’s CDI.  Typically, 

CaV1.2 is inactivated with increasing Ca2+ concentrations via a mechanism mediated by the 

binding of CaM. The altered Ca2+ binding properties of CaM, such as with CaM-E141G, would 

therefore be expected to impair CaV1.2’s CDI.  Using whole-cell patch clamp experiments, we 

found that CaM-E141G shifted inactivation 1.9 mV.  These findings were replicated in native 

ventricular myocytes where CaM-E141G again reduced CaV1.2 inactivation, which closely 

parallels what has been noted previously with the other LQTS-associated CaM variants.10, 11   

Because there are three calmodulin genes expressed in the heart, which each encode for 

an identical protein, our heterozygous variant only affects 1/6 of the calmodulin alleles.  

Therefore, we examined the CaM-E141G variant at reduced levels (25:75; mutant:WT), which  

comparable to the Ca2+ binding impairments caused by the 8 variants previously aasssssoccciaiaiateteted d d wiwiwith

LQTS oor LQLQQTST /CCPVP T overlap phenotypes (5-54 ffolold increased dissociaatition of Ca2+ in the C-

dododommmain, Tabllleee 222)),), 7, 10, 1818 sususugggg esesestititingngng thahahattt imimimpapapairiri ed CCCaaa2+ bbbininindididingnn ppprroropepepertrtieieiesss in thehehe CCC-d-d-domommaiaiain n n isisis aaa

cocoommmmmon underlyyyinnng paatthhomececechahh nismmm ooof f LQTSTSTS-asssooociatatatededed CCCaaaM vvvaarariantsss.

These disruptptptededed Ca2+ afafaffifif nities have directctt implicaatititionono ss on CaaVVV1.1.1.2’22 s CDI.  Typically, 
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also maintained a significant effect on inactivation. This suggests that p.E141G has a dominant 

negative effect and is capable of causing the disease phenotype. 

 In addition to CaV1.2, it has been established previously that CaM modulates cardiac 

sodium channel inactivation.21 Previously, Yin and colleagues found that LQTS-associated CaM 

variants (D96V, D130G, and F142L) did not affect NaV1.5; however D130G led to a 7.5-fold 

increase in fetal NaV1.5 late current.11 They hypothesized that because CaM-mediated LQTS has 

an early age of onset, the variants may only affect the fetal isoform of the sodium channel. 

However, because there have been associations of CaM with the adult isoform of NaV1.5, we 

wanted to determine whether CaM-E141G may have an effect on channel gating function. Our 

studies showed that the E141G variant led to a 1.7-fold increase in NaVl.5 late current when 

expressed as a homozygote.  This makes our CaM-E141G variant the first CaM variant shown to 

affect the adult isoform of the cardiac sodium channel.  Interestingly, however, when E141G was 

expressed with wild-type CaM – mimicking a heterozygote patient – the NaV1.5 late current was 

normalized.  This differs from the effect of E141G-CaM on CaV1.2, where even a 3-fold excess 

of WT CaM failed to normalize CaV1.2 inactivation.  

It has been established that CPVT-associated CaM variants18 affect the functioning of 

RYR2- encoded ryanodine receptor (RyR2), leading to greater open probability of the channel.3

Because one previously reported LQTS associated CaM variant (N98S) also activates RyR2 and 

can cause CPVT as well as LQTS,3 we examined the effect of p.E141G on RyR2 Ca2+ release 

channel activity.  The p.E141G variant had no effect on Ca2+ sparks, a measure of RyR2 Ca2+

release channel activity, and did not affect SR Ca2+ content. Hence, our results continue to 

support the emerging evidence that LQTS-associated CaM variants do not affect RyR2, whereas 

CPVT-associated CaM variants perturb RyR2 function. 

tudies showed that the E141G variant led to a 1.7-fold increase in NaVl.5 late cuuurrrenee t t t whwhwhenenen 

expressesed d as aa homomozygote.  This makes our CaMM-EE141G variant the firsrst t CaM variant shown to

afafffeeectc  the aduuultlt iiisososofoormrmrm ooofff thththe cacacardrdrdiaiaiac c sososodidd umumum cchannnnnnel. IIIntntnterereresee tiiinnnglylyly,, , hohohoweww veer,r,r, wwwhehehen nn E1E1E1414141GG G waww s

exexxprprrese sed with wwwilld-tyyypppe CaMaMaM – mimimm ckckcking a heteeerooozyyygogogotet  paaatiennnt – theee NNNaVVV1.1..5 lateee cccururrreeent wwwaaas

normalized.  This diiifffffferere s s frommm ttthehh  effecct of E141GGG-CCaM ooon n n CaCaC V1.2, wwwheheherer  even a 3-fold excess

ofof WWT T CaCaM M fafailileded ttoo nonormrmalalizize e CaCaVVV1.1.22 ininacactitivavatitionon..  
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Conclusion 

We have identified a novel CaM variant p.E141G, which like other LQTS-associated CaM 

variants, disrupts Ca2+ binding and leads to increased CaV1.2 window/persistent current.  In 

addition, p.E141G is the first CaM variant identified to also affect the adult NaV1.5 isoform, 

leading to increased sodium late current.  Overall, we found that 15% of genetically elusive 

LQTS patients harbored a functionally significant CaM variant.  The phenotypic characteristics 

of the CaM-positive individuals from our cohort, combined with the other published cases of 

LQTS-associated CaM variants, suggest that LQTS patients harboring variants in either CALM1-

, CALM2-, or CALM3-encoded CaM present early in life with profound QT prolongation and 

have a high predilection for cardiac arrest and sudden death.  The existing gene panels for LQTS 

genetic testing should now be expanded to include CALM1, CALM2, and CALM3.
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Table 1: Demographics of our genotype negative LQTS cohort

Number of Probands 39

Age at Diagnosis, years ± SD 20 ± 18 

Range 0-65 

< 5 years of age (%) 10 (26) 

29 (74) 

Males (%) 16 (41) 

QTc, ms ± SEM 538 ± 13

Syncope (%) 15 (38) 

Cardiac Arrest (%) 14 (36) 

Positive Family History (%) 14 (36) 

29 (74) 

Maleesss (%(%(%))) 16 (41) 

QTQTQ ccc, ms ± SEM 5388 ±±± 11313

Syncope (%) 151515 (383838) ) ) 
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Table 2: CaM Variants in LQTS and LQTS/CPVT Overlap Phenotypes.

Study Variants Gene Disease Sex Race QTc 
(ms)

Age at 
diagnosis Events

Increased Ca2+

Dissociation
C-Domain

CaV1.2 NaV1.5 RyR2

Crotti p.D96V CALM2 LQTS F Hispanic 690 prenatal Cardiac arrest 14-fold Loss of CDI No effect No effect

Boczek p.D96V CALM2 LQTS F Hispanic 690 prenatal Cardiac arrest 14-fold Loss of CDI No effect No effect

Makita p.N98I CALM2 LQTS M White – 
England 555 17 months Cardiac arrest 7-fold NA NA NA

Makita/ 
Nyegaard p.N98S CALM2 LQTS/ 

CPVT M Japanese 478 5 years Syncope during 
exertion

1.7-fold
decreased affinity

1.6-fold
decrease in CDI NA Greater open 

probability

Crotti p.D130G CALM1 LQTS F White – 
Italy 630 6 months Cardiac arrest 54-fold Loss of CDI 7.5-fold increase in fetal 

NaV1.5 late current
Lower binding 

affinity

Crotti p.D130G CALM1 LQTS M Grecian 610 1 month Cardiac arrest 54-fold Loss of CDI 7.5-fold increase in fetal 
NaV1.5 late current

Lower binding 
affinity

Reed p.D130G CALM3 LQTS M White 690 birth None 54-fold Loss of CDI 7.5-fold increase in fetal 
NaV1.5 late current 

Lower binding 
affinity

Boczek p.D130G CALM2 LQTS F Indian 740 birth Cardiac arrest 54-fold Loss of CDI 7.5-fold increase in fetal 
NaV1.5 late current

Lower binding 
affinity

Boczek p.D130V CALM2 LQTS M White 800 birth Cardiac arrest NA NA NA NA

Makita p.D132E CALM2 LQTS/ 
CPVT F White – 

Germany 578 <9 years Exercise induced 
syncope 23-fold NA NA NA

Makita p.D134H CALM2 LQTS F Japanese 579 6 years Cardiac arrest 13-fold NA NA NA

Makita p.Q136P CALM2 LQTS/ 
CPVT F Morracan 500 8 years Syncope – SCD age 

11 9-fold NA NA NA

Boczek p.E141G CALM1 LQTS M Indian 610 4 years Cardiac arrest 11-fold
decreased affinity

8.1-fold increase in 
CaV1.2 late current

2.7-fold increase in NaV1.5 
late current No effect

Crotti p.F142L CALM1 LQTS F White – 
Italy 600 prenatal? Cardiac arrest 5-fold Yes – loss of CDI No effect Lower binding 

affinity

Boczek p.F142L CALM1 LQTS F Black 612 birth Cardiac arrest – 
SCD 2 5-fold Yes – loss of CDI No effect Lower binding 

affinity

Boczek p.F142L CALM1 LQTS M Hispanic 620 birth SCD – 1 year 5-fold Yes – loss of CDI No effect Lower binding 
affinity

Bold represents CaM positive individuals identified in our cohort of 39 LQTS patients.3, 7-11, 18

NA represents when the test has not been performed
SCD stands for sudden cardiac death

p.N98S CALM2 CPVT M Japanese 478 5 years exertion decreased affinity decrease in CDI NANN pro

p.D130G CALM1 LQTS F White – 
Italy 630 6 months Cardiac arrest 54-fold Loss of CDI 7.5-ffofoldd iinnncreeaasaseee ininn fffetetetalalal 

NaaVVV1.1 555 lalaattete cccurururrererentntnt
Lowe

afafa

p.D130G CALM1 LQTS M Grecian 610 1 month Cardiac arrest 54-fold Loss of CDI 7.5-fold increase in fetal 
NaV1.5 late current

Lowe
af

pp.p.D1D13330G CALMM333 LQTS M White 690 birth None 54-fold Loss of CDI 7.5-fold increase in fetal 
NaVV1.5 late current 

Lowe
af

p.DDD130G CALM2 LQTTTS F IIIndian 740 bbirthhh Caardiiac arreeest 545 -folld Loss of CCCDIII 7.7.7.55-fold iiincnn rererease iiin fffetetetal 
NaV1.5 5 lalateee currrrenntnt

LoLoweww
af

pp.p D1D11303 V CALM2 LQTTTS M White 808 0 bbbiri thhh Caaardiiiac arreeest NAAA NA NANAA

p.D1132322EEE CACACALMLMLM2 LQLQLQTTTS/
CPVT F FF WhWhWhitii e – 

Germany 575757888 <9 yearss ExExExererciciisesese iindndnduucuced 
syncope 232323-fof ldldld NANANA NA

p.D134H CALM2 LQTS FFF JaJaJapapapaneneesesee 575757999 6 66 yeyeyearararsss CaCaCardrdrdiaiaiaccc ararrrrereststst 13133--ffofoldldd NANANA NA

p.Q136P CALM2 LQTS/ 
CPCPVTVT FF MoM rracan 505000 8 years SySySyncnccopopopee –– SCSCSCDDD agagageee 

1111 9-fof dld NANA NA

1111 fofoldld 88 11 fofoldld iincncrereasasee inin 22 77 fofoldld iincncrereasasee inin NNaa 11 55
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Table 3: Demographics of CaM-positive, CaM-negative compared to a previously published 

cohort of 541 cases of LQTS 

CaM-
Positive 

(n=6) 

CaM-
Negative 
(n=33) 

LQT1-3 
Positive19

(n=272)* 

LQT1-3 
Negative19

(n=269)† 

Male/Female 3/3 13/20 94/178 89/180 

Age at Diagnosis years ± SD 0.67 ± 2 23 ± 18 23 ± 16 25 ± 16 

QTc, ms ± SEM 679 ± 32 514 ± 9 494 ± 51 470 ± 60 

Cardiac Arrest (%) 100 29 13 12

*LQT1-3 Positive represents individuals who were positive for putative pathogenic variants in KCNQ1, 
KCNH2, or SCN5A from a larger cohort of 541 unrelated individuals with LQTS from a previously published 
study.19

†LQT1-3 Negative represents individuals who were negative for putative pathogenic variants in KCNQ1, 
KCNH2, or SCN5A from a larger cohort of 541 unrelated individuals with LQT from a previously published 
study.19   

Figure Legends:

Figure 1: CaM variants identified in individuals with LQTS and the publically available 

databases. On the right is a schematic rendering of the CaM protein highlighting the N-domain 

and C-domain, each containing two EF hands (labeled EF-I through EF-IV) with Ca2+ (pink)

bound. White circles represent the WT residues, red circles represent the variant residues found 

QTc, ms ± SEM 679 ± 32 514 ± 9 494 ± 51 474770 0 0 ±±± 606060 

CaCaCardrdrdiaiaiaccc ArArArrrrest (%) 100 29 13 12

*L*LQQQT1-3 Positive rereppresenenenttts indddiviviviiidualslss wwhooo wwwereee ppositiveveve forr pppututtatatativvve paaathhhogo eniccc vvvarriiaiannnts in KCKCKCNQ1Q1Q1, NNNN
KCKCKCNNHNH2, or SCN5AAA fffrom a llargerrr cccohoo ort ofofo 5541411 unrrrellated innndivvvidididuuualsss wwwith LQQQTS fffrrrommm aaa pprpreviouususllyly pppubbblishhheddd 
tududdy.y.y.191

†LQT1-33 NNegative reprpresesents inddivivididuals who were negagag tit ve for ppututata ive pathoggennic variants in KCNQ1, 
KCNH2, or SCN5A frooommm a a a lalalargrgrgererer ccohohohororort t t ofofof 555414141 uuunrnrnrelelelatatatededed iiindndndivivividii uauaualslsls wwwititith h h LQLQLQT T T frfrfromomom aaa ppprerr viously published 
tudy.19   
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in our LQTS cohort, black circles represented previously published CaM variants in LQTS, grey

circles represent variant residues found in all three CaM proteins in ExAC.  The bar graph on the 

left compares the frequency of variant positive individuals in the ExAC (23/60,706; 0.04%) to 

our LQTS cohort (6/39; 15.4%; p<0.0001). 

Figure 2: Demographic and clinical characteristics of the CaM-positive patients.  (A) Bar graph 

comparing average age of diagnosis for our CaM-negative cases (23 ± 3 years), and CaM-

positive cases (0.67 ± 0.7 years; p < 0.01). (B) Bar graph comparing the percent CaM-positive 

patients < 5 years of age (6/10; 60 0.0001).  (C) 

Bar graph comparing the QTc of CaM negative patients (514 ± 9 ms) to CaM-positive patients 

(679 ± 32 ms; p < 0.0001). (D) Pie charts comparing the number of patients who had 

experienced cardiac arrest in our CaM-negative (8/33; 24%) versus CaM-positive patients (6/6; 

100%; p < 0.001). Data in (A) and (B) are shown as mean ± SEM.

Figure 3: Ca2+ titration curves for WT- and E141G-CaM and patch clamp analysis in TSA201 

cells. (A) Data were used to derive dissociation constants (Kd

E141G-CaM led to an 11-fold reduction in Ca2+ affinity of CaM C-domain compared to WT-

CaM, whereas N-domain Ca2+ binding was not statistically different. Values are averages of 3 

experiments, and error was determined by analysis of the curve fits. (B) Representative tracings 

of whole cell CaV1.2 current from TSA201 cells expressing CaV1.2+EV, CaV1.2+WT-CaM and 

CaV1.2+E141G-CaM determined from a holding potential -90 mV to testing potential of +70 mV 

in 10 mV increments with 500 ms duration.  (C) Current-voltage relationship for CaV1.2+EV,

CaV1.2+WT-CaM, and CaV1.2+E141G-CaM. All values represent mean SEM. (D)

Bar graph comparing the QTc of CaM negative patients (514 ± 9 ms) to CaM-pooo isisitititiveee pppatatatieieientntn s

679 ± 3232 ms;s; pp < 0.0001). (D) Pie charts compariingngg the number of patieentn s who had 

exexxpepeperienced cacac rdrdrdiaiaiac arararrerereststst iiin nn ououour r r CaCaCaMMM-n-n-negee atatativivive (8/3333; 2224%4%4%) ) ) vevv rsrsrsususus CCCaMaMM--popp siitititiveveve pppatata ieeentntnts ss (6(6(6/6/6/6;;;

101000%0%%; p < 0.0011). Daaataaa in (AAA) ) ) and (B(B(B)) aarre shhhooown asss mmmeaeaean ±±± SSSEMMM.

FiFigugug rere 3:3: CaCa2+ tititrtratatioion n cucurvrveses fforor WWTT- anand d E1E14141G-G-CaCaMM anand d papap tctch h clclamamp p p ananalalysysy isis iin n TSTSA2A20101 
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Inactivation-activation curves of CaV1.2+EV, CaV1.2+WT-CaM and CaV1.2+E141G-CaM (n=8-

12). Steady-state inactivation was determined from a holding potential of -90 mV to pre-pulse of 

20 mV in 10 mV increments with 10 s duration followed by a test pulse of 30 mV with 500 ms 

duration.  I/Imax represents normalized calcium current and G/Gmax represents normalized 

conductance. Fast (E) and slow (F) decay time of CaV1.2+EV, CaV1.2+WT-CaM and 

CaV1.2+E141G-CaM. *P<0.05 vs. CaV1.2+WT-CaM.

Figure 4: E141G-CaM leads to increased CaV1.2 persistent current and alters current 

inactivation without affecting peak current density in murine ventricular myocytes.  (A)

Representative tracings of persistent CaV1.2 current from CaV1.2+EV, CaV1.2+WT-CaM and 

CaV1.2+E141G-CaM determined from a holding potential of -90 mV to +30 mV with 500ms 

duration in TSA201 cells. (B) Group data showing CaV1.2 late current normalized to peak (%) 

for CaV1.2+EV, CaV1.2+WT-CaM, and CaV1.2+E141G-CaM in TSA201 cells. *P<0.05 vs. 

CaV1.2+WT-CaM. (C) Representative examples of traces for each experimental group in murine 

ventricular myocytes. (D) Average current densities (pA/pF) obtained in cells dialyzed with WT- 

or E141G-CaM in murine ventricular myocytes. (E) Effect of E141G-CaM alone or mixed with 

75% WT CaM on inactivation time constant of the CaV1.2 compared to WT-CaM in murine 

ventricular myocytes. Data are mean ± SD. (n=7 *P<0.05; †P<0.001 vs. WT-CaM. ‡P<0.01 vs.

E141G-CaM alone).

Figure 5: E141G-CaM leads to increased NaV1.5 late current.  (A) Representative tracings of 

whole cell NaV1.5 current from TSA201 cells expressing NaV1.5+EV, NaV1.5+WT-CaM, and 

NaV1.5+E141G-CaM determined from a holding potential of -100 mV to testing potential of +90 

Representative tracings of persistent CaV1.2 current from CaV1.2+EV, CaV1.2+WWWTTT--CaCaCaMMM ananand dd 

CaV1.2+2 E1E 411G-CaCaM determined from a holding g popop tet ntial of -90 mV to +30 mV with 500ms

dududuraaation in TSTSTSA2A2A20100 cccelelellslsls.. (B(B(B) ) GrGrGrouououp pp dadadatatata ssshohohowiww nggg CCCaVVV1.1.1.222 lalalatet cccuuurrererentntn nnnororormaliliizezezed d d tototo ppeaeaeak k k (%(%(%)) ) 

fofoor r CCCaV1.2+EV, CCCaV1...2+++WTTT-CCCaM, aaandndd CCCaV1.22+EEE14441G-G-G-CCCaMMM in TSTSTSA2001 celelllsss.. *P<<0<0..0.0555 vvvs.

CaV1.2+WT-CaM. (C(C(C) )) Reprp esesesenenentaative eexampples ofofo  traces s fofofor rr eae ch expxpxperererimii ental group in murine

veventntriricuculalar r mymyyococytyty eses.. (D(D( ) ) ) AvAvereragaggee cucurrrrenent t dedensnsititieiess (p(p(pA/A/pFpFp ) ) ) obobtatainineded iin n cecelllls s didialalyzyzy eded wwitith h WTWT-
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mV in 10 mV increments with 24 ms duration. (B) Current-voltage relationship for NaV1.5+EV, 

NaV1.5+WT-CaM, and NaV1.5+E141G-CaM.  All values represent mean SEM. (C) 

Inactivation-activation curves of NaV1.5+EV, NaV1.5+WT-CaM and NaV1.5+E141G-CaM 

(n=13-15). Steady-state inactivation obtained from a holding potential of -120 mV to pre-pulse 

of 0 mV in 10 mV increments with 976 ms duration followed by a test pulse of 0 mV with 24 ms 

duration.  I/Imax represents normalized sodium current, G/Gmax represents normalized 

conductance. (D) Fast and slow decay time of NaV1.5+EV, NaV1.5+WT-CaM, and 

NaV1.5+E141G-CaM.  (E) Representative tracings of NaV1.5 late current from NaV1.5+EV, 

NaV1.5+WT-CaM, NaV1.5+E141G-CaM, and NaV1.5+WT-CaM+E141G-CaM determined from 

a holding potential of -120 mV to -20 mV with 700ms duration.  (F) Group data showing NaV1.5

late current normalized to peak (%) for NaV1.5+EV, NaV1.5+WT-CaM, NaV1.5+E141G-CaM, 

and NaV1.5+WT-CaM+E141G-CaM. *P<0.05 vs. NaV1.5+WT-CaM. 

Figure 6: E141G-CaM has no effect on Ca2+ sparks and SR Ca2+ content. (A) Representative 

line-scan images of Ca2+ sparks in permeabilized mouse ventricular myocytes in CaM-free 

(vehicle), WT-CaM, and E141G- (B) Average Ca2+ spark 

frequency and (C) Ca2+ spark amplitude.  Data are mean ± SD (n=20). (D) Line scan (top) and 

(bottom) line plot (red arrow) examples of SR Ca2+ content evaluated by 10 mM caffeine-evoked 

Ca2+ transient in CaM-free (vehicle), WT-CaM, and E141G-CaM in the presence of AIP2 

(E) Average SR Ca2+ content. Data are mean ± SD (n=4).

a holding potential of -120 mV to -20 mV with 700ms duration. (F) Group data ssshohohowiwwingngng NNNaaaVV1.5

ate curururrererentntn nnnoroo mamamalized to peak (%) for Naff V1.5+EVVV,,, NaV1.5+WT-CaM,, NNNaV1.5+E141G-CaM, 

ananand d d NaV1.5++WTWTWT-C-C-CaMaMM+E+E+E1414141GGG-C-C-CaMaMaM. *P*P*P<000.0.0.0555 vs. NNNaVV1.1.1.5+5+5+WTWW ---CCaCaM.M.M  

Figure 6: E141G-CaCaCaM MM has nonoo eeefffece t onn Ca2+ spapap rkrkrks s and SRSRSR CCaa2+ conntetetentntnt. (A(A( ))) Representative 

iiinenene--scscscananan iiimamamagegegesss ofofof CCCaaa2+2+ ssspapaparkrkrksss ininin pppererermememeabababilililizizizededed mmmououousesese vvvenenentrtrtriciciculululararar mmmyoyoyocycycytetetesss ininin CCCaMaMaM--frfrfreeeeee














