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Abstract

Here we report the structure of the widely utilized calmodulin (CaM)-dependent protein kinase II 

(CaMKII) inhibitor KN93 bound to the Ca2+-sensing protein CaM. KN93 is widely believed to 

inhibit CaMKII by binding to the kinase. The CaM-KN93 interaction is significant as it can 

interfere with the interaction between CaM and it’s physiological targets, thereby raising the 

possibility of ascribing modified protein function to CaMKII phosphorylation while concealing a 

CaM–protein interaction. NMR spectroscopy, stopped-flow kinetic measurements, and x-ray 

crystallography were used to characterize the structure and biophysical properties of the CaM-

KN93 interaction. We then investigated the functional properties of the cardiac Na+ channel 

(NaV1.5) and ryanodine receptor (RyR2). We find that KN93 disrupts a high affinity CaM-NaV1.5 

interaction and alters channel function independent of CaMKII. Moreover, KN93 increases RyR2 
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Ca2+ release in cardiomyocytes independent of CaMKII. Therefore, when interpreting KN93 data, 

targets other than CaMKII need to be considered.
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1. INTRODUCTION

In excitable cells such as cardiomyocytes, Ca2+ sensing proteins transduce changes in 

intracellular Ca2+ concentration into protein-protein interactions that modulate and regulate 

aspects of cellular function. Calmodulin (CaM) and Ca2+ calmodulin dependent protein 

kinase II, (CaMKII)) have significant roles in these processes [1,2] and as such have been 

the topic of immense investigation. To date, PubMed contains more than forty thousand 

reports on various aspects of CaM structure and function, and greater than twenty one 

thousand reports pertaining to CaMKII. Intriguingly, these two proteins are ascribed to 

directly regulating and modulating many of the same proteins [1,3,4].

Structurally, CaM consists of two globular domains connected by a flexible linker [5]. Each 

domain contains two EF-hand motifs which bind a total of 4 Ca2+ ions per CaM molecule 

[6]. In isolation there is a 6–10-fold difference in Ca2+ binding affinity between the -N and -

C domains [7–9] as well as differences in kinetics of Ca2+ binding [10] that allow CaM to 

sense and transduce changes in Ca2+ over a wide range of concentrations (nM to mM). Ca2+ 

binding to CaM drives conformational changes that expose hydrophobic residues used for 

interacting with a wide range of cellular proteins. Many CaM interactions have been 

characterized, and patterns in binding sequence, and conformations used for interaction have 

been identified and described [2,11].
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In addition to directly modifying the function of many proteins (including ion channels), 

CaM can also activate CaM dependent kinases, such as CaMKII. CaMKII is comprised of 

12 monomeric subunits that arrange to form a dodecameric structure. In the presence of 

Ca2+, one CaM molecule can bind to each CaMKII monomer. This interaction can release a 

CaMKII domain, which can then phosphorylate a target protein. Once CaM is bound to 

CaMKII, a domain can auto-phosphorylate a neighboring CaMKII domain and thereby 

remove the CaM binding dependence for activity [12]. Effects of CaMKII phosphorylation 

can be controversial and the mechanistic details of CaMKII interactions and how 

phosphorylation modifies the target protein function are often unclear or unknown.

The small molecule KN93 and the autocamtide-2-related inhibitory peptide (AIP) are 

commonly used in experiments for inhibiting CaMKII activity. KN93 has been one of the 

most widely used inhibitors for investigating in vivo function of CaMKII [13]. This CaMKII 

inhibitor is also often used in cellular assays as it has the advantage of being membrane 

permeable and readily soluble in DMSO at high concentrations (up to 10 mM). Until 

recently it had been generally accepted that KN93 inhibits CaMKII function by competing 

with CaM for the kinase CaM binding site [14]. This assumed CaMKII-KN93 interaction is 

believed to block CaM from binding to CaMKII and prevent the release of the catalytic 

kinase domain, thereby inhibiting phosphorylation activity. KN93 has a relatively high 

degree of inhibition specificity amongst kinases, however several reports note additional 

interactions with other ion channels [13]. Given the awareness of KN93 modifying the 

function of other cellular targets, a control molecule (KN92) is often used to provide 

information about these off-target interactions. KN92 is very similar to KN93 with the main 

difference between the two molecules being a change in stereo chemistry at a central 

nitrogen and the addition of a 2-hydroxyethyl to the sulfonamide nitrogen (Figure 1). The 

alterations in the structure of the KN92 molecule are presumed to prevent KN92 from 

binding in the CaMKII-CaM binding site.

AIP is a short peptide derived from the CaMKII auto-phosphorylation site. It contains a Thr 

to Ala mutation that blocks the ability of CaMKII to phosphorylate itself and thereby 

prevents release of the catalytic domain used for phosphorylation of targets. AIP is regarded 

as being a more specific and potent inhibitor of CaMKII compared to KN93 [15]. Complete 

inhibition of CaMKII activity can be achieved at 1 μM of AIP; where as for KN93,10 μM is 

often used. Interestingly, an IC50 value (concentration that achieves 50% inhibition) of 20 

μM has been reported for KN93 [15], suggesting that under the reported conditions even 10 

μM may not achieve complete CaMKII inhibition. By contrast the AIP IC50 was found to be 

40 nM [15]. Despite these advantages, AIP is often a less attractive approach compared to 

KN93, as it is not readily membrane permeable which can limit the types of experiments 

that can be performed.

Structurally both KN93 and KN92 contain three hydrophobic rings that are spaced ~4 and 

~8 Å apart. We noticed that these hydrophobic rings structurally resemble hydrophobic side 

chains of amino acids that CaM often interacts with in the presence of Ca2+. Given the 

controversial results regarding many CaMKII findings we posited that CaM may interact 

with the KN93 and KN92 molecule in the presence of Ca2+. To our surprise we found that 

CaM interacts with both KN molecules. Moreover our resulting structure of the CaM-KN93 
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complex is such that it could render CaM unavailable for interaction with other proteins. We 

then investigated CaM-modulation of several CaMKII modulated cardiomyocyte proteins 

using both KN93 and AIP. Given the large number of proteins that CaM and CaMKII 

interact with, we have focused our initial investigation to a small subset of CaM/CaMKII 

targets; the cardiac sodium channel (NaV1.5), and the ryanodine receptor (RyR2).

In the literature, the effects of CaM and CaMKII on NaV1.5 and RyR2 are starting to reach 

consensus. Our recent report [16] identified a direct role for CaM in modulating NaV1.5 

function. Specifically we found that CaM engages part of the channel required for gating 

with high affinity, and impairment of this interaction increased the time required for 

channels to recover from inactivation [16]. Others have shown that CaMKII can also directly 

modulate NaV1.5 function. When activated by CaM, CaMKII can phosphorylate parts of the 

NaV1.5 αsubunit [17], and mice containing a phosphomimetic mutation display an enhanced 

late NaV1.5 current [18]. CaM and CaMKII also both directly interact with RyR2 to 

modulate channel function. Phosphorylation of RyR2 by CaMKII enhances spark-detected 

Ca2+ leak [19]. Conversely direct binding of CaM to RyR2 has the opposite effect and 

reduces spark-detected Ca2+ leak [20]. The detailed mechanisms for how these RyR2 

processes occur are complex and still the subject of active inquiry [21]. Stabilization of the 

CaM-RyR2 interaction is being explored and developed as a potential therapeutic approach 

for treating arrhythmia [22].

Here we present the structure of the CaM-KN93 complex and demonstrate that KN93 alters 

NaV1.5 and RyR2 function in a manner that is consistent with impairment of CaM 

modification through different mechanisms. Taken together our results provide structural 

insight into the CaM-KN93 interaction and highlight appropriate considerations for future 

investigations that will enhance our understanding of Ca2+ signaling in excitable cells.

2. RESULTS

2.1 CaM engages multiple KN93 molecules using both domains

NMR resonance frequencies are sensitive to the local electronic environment. Changes in 

resonance frequency (known as chemical shift perturbations) can be used to identify binding 

sites or conformational changes. In the presence of Ca2+, isotopically enriched 15N CaM 

displays a well-dispersed 15N-1H HSQC NMR spectrum, where each cross peak corresponds 

to an amide proton from the CaM backbone or side chain. Upon the addition of the small 

molecule KN93 (dissolved in DMSO) the majority of the cross-peaks were affected (Figures 

2a -left, and S1a). Both the CaM -N and -C domains, as well as the linker that connects them 

displayed numerous chemical shift perturbations (Figure S1g). No changes to the spectrum 

were observed during a control titration with DMSO alone (Figure S1d), indicating that the 

effects are due to CaM interacting with KN93. Next we examined the very similar KN92 

control molecule. We found that KN92 also affects the CaM NMR spectrum as many of the 

cross peaks disappear. However, unlike KN93, a new set of peaks did not appear with further 

addition of a KN92 (Figure S1b). Both the KN93 and KN92 molecules contain three 

aromatic rings (Figure 1) that likely are the source of interaction with the hydrophobic side 

chains of CaM that are accessible in the Ca2+ saturated state. We anticipated that CaM 

would not engage either of these molecules in the absence of Ca2+. Indeed, in the absence of 
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Ca2+ neither KN93 nor KN92 had any effect on the 15N-1H HSQC CaM spectrum (Figures 

S1e, and S1f). By contrast no changes to the spectrum were observed in the presence of AIP 

(1 μM), indicating that there is no interaction between CaM and AIP (Figure S1c).

Having established that Ca2+ saturated CaM interacts with both KN93 and KN92, we 

wanted to understand if this finding was relevant for interpretation of experimental CaMKII 

data. Given that CaM displayed numerous chemical shift perturbations upon the addition of 

KN93 and KN92, we performed sub-stoichiometric titrations to gain insight into the CaM-

KN93 and KN92 affinities. For high affinity interactions, NMR spectra often display a 

reduction in peak intensity followed by the emergence of a second set of signals (slow 

exchange). For modest affinity interactions cross-peaks typically broaden and disappear 

(intermediate exchange). Weaker binding events can produce shifts in the cross peaks during 

the course of the titration (fast exchange) [23]. As shown in Figure 2a -right, titrating KN93 

into CaM initially resulted in a decrease in peak intensity. Further titration of KN93 gave 

rise to a second population of cross peaks (Figure S2) and, titrating beyond a 2:1 molar ratio 

resulted in sharpening and shifting of cross peaks (Figures 2a -right and S2). We interpreted 

these results as CaM binding two molecules of KN93 with moderate to high affinity 

(consistent with intermediate and slow exchange processes), and a potential third KN93 

molecule interacting with weaker affinity. Titrating with KN92, we observed the peak width 

to broaden and disappear, consistent with an intermediate mode of exchange and a modest 

affinity. Addition of up to 15-fold molar excess KN92 did not yield any new cross peaks.

2.2 KN93 stabilizes Ca2+ binding to the CaM EF hand loops

The presence of several exchange modes complicates quantifying the overall CaM-KN93 

affinity with our NMR data (we note that at a 1:0.5 CaM: KN93 stoichiometry we did not 

observe the presence of two populations of peaks that typically allow for Kd determination 

of high affinity interactions using a ZZ exchange NMR experiment). To gain insight into the 

apparent affinity of the CaM-KN93 interaction we used stopped-flow measurements to 

probe the Ca2+ release rate from CaM. This approach was particularly appealing as it is an 

orthogonal technique compared to NMR, yet similar to NMR it also does not require 

mutagenesis or attachment of a probe to CaM. When CaM binds a target protein the 

positions of the CaM helixes are reoriented and this in turn affects the EF hand amino acids 

that CaM uses for binding Ca2+. In this way CaM Ca2+ affinity can be altered up or down by 

an order of magnitude depending on the binding target [24]. For our experiments, quin-2 

Ca2+ indicator was rapidly mixed with Ca2+-CaM and the fluorescence signal was 

monitored over time. This process was repeated in order to determine CaM Ca2+ release 

rates for a range of KN93 concentrations. The individual measurements each displayed a fast 

and slow component (Figure 2b and Table S1), consistent with our reported Ca2+ release 

rates for the CaM -N and -C domains respectively [25]. Sequential additions of KN93 

resulted in slowing of both the fast and slow components. Plotting the KN93 concentration 

against the Ca2+ release rate allowed for fitting the data in a dose response manner, which 

provided information about the EC50 (concentration required to achieve half of an effect) as 

well as the number of molecules involved for each observed component (Figure 2b and 

Table S1). We find that KN93 has an EC50 of 5.1 ± 1.4 μM with a Hill coefficient of −1.5 

± 0.3 for the fast component (we attribute this to the CaM-N domain) and the slow 
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component has an EC50 of 6.3 ± 0.5 with a Hill coefficient of −1.2 ± 0.1 (we attribute this to 

the CaM–C domain). Because Ca2+ dissociation rates from CaM are highly dependent on 

temperature and solution conditions [10] we also quantified the effect of another CaM 

binding molecule (Trifluoroperazine (TFP) to provide a reference for our calculated values. 

We note that TFP has been used by others for enhancing the removal of Troponin C (highly 

homologous to CaM) in sarcomere sample preparations [26]. Using TFP we determined a 

fast component EC50 of 1.9 ± 0.5 |JM with a Hill coefficient of −1.9 ± 0.4, and a slow 

component EC50 of 0.9 ± 0.2 with a Hill coefficient of −1.0 ± 0.1. Overall, we find that 

similar to TFP, KN93 engages CaM in a manner that stabilizes Ca2+ binding, but with a 

slightly weaker EC50.

2.3 The structural underpinnings of the CaM-KN93 complex

To understand the architecture and molecular mechanism of the CaM-KN93 interaction, we 

crystallized the Ca2+/CaM-KN93 complex (PDB ID 6M7H) (Figures 2c and S3). In the 

absence of a binding partner, Ca2+/CaM has a high degree of flexibility [5] that hampers the 

formation of an ordered crystalline lattice. Upon the addition of KN93 we observed the rapid 

formation of 2D plates for many conditions in the commercially available Hampton PEG ion 

screen. However, we were unable to phase the native data set using molecular replacement. 

To overcome this we produced selenium-enriched methionine-labeled CaM. Following 

optimization of the crystal conditions, the diffraction data resolved to 1.6 Å and the phase 

was determined using single anomalous dispersion (SAD). Consistent with our NMR data, 

we observe CaM engaging three molecules of KN93 with density for a Ca2+ ion in each of 

the CaM EF hand motifs (Figures 2c, 3, and S3). The identity of the Ca2+ ion is supported 

by the EF hand amino acid side orientations used for coordination. Positions 1, 3, 5, 9 and 

12 face inward towards the ion, and density for a water molecule is present at position 7. 

This structure is also consistent with our stopped flow and NMR data; both CaM domains 

are involved in the interaction as CaM wraps around to encircle three molecules of KN93 

(Figure 2c). Similar to other CaM interactions numerous hydrophobic residues from both the 

CaM-N and -C domain create hydrophobic pockets and patches for interacting with the 

substrate (Figure 3). The CaM-N domain hydrophobic pocket is formed by several Phe, Ile, 

Leu, and Met residues (F19, F68, I27, I63, L32, L39 and M36, M51, M71) and contains the 

Cl -ring of the KN93 molecule 201 (pink molecule, Figure 3a and b). The other end of 

KN93 201 (methyoxy-substituted phenyl group) lays along the hydrophobic patch of the 

CaM-C domain that is created by Phe, Leu, and Met residues (F92, L105, L112 M109, 

M124, M145) (Figure 3f and i). A second molecule of KN93 (202 - purple) sits adjacent to 

KN93 (201 -pink) in an antiparallel manner. The Cl - ring from KN93 202 is embedded in a 

CaM-C domain hydrophobic pocket (F92, F141, I100, I125, M124, and M145) (Figure 3f 

and g) while the KN93 202 methyoxy-substituted phenyl group lays along the CaM-N 

domain hydrophobic patch (F12, F19, F68, M71 M72, and M76) (Figure 3a and d). These 

crystal contacts are validated in solution by our NMR data, where the CaM backbone amide 

resonances of these Phe, Ile, Leu, and Met residues are broadened and / or significantly 

shifted in the presence of KN93 (Figure 3e and j). The third molecule of KN93 (203 -green) 

sits more towards the outside of the hydrophobic CaM cavity, sandwiched in-between the 

two CaM domains (Figure 3a and f). Only a single modest Leu side chain from the CaM-N 

domain, and a few Met amino acids from the CaM-C domain (L18, M109, M124 and M144) 
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are utilized for this interaction (Figure 3c and h). The deeply nested rings of KN93 

molecules 201 (pink) and 202 (purple) into the respective CaM -N and -C domain pockets 

suggest these KN93 molecules interact with higher affinity compared to the third molecule 

KN93 203 (green). This is consistent with our sub-stoichiometric NMR titration data where 

we observe line broadening (intermediate exchange) and appearance of a second set of peaks 

(slow exchange) during addition of approximately the first two molar equivalents of KN93, 

and more significant resonance shifting (fast exchange) for additions beyond a 2:1 

stoichiometry (Figures 2a and S2). We note that the presence of three molecules of KN93 in 

our crystal structure is consistent with the Hill coefficients determined from our stopped-

flow titration data. Given CaM’s limited side chain contacts to the peripheral KN93 binding 

site (203-green); we anticipate this third site is likely unoccupied in solution at KN93 

concentrations (~10 μM) typically used for experimental investigation of CaMKII activity.

Several crystal structures of CaM bound to TFP have been reported. LigPlot analysis for our 

CaM-KN93 structure and the available CaM-TFP structures are shown in Figures S4 and S5. 

The CaM-TFP structures highlight CaM’s ability to bind small hydrophobic molecules in 

different orientations with different stoichiometry. In a similar manner, other CaM-KN93 

binding orientations and stoichiometries are likely possible, and we anticipate these are 

influenced by the experimental conditions. Overall we note that the CaM-KN93 interactions 

involve the majority of CaM’s hydrophobic amino acids that are commonly utilized for 

interaction with proteins (Figure 2).

2.4 KN93 impairs direct CaM modulation of NaV1.5

Having established that CaM engages KN93 in a manner that could render CaM unavailable, 

or disrupt interaction with other proteins, we set out to investigate the effects of KN93 on 

several CaM modulatory functions. Our recent work demonstrated that in the presence of 

Ca2+, CaM directly modifies two properties of cardiac NaV channel (NaV1.5) function [16]. 

This is accomplished by a high affinity interaction between CaM and the NaV1.5 channel 

inactivation gate (IG) (Kd = 66 nM). In our previous report we used structure guided 

mutations to impair the CaM-IG interaction, which resulted in impaired recovery from 

inactivation and enhanced kinetics of inactivation [16]. Intriguingly we find that the addition 

of 10 μM KN93 (concentration most commonly reported for many biochemical assays) has 

similar effects on wild type NaV1.5 function (Figures 4a, b, and S6).

To understand if these effects arise form alterations to the CaM-IG interaction, we again 

turned to NMR to characterize the CaM-IG complex in the presence of KN93. Addition of 

KN93 to isotopically enriched 15N CaM that was bound to an IG peptide construct resulted 

in numerous chemical shift perturbations corresponding to amino acids located in both the 

CaM - N and -C domains (Figure 5 and S7). Close inspection of our CaM-IG structural 

model [16] and the CaM-IG-KN93 spectra revealed that many of these differences are for 

CaM amino acids used for interaction with IG -site A as well as -site B (Figure 5a, b, and c). 

We note that many of the CaM amino acids at the IG binding interfaces are buried in 

hydrophobic interaction and are not directly accessible for interaction with KN93 (Figure 

5b). Therefore we conclude that the observed change to these CaM resonance frequencies 

(Figure 5c) arise from modification of the local environment of these amino acids; i.e. the 

Johnson et al. Page 7

Cell Calcium. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



chemical shift perturbations establish that KN93 changes how CaM interacts with the IG 

construct. To test if KN93 removes CaM from the NaV1.5-IG (analogous to TFP enhanced 

removal of CaM from skinned smooth muscle [27]), we compared the NMR spectra of 

CaM-IG-KN93 with CaM-KN93. We find that the NMR spectra do not match (Figure S7). 

Because KN93 modifies the CaM-IG complex, but does not strip CaM away from the IG, we 

conclude that KN93 forms a ternary complex with the CaM-IG proteins (CaM-IG-KN93). 

We note that our previous structural characterization revealed CaM does not rigidly bind to 

the IG. There is flexibility between the two CaM domains as well as in-between the IG 

construct binding sites, which could allow for modification of CaM interaction without 

complete displacement of the CaM-IG proteins [16].

As a control, and to ensure that the changes in NaV1.5 recovery from inactivation or kinetics 

of activation were not influenced by CaMKII inhibition, we investigated NaV1.5 function in 

the presence of AIP. No differences to either recovery from inactivation or the kinetics of 

inactivation were observed with the addition of 1 μM AIP (Figure 4c and d). This is 

consistent with a (1) phosphomimetic Glu mutation or (2) an Ala mutation at the CaMKII 

site (S571) having no effect on NaV1.5 inactivation kinetics or recovery from inactivation 

[18]. Based on our data we conclude that KN93 disrupts direct CaM modulation of NaV1.5 

by altering the CaM-IG interaction.

2.5 KN93 enhances RyR2 Ca2+ leak

Next, we tested whether KN93 altered CaM’s interaction with another ion channel, the 

cardiac ryanodine receptor (RyR2). RyR2 is an intracellular ion channel responsible for 

releasing Ca2+ from the sarcoplasmic reticulum (SR) into the cytosol. During diastole, RyR2 

releases Ca2+ in small aliquots detected spectroscopically as sparks. Hence RyR2 activity 

can be monitored by confocal microcopy in real time by measuring the rate and size of Ca2+ 

sparks. Spark-detection of Ca2+ release is often used as an index of Ca2+ leak. Based on 

Ca2+-spark measurements, phosphorylation of RyR2 by CaMKII at S2814 enhances basal 

RyR2 spark leak [19]. On the other hand, binding of CaM to RyR2 reduces the frequency of 

sparks [20]. The structural mechanisms of how CaM binding modulates RyR2 activity are 

not known, but it appears that RyR2 needs to be phosphorylated either at residue 2808 

(PKA / CaMKII site) or S2814 (CaMKII site) for CaM to reduce spark frequency [21].

To test if KN93 impairs CaM modulation of RyR2 channels, we utilized mouse 

cardiomyocytes containing a homozygous phosphomimetic S2814D mutation, which 

maximizes the inhibitory efficacy of CaM on RyR2. The cell membrane was permeabilized 

with saponin and cytosolic [Ca2+] was clamped at 100 nM. The bath solution for both 

groups contained 100 nM CaM (estimated free CaM concentration in cytosol), as well as 1 

μM AIP to ensure that CaMKII function was inhibited and did not influence the results. 

KN93 increased spark frequency by 33% compared to the DMSO control (Figures 6 and 

S8). Neither the spark amplitude nor spark mass were altered (Figure 6b). The increase in 

spark frequency resulted in an elevation in spark-detected Ca2+ leak. Since spark frequency 

can be increased by higher [Ca2+] in the SR, we next measured SR Ca2+ content by 

application of caffeine. No significant differences in SR Ca2+ content were found between 

the two groups (Figure S8). Taken together, these results indicate that KN93 increases RyR2 
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channel activity in cardiomyocytes, possibly by interfering with CaM’s ability to inhibit of 

RyR2 channels.

2.6 KN93 does not sequester CaM from RyR2

Given that the CaM-KN93 interaction relies on a significant amount of CaM’s hydrophobic 

residues that are typically used for protein-protein interactions, we investigated if KN93 

could enhance removal of CaM from RyR2 (similar to TFP removal of CaM in skinned 

smooth muscle preparations [27]. To test our hypothesis and probe the KN93 mechanism of 

enhanced diastolic Ca2+ leak, we investigated CaM-RyR2 co-localization in the absence and 

presence of KN93. For this, we used suramin, which is known to displace CaM from RyR2 

[28], however the mechanistic details for this process are unknown as the suramin RyR 

binding site has yet to be elucidated. Fluorescently-labeled (Alexa 568) CaM (A-CaM) was 

continually washed over RyR2 (transfected into REx 293 cells) and the A-CaM fluorescence 

of the cells was monitored over time in the absence and presence of KN93 followed by 

application of suramin (Figure 7a). No differences in A-CaM fluorescence were observed 

during the application of KN93 compared to the control. For groups that were exposed to 

KN93, the fluorescence intensity of CaM decreased more rapidly upon the addition of 

suramin compared to the control, however we note that this could due, in part to, variability 

in suramin diffusion or mixing. With the application of suramin, a similar decrement in 

intensity was observed irrespective of KN93 treatment. These results indicate that, similar to 

the NaV1.5-CaM interaction, KN93 does not sequester CaM from RyR2, i.e. prevent CaM 

binding to RyR2 channels.

2.7 KN93 does not alter the NMR spectra of CaM bound to a RyR2 peptide

To determine if KN93 disrupts CaM RyR2 modulation by altering or perturbing the CaM-

RyR2 binding interface we investigated the effects of KN93 on the CaM -RyR2 peptide 

(RyR2p) complex using NMR. Using a peptide corresponding to the RyR2 human sequence 

derived from an alignment with the CaM-RyR binding site [29] we collected 2D 15N-1H 

HSQC NMR spectra of the CaM complex in the absence and presence of KN93. The 

addition of up to 10 fold molar excess KN93 had no effect on the CaM-RyR2p spectra. To 

confirm this result we prepared a sample of CaM-KN93 complex and then titrated in the 

RyR2p. The resulting spectrum was indistinguishable from that of CaM-RyR2p in the 

absence of KN93 (Figure 7b).

2.8 KN93 does not alter CaM binding to full-length RyR2 channels

Given that CaM has been shown to interact with RyR2 peptides using multiple 

conformations [30], we wanted to determine if KN93 altered CaM binding to full-length 

RyR2. Fluorescently labeled CaM (Alexa 568, (A-CaM)) was titrated into full-length 

functional RyR2 (in native SR membranes isolated from pig hearts) that was decorated with 

the RyR2 accessory protein FKBP12.6 labelled with Alexa 488 donor (D-FKBP) (Figure 

7c). The FRET signal between D-FKBP and A-CaM was monitored as previously described 

[31,32]. As previously shown, FKBP and CaM bind at RyR2 sites that are well within FRET 

range to each other [33]. Accordingly, we have detected strong FRET between D-FKBP and 

A-CaM in isolated SR samples [31,32] and cardiomyocytes [34]. Here too, we observed 

strong FRET between D-FKBP and A-CaM bound to RyR2. No significant differences in 
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the FRET signal were observed during titrations of KN93 in either the absence or presence 

of 30 nM or 30 μM Ca2+. Based on our extensive investigation of CaM binding to RyR2, we 

conclude that KN93 alters RyR2 function by a mechanism that does not involve direct 

disruption of the CaM-RyR2 interaction.

3. DISCUSSION

CaMKII experimental results and interpretation of data often vary between laboratories. 

Understanding these discrepancies and controversies can be problematic as the structure and 

function of CaMKII are highly complex and the mechanistic details for many CaMKII 

interactions unknown. Moreover, the details for how the addition of a phosphate group 

modifies the target protein function are often lacking or unclear. A wide array of inhibitors 

are available for probing CaMKII modulation and regulation, with the most commonly used 

being the small molecule KN93 and the peptide AIP. We questioned if differences in the 

molecular mechanisms of these two inhibitors could explain some of the inconsistencies and 

controversies in the CaMKII and CaM literature.

A recent investigation challenged the widely accepted mechanism of KN93-CaMKII 

inhibition by demonstrating that KN93 lacks affinity for CaMKII [35]. Consistent with our 

previous work they confirmed that KN93 can directly interact with CaM in the presence of 

Ca2+ [35,36]. Moreover it is intriguing that genetically ablated CaMKII models do not 

directly recapitulated phenotypes that are always consistent with ascribed CaMKII activity 

[37–39]; suggesting that CaMKII data interpretation is more complex than previously 

thought. Given the overwhelming number of investigations pertaining to CaM and CaMKII 

regulation, these findings highlight a knowledge gap that merits our investigation of the 

molecular underpinning of the CaM-KN93 interaction and its physiological implications.

In this study, we utilized NMR spectroscopy, x-ray crystallography and stopped flow kinetic 

measurements to quantify the structure and biophysical properties of the CaM-KN93 

interaction. We find that in the presence of Ca2+, CaM utilizes an extensive amount of its 

hydrophobic residues to wrap around and engage three molecule of KN93, while no 

interaction is observed between CaM and AIP.

We recently demonstrated that CaM engages a peptide corresponding to the sodium channel 

inactivation gate (IG) with high affinity (Kd = 66 nM) [16]. Intriguingly, this is two orders of 

magnitude greater than the EC50 that we determined for the CaM-KN93 interaction using 

stopped-flow kinetics; yet our NMR data clearly demonstrate that KN93 is able to alter 

CaM’s interaction with the IG construct. While these data initially appear to conflict, a 

deeper understanding of CaM interaction and consideration of kinetics provide a rationale. 

Certain CaM interactions (such as NaV1.5 IG-CaM) derive their high affinity from a 

cooperation of weaker CaM -N and -C domain interactions [40]. The central helix that 

connects the two CaM domains is unstructured in solution [41] and functions as a flexible 

tether that links the two CaM domains together [42]. Similar to troponin C, the binding of 

one CaM domain can pre-localize the other CaM domain in close proximity to a second 

binding site, and thereby generate a high affinity interaction (μM × μM = nM) [43,44]. 

Typically, protein-protein dissociation constants (Kd) are dependent on koff rates, as kon is 
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often assumed to be diffusion limited for small spherical proteins, such as an isolated CaM 

domain. However, because CaM domains are tethered together, pre-localization does not 

allow an individual domain to diffuse far away. This enhances kon, and therefore smaller Kd 

values (koff/kon) (high affinity) can be obtained with faster koff rates [43,45]. We speculate 

that the dynamics of some CaM interactions allow the small KN93 molecule (599 Daltons) 

to intercalate into a CaM domain-binding interface, while others do not. We suggest that 

specific CaM domain lifetimes are likely a more accurate parameter for evaluating if KN93 

can interject and disrupt a CaM interaction. As our data show, not every CaM-protein 

interaction will be disrupted by KN93. The structural features of each CaM interaction as 

well as the experimental conditions should be considered when evaluating if and how a 

particular CaM modulated process will be affected by KN93.

We chose to investigate the functional consequences of the CaM-KN93 interaction on two 

independent systems; NaV1.5 CaM Facilitated Recovery from Inactivation (CFRI)[46], and 

RyR2 Ca2+ leak. We chose NaV1.5 because the structural details and mechanisms of Ca2+ 

modulation by direct CaM binding and CaMKII phosphorylation have been well 

characterized [16,18]. We recently demonstrated that NaV1.5 channels with impaired CaM-

IG binding display (1) faster kinetics of inactivation (~33% faster) and (2) require more time 

to recover from inactivation (~ 270% longer). Here we find that KN93 has a similar effect on 

recovery from inactivation for wild type NaV1.5 channels (~ 280 % longer), but does not 

alter the kinetics of inactivation. This is consistent with our NMR data and can be explained 

by the method used for disrupting the CaM-IG complex. In both cases we measure the 

function of NaV1.5 in the presence of fixed 1 μM free [Ca2+] and therefore CaM is bound to 

the IG during both channel inactivation and recovery from inactivation processes. In our 

previous report, structure-guided NaV1.5 mutations reduced the CaM-IG affinity and 

allowed the IG to more rapidly undergo conformation changes during the channel 

inactivation process. For wild-type NaV1.5 channels in the presence of KN93, our NMR data 

reveal that KN93 does not remove CaM from the IG. Instead it forms a ternary complex 

(Ca2+-CaM-IG-KN93) (Figure S7). This alteration impairs CaM from facilitating recovery 

from inactivation, but it does not remove CaM from the IG and therefore does not enhance 

the rate of the inactivation process.

Modification of voltage gated sodium channel function by calcium is a topic of significant 

inquire and controversy [46,47]. Given that both CaM and CaMKII have been reported to 

modify NaV1.5 function; (yet if and how these processes are related remains unknown and 

requires further investigation) consideration of the CaM-KN93 interaction will be important 

for future investigations aimed at understanding the role(s) of CaM-NaV and CaMKII-NaV 

interactions in cardiomyocyte physiology and pathophysiology.

Characterization of the RyR2 system was appealing given its prominent role in disease, and 

because the effects of CaM binding and CaMKII phosphorylation are known, while the 

structural and mechanistic details or these processes remain to be resolved. Functionally the 

addition of KN93 to permeabilized cardiomyocytes containing a CaMKII phosphomimetic 

mutation (2814D) enhances the frequencies of spark-detected Ca2+ release, thereby 

suggesting that KN93 could interfere with the CaM-RyR2 interaction(s). Our data indicate 
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that this KN93 effect on RyR2 involves a mechanism that is independent of disrupting the 

CaM-RyR2 interaction.

The lack of CaM-RyR2 complex disruption by KN93 result is a particularly important result 

as it underscores the necessity for empirical data to determine if KN93 directly disrupts a 

CaM interaction. A recent study reports that the RyR2 channel must be phosphorylated by 

CaMKII in order for CaM to exert an inhibitory effect, however, the same study implicitly 

indicates that CaMKII phosphorylation does not alter the mode of CaM binding or the 

affinity of CaM for RyR2 [21]. These results suggest the presence of a complex network of 

allosteric signaling used for transmitting structural changes imparted by CaM-RyR2 binding 

to the RyR2 channel pore. It is well noted that KN93 can interact with many proteins, 

(particularly ion channels) and it will require further investigation to determine if KN93 

modifies RyR2 Ca2+ leak by: 1) inhibiting allosteric communication between the CaM 

binding sites and the channel pore, 2) disrupting other RyR2 accessory protein 

interaction(s), and / or 3) interacting directly with the RyR2 channel and modifying gating 

independent of CaM and / or CaMKII modulation.

In summary many of the proteins that are modified by CaM and CaMKII (such as NaV1.5 

and RyR2) have important roles in normal physiology, and dysfunction of these proteins, or 

the proteins that modulate or regulate them have been associated with disease. Ca2+ 

modulation by CaM and CaMKII proceeds through a series of complex interactions and 

affect numerous proteins and processes through the entire body. This study starts 

foundational work that should stimulate further investigations towards determining the full 

implications of the CaM-KN93 interaction and its consequences to our understanding of 

mechanisms of Ca2+ signaling.

4. Online Methods

4.1 Protein Production

Unlabeled and isotopically enriched CaM were produced as described previously [48]. The 

human CALM3 gene was sub-cloned into a pET15b vector. Proteins were expressed in 

BL21 (DE3) cells and purified by hydrophobic affinity chromatography followed by reverse 

phase HPLC. Proper protein folding was verified by 2D 15N-1H HSQC NMR spectroscopy. 

Purity and molecular weight were confirmed by SDS gel electrophoresis and electrospray 

mass spectroscopy. The NaV1.5 IG peptide (GPGS-

QDIFMTEEQKKYYNAMKKLGSKKPQKPIPRPLNKYQGFIFDIVTKQA) was produced 

as described by [16]. A peptide corresponding to the human sequence of RyR2 

(RSKKAVWHKLLSKQRKRAVVACFRMAPLYN) (derived from an alignment with CaM-

RyR peptide complex [29]) was purchased from InnoPep.

4.2 NMR spectroscopy

KN93 and KN92 were purchased from calbiochem and dissolved in DMSO. CaM samples 

were prepared by dialyzing overnight in either: 20 mM BISTRIS, 100 mM KCl, 2 mM 

CaCl2, pH 6.7 or 50 mM HEPES, 100 mM KCl, 2 mM CaCl2, pH 7.4 Concentration was 

determined using a Cary100 UV-VIS spectrometer with molar extinction coefficients of ε = 
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3006 M−1cm−1 for CaM, and 4470 M−1cm−1 for the IG construct. 450 μl samples containing 

40 μM isotopically enriched 15N CaM or 15N CaM in the presence of a 1:1 molar 

equivalence of IG construct were titrated with 0.5 mM and 5 mM stocks of KN93 or 0.5 mM 

and 2 mM stocks of KN92. Addition of DMSO (greater than 10 fold the amount used for a 

1:1 molar ratio) had no appreciable effect on the CaM spectra in the absence or presence of 

the IG construct. 1D 1H, and 2D 1H-15N HSQC spectra were recorded on a Bruker 800 and 

900 MHz spectrometers equipped with triple resonance cryoprobes at 298 K and 310 K. 

Ca2+ CaM and Ca2+ CaM-IG backbone resonance assignments were transferred from 

previously determined data sets Johnson et al., 2018 [16]

450 μl of 40 μM isotopically enriched 15N CaM was titrated with the unlabeled RyR2 

peptide. Saturation was observed at a 1:2 molar ratio. A second sample at a 1:2 molar ratio 

of CaM-RyR2 peptide was prepared and titrated up to 10 × molar excess with KN93 (400 

μM). The 10 x KN93 spectra contains only a few very subtle changes. Comparing this 

spectra to a third sample titrated with the same volume of DMSO confirmed that the very 

subtle alterations arise from the addition of DMSO and are not due to the addition of KN93.

4.3 Stopped-flow kinetic measurements

Ca2+ dissociation kinetics were measured using an Applied Photophysics Ltd. (Leatherhead, 

UK) model SX.18 MV stopped-flow instrument with a dead time of 1.4ms at 4 ° C. Direct 

Ca2+ dissociation rates were measured from unlabeled CaM using the fluorescent Ca2+ 

chelator Quin-2. Solution conditions were 3.0 μM CaM, 10 mM TRIS pH = 7.0, 150 mM 

KCl, 30 μM CaCl2 and data was collected at 4 °C. Quin-2 was excited at 330 nm with its 

emission monitored through a 510-nm broad band-pass interference filter (Oriel, Stratford, 

CT, USA). Each Ca2+ dissociation event rate represents an average of at least two traces. 

The data were fit with a single or double exponential equation after mixing was complete. 

The Ca2+ release rates were plotted against the log of the KN93 or TFP concentration and fit 

to the four parameter variable slope equation: Y=Bottom + (Top-Bottom)/

(1+10^((LogEC50-X)*HillSlope)) using prism 5. Four individual titrations were collected 

for both KN93 and TFP and EC50 values and hill coefficients are reported as the average ± 

the standard deviation.

4.4 X-ray Crystallography

Selenomethionine (SeMet) substituted CaM was produced in BL21 (DE3) cells using 

minimal media supplemented with selenomethionine (0.5 g/L) and an amino acid mixture 

that provides feedback inhibition of methionine synthesis [49]. Selenomethionine CaM (10 

mg/mL) was combined with a 10 fold molar excess of KN93 and crystallized by vapor 

diffusion from a solution of 100 mM Bis-Tris pH 6.5, 25% PEG 3350. Crystals were flash 

frozen in liquid nitrogen after incubating in cryoprotection solution comprised of the mother 

liquor supplemented with 20% glycerol. X-ray diffraction data were collected at the 

Advanced Photon Source at Argonne National Lab, beamline 21-ID-F (LS-CAT) with a X = 

0.97872 Å (Table S1). Data were processed with XDS [50], the space group was verified 

with Pointless and data were scaled with Aimless from the CCP4 software suite. Crystals 

belonged to space group P6i22 with cell dimensions a = 40.511, b = 40.511, c = 348.785, α 
= 90°, β = 90°, γ = 120°. The phase was solved using single anomalous dispersion using 
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Autosol. A total of 11 sites were found with a figure of merit = 0.70. After building the CaM 

model, the Fo-Fc map was inspected to identify 3 KN93 molecules. Several rounds of 

refinement with Phenix [51] and module building with COOT [52] were required to produce 

the final model (Rwork = 23.1% Rfree = 27.4%). Validation of the model was confirmed by 

Molprobity [53]. Coordinates and structure factors were uploaded to the Protein Data Bank 

under accession code 6M7H.

4.5 Plasmid construct, cell culture and transfection

Plasmid encoding human WT-NaV1.5 was sub-cloned into pRcCMV and co-transfected with 

a plasmid vector encoding GFP as a fluorescent marker. Cultured cells (tsA201) were 

transiently transfected with 1.5 μg of plasmid using Lipofectamine™ (Invitrogen) according 

to the manufacturer’s instructions. Cells were maintained in tissue culture dishes using 

DMEM with 10% FBS and 1% penicillin-streptomycin. Green fluorescent cells were 

selected for electrophysiological analysis 24–48 hours after transfection.

4.6 Electrophysiology

Sodium currents were recorded from transiently transfected HEK293T cells at room 

temperature 24–48 hours after transfection using whole-cell patch clamp. Pipettes were 

pulled from thin-wall borosilicate glass (OD: 1.5 mm, Warner Instrument Corp., Hamden, 

CT, U.S.A.) on a P-97 multistage Flaming-Brown micropipette puller (Sutter Instruments, 

Novato, CA, U.S.A) and fire polished to a resistance between 1.0 and 2 MΩ. The larger pipet 

size was advantageous for maintaining voltage clamp as well as aiding in delivery of 1 μM 

auto inhibitory peptide (AIP). All data was collected 5 minutes after cell rupture. Pipette 

solution contained (in mM): 10 NaF, 100 CsF, 20 CsCl, 20 BAPTA, 10 HEPES, adjusted to 

pH 7.35 with CsOH. Extracellular (bath) recording solution contained (in mM): 145 NaCl, 4 

KCl, 1 MgCl2, 10 HEPES, and 1.8 CaCl2, adjusted to pH 7.35 with CsOH. Series resistance 

was compensated at 80%. Recovery from inactivation was measured by a standard two-pulse 

protocol consisting of a depolarizing (−20 mV) 20 ms pulse to engage fast inactivation, 

followed by a variable duration recovery step to −120 mV and a final test pulse (−20 mV, 20 

ms). Channel availability after the end of the recovery interval was normalized to initial 

values and plotted against the recovery time. The time course of recovery from fast 

inactivation in the absence or presence of 10 μM KN93 exhibited a mono-exponential time 

course described by a single time constant (τ). The kinetics of inactivation was assessed by 

fitting the inactivation of the channel during a 200 ms step to −20 mV. The time course of 

the fast inactivation in the presence or absence of KN-93 exhibited a double-exponential 

time course described by two time constant: a fast (τf) and a slow (τs). Data acquisition was 

carried out using an Axopatch 200B patch clamp amplifier and pCLAMP 10.4 software 

(Molecular Devices, Sunnyvale, CA). All data were analyzed using pCLAMP 10.0 or 

Microsoft Excel 2013 and plotted using SigmaPlot 12.5 (Systat Software, Inc., San Jose, 

CA). Patch-clamp measurements are presented as the means ± SEM. Groups (KN93, control 

(DMSO) and AIP) were compared using Student’s t-test, with P < 0.05 considered 

significant.
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4.7 Structure of the CaM NaV1.5 IG interaction

We recently published a model of CaM binding to the complete cardiac sodium NaV1.5 

channel IG. The final structure was derived by fitting components of two crystal structures 

(CaM-N domain, (PDB ID 4DJC) and -C domain, (PDB ID 5DBR)) to small angle x-ray 

scattering data of the full length CaM-NaV1.5 IG complex collected in solution. The 

resulting structural model satisfied ITC, NMR, SECMALS, and other biophysical data [16].

4.8 Spark measurements in permeabilized cardiomyocytes

Animal use was approved by the Animal Care and Use Committee of Vanderbilt University, 

USA (animal protocol #M1600259–00) and performed in accordance with NIH guidelines. 

Ventricular cardiomyocytes were isolated as previously described [54] from 12 to 22 week 

old C57BL/6 mice containing a RyR2-S2814D homozygous mutation. Cells were 

permeabilized with saponin (40 μg/mL) for 45 seconds and then bathed for 30 minutes in a 

freshly-made internal solution (pH = 7.2) containing (mM): K-aspartate (120), KCl (15), 

K2HPO4 (5), MgCl2 (5.6), HEPES (10), dextran (4% w/v), MgATP (5), Phosphocreatine-

Na2 (10), creatine phosphokinase (10 U/mL), reduced L-glutathione (10), EGTA (0.5), 

CaCl2 (0.12), calmodulin (100 nM), autocamtide-2-related inhibitory peptide (AIP, 1 μM), 

and Fluo-4 (0.03). The internal solution contained either dimethyl sulfoxide (DMSO) or 10 

μM KN-93 in DMSO. Confocal imaging and analysis was performed as previously 

described [55].

4.9 CaM binding to RyR2 in T-REx 293 cells

Flp-In T-REx-293 cells were transfected with the plasmid containing amino fused GFP-

RYR2 cDNA. Cells were cultured on a laminin-coated coverslip and washed with a solution 

containing (in mM): potassium aspartate 150; MgCl2 0.25; EGTA 0.1; HEPES 10 and pH 

7.2. Cells were permeabilized with internal solution containing saponin (0.005%) followed 

by a wash out with saponin-free internal solution comprised of (in mM): K-aspartate 100; 

KCl 15; KH2PO4 5; MgATP 5; EGTA 0.35; CaCl2 0.22; MgCl2 0.75; HEPES 10; and 2% 

dextran (MW: 40,000), (pH 7.2). Free [Ca2+] and [Mg2+] were calculated to be 200 nM and 

1 mM respectively. Permeabilized cells were incubated with CaM containing Alexa 568 (A-

CaM) (300 nM) dissolved in internal solution for 10 minutes, and then equilibrated with A-

CaM (60 nM). The A-CaM signal co-localized with GFP-RyR2, and T-REx 293 cells 

without RyR2 expression did not display any A-CaM signal, indicating that the majority of 

A-CaM was bound to RyR2. Chamber solution was replaced with internal solution 

containing KN-93 (10 μM) and A-CaM (60 nM) for a 10 min incubation. The fluorescence 

of A-CaM bound to RyR2 was measured with laser scanning confocal microscopy 

(Radiance 2000 MP, Bio-Rad, UK) equipped with a ×40 oil-immersion objective lens 

(N.A.=1.3). Background fluorescence was subtracted and bound A-CaM fluorescence was 

calculated by F (A-CaM) = (F-Fmin)/(F0-Fmin). F0 is an average fluorescence of A-CaM after 

the equilibration in A-CaM (60 nM). To an obtain Fmin value, cells were treated with 

internal solution containing 100 μM Suramin. Normalized fluorescence of bound A-CaM 

was plotted as a function of time. Fractions of the A-CaM dissociated from RyR2 after 

KN-93 treatment (n=7 cells) were compared with the corresponding values from non-treated 

cells (n=3 cells). All 2-D images were analyzed with ImageJ software (NIH, USA). Groups 
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were compared using the Student’s t test for unpaired data sets and differences were 

considered statistically significant at p < 0.05. Statistical analysis and graphical 

representation of averaged data was carried out on Origin 2016 SR2 software (OriginLab, 

USA).

4.10 FRET measurements for CaM binding to intact RyR2 channels

SR membrane vesicles were isolated from porcine cardiac ventricle by differential 

centrifugation of homogenized tissue, as described [56]. All vesicles were flash-frozen and 

stored at − 80°C. Immediately prior to the fluorescence binding studies, the SR vesicles 

were stripped of residual endogenous CaM by incubation with 300 nM myosin light chain 

kinase-derived CaM binding peptide, followed by sedimentation [57]. Cardiac SR (0.5 

mg/ml) membranes were pre-incubated with 70 nM AF488-labeled FKBP12.6 (donor, D-

FKBP, for 90 min, at 37°C, in a solution containing 150 mM KCl, 5 mM GSH, 0.1 mg/mL 

BSA, 1μg/mL Aprotinin/Leupeptin, 1 mM DTT and 20 mM PIPES (pH 7.0)). To remove 

unbound D-FKBP, the SR membranes were spun at 110,000×g for 20 min. A range of 

[AF568-labeled CaM (acceptor, A-CaM)] was pre-incubated for 30 min at 21°C with 10uM 

KN93 in a solution containing 150 mM KCl, 5 mM GSH, 0.1 mg/mL BSA, 1μg/mL 

Aprotinin/Leupeptin, 2 mM DTT, 1mM EGTA, 20 mM PIPES (pH 7.0), and either 0.038 

mM CaCl2 to give 30 rM free Ca2+ or 1.02 mM CaCl2 to give 30 μM free Ca2+ (calculated 

by MaxChelator). Resuspended SR was added to A-CaM assay samples for 1 hr incubation 

at 21 °C. Samples were loaded onto a 384-well plate, fluorescence decays were acquired, 

and the analyzed fluorescence lifetime values were used to calculate FRET values in 

accordance with our previous reports [58,59]
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ABBREVIATIONS

AIP autocamtide-2-related inhibitor peptide

CaM calmodulin

CaMKII CaM dependent protein kinase type II

DMSO dimethylsulfoxide
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HSQC heteronuclear single quantum coherence

NaV1.5 voltage gated sodium channel 1.5

RyR2 ryanodine receptor calcium release channel isoform 2
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Highlights

• Ca2+ /Calmodulin (CaM) binds the CaM dependent kinase II inhibitor 

(CaMKII) KN93.

• KN93 modifies NaV1.5 and RyR2 function independent of CaMKII.

• KN93 disrupts a high affinity interaction between NaV1.5 and CaM.

• When evaluating KN93 data, targets other than CaMKII need to be 

considered.
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Figure 1. 
Structures of a) KN93 (CAS No. : 139298–40-1) and b) KN92 (CAS No. : 1431698–47-3). 

AIP peptide sequence: KKALRRQEAVDAL.
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Figure. 2. Biophysical characterization of CaM-KN93 interaction.
a) Overlay of isotopically enriched CaM 15N-1H HSQC spectra in the absence (black) and 

presence of KN93 (red) (1:2 molar ratio CaM : KN93) (left). Overlay of 1D 1H NMR 

spectra filtered by 15N-CaM during substoichiometric titration (right). Spectra display 

reductions in peak intenisty follow by the emergence of a new set of peaks as well as 

resonance shifting, consistent with the presence of multiple exhange processes. b) Quin 2 

fluorescence data from stopped-flow measurements of CaM in the absense (black) and 

presence of KN93 (red). Ca2+ release rates for CaM in the presence of TFP (blue) or KN93. 

A fast and slow component are observed, consistent with properties of the CaM -N and -C 

domains. Error bars are shown as standard error measurements. Replicate values are shown 

in Table S2. c) Crystal structure of CaM engaging three molecules of KN93 (pink, purple, 

and green) (PDB ID 6M7H). Side views of the individual CaM-C domain (dark grey) and -N 

domain (light grey).
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Figure 3. Numerous hydrophobic amino acids from both the CaM-N and -C domains are 
involved in binding three molecules of KN93.
a) & f) Surfaces of CaM-N and -C domains color coded by hydrophobicity (ranging from 

yellow = hydrophobic to red = hydrophilic). KN93 molecules are shown in pink, purple and 

green, b-d), and g -i) Side chains of amino acids that are within 5 Å of the KN93 molecules 

are shown as licorice and labeled. e) & j) Overlay of CaM cross peaks (2D 15N-1H HSQC 

NMR) corresponding to CaM amino acids at the KN93 binding interface in the absence 
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(blue) and presence (red) of KN93. NMR spectra and corresponding chemical shift 

perturbation map are shown in Figure S1.
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Figure. 4. KN93 affects NaV1.5 function similar to structure guided mutations that impair the 
CaM-NaV-IG interaction.
a) Recovery from fast inactivation and b) inactivation kinetics in presence of DMSO control 

(black) or 10 μM KN93 (red). In the presence of KN93 recovery from fast inactivation was 

impaired (τ = 16.5 ± 3.4 ms), compared to the control group (τ = 5.8 ± 0.9 ms; P=0.004). c) 
Recovery from fast inactivation and d) inactivation kinetics in the absence (filled circle) and 

presence of 1 μM AIP (open circle).
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Figure 5. KN93 alters CaM’s interaction with the NaV1.5 IG.
a) Our structural model of CaM bound to the cardiac sodium channel inactivation gate [16]. 

CaM’s surface is color coded according to hydrophobic properties of amino acids side 

chains, ranging from hydrophobic (yellow) to hydrophilic (red). b) Structural features of the 

CaM-IG binding interfaces. Important NaV1.5 IG amino acids at each binding interface are 

labeled (blue) and corresponding hydrophobic CaM side chains that are within 5 Å are 

shown as licorice. c) Overlay of (2D 15N-1H HSQC NMR) cross peaks of CaM amino acids 
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at the CaM-IG interface in the absence (blue) and presence (red) of KN93. NMR spectra and 

corresponding chemical shift perturbation map are shown in Figure S7.
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Figure. 6. KN93 increases RyR2-mediated Ca2+ spark activity in cardiomyocytes.
a) Representative Ca2+ sparks recorded from mouse permeabilized cardiomyocytes 

containing the homozygous RyR2 S2814D phosphomometic mutation in the presence of 

DMSO (control) or KN93. The bath solution contained 1 μM AIP to block CaMKII effects. 

b) Properties of Ca2+ sparks. Complete data sets are shown in Figure S8.
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Figure. 7. KN93 does not alter the CaM-RyR2 interaction.
a) Alexa 568 labeled CaM (A-CaM) washed over T-REx 293K cells transfected with amino 

fused RyR2-GFP in the absence and presence of KN93. Application of suarmin dissociates 

CaM, thereby allowing for quantification and normalization. Error bars are shown as SEM. 

b) Overlay of 2D 15N 1H HSQC NMR spectra of CaM-RyR2 peptide complex in the 

absence (black) and presence of KN93 (red). Overlays of the NMR spectra are shown in 

both directions to highlight the lack of changes upon addition of KN93. c) A-CaM binding 

to intact RyR2 isolated from pig heart preparations. RyR2 was bound to FRET donor 

labelled FKBP12.6. For attaching Alexa 568 to CaM a single Cys was substitued at residues 
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T26 or at T34, to ensure that the CaM mutation and the labelling position did not alter the 

results.
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