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Summary

Calmodulin (CaM) is a ubiquitous, calcium-sensing protein that regulates a multitude of processes
throughout the body. In response to changes in [Ca2*], CaM modifies, activates, and deactivates
enzymes and ion channels, as well as many other cellular processes. The importance of CaM is
highlighted by the conservation of an identical amino acid sequence in all mammals. Alterations
to CaM amino acid sequence were once thought to be incompatible with life. During the last
decade modifications to the CaM protein sequence have been observed in patients suffering from
life-threatening heart disease (calmodulinopathy). Thus far, inadequate or untimely interaction
between mutant CaM and several proteins (LTCC, RyR2, and CaMKII) have been identified

as mechanisms underlying calmodulinopathy. Given the extensive number of CaM interactions
in the body, there are likely many consequences for altering CaM protein sequence. Here, we
demonstrate that disease-associated CaM mutations alter the sensitivity and activity of the Ca2*-
CaM-enhanced serine/threonine phosphatase calcineurin (CaN). Biophysical characterization by
circular dichroism, solution NMR spectroscopy, stopped-flow kinetic measurements, and MD
simulations provide mechanistic insight into mutation dysfunction as well as highlight important
aspects of CaM Ca?* signal transduction. We find that individual CaM point mutations (N531,
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F89L, D129G, and F141L) impair CaN function, however, the mechanisms are not the same.
Specifically, individual point mutations can influence or modify the following properties: CaM
binding, Ca2* binding, and/or Ca2* kinetics. Moreover, structural aspects of the CaN-CaM
complex can be altered in manners that indicate changes to allosteric transmission of CaM binding
to the enzyme active site. Given that loss of CaN function can be fatal, as well as evidence

that CaN modifies ion channels already associated with calmodulinopathy, our results raise the
possibility that altered CaN function contributes to calmodulinopathy.
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INTRODUCTION

Calmodulin (CaM) is a Ca?*-binding protein that relays Ca?* signals to a plethora of targets
(1). During the past decade, mutations that alter the amino acid sequence of CaM were
discovered in living probands (2-7). A myriad of consequences to the electrical currents

on the surface of the heart have been observed for these patients. T-wave alternans and
other moderate conditions have devolved into life-threatening tachycardias and fibrillations
(3,8-11). Thus far, alterations to Ryanodine Receptor type 2 (RyR2) function and impaired
L-Type Calcium Channel (LTCC) inactivation have been identified as primary mechanisms
responsible for these arrhythmic events. Additionally, disease-associated CaM mutations
have been demonstrated to alter ion channel post-translational modification via calmodulin-
dependent kinase type Il (CaMKII) activity (12,13). Considering these results, we have
investigated the effects of disease-associated CaM mutations on the activity of the Ca2*-
CaM-enhanced serine/threonine phosphatase calcineurin (CaN).

CaM contains four EF-hand motifs, each of which bind a single Ca2* ion, yielding

a 4:1 stoichiometric ratio (Ca2*: CaM). As CaM achieves Ca2* binding, it undergoes

a conformational change in which core hydrophobic residues are exposed to solvent
(14,15). This energetically unfavorable conformation (hydrophobic residues in polar solvent)
facilitates CaM interaction with a myriad of proteins. Historically, x-ray crystallography
has captured CaM bound to targets in a wrap-around configuration. More recently, solution-
based techniques have revealed that CaM interactions can be more complex, as the
individual CaM domains can occupy unique binding sites (16—18). The dynamic nature

of CaM interactions and how they modify target protein structure to alter function can be
nuanced and complicated (19). Interactions between CaM and a target protein or enzyme
do not have to impart the same type of modification to function (20-23). Much of the
complexity arises from the timing of CaZ* sensing, cooperative Ca* binding (Ca2* binding
in one EF-hand reduces the energetic barrier of Ca2* binding in the adjacent EF-hand (24)),
and the structural versatility CaM utilizes for protein interactions. With CaM-Ca2* binding
and protein interaction being intricately coupled, /n sifico modeling has historically been
insufficient for describing the effect(s) of a point mutation to a CaM-modified target (25).
Nevertheless, recent efforts demonstrate progress for /n silico prediction capabilities (26).

To date, more than 25 individual point mutations in CaM have been identified in patients
suffering from life-threatening heart disease (3,5,8-11,27-29). Point mutations leading to
alterations in side chain identity in the CaM-N and CaM-C domains can occur in parts

of CaM that are used for protein interaction as well as Ca2* sensing (3,8,9,11,28-31).
Mutations have been identified in all three CaM genes (CALMI1, CALMZ, and CALMS).
Analysis of protein mutation (side chain location and identity) and genetic alterations are
insufficient for understanding and/or predicting the consequences to human health (4). Here
we have selected four of the reported CaM point mutations based on their role in CaM Ca2*
signal transduction. Specifically, we have investigated the N53I mutation as it occurs on

a helix in the CaM-N domain that is used for interactions with numerous cellular targets
(18). The F89L and F141L mutations were selected based on their posited role in stabilizing
the apo CaM structure (32), as well as their ability to influence the nearby Glu side chains
that are used for Ca2* chelation (3,4). The D129G mutation was selected because it directly
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removes the oxygen from position one in the third EF-hand loop, which is known to be
critical for EF-hand Ca2* binding (33).

CaN is a phosphatase that plays a role in the regulation of several processes in
cardiomyocytes (34-38). As implied by the name, CaN activity is modulated by interactions
with Ca2* and CaM. The CaN enzyme is composed of two subunits (CaN A and CaN B)
(39,40). The A subunit contains the active site for dephosphorylation of substrates, and the B
subunit is comprised of four EF-hand motifs that bind Ca2*. Saturation of CaN B with Ca%*
yields 10% of maximal activity; subsequent interaction between CaN and Ca?*-CaM allows
CaN to achieve 100% activity (23). For this process, Ca2*-CaM interacts with a disordered
region of CaN. This disordered region serves as a tether between an autoinhibitory domain
and the rest of CaN. CaM binding enriches the alpha helical content of the disordered tether,
resulting in displacement of the autoinhibitory domain. This allows substrates access to the
CaN active site (41-43). Given the numerous components required for appropriate CaN
activity, we questioned if different point mutations in CaM could alter enzyme function
through different processes. Here, we have used a wide range of biophysical techniques to
describe how different disease-associated point mutations in CaM are able to alter different
aspects of CaM Ca?* signal transduction, leading to altered CaN activity.

Effect of CaM mutation on CaN activity depends on [CaZ*].

To test if human disease-associated mutations disrupt CaM’s ability to enhance CaN

activity, we titrated CaM into CaN in the presence of saturating Ca*. We monitored
4-Methylumbelliferyl Phosphate (MUP) fluorescence (a CaN substrate (44)) as a function

of [CaM] (Figure S1), and then repeated this experiment at a variety of [Ca2*], Based on
literature (23), we assumed that 100 uM free [Ca2*] (pCa2* 4) would be saturating for the
CaN-CaM interaction. Similar to the high affinity reported by Hubbard and Klee in 1987
(45), our fluorescence data yielded an ECsg of 39 nM for Wild Type (WT) CaM under
saturating Ca2* conditions (Figures 1a and 1b). Also consistent with other reports (46), CaM
saturation of the CaN enzyme was observed at ~100 nM (pCaM 7). At 100 uM [Ca2*], all of
the disease-associated CaM mutations that were investigated displayed similar [CaM] ECs
values compared to WT. Reducing [Ca%*] to 1 uM resulted in incomplete CaM-CaN activity
enhancement. This data could not be fit to a four-parameter dose-response curve as it did not
achieve saturation (Figure S2). Investigation at 10 pM [Ca2*] yielded fittable data, and our
analysis revealed the F89L, D129G, and F141L samples required elevated [CaM] to achieve
half-maximal CaN activity relative to WT (WT =39.7 £ 3.2 nM, N531 =38.2 + 1.7 nM,
F89L = 60.9 + 4.4 nM, D129G = 67.7 + 10.8 nM, F141L 45.9 + 2.1 nM) (Figure 1c and 1d).

Disease-associated CaM mutations change the amount of Ca2* required to enhance CaN

activity.

To quantify the impact of these CaM mutations on Ca2*-CaM-CaN activity, we titrated Ca2*
into each CaM-CaN complex under saturating CaM conditions. Based on our CaM titrations,
we calculated that all the samples would be saturated at 1 uM CaM (Figure 1, pCaM 6). We
found that in the presence of 1 uM CaM, all investigated samples achieved Ca2* saturation
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at 100 uM (pCa2* 4) (Figure 2a). This agrees with Stewart et al. (23), who reports Ca2*
saturation at 100 uM in the presence of saturating WT CaM. Our results also demonstrate
that CaM mutations can impact the CaN activity ECso [Ca2*], as we observed up to a
five-fold change between the groups (Figure 2b). Specifically, F141L, F89L, and D129G
required a higher [Ca2*] to achieve a similar level of CaN-enhanced activity compared

to WT or N53I (WT =0.67 £ 0.10 uM, N531 =0.98 £ 0.12 pM, F89L = 1.97 + 0.37

UM, D129G 3.95 + 0.52 uM, F141L = 1.63 + 0.11 uM) . The 5-fold [Ca?*] required to
achieve half-maximal activity for D129G is consistent with disruption of EF-hand Ca%*
coordination, as the aspartic acid at position 1 of the loop is a strong determinant of

Ca?* binding (33,47). The 2-fold increase in Ca?* ECs for F89L and F141L is also not
overly surprising. While not directly involved in Ca2* coordination, molecular modeling has
indicated that the F89 and F141 residues are important for the energetics of transitioning
CaM between the open and closed states (32). Moreover, both the F89 and F141 residues
are located adjacent to a glutamic acid (position 12 of the loop) that is critical for Ca2*
coordination (33,48). Solution NMR spectra indicate these mutations exert an influence on
other amino acids in the Ca2* binding loop and CaM structure that extend beyond the local
side-chain environment (3). Lastly, we find that the N531 mutation does not alter CaN’s
apparent Ca2* sensitivity at the conditions investigated.

The N531 CaM mutation hinders maximal CaN activity enhancement despite saturating
CaZ* and CaM.

Having quantified [Ca?*] (Figure 1) and [CaM] (Figure 2) sensitivities, we then sought to
investigate maximal enzyme activation. For this, we monitored substrate fluorescence under
saturating [CaM] and [Ca?*] (Figure 3a and 3b). Consistent with literature (49), our WT
fluorescence data yielded a ~4.5-fold increase in activity. Despite similar [Ca2*] and [CaM]
ECsq values, the N531 mutation was unique as it imparted approximately half of the activity
enhancement (~ 220% compared to ~420%) (Figure 3b). To probe maximal activity in Ca*
conditions similar to those in a cardiomyocyte, we investigated CaN activity in the presence
of reduced [Ca%*], Decreasing [Ca%*] from 100 uM to 10 uM did not drastically alter the
maximal activity for the mutants (Figure 3b and 3c).

The N53I mutation does not alter the stability of Ca2* saturated CaM-CaN peptide complex.

To gain insight into the mechanism of N53I altered activity, we mapped the amino acid
onto a structure of the Ca* -CaM-CaN complex. Intriguingly the N53 residue does not
localize or appear to contribute to the traditional CaM-CaN binding interface (Figure 4)
(43,50). To us, this indicated that either (i) the N531 mutation allosterically modified the
CaM-CaN binding interface or (ii) there could be an additional CaM-CaN interaction that is
not captured or reported by the CaM-CaN peptide complex. To empirically determine if the
N53I mutation altered the stability of the CaM-CaN peptide complex, we collected circular
dichroism (CD) spectra coupled with temperature titration. CD is an efficient technique
that has been well-established for monitoring secondary structural features such as alpha
helical content (50-52). Increases in temperature will destabilize or reduce alpha helical
content, and this can be monitored over time. If the N531 mutation allosterically disrupted
the CaM-CaN peptide binding interface, we anticipated this would be reported by a change
in CD signals (208 or 222 nm). As seen in Figure 5 the N531 CaM mutation did not alter the
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stability of CaM-CaN peptide complex across the temperatures that we investigated (20 - 90
°QC).

Solution NMR spectroscopy interrogates effect of mutation on CaM-CaN peptide complex

formation.

To quantify the structural impact of each mutation, we leveraged solution NMR
spectroscopy and characterized complex formation at a series of [Ca?*]. Isotopically
enriched 15N CaM with unlabeled CaN peptide samples were prepared in the absence of
Ca?* (see methods section for detailed protocol). Briefly, 2D 1H -15N HSQC spectra were
recorded for a series of Ca2* additions to each sample. Backbone CaM-CaN cross-peak
assignments were initially transferred (50), and then assignments were validated at our
experimental conditions using traditional 3D NMR experiments for isotopically enriched
15N-13C WT CaM in the absence and presence of the CaN peptide (Figure S3). The

1H-15N HSQC NMR spectra were analyzed to determine if the amide resonance frequencies
matched that of the WT CaM-CaN peptide complex in the presence of saturating Ca2*
(Figure S3 and S4). As anticipated at a 5:1 [Ca?*] : [protein] ratio, the WT 13N CaM-CaN
peptide displayed a majority of cross-peaks that matched the 80:1 WT Ca2* CaM-CaN
complex spectra (Figure 6a right, Figure S5). A few cross-peaks corresponding to amino
acids located at the edges of alpha helices or Ca2* binding loops were missing in this
spectrum. This was consistent with a small population of CaM containing these amino acids
in a different conformation. Further addition of Ca2* (20:1 and 80:1 molar ratios) resulted

in the appearance of these missing signals (Figure 6a center and left). This result agrees
with Le Chatelier’s principle, as the addition of Ca?* increases the steady-state population of
the Ca2*-CaM-CaN complex. Our WT CaM-CaN complex data and results are in agreement
with literature (23,45) and our CaN activity data where we observed high- CaM and Ca?*
affinity (Figures 1 and 2).

The N531 CaM-CaN complex spectra displayed some alterations to the CaM-N domain
resonance frequencies which agreed with the location of the mutation (Figure 6b).
Additionally, similar to the WT CaM sample a few cross peaks corresponding to amino
acids at the edge of the Ca2* binding loops and/or ends of alpha helices were missing at 5:1
Ca?*. These cross-peaks appear and/or shift to a value consistent with complex formation
with further addition of Ca2*. Notably, the N531 CaM-C domain displayed minimal
alterations to resonance frequencies compared to the WT CaM-C domain. Moreover, the
CaM-N domain cross-peaks that were altered or missing corresponded predominantly to
amino acids located outside of the CaN-CaM binding interface (Figures 4 and 6b). This
agreed with our CD temperature data, where the stability of the N531 and WT Ca?*-CaM-
CaN peptide complexes were indistinguishable within the precision of our measurement
Figure 5).

The F89L, D129G, and F141L data reveal more substantial alterations to cross-peaks
corresponding to CaM-N and -C domain amino acids at 5:1 Ca2*. This was not overly
surprising given our CaN activity data where elevated CaM (Figure 1) and/or Ca2* (Figure
2) ECsq’s were observed. Similar to WT and N53lI, with the addition of Ca2* these spectra
more closely resemble that of WT-CaM -CaN peptide complex. However, many of the
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signals corresponding to CaM-C domain amino acids retain perturbations or missing cross-
peaks. Somewhat surprisingly, the D129G CaM-N domain cross-peaks provide a nearly
complete positive signature for appropriate complex formation at 80:1 Ca2*, despite this
mutation imparting the greatest extent of perturbation across all samples at 5:1 Ca2*. It is
worth noting, that this impaired CaM-N domain -CaN peptide complex formation could be
interpreted as the D129G mutation imparting a reduction to the CaM-N domain Ca2* affinity
in the presence of the CaN peptide, that can be overcome by excess Ca2* (Figure 6d). This is
in contrast to the F89L, and F141L CaM-C domain data where the 80:1 molar ratio of Ca2*
was insufficient to establish a stable endogenously structured CaM-CaN peptide interaction
(Figure 6c-¢e).

To validate our interpretation and confirm that the mutations (N531, F89L, D129G, and
F141L) do not impair the interaction to an extent where a part of CaM or a domain no
longer interacted with the CaN peptide, we overlaid each of our Ca?* titration spectra with

a fully assigned HSQC spectrum of Ca2* CaM collected at similar salt, temperature, and
buffer conditions (Figure S3). At best, we observed three to six cross peaks that matched
frequencies corresponding to Ca2* CaM in isolation (T5, F65, and G134 observed in all
spectra). Considering (i) these amino acids are not at the CaM-CaN binding interface
(Figure 5), and (ii) the number of cross-peaks that severe as a positive signature for complex
formation (Figure 6, Figure S5), we conclude that each of the F89L, D129G, and F141L
CaM point mutations perturb, but do not abolish either of the CaM domain CaN interactions.

Lastly, to understand if the individual CaM point mutations promoted CaM-CaN interaction
in the absence of Ca2*, we compared NMR spectra of each mutant CaM with CaN peptide
in the absence of Ca2* to WT complex in the presence of Ca2* (Figure S6). The N53I ,
F89L and F141L spectra did not yield cross-peaks consistent with complex formation in the
absence of Ca?*. The D129G peptide spectra did display a moderate degree of similarity to
the WT Ca2*-CaM-CaN spectra, however, analysis revealed the majority of these peaks did
not correspond to amino acids at the CaM-CaN binding interface (Figure S7).

In summary, our NMR investigation provides insight into Ca2*-CaM-CaN interaction as
they reveal alterations to amino acids used for Ca2* binding and complex formation. While
this data support our enzymatic mechanisms of impaired Ca2* binding and impaired CaM
binding for the F89L, D129G, and F141L mutations, it does not reveal the mechanism by
which the N531 mutation fails to elicit maximal enzyme activity at saturating Ca?* and CaM
conditions.

Probing the timing of CaM Ca?* release and conformational change.

Given our biophysical data thus far had not captured a mechanism for N531 CaN
modification (structural modeling places the N53I mutation outside of the CaM-CaN
binding interface (Figure 4), CD coupled temperature data displayed similar complex
stability (Figure 5), and solution NMR validated appropriate complex formation around the
CaN peptide binding interface (Figure 6)), we turned our attention to kinetic measurements
as a means of understanding a mechanism of dysfunction. To date, the majority of
biophysical data describing CaM interaction is collected at steady-state Ca2* conditions.

To gain insight into CaM as a Ca%* sensor, we used stopped-flow to quantify (i) Ca2* release

Cell Calcium. Author manuscript; available in PMC 2024 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Williams et al.

Page 8

rates and (ii) the time required for conformational change (Figure 7). Briefly, purified
Ca2*-CaM samples were rapidly mixed with a Ca2* chelator and a fluorescence signal was
recorded over time. Data were collected for each Ca2*-CaM sample, and then again in the
presence of 3-fold molar excess CaN peptide. Plotting the fluorescence intensity against
time, data were fit to a single or double exponent binding equation (see methods section for
detailed protocol).

Intrinsic Tyr fluorescence can be used to report the conformational status of Ca2* binding
in the CaM -C domain (53,54). Upon rapid mixing with EGTA Ca2* is removed from CaM
and the ensuing conformational change decreases Tyr fluorescence (Figure 7a). WT and
N531 CaM samples yielded similar data (8.5 £ 0.2 51, 7.9 + 0.2 s71). The F89L and
D129G mutation accelerated Ca2* release (89 + 6 s1, 30 + 5 s71), with F89L displaying
the fastest rate. The F141L data was best fit by a double exponential equation resulting in
two rates (~ 10x different between the fast and slow rate (320 + 30 s, 36 + 9 s71)). This
is consistent with a disruption to the cooperativity between EF hand I11-1V yielding Ca2*
release at different rates.

To gain further insight into Ca2* release from both the -N and -C domains we repeated the
isolated CaM experiments using the fluorescent Ca2* chelator Quin-2 in place of EGTA.

As anticipated, the majority of the isolated Ca2*-CaM data contained a fast and slow
component. We attributed the fast, unquantifiable components to the CaM-N domain (>

800 counts/sec) (Figure 7b). For data that was captured in a measurable time scale (< 800
counts/sec), we calculated a similar trend in rates as the CaM- Tyr data. N53I was similar to
WT (8.4 +0.1 571 and 8.8 +£ 0.1 s71). F89L and D129G were accelerated (36 + 3 s™1 and 23
+2s71). F141L was best fit by a double exponent equitation (440 + 40 s™L and 37 + 1 s71).
Calibrating our fluorescence data to a series of controls allowed for an estimation of Ca2*
content released from each sample. For the WT and N531 samples we calculated ~ 1.6 mols
of Ca2* / mol of CaM, which corresponded roughly to the expected 2 molecules of CaZ* /
molecule of CaM of the -C domain. For F89L, D129G, and F141L the Ca2* content was
reduced (0.6 F89L, 0.2 D129G, 0.5 F141L fast, and 0.3 F141L slow, mols CaZ* / mol CaM).
This indicated that the CaM-C domain EF hands were not fully populated or bound to Ca2*
under these conditions, which is consistent with our previously observed steady state affinity
measurements (4). We also note that the accelerated F89L, D129G, and F141L Ca2* release
rates, are consistent with the elevated ECsq [Ca%*] values observed in our CaN activity data
(Figure 2).

It has been well-established that interactions between CaM and a binding partner can alter
the kinetic on and off rates of Ca2* (55-57). As expected, addition of the CaN peptide
reduced the Ca?* release rates for all CaM-CaN samples investigated (Figure 7c). For all five
samples, Tyr data were best fit to a single component yielding an average rate, indicating
that in the presence of the CaN peptide, EF hands I11-1V retain cooperativity. The N53I (2.74
+0.03s71) and F141L (2.96 + 0.06 s~1) mutations displayed a rate that was identical or
similar to WT (2.7 + 0.1 s71), whereas the F89L and D129G rates were ~ 5-fold faster (14.4
+0.4s1 and15.9+0.6s71).
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Repeating the Ca2* CaM-CaN peptide experiment with Quin-2 provided additional insight
into the Ca2* kinetics. For WT, N53I and F141L, the data were best fit by double
exponential models. The slow components closely resembled rates of the Tyr data allowing
them to be attributed to the CaM-C domain (Figure 7d). The fast components were
consistent with stabilized CaM-N Ca?* release rates in a measurable range (< 800 counts/
sec). Interestingly the F89L and D129G data were still best fit by a single exponent
equation. Estimating the mols of Ca2* released from each sample revealed ~ 3:1 Ca2*/CaM
ratio. Similar to the isolated CaM this was also consistent with incomplete saturation of the
CaM EF hands at our experimental conditions. Lastly, we note that our data indicated a
slight but significant elevation to the N531 CaM-N rate (12.1 + 0.4 s71) in the presence of the
CaN peptide compared to WT (8.8 + 0.1 s71) and F141L (10.5 + 0.3 s71).

Molecular modeling suggest N531 mutation impairs other aspects of CaN-CaM interaction.

Our extensive biophysical characterization only revealed a small elevation in one of the
N531 CaM-CaN Ca?" release rates. To us, this finding appeared insufficient as the complete
mechanism for the observed 50% N53I reduction to maximal CaN activity (Figure 3). We
next considered the non-canonical CaM-distal helix interaction as a mechanism. We recently
posited this interaction as a component for optimal activation of CaN by Ca2*-CaM (26,58).
To explore this hypothesis, we performed molecular dynamics (MD) simulations of both
WT and N53I CaM in complex with a CaN construct containing the conical CaM Binding
Region (CaMBR) connected to the distal helix. Previously, we identified four sites on CaM
that could accommodate the binding of CaN’s distal helix (Figure 8) (58).

Root mean square deviations (RMSD) of the CaM sites in the presence of the distal helix
provide an indirect measurement of the sites’ mobility. The results for WT and N53I are
similar and unremarkable (Figure S8a). Root mean square fluctuations (RMSFs) similarly
provide insight into the mobility of individual amino acids. RMSFs for CaM and the
CaMBR also display similar WT and N53I data (Figure S8b). Both of these results are
consistent with our biophysical data that described similar properties for WT and N531 CaM
in the absence and presence of the CaN peptide (Figures 5-7). RMSFs were also calculated
for part of CaN’s disordered linker that bridges the CaMBR and CaN’s autoinhibitory
domain (Figure 9a). For the WT system sites A, B, and C predominantly displayed values
at or below 5 A, while site D was above 5 A RMSF. Repeating this for a system containing
the N53I mutation yielded different results. For N531, the disordered linker (residues on
left of dashed line) site A gained mobility, while site D decreased mobility. We note that
repeating these calculations for the other mutations (F89L, D129G and F141L) did not
reveal remarkable features (Figure S9). We note that site D is located in close proximity to
the N53 CaM amino acid which provides a logical rationale for the in sifico data (Figure 8).

To understand how these predicted changes in mobility could alter the CaM-CaN interaction
at the CaM bhinding region we turned to principal component analysis (Figure 9b). This
analysis yields a heat map of the energies for the CaM-CaN system. A yellow and pink

dot highlight the lowest energy minimums for each simulation. For the WT, F89L, D129G,
and F141L systems the data is consistent with a single energy minimum. For the N53I
system the analysis indicates a broader minimum that comprises two regions in the plot.
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This data indicates that there is more than one low energy conformation for the N53I
CaM-CaN system. Examining the two structural models corresponding to the lowest energy
conformations reveals subtle differences in structural features (Figure 9c¢). The second

N53I energy minimum model (pink dot) contains distortions in the form of bends to the
CaM structure relative to the dominant WT CaM-CaN model. We note that these types of
structural changes are inherently difficult to detect by NMR for two reasons (i) bending of a
protein is the aggregate sum of small variations occurring across a series of amino acid (i.e.
small changes in local environment across many resonance frequencies) (ii) NMR signals
are dominated by population, and the bent structure comprises a minor population for the
interaction.

Lastly, we computed and compared binding energies between CaM and the CaN distal helix
at each of the four CaM sites. The N53I mutation data suggests enhanced binding at sites

A and C, with a decrease at site D (Figure S10). This is consistent with the alterations
predicted in the CaN linker that connects the distal helix and autoinhibitory domain.

Direct interrogation of Ca?* CaM CaN affinity.

Our enzymology (impaired maximal activation of CaN by N53lI, Figure 3) and modeling
data (Figure 9) support a multi-facetted mechanism of CaM activation of CaN that involves
(i) CaM binding to a traditional hydrophobic binding region, and (ii) CaM interaction

with a distal helix component. This compelled us to directly establish binding affinities,

as the [Ca2*] and/or [CaM] required to achieve half maximal CaN activation could be
different from the [Ca2*] and/or [CaM] necessary for CaM interaction with the traditional
hydrophobic region of CaN.

To directly interrogate the effect of the N531 mutation on Ca?*-CaM-CaN binding affinity,
we monitored the intrinsic fluorescence of CaM (Tyr and Phe) during a series of calcium
titrations. This was performed in both the absence and presence of a peptide corresponding
to CaN binding region. Because CaM binding to the CaN peptide enhances Ca%* binding
affinity (57), modification of CaM-CaN affinity (reduction or enhancement) would be
visible in the Ca2* binding data.

In the absence of the CaN peptide, our data yielded affinities for CaM-Ca?* binding that
were consistent with our previously published data (Figure 10a, and 10b) (3,4,8). Repeating
these measurements in the presence of the CaN peptide enhanced both the CaM-N and -C
domain Ca2* binding affinities (Figure 10c, and 10d). Importantly, we could not detect a
difference between the WT CaM and N53I Ca?* binding affinities in the presence of the
CaN peptide (CaM-C domain: WT = 354 + 68 nM , N53I = 388 + 30 nM, CaM -N domain:
WT =299 + 144 nM , N53I = 461 £ 125 nM). We note a subtle trend in the Phe data
(yielding a slightly reduced affinity corresponding to the CaM-N domain), however, similar
to our kinetic data (Figure 8), this appeared insufficient as a complete mechanism of N53I
dysfunction (Figure 3). The other CaM mutations impair Ca2* binding affinity in a similar
manner to our enzymology data (Figures 1 and 2).
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DISCUSSION

CaM interactions are complicated.

This work explores four potential mechanisms for how disease-associated CaM mutations
can alter CaN function Jn vitro. First, the effective [Ca2*] required to elicit half of the
maximal enzyme activity (ECsg) can be altered. Several of the disease-associated mutations
(F89L, D129G, and F141L) required elevated [Ca2*] to reach the ECsq. We speculate that
this type of modification would reduce CaN activity in a cardiomyocyte. Second, at 10

UM [Ca2*], we find that the [CaM] required to obtain the ECs can be altered. The F89L
and D129G mutations required a higher [CaM] to reach half-maximal CaN activity. We
speculate that this modification would also reduce CaN activity in a cardiomyocyte, as
CaM is not abundantly available due to its many high-affinity protein interactions (1,59,60).
Third, the ability of the CaM interaction to elicit enhancement of CaN enzymatic activity
may be impaired. For the N531 mutation we observe unaltered ECsg values for [Ca2*] and
[CaM]; yet under saturating Ca2*-CaM conditions, the maximal activity of CaN is reduced.
We speculate that this would also lead to a reduction in observed CaN dephosphorylation
events. Lastly, the rates of Ca?* and/or CaM complex formation and/or conformational
change could be altered. We find that some of the mutations enhance the Ca2* release

rate from the enzyme complex. We speculate this would also lead to a reduction in CaN
activity over time. Intriguingly all four of these effects could result in an enrichment of
phosphorylated protein, which intriguingly, is a hallmark of many cardiac diseased-states.
Further investigation will be required to understand if compensatory mechanisms arise and
prevent elevated phosphorylation /in vivo.

CaM N53I mutation supports CaM-CaN interaction outside of canonical binding interface.

Our data revealed that the N531 CaM mutation did not alter CaN-CaM or CaN Ca2*
sensitivity (Figures 1, 2 and 10), however a diminished activity enhancement was observed
compared to the other CaM samples in the presence of saturating Ca2* and CaM (Figure
3). In 2014, Dunlap et al. reported a crystal structure of Ca2*-CaM bound to a peptide
corresponding to the CaM binding region of CaN. In this structure both the N- and C-
domains of CaM orient their hydrophobic pockets on the surface of the peptide so that
CaM adopts a wrap-around configuration. This CaM-CaN peptide complex has a 1:1
stoichiometry and is strikingly similar to the structure of CaM bound to the myosin light
chain kinase peptide (43,61). Interestingly, CaM-N53 is not located at or near the CaM-CaN
binding interface reported in this structure (Figure 4), which raises the question of how the
N53I mutation alters CaN maximal activity. (Figure 3).

Our biophysical characterization revealed a small but significant increase in one of the
Ca?* release rates from the N531 CaM-CaN peptide complex. We speculate this could
hinder CaM-CaN complex lifetime thereby impairing CaM’s ability to dislodge the CaN
Autoinhibitory domain, however, this was not satisfying as a singular explanation. Notably,
our CD temperature data (collected with CaM and a peptide corresponding solely to the
CaN-CaM binding region) indicated that N53I did not appreciably alter the stability of

the complex. This suggested that the N531 mutation communicated to the CaN enzyme
through another mechanism outside of the conical CaM binding region. Therefore, we also
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considered the non-canonical CaM-CaN distal helix interaction. In 2019 Sun et a/. presented
in silico evidence for an additional point of contact for the CaM interaction. In this model,
the backside of CaM contacts a section of the tether that connects the autoinhibitory domain
with the enzyme (distal helix) (58). The presence of this interaction is consistent with and
supports a possible mechanism for the N53I mutation to modify maximal CaN activity.

Our modeling suggests that the N531 mutation could enhance interaction between CaM

and CaN (such as those at Sites A and C) in a manner that detracts from proper complex
formation (such as site D), which could impair CaM’s ability to allosterically dislodge the
autoinhibitory domain from the CaN active sites.

We note that CaM Ca2* signal transduction is a complex process that likely involves more
than CaM interaction with a conical hydrophobic binding interface. In 2002 our work
demonstrated that mutations to the backside of CaM were able to inhibit activation of
myosin light chain kinase (MLCK), without impairing CaM binding affinity to MLCK (62).
Here our findings suggest that alterations to the distal-helix CaM interaction and altered
tether mobility could impair CaM’s ability to dislodge the autoinhibitory domain from the
CaN active site. This would sterically hinder substrate access and reduce maximal enzymatic
activity. It will be of interest to empirically validate the mechanistic details of this interaction
and understand if the CaM-site D surface is utilized for interaction with specific cellular
targets.

Roles of CaN in a cardiomyocyte prompt speculation of the cellular and physiological
implications of modified CaN activity.

The most widely recognized CaN pathway involves the activation and modification of gene
transcription. CaN regulates four isoforms of the transcription factor known as Nuclear
Factor of Activated T-cells (NFAT). In the heart, overactivation of the NFAT pathway can
lead to a hypertrophic response (63-67). Briefly, the binding of Ca2*-CaM to CaN releases
CaN autoinhibition which enhances phosphatase activity. Upon activity enhancement, CaN
docks to and dephosphorylates NFAT. Subsequently, the CaN-NFAT complex migrates to the
nucleus where it upregulates pro-hypertrophic genes (63). CaN’s role in the development

of cardiac hypertrophy via the CaN-NFAT signaling pathway has been well-established
(63,65,68). Based on our findings, it would be of interest to investigate if patients harboring
mutant CaM develop cardiac hypertrophy.

There are also several lines of evidence that suggest CaN regulates or modifies key Ca2*
cycling proteins in a cardiomyocyte. In 2000, Bandyopadhyay et a/. proposed that CaN
contributes to RyR2 inactivation. Specifically, they demonstrated that inhibition of CaN with
cyclosporin A or FK506 increased the frequency of Ca2* release from the sarcoplasmic
reticulum in cardiomyocyte cultures (36). In 2006, Martinez-Martinez et al. demonstrated
that CaN engages LxVP motifs. Analysis of the RyR2 sequence reveals that each subunit
contains five LxVP motifs. This yields a total of 20 sites, and mapping them onto the recent
CryoEM structure (17) reveals that many are located on the cytosolic surface of RyR2.
These lines of evidence suggest that reduced CaN function by CaM mutations could modify
and/or create aberrant Ca* release from RyR2.
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CaN regulation of the LTCC has been the subject of controversy. In 1997 Schuhmann et
al. demonstrated that CaN inhibits LTCC via direct dephosphorylation in smooth muscle
cells (69). For a review of CaN interactions with Ca2* channels, see Wang et a/. (2014)
(70). It is worth noting that modification of RyR2 and LTCC function have been identified
as mechanisms of calmodulinopathy. It remains to be determined if modified CaN function
could further exacerbate CaM-impaired RyR2 or LTCC function.

Materials and Methods

Protein production:

CaN plasmid that encoded both the A and B subunits was transformed into £. Coli. BL21-
RIL CodonPlus competent cells. Cells were amplified in Lysogeny Broth (LB) and protein
expression was induced by addition of 1 mM (IPTG) at an ODgqg of 0.6. Cells were
harvested by centrifugation and pellets were resuspended (50 mM Tris, 200 mM NacCl, pH
7.5, with PMSF and Roche™ tablets) and lysed using sonification. Cell lysate was clarified
by centrifugation (48000 x g) for 20 min and the supernatant was syringe filtered (0.45
um). The CaN protein fraction was enriched by Ni2* chromatography and further purified
using a CaM-sepharose column. Fractions were pooled and dialyzed twice against 4L of
buffer containing 5 mM EGTA followed by two more rounds of dialysis (4L of 10 mM
MOPS, 150 mM KCI, 1 mM TCEP, pH 7.0). Enzyme purity was verified by SDS-PAGE
electrophoresis (>95%) and stock concentration was determined by UV-Vis spectroscopy
(16 uM). Stock samples were aliquoted (only allowed to freeze-thaw once) and stored at
-20°C. Data was collected within three weeks of enzyme purification. Three batches of
enzyme were produced and characterized to confirm enzyme activity reproducibility.

Unlabeled and isotopically enriched CaM (15N and 15N13C) were produced as described
previously (3,71). Briefly, CaM was overexpressed in £. coliand purified using phenyl
sepharose chromatography at 4°C. Purity and molecular weight were confirmed using
SDS-GEL electrophoresis and electrospray-mass spectroscopy. Mutations were produced
using QuikChange site directed mutagenesis and verified by Sanger Sequencing. All CaM
stocks were apofied (stripped of Ca2*) by dialyzing stocks in buffer containing 5 mM
EGTA (2 x 4L, > 4 hours each bucket) and 50 uM EGTA (2 x 4L, > 4 hours each

bucket). [CaM] were determined by UV-VIS spectroscopy (Cary 3500) at 276 nm using
CaM e = 3006 M~ cm™1 (72). Peptide corresponding to the CaN-CaM binding region
(“ARKEVIRNKIRAIGKMARVFSVLR” structurally characterized by NMR PDB ID: 1JZI
(50)) was purchased from Innopep (4 x 5 mg) and used for CD, NMR, Stopped-Flow, and
CaM Ca?* binding affinity measurements. Peptide was hydrated in respective buffer for each
experiment and concentration was calculated assuming 75% of synthesized sample weight
corresponded to protein.

CaN activity sample preparation:

Samples were prepared from stock CaN by diluting to 150 nM CaN in 200 mM MOPS,
150 M KCI, 3 mM MgCl,, and 2 mM EGTA. Ca2*/EGTA solutions were calibrated using a
dose-response fit of CaM-C domain tyrosine fluorescence to match published values (49). 10
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UM MUP (working concentration) was added to each 2.000 mL sample immediately before
data collection.

CaN activity fluorescence measurements and data analysis:

Fluorescence intensity of 10 uM 4-Methylumbelliferyl Phosphate (MUP) substrate
(Excitation = 365 nm, emission = 445 nm, and data sampling 0.2 s) was monitored over
time under steady-state conditions at 22 °C using a PerkinElmer fluorimeter. Samples

were temperature equilibrated for 6 min prior to titrations. Ca2* or CaM were titrated

into each sample every three minutes. The data for each titration condition were fit to

a linear line (Kalidograph v4) and the slope corresponded to CaN activity. Plotting the
slopes against the titration conditions yielded sigmoidal curves. These results were fit

to a four-parameter dose-response curve (Prism-GraphPad (Y = Bottom + (Top-Bottom)/
(1+10"((LogEC50-X)*HillSlope) ) and ECsgq values were plotted for each CaM sample. A
minimum of three replicates of each experiment were collected for each CaM sample using
a minimum of two batches of CaN enzyme. Resulting ECsgq values were compared using an
ANOVA with Tukey Multiple Comparison Test. Statistical differences from WT CaM were
identified by P values < 0.05.

NMR spectroscopy resonance frequency assignments:

CaN peptide was hydrated in buffer from the final round of CaM dialysis (50 mM

HEPES, 100 mM KCI, 2 mM CaCl, , pH=7.4). CaN peptide was added to isotopically
enriched 15N-13C CaM to form 750 uM complex with a 500 pl sample volume. Three %
D,0 was added for a lock reference. NMR assignments for WT Ca2*-CaM-CaN peptide
complex were transferred from published values (PDB ID 2JZI) (50) and then corrected and
validated for our experimental conditions using our 3D HNCACB, CBCACONH, HNCO
data. Spectra were collected on our 600 MHz Bruker Avance 111 spectrometer equipped
with a QCI cryoprobe at 298K using non uniform sparse sampling at 33%. Data were
collected and processed using topspin 3.4 and spectra were manually analyzed using POKY
(73). 1H frequencies were referenced to water at 298K and 13C and 15N frequencies were
aliased. Amino acid resonance frequency connectivity (Cp and CB ) was established for

all individual peaks (i to i-1) that were not spectrally overlapped at these experimental
conditions. 3D NMR HNCACB, CBCACONH, HNCO data was collected and assigned for
Ca?* CaM in the absence and presence of the CaN peptide.

NMR spectroscopy Ca?* titrations:

500 pL of 75 uM CaM-CaN complex samples were prepared for WT, N53I, F89L, D129G,
and F141L CaM. An elevated concentration of buffer (50 mM HEPES) was used to ensure
the addition of Ca2* to EGTA did not alter the pH. 1H-15N HSQC spectra were recorded

for samples at 5:1, 20:1 and 80:1 molar ratio of CaM-CaN complex : [Ca2*]. Chemical Shift
Perturbations were calculated using Williamson et. al. 2013 using a 20% scaling factor for
nitrogen frequencies (0.5 (82 + 0.2 * (62\))) ~ 0.5 (74).
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CD sample preparation and data acquisition:

For CD CaM was dialyzed into 10 mM TRIS, 100 mM KCI, 1 mM CaCl, pH = 7.4 and the
peptide was hydrated with buffer from the final round of dialysis. CD data were collected on
Jasco J-1500 CD spectrometer equipped with temperature control using a 0.1 mm pathlength
demountable cuvette. Temperature was ramped at 5 degrees/min in 5-degree increments (20
°C to 90 °C). Spectra were recorded (260 - 185 nm). Sample temperature was held for 3
minutes prior to data collection at each temperature to ensure equilibration. Signals at 208
and 222 nm were plotted against temperature using Prism GraphPad. Three independent data
sets were collected for three samples of WT and N531 CaM-CaN peptide complex. Average
data values with standard deviations at each temperature were compared using Students
T-test. P < 0.05 were considered significant.

Stopped-flow measurements:

Ca?* dissociation kinetics and conformational change rates were measured using an Applied
Photophysics Ltd. (Leatherhead, UK) model SX.18MV stopped-flow instrument with a dead
time of 1.4 ms at 20 °C. Direct Ca2* dissociation rates were measured from unlabeled CaM-
CaN peptide complex by rapidly mixing with 10 mM EGTA or 150 uM of the fluorescent
Ca?* chelator Quin-2. Solution conditions were 3.0 uM CaM in the presence of 9.0 uM CaN
peptide, 10 MM MOPS pH = 7.0, 150 mM KClI, 30 uM CaCl, and data was collected at

20 °C. Conformational change was described by intrinsic Tyr fluorescence (Agy = 275 nm,
Aem = broad spectrum UG1 Oriel filter, includes 320 nm). Quin-2 data 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 or conformational change rate represents
an average of at least three traces with three independent replicates. The kinetic traces

were fit with either a single exponential equation of the form a-exp(—k-x)+c, or a double
exponential equation of the form al-exp(—k1-x)+ (a2-exp(—k2-x)+c using a program written
by P. J. King, Applied Photophysics Ltd. that utilizes the nonlinear Levenberg-Marquardt
algorithm. There is a clear deviation from linearity for the residual when a single exponential
fit is applied to a multi-exponential kinetic trace.

Intrinsic fluorescence Ca?* binding affinity measurements:

Data were acquired on a Horiba Fluoromax plus instrument equipped with temperature
control and stirring capabilities. The intrinsic fluorescence of Tyr (Excitation = 277 nm,
emission = 320 nm), Phe (Excitation = 250 nm, emission = 280 nm), and Ca?* dye (Fluo
F5N or F5F , excitation = 494 nm, emission = 517 nm) were monitored using single point
measurements (integration time = 1.0 sec) with excitation and emission slit widths of 5.0 and
5.5 nm. Samples were 3 uM CaM, 50 mM HEPES (pH 7.40), 100 mM KCI, 5 mM NTA, 1
mM MgCl,, 50 uM EGTA. Data were recorded at 22 °C in the absence and presence of 3
UM CaN peptide. Samples were manually titrated by additions of CaZ* from a series of four
Ca?* stocks that were prepared by 1/10 serial dilution of a master stock of 0.486 M. This
minimized the volume addition (0.5, 1.0 and 2.0 pl additions from each stock) while titrating
across four orders of magnitude (total Ca2* ranged from pM to uM across 60 additions).

In our buffer, we calculated dissociation constants for F5N of 85 uM and F5F of 2.3 uM.
Measured signals were divided by the reference power of the lamp, and corrected for volume
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dilution prior to normalization. Plotting the free [Ca2*] against the normalized Tyr and Phe
signals yielded sigmoidal curves which were fit to the Adair equation using Kalidograph v4
as previously described (3). A minimum of 3 replicates were collected for each sample in the
absence and presence of the CaN peptide. One way ANOVA analysis with a Tukey posthoc
test (P < 0.05%) were used to determine statistical significance.

Molecular Dynamic Simulations and Analysis:

MD simulations were performed following a similar protocol as previously reported (75).
AMBER SB (76) force field was used for the parameterization of protein atoms. Each
system was then solvated in a TIP3P (77) water box with a 12 °A distance between

protein and the water box wall. 0.15 M K* and CI~ ions were added to simulate the ionic
strength found in physiological environment. Energy minimizations were performed with a
non-bonded interactions cutoff value of 10 A, and a 2 fs time-step, SHAKE constraints were
applied to the bonds involving hydrogen atoms, and a restraint of 10 kcal mol=1 A 2 imposed
on the protein backbone. Each system was then heated from 0 to 300 K in two heating
stages. During the first stage, system was heated from 0 to 300 K under a NVT ensemble
with a restraint of 10 kcal mol=1 A 2 imposed on the protein backbone to immobilize these
atoms. In the next stage, the system was heated from 0 to 300 K with a NPT ensemble

with a reduced restraint of 3 kcal mol= A 2 imposed on the protein backbone to allow

for slight relaxation. Following that, system was subject to a 1 ns equilibration at 300 K
with a further reduced restraint of 1 kcal moll A2 imposed on the protein backbone. A
Langevin thermostat was used during the simulation. Finally, starting from the equilibrated
configuration, 1 ps production MD with no restraints was performed in triplicates.

Clustering analysis, root mean square deviation (RMSD)/root mean square fluctuation
(RMSF) calculations, and hydrogen bonds were performed using CPPTRAJ (78). To
estimate the binding free energy between CaM and DH, MM/GBSA calculations were
performed using down sampled production MD trajectories with a salt concentration of 0.15
M and a Generalized Born method (igb =5) via MMPBSA.py (79).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Ca?* signal transduction by Calmodulin (CaM) is complex.
Disease associated mutations can alter CaM function by many mechanisms.

Proper CaM function requires conserved amino acid sequence for regions
both within and outside of Ca2* binding loops and hydrophobic pockets.

Interdisciplinary investigation provides enriched understanding of Ca2* CaM
function.
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Figure 1. CaM enhancement of CaN activity at various [Ca2+].
Data color-coded by CaM sample identify: WT, N53I, F89L, D129G, and F141L. a)

Representative data set of normalized CaN activity as a function of [CaM] under saturating
[Ca%*]. b) Concentration of CaM required to obtain half maximal CaN activity (ECsp) at
100 pM [Ca2*]. No significant differences relative to WT were calculated for the mutations
¢) Representative data set of normalized CaN activity as a function of [CaM] at 10 uM
[Ca?*]]. d) CaM ECxg values at 10 uM [Ca2*]. One way ANOVA indicated N531 ns, F89L
** D129G ***, F141L ns, relative to WT. Average value + standard error of measurement
shown on top of dot plots of ECs values. CaM ECs values obtained at saturating [Ca?*]
can be interpreted as apparent affinity of CaM for the CaN enzyme.
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Figure 2. Ca2* enhancement of CaN activity at saturated CaM.

Data color-coded by CaM sample identify WT, N53I, F89L, D129G, and F141L. a)

Normalized CaN activity vs. [Ca%*] in the presence of 1 uM [CaM]. b) Ca?* ECs of the
CaM-CaN complexes. One way ANOVA indicated N53I ns, F89L *** D129G ***, F141L
*** relative to WT. Ca2* ECs values obtained at saturating [CaM] can be interpreted as

apparent affinity of Ca2* for the CaM-CaN enzyme complex.
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Figure 3. N531-CaM decreases maximum achievable CaN activity.
a) Representative MUP fluorescence at 150 nM CaN in the absence and presence of Ca2*-

CaM. CaN activity enhancement by Ca2*-CaM at b) 100 uM [CaZ*]. One way ANOVA with
Tukey multiple comparison test yielded N531 *, F89L ns, D129G ns, F141L ns, relative to
WT. ¢) 10 pM [Ca2*]. One way ANOVA with Dunnett’s multiple comparison test yielded
N531 *, F89L ns, D129G ns, F141L ns, relative to WT. We note that MUP fluorescence

was linear in the absence and presence of Ca2*-CaM confirming that data was obtained at
steady-state conditions.
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Figure 4. Structure of CaM bound to a peptide corresponding to the CaM binding region of
CaN.

Adapted from PDB ID: 4Q5U. The N-domain of CaM (residues 1-74) is shown in grey, the
C-domain of CaM (residues 75-148) shown in salmon, Ca?* ions bound to EF-hand motifs
are shown in yellow, and the CaN peptide is shown in tan. CaM N53 is highlighted and
labeled in maroon.
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Figure 5. Secondary structural content of Ca’+-CaM-CaN peptide complexes as a function of

temperature.

CD signal at 208 nm and 222 nm plotted against temperature for WT and N531 CaZ*-CaM-
CaN peptide complexes. Data is the average of 3 independent runs and error bars are shown
as the standard error of measurement.
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Figure 6. CaM-CaN peptide complex formation as a function of [Ca2+] at steady state conditions.
CaM-CaN complexes color-coded by 1H-1°N HSQC NMR spectra analysis. Disease-

associated mutation location highlighted in black and identified by an arrow. CaN peptide
shown in blue. Cross-peaks that match those corresponding to WT-Ca2*-CaM-CaN peptide
complex are mapped onto the ribbon structure in green, cross-peaks that are moderately
altered (< 1 peak width) are shown in yellow, and cross-peaks that disappear or shift >

1 peak width are highlighted in red. Overlapped cross-peaks that could not be clearly
attributed to a specific amino acid are shown in grey.
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Figure 7. Ca?* release rates of CaM and CaM-CaN peptide complex.
Fluorescence intensity of a) isolated Ca2* CaM (Tyr) rapidly mixing with EGTA b) isolated

Ca?* CaM-rapidly mixed with fluorescent Ca2* chelator Quin-2 ¢) Ca?* CaM (Tyr) +

CaN peptide rapidly mixed with EGTA d) Ca2* CaM + CaN peptide rapidly mixed with
fluorescent Ca2* chelator Quin-2. Data for N531 CaM shown on left, summary of fitting
color-coded by CaM sample identify, WT, N53I, F89L, D129G, and F141L shown on right.
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Figure 8.
Posited sites of CaM interaction with CaN distal helix (58) mapped onto structure of CaM

CaN-complex (PDB ID 4Q5U). Sites are color coded to match MD simulation data shown in
Figure 9.
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Figure 9.
Molecular dynamic simulation and principal component analysis indicate N53I alters

motility and facilitates a second CaM binding conformation. a) RMSF analysis of CaN
distal helix CaM interaction. Data are color coded by posited CaM binding sites as shown

in Figure 8. The black dashed line denotes a 5 A cutoff under which residues are deemed
stable during the simulations. Amino acids from linker that connects the CaN distal helix

to the CaM binding region are on the left of the dashed line (below residue 195). b) PCA
plots of CaM-CaN system containing CaN distal helix and CaM binding region. Simulations
were performed for each disease associated CaM mutation and results were color coded
according to free energy calculations. ¢) Overlay of models corresponding to two lowest
energy minimum identified for N531 CaM-CaN system. d) Overlay of models corresponding
to WT (grey) vs N53I (cyan) lowest energy minimum (yellow dots). ) Overlay of models
corresponding to WT (grey) and N53I (salmon) second energy minimums (pink dots).
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CaM Ca?* binding affinities in the absence and presence of CaN peptide. a) Normalized

intrinsic fluorescence of Tyr (CaM-C) and Phe (CaM-N) plotted against free [CaZ*]

determined by fluorescence of F5N CaZ* dye in the absence of CaN peptide. b) Summary
of CaM-C and —N Ca?* K values. Error bars indicate stand error of measurement. One way
ANOVA analysis with Tukey posthoc test indicated N531 ns, F89L ns, D129G ***, F141L
ns relative to WT. ¢) Normalized intrinsic fluorescence of Tyr (CaM-C) and Phe (CaM-N)
plotted against free [Ca2*] determined by fluorescence of F5F Ca2* dye in the presence of
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CaN peptide. 9 Summary of CaM-C and -N Ca?* K values in the presence of CaN peptide.
Error bars indicate standard error of measurement. One way ANOVA analysis with Tukey
posthoc test indicated N53I ns, F89L ***, D129G ***, F141L ** relative to WT.

Cell Calcium. Author manuscript; available in PMC 2024 July 01.



	Summary
	Graphical_Abstract
	INTRODUCTION
	RESULTS
	Effect of CaM mutation on CaN activity depends on [Ca2+].
	Disease-associated CaM mutations change the amount of Ca2+ required to enhance CaN activity.
	The N53I CaM mutation hinders maximal CaN activity enhancement despite saturating Ca2+ and CaM.
	The N53I mutation does not alter the stability of Ca2+ saturated CaM-CaN peptide complex.
	Solution NMR spectroscopy interrogates effect of mutation on CaM-CaN peptide complex formation.
	Probing the timing of CaM Ca2+ release and conformational change.
	Molecular modeling suggest N53I mutation impairs other aspects of CaN-CaM interaction.
	Direct interrogation of Ca2+ CaM CaN affinity.

	DISCUSSION
	CaM interactions are complicated.
	CaM N53I mutation supports CaM-CaN interaction outside of canonical binding interface.
	Roles of CaN in a cardiomyocyte prompt speculation of the cellular and physiological implications of modified CaN activity.

	Materials and Methods
	Protein production:
	CaN activity sample preparation:
	CaN activity fluorescence measurements and data analysis:
	NMR spectroscopy resonance frequency assignments:
	NMR spectroscopy Ca2+ titrations:
	CD sample preparation and data acquisition:
	Stopped-flow measurements:
	Intrinsic fluorescence Ca2+ binding affinity measurements:
	Molecular Dynamic Simulations and Analysis:

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.
	Figure 10.

