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Abstract: The ACTN2 gene encodes x-actinin 2, located in the Z-disc of the sarcomeres in striated
muscle. In this study, we sought to investigate the effects of an ACTN2 missense variant of unknown
significance (p.A868T) on cardiac muscle structure and function. Left ventricular free wall samples
were obtained at the time of cardiac transplantation from a heart failure patient with the ACTN2
AB868T heterozygous variant. This variant is in the EF 34 domain known to interact with titin and -
actinin. At the ultrastructural level, ACTN2 A868T cardiac samples presented small structural changes
in cardiomyocytes when compared to healthy donor samples. However, contractile mechanics of
permeabilized ACTN2 A868T variant cardiac tissue displayed higher myofilament Ca®* sensitivity of
isometric force, reduced sinusoidal stiffness, and faster rates of tension redevelopment at all CaZ*
levels. Small-angle X-ray diffraction indicated increased separation between thick and thin filaments,
possibly contributing to changes in muscle kinetics. Molecular dynamics simulations indicated that
while the mutation does not significantly impact the structure of «-actinin on its own, it likely alters
the conformation associated with titin binding. Our results can be explained by two Z-disc mediated
communication pathways: one pathway that involves a-actinin’s interaction with actin, affecting thin
filament regulation, and the other pathway that involves a-actinin’s interaction with titin, affecting
thick filament activation. This work establishes the role of «-actinin 2 in modulating cross-bridge
kinetics and force development in the human myocardium as well as how it can be involved in the
development of cardiac disease.

Keywords: ACTN2; x-actinin 2; Z-disc; cardiomyopathy; muscle mechanics

1. Introduction

Alpha-actinin («-actinin) is an F-actin-crosslinking protein and a member of the actin-
binding family or spectrin superfamily of proteins that also includes spectrins and dys-
trophin proteins [1,2]. Humans have four x-actinin genes that encode for multiple protein
products through alternative splicing. These protein products are classified as muscle (or
calcium insensitive) and non-muscle cytoskeletal (or calcium-sensitive) proteins [1,34].
This study focuses on the cardiac muscle isoform of x-actinin, particularly o-actinin 2
encoded by ACTN2, which is 95% conserved across species.
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In humans, the Z-disc in striated muscles is mainly comprised of «-actinin 2 [1,5,6],
whereas x-actinin 3 is only expressed in fast-twitch skeletal muscle fibers [1,7]. Alpha-
actinin 2 and 3 form crosslinks with actin in thin filaments, establishing a lattice-like
structure that permits longitudinal force transmission from one sarcomere to the next [1,8].
We propose one communication pathway (CP1), where o-actinin 2 in the Z-disc directly
interacts with actin to modulate thin filament regulation. In addition to playing a pivotal
role in the structure of muscle, x-actinin 2 and 3 have been involved in the assembly of the
myofilaments [1,9]. Some studies report that x-actinin 2 might also have a role as a stretch
sensor in the sarcomere, implying that this protein could also participate in tension-sensing
and signal transduction of the sarcomere [4]. This suggests a second communication
pathway (CP2) where a-actinin 2 interacts with titin and modulates the activation state of
the thick filaments. Lastly, x-actinin 2 has been involved in myocyte myogenesis, in which
depletion of x-actinin 2 can alter the structure of the sarcomere and lead to disease [9].

Structurally, all spectrin superfamily proteins have an N-terminal actin-binding do-
main (ABD). The ABD is formed by two calponin homology (CH) domains. Four spectrin
repeats (SR) form a central rod that permits flexibility and enables antiparallel homodimer
formation that is crucial for x-actinin’s role in the Z-disc [10]. The C-terminus contains a
calmodulin (CaM)-like domain that is formed by four EF-hands, EF 1-2 and EF 34 [1,4,11].

Striated muscle generates active force when stimulated and experiences passive force
when relaxed. Active force production is due to the cyclic interactions of actomyosin cross-
bridges that form between thin and thick filaments in the presence of elevated cytoplasmic
Ca2*. Dimers of a-actinin within the Z-discs on opposite sides of the sarcomere crosslink
thin filaments and titin [12]. The CaM-like domain of «-actinin interacts with titin by
the Z-repeats [13]. The muscle isoforms of x-actinin 2 and 3 bind phosphatidylinositol
4,5-biphosphate (PiP2). Previous studies have shown that x-actinin bound to PiP2 affects
the polymerization and depolymerization of actin. Muscular and non-muscular isoforms
of x-actinin interact extensively with PiP2, stimulating actin bundling, suggesting that
alterations in PiP2 or «-actinin might affect the function of actin filaments [14]. In addition,
the binding of PiP2 by «-actinin enables the interaction of the EF 34 hands with titin,
particularly with Z-repeat 7, thus affecting the regulation of crosslinks [12,15]. x-actinin
2 is crucial for the structural organization and function of striated muscle by playing
fundamental roles not just in anchoring myofilament proteins in the sarcomere but also in
regulating ion channels and gene expression [16].

Variants of ACTN2 are associated with the development of restrictive cardiomyopathy
(RCM), hypertrophic cardiomyopathy (HCM), and heart failure (HF) [16-18]. Multiple lines
of evidence have demonstrated that alteration of the structural integrity of sarcomeres and
myofibrils leads to pathology [19]. However, the pathogenesis of how «-actinin 2 variants
modify sarcomere integrity is still unclear [8]. In this article, we describe mechanical and
molecular markers of an ACTN2 variant located in the EF 3-4 hand of the protein structure
and our interpretation of the mechanism by which it might affect the kinetics of muscle
contraction. We propose that this ACTN2 variant in the EF 34 hand affects interactions with
surrounding sarcomere proteins, including titin. Furthermore, we propose that abnormal
interactions between o-actinin 2 and sarcomere proteins may alter the compliance of the
Z-disc, leading to dysfunctional actomyosin interactions in the sarcomere and thereby
altering cardiac muscle kinetics.

2. Results
2.1. ACTN2 A868T Variant as a Candidate for Cardiac Disease Etiology

A 48-year-old female patient was evaluated at Vanderbilt University Medical Center
with a witnessed out-of-hospital ventricular fibrillation arrest. The patient had no previous
cardiac history prior to her arrest. The patient’s family history includes several family mem-
bers with cardiac symptomology; however, no further genetic studies of the family have
been conducted due to inconsistent follow-ups in the patient and family members’ medical
histories (pedigree presented in Figure 1A). A transthoracic echocardiogram (Figure 1B)
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revealed: (1) normal left ventricular ejection fraction estimated to be 50-60% (54-74% is con-
sidered normal in the female population [20], (2) stage II diastolic dysfunction, (3) elevated
right ventricular systolic pressure calculated as 28 mmHg (normal < 25 mmHg [21], and
(4) abnormal global longitudinal strain at —13% (overall population —17.5% [22] consistent
with early signs of hypertrophic cardiomyopathy (HCM) and early left ventricular systolic
dysfunction. The ECG showed a prolonged PR interval, suggesting an atrioventricular (AV)
block type I as well as abnormal R-wave progression (Figure 1C). Her clinical presentation
and her cardiopulmonary exercise testing classified her as AHA functional class IV [23-25],
and the patient subsequently underwent a cardiac transplant. Genetic testing combining
cardiac sequencing and deletion/duplication panel reported a heterozygous missense
variant of uncertain significance (VUS) in ACTN2 (p.Ala868Thr (A868T)) (Figure 1D). Ac-
cording to ClinVar, available data regarding this VUS is insufficient to determine the role of
this variant in the development of the disease. ACTN2 encodes for x-actinin 2, which is
conserved across species. While the EF3—4 region of x-actinin 2 is highly conserved, the
particular amino acid found mutated in the patient (868) is not conserved across species
(Figure Al). However, A868T mutates the residue from a hydrophobic to a polar residue,
which might be expected to alter protein—protein interactions, resulting in impaired func-
tion (Figure A2). In addition to the presence of the A868T variant, the genetic test reported
two additional heterozygous VUSs. DSC2 (p.Val739Leu or V739L) and SCN2B (p.Gly138Ser
or G138S) variants. DSC2 gene encodes for desmocollin-2, a protein important for desmo-
some assembly. This variant is associated with arrhythmogenic right ventricular dysplasia
(ARVD). Since our patient did not present signs or symptoms of ARVD, this variant was
excluded as a possible cause of the patient’s symptoms by her medical team. The SCN2B
gene encodes for the 3 2 subunit of type II voltage-gated sodium channel and is associated
with familial atrial fibrillation. The medical team proceeded with a procainamide test,
but no abnormality was reported, suggesting that this variant may not contribute to the
patient’s symptoms. Histopathological evaluation using hematoxylin and eosin (H&E)
staining of sections from the left ventricle free wall demonstrated mild interstitial fibrosis
through the myocardium, resembling the appearance and distribution of amyloid infiltra-
tion (Figure 1E). Previous studies have described a higher index of myofibrillar disarray
associated with ACTN?2 variants [26]. Histological images showed slight myocyte disarray
that could be consistent with findings from small-angle X-ray fiber diffraction of muscle, as
described below.

2.2. Characterization of Sarcomere Alterations in the Patient’s Heart

Previous studies have described the general structural changes associated with patho-
logical remodeling. Mechanical stress results in altered signaling pathways leading to ab-
normal mechano-transduction within the myocytes [27-31]. x-actinin in the Z-disc has close
interactions with titin and is associated with sensing sarcomere length (SL) changes [28,30].
In order to quantify sarcomere structural characteristics, we analyzed electron microscopy
(EM) images obtained from the control (Figure 2A) and A868T heart (Figure 2B). Our A868T
samples had a SL of 1.53 um, which was not significantly different from the control sample
SL of 1.49 um (Figure 2G). Myofibril width was, however, significantly smaller in our A868T
tissue as compared to the control (0.74 um vs. 0.93 um, respectively) (Figure 2H) [26,32,33].
Moreover, the Z-disc width was 92 nm in A868T samples, which was not significantly
different from our control samples (85 nm) [34] (Figure 2I). These findings suggest that
the A868T variant might not affect the structure of x-actinin 2 per se; rather, it impacts its
interactions with surrounding sarcomere proteins [35]. Although the overall architecture
within the Z-disc appears to be preserved, the A868T variant appears to produce abnormal
structural changes elsewhere in the sarcomere that could underlie the clinical findings.
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Figure 1. ACTN2 (x-actinin 2) variant as a strong candidate for diverse cardiac signs and symp-

toms. De-identified human free left ventricular wall was obtained from an A868T variant patient after
heart transplant. (A) Family pedigree of A868T variant patient, red arrow marks proband patient.
(MI: myocardial infarction, MVA: motor vehicle accident, CHD: congenital heart disease). (B) Repre-
sentative echocardiographic longitudinal strain of proband patient. (C) Presenting electrocardiogram
of proband patient. (D) Location of the A868T variant in the sarcomere (top left), primary sequence
(bottom left), the red arrow shows where the variant is located and the amino acid substitution,
schematic (top right), and crystal structure (bottom right) of x-actinin 2. (E) Representative H&E
stained sections from explanted left ventricle free wall from the proband patient at 10x (left) and
40x (right) magnification.
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Figure 2. Ultrastructural analysis of the A868T variant patient heart. (A,B) Representative electron
microscopy of (A) normal and (B) A868T variant myocardium. Scale bars are 800 nm. (C-F) Repre-
sentative immunofluorescence images with x-actinin 2 (green) and titin (red) antibodies. Scale bars
are 10 pm. Additional immunofluorescence images are shown in Supplementary Figures S2 and S3.
(G) Sarcomere length measured from EM images (5 EM images of the same patient’s heart and 5 EM
images of the same donor heart were analyzed). (H) Myofibrillar width measured from EM images
(5 EM images of the same patient’s heart and 5 EM images of the same donor heart were analyzed).
(I) Z-disc width measured from EM images (5 EM images of the same patient’s heart and 5 EM
images of the same donor heart were analyzed). (J,K) Antibody fluorescence intensity quantification.
(L) Sarcomere length measured from immunofluorescence images. (M) Z-bodies quantification
measured from immunofluorescence images. (N) Titin spots measured from immunofluorescence
images. Data are shown as mean =+ S.E; the data points are technical replicates. * p < 0.05. ** p < 0.01.
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Next, we assessed the structural implications of our A868T variant using immunoas-
say techniques. Confocal microscopy immunofluorescence images from cryo-sectioned
samples of A868T heart tissue and control heart tissue are shown in Figures 2C-F and S1.
We observed that o-actinin 2 striations showed higher fluorescence intensity in the A868T
variant when compared with the control striations for anti-«-actinin 2 antibodies (Figure 2J),
but this increase was not significant [36,37]. We observed that our A868T samples presented
a slight but not significant reduction in fluorescence intensity from anti-titin antibodies
(Figure 2K) relative to the control (Figure S52). We also evaluated the SL from the immunoflu-
orescence images obtained with confocal microscopy. Sarcomere length was significantly
smaller in A868T samples than in control samples, being 1.11 pm in the A868T variant
and 1.26 pm in the control (Figure 2L). We speculate that the changes in SL observed
between EM and immunofluorescence images are due to specimen preparations. Taken
together, our immunoassay results support the notion that the A868T variant in «-actinin 2
alters the structure of the sarcomere and, to some extent, adjusts protein expression as a
compensatory mechanism to maintain functional sarcomere organization [37]. It appears,
however, that these compensatory mechanisms might fail over time and lead to pathology,
as seen in our patients. Z-bodies were abundant in images from our A868T samples [38,39]
as well as in images from control samples (Figure 2C,D), with significantly more Z-bodies
in our A868T samples (mean of 42 units) when compared with the control (mean of 16 units,
Figure 2M) [40]. We propose that the observed higher number of Z-bodies represents a
compensatory mechanism to counteract the altered sarcomere structure in the myofibril-
logenesis stage induced by the presence of the variant. Previous studies have reported a
correlation between the process of cardiac myofibrillogenesis of Z-bodies and the presence
of titin aggregates or spots [41,42]. Our group observed that there were no significant
changes regarding titin spot production and distribution in our A868T samples (Figure 2N).
These results suggest that even though the sarcomere structure is affected to some degree,
maturation of the sarcomere might be affected by the A868T variant and that compensatory
mechanisms may act to maintain the functionality of the cardiac muscle.

2.3. Abnormal Mechanics of Contraction in Cardiac Muscle Preparations Obtained from the
Patient’s Heart

To assess cardiac muscle contraction, we first evaluated the Ca?* dependence of the
steady-state isometric force of cardiac muscle preparations (CMPs). While the maximal
force of activation was statistically significantly elevated in control CMPs upon stretch
(i.e., 2.3 vs. 2.1 um SL), it was not statistically different in A868T CMPs (Table 1). CMPs
containing the A868T variant showed a statistically significant reduction in maximum
steady-state isometric force compared to the control CMPs (Figure 3A and Table 1) at both
SLs tested. Both control and A868T CMPs also show a statistically significant higher Ca®*
sensitivity of force upon stretch, implying that myofilament length-dependent activation
is preserved in both tissues (Table 1). Moreover, A868T CMPs displayed a statistically
significant higher myofilament Ca?* sensitivity of force compared to control CMPs at both
SLs tested (Figure 3B and Table 1) [43,44]. Hill coefficients (npyj) were not statistically
different within and between groups, suggesting no changes in thin filament cooperative
activation upon stretch and between control vs. A868T CMPs [43]. Sinusoidal stiffness (SS)
was used to evaluate the overall number of cross-bridges, with A868T CMPs displaying
a lower SS at all levels of calcium activation (Red line, Figure 3C, Table 1) compared to
the control CMPs (Black line, Figure 3C, Table 1). SS was also significantly lower at all
levels of force activation (Figure 3D) in A868T CMPs when compared to the control CMPs.
The kinetics of tension redevelopment (kTr) allows measurement of the kinetics of myosin
reattachment to actin at different levels of Ca®* activation after the isometric force has
reached a steady state. Such measurements allow us to assess the dynamics of thin filament
regulatory units when performed at submaximal Ca?*-activation levels. Maximum krg
values were statistically significantly faster in A868T CMPs compared to control CMPs
(Table 1), with A868T CMPs exhibiting faster kTR at all levels of calcium activation compared



Int. . Mol. Sci. 2023, 24, 14572

7 of 22

to the control CMPs (Figure 3E). When k1r was plotted versus isometric force, A868T CMPs
also showed faster ktr values compared to control CMPs at all force levels (Figure 3F).
Mathematical modeling predicts that the rate of cross-bridge detachment (g) is faster in
A868T CMPs with a slightly faster attachment rate (f) (Figure S3 and Table S1) [43,44].
Moreover, the assumption that A868T CMPs have a faster detachment rate (g) supports the
notion that the reduced force generated by A868T CMPs is due to abnormalities in cross-
bridge interactions. Together, the muscle mechanics data and the mathematical modeling
suggest that the changes in the kinetics of A868T cardiac muscle are not solely due to an
elevated stiffness in the muscle but also due to changes in the sarcomere structure that alter
the interaction of thin and thick filaments, via our proposed CP1 and CP2 two-pathway
mechanism, ultimately leading to disease.

Table 1. Muscle mechanics analysis of cardiac muscle preparations. Fax = maximal steady-state
isometric force. Fpass = force measured at low levels of Ca?t (pCa 8). FpCasp = pCa needed to
reach 50% of the maximal steady-state isometric force. Fnyy; = Hill coefficient, interpreted in
terms of cooperative Ca%*-activation of the myofilaments (it was calculated from the pCa vs. force
measurements). kyrmax = rate of tension redevelopment measured after CMPs have reached maximal
steady-state isometric force. SSpass = sinusoidal stiffness measured at low levels of Ca?* (pCa 8).
SSmax = sinusoidal stiffness measured after CMPs have reached maximal steady-state isometric force.
CMP = cardiac muscle preparations. One-way ANOVA, with post hoc Student-Newman-Keuls
method, was used for statistical analyses. * p < 0.05, ** p < 0.01 (comparisons within the same group,
ie., Ctrl 2.1 um vs. Ctrl 2.3 um and A868T 2.1 um vs. A868T 2.3 um) ¥ p < 0.05, # p < 0.01, #* p < 0.001
(comparisons between different groups, i.e., Ctrl 2.1 pum vs. A868T 2.1 um and Ctrl 2.3 um vs. A868T
2.3 um). Data are shown as mean & S.D. n = 4-5 per group (technical replicates).

Control (Ctrl) «o-actinin 2 Mutant (A868T)
Ctrl 2.1 pm Ctrl 2.3 um A868T 2.1 ym A868T 2.3 um
Finax (mN/mm>) 2416 + 1.13 29.38 +£0.80 * 16.02 +1.13 % 17.08 £2.06#
Fpass (mN/mm?) 1.57 £0.31 2.94 £ 0.47 ** 0.78 +0.32* 0.91 4 0.11 ##
FpCas 5.72 £ 0.01 5.81 £ 0.02 * 5.88 +0.03 %  6.06 £ 0.05 **###
Frgin 1.43 + 0.06 1.54 +0.13 1.56 + 0.06 1.22 +0.08
kTRmax(6™ 1) 10.47 + 0.55 10.37 £ 1.25 20.54 +1.22# 18.10 +0.51*
SSpass (MPa) 0.36 & 0.08 0.91 £0.12* 0.10 = 0.01 * 0.35 4 0.01 *#
SSmax (MPa) 0.71 + 0.06 1.09 £ 0.14 * 0.54 + 0.04 0.79 4 0.06 *

2.4. Cardiac Muscle Preparations Obtained from the Patient’s Heart Have Larger Inter-Filament
Lattice Spacing

Small-angle X-ray fiber diffraction of muscle is the method of choice for investigating
sarcomere structure, including the interaction of the myosin heads and actin during cross-
bridge cycling [45]. Equatorial X-ray diffraction patterns from the control myocardium
(Figure 4A) were compared to those from the A868T variant myocardium (Figure 4B). The
equatorial X-ray diffraction pattern arises from the hexagonal packing of the thick and thin
filaments in the sarcomeres. The two strongest reflections in the equatorial pattern are the
1,0 and 1,1 reflections [45—48]. The 1,0 and 1,1 diffraction peaks are clear and sharp in the
control myocardium and weak and diffuse in the A868T variant myocardium, indicating a
substantial degree of disorder in the sarcomeres of the mutant myocardium. The ratio of the
intensities of the 1,1 equatorial reflection to that of the 1,0 reflection (I3 1 /1; o) is an indicator
of the relative degree of association of myosin heads with actin [49,50] and is substantially
greater in A868T than in control (Figure 4C), suggesting an elevation in the numbers of
myosin heads shifting away from the thick filament backbone towards the actin filaments.
An increase in Iy 1 /1; o, however, does not necessarily imply elevated stereo-specific actin
binding, which appears to be reduced, as indicated by a lower SS [49]. The separation of the
1,0 reflections allows calculation of the interfilament lattice spacing (LS), d; o, related to the
distance between thick and thin filaments [50,51]. LS in A868T variant CMPs is significantly



Int. . Mol. Sci. 2023, 24, 14572

8 of 22

larger (by ~10%) than in control samples. Larger lattice spacing results in myosin heads
cycling more rapidly, as suggested by the ktr data (Figure 3E,F). Wider lattice spacing
can be explained by our proposed CP2 pathway, whereby altered interactions between
a-actinin 2 and titin lead to changes in lattice spacings. In turn, increased I 1 /1; g can be
explained by alterations in titin interactions with myosin, resulting in elevated OFF to
ON transitions in the myosin heads [52]. Alterations in LS have also been shown to be
associated with impaired force production and has been associated with cardiac disease [51].
Lastly, we analyzed the angular width of the X-ray reflections (angle sigma) from the X-ray
diffraction experiments as a measure of the angular disarray of the myofibrils. The angle
sigma measured in our A868T variant CMPs was 0.188 + 0.32 rad (n = 8) as compared
to 0.191 + 0.011 rad from the control (n = 8). The radial width of the reflections (width
sigma) can be used as a measure of the degree of LS inhomogeneity. Width sigma was
3.93 £+ 0.8 [1073 nm~!] (1 = 8) in the A868T variant as compared to 4.13 = 0.55 [10~3 nm ]
in control (n = 8). Both measurements were not significantly different, implying that the
degree of myofibrillar angular disarray or LS inhomogeneity did not differ between the
two types of muscle (Figure S4) [45].
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Figure 3. Impacts of the A868T variant on the mechanics of cardiac muscle contraction. (A,B) Iso-
metric force and Ca?* sensitivity: A868T CMPs presented a reduction in maximum steady-state
and higher myofilament Ca?* sensitivity. (C,D) Sinusoidal stiffness: A868T CMPs showed lower
cross-bridge populations at all levels of activation. (E,F) Kinetics of tension redevelopment (k7R):
AB868T CMPs displayed faster krg at all levels of calcium activation. Data are shown as mean + S.D.;
n = 4-5 per group (technical replicates).
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Figure 4. Small-angle equatorial X-ray diffraction patterns from A868T cardiac tissue. (A,B) Rep-
resentative images of small angle equatorial X-ray diffraction patterns from control and A868T cardiac
tissue. Histogram plots demonstrate the intensity of the equatorial reflections in both tissues. Overall,
a reduction i intensity of the 1,0 and 1,1 reflections was observed in A868T variant cardiac tissue.
(C) 11,1 /11 is increased in ACNT2 A868T variant cardiac tissue as compared to WT. (D) Interfilament
lattice spacing, djy, is elevated in A868T variant cardiac tissue. Data are shown as mean = S.E; n =6
per group (technical replicates), ** p < 0.01.

2.5. Molecular Interactions of ACTN2 A868T Variant with Surrounding Sarcomere Proteins

To further investigate the underlying molecular dynamics (MD) interactions of EF
3—4 with «-actinin 2 or titin, we performed MD simulations of EF 3—4 binding to the x-
actinin 2 neck region or titin Z-repeat 7 peptides. We first present in Figure S5 root mean
square deviations (RMSDs) of the entire protein backbone; these data reflect how much the
protein conformation changed from the input structure and whether the final conformations
continue to change during the simulation. Figure S5 demonstrates that the system relaxes
to a set of conformations that appear to be stable for the duration of the simulations. We
also conducted analyses of the root mean square fluctuations of the protein backbone to
assess the protein’s mobility (Figure S6). Our analyses revealed that a loop region near the
mutation site of the x-actinin system showed higher fluctuations (Figure S6), indicating
increased flexibility with the mutation. To assess whether this flexibility of the loop region
would impact EF 34 binding to the actinin neck or titin peptide, we computed bindingfree
energies using the MM /GBSA method (see extended methods for further details). Overall,
the titin systems exhibited free energies of 15 kcal mol~!, which were more negative than
the actinin systems, indicating stronger binding of the titin peptide to EF 3—4 (Figure S7).
No significant difference, however, was noted between WT and A868T, suggesting that
the mutation did not impact peptide binding. We next plotted a map of residues bound
via hydrogen bonding (Figure S8) that depicts interactions between EF 3—4 and the bound
peptides. While the actinin and titin systems each present unique peptide binding patterns,
WT and A868T share almost the same patterns, suggesting that the binding of peptides was
not perturbed due to this variant.
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Finally, to examine structural changes involving the entire protein, we performed
principal component analysis (PCA). For this analysis, we used the atomistic Cartesian
coordinates for each snapshot of the EF 3-4 WT trajectories (i.e., time-dependent changes
in the protein structure) to construct the PC bases, onto which trajectories from other
systems were projected. This allowed us to determine large-scale conformation changes
that occurred during the simulation. We then constructed free-energy landscapes by
plotting the distributions along the first two principal components (PC1 and PC2), which
allowed us to identify high-probability and, therefore, thermodynamically favorable, low-
energy areas (Figure 5A, asterisks). In other words, these low-energy areas are indicative of
conformations sampled more frequently during the simulations. Firstly, we examined the
structural motions described by PC1 and PC2 by projecting these two components to the EF
3—4 structure. As shown in Figure 5B, PC1 (cyan arrows) captures the “clamping” of the EF
3-4 to bind the peptide, while PC2 (green arrows) represents the “twisting” motions of the
EF 3—4. Notably, compared to the broad distribution of EF 3—4 alone, both peptide-bound
systems present more constricted conformational distributions, indicating that the peptide
binding stabilizes the clamped EF 3—4 conformation. The free energy landscapes of the
WT and A868T actinin-bound systems are very similar, indicating no significant changes
in the conformational distribution upon mutation. Intriguingly, while WT condenses to
one low-energy area (orange asterisk), in the titin-bound system, A868T exhibits more
diverse conformations, indicated by the multiple low-energy areas, which we speculate
might compete with the native binding mode exhibited for the WT. We next compared the
structures of WT in region 2 and A868T in region 3 (Figure 5C). Differences were noted at
the N- and C-terminal. We attribute the N-terminal difference to terminal flexibility artifacts
since the structure simulated in our study is a truncated form (N-terminal) of the full-length
structure of x-actinin 2. The difference at the C-terminal, however, might provide structural
insights, as the A868T C-terminal is shifted towards the bound peptide, causing the peptide
to bend. Interestingly, the actinin neck region was also bent, which coincides with a higher
binding free energy relative to the titin-bound system. Overall, the redistribution of the EF
3—4titin conformation and multiple low energy areas with mutation indicate that there are
non-productive titin-binding poses that could compete with the native titin-binding pose,
which may impair actinin’s functional role in binding titin. Moreover, this flexibility at the
C-terminus could also impact binding to other Z-disc proteins, such as PDLIM1, which is
known to bind to x-actinin 2 C-terminal ESDL sequence [53].
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Figure 5. Principal component analysis. (A) Free energy landscapes along PC1 and PC2 of WT (left
column) and A868T (right column) of the three systems. Free energies were converted from the
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Actin  Z-disc

probability density distributions using G = —kgTP, where kg is Boltzmann’s constant, T is temperature
(310 K), and P is the probability density. Low energy areas are color-coded and indicated by asterisks.
(B) PC1 (cyan arrows) and PC2 (green arrows) projected onto the EF 3—4-actinin complex. The bound
peptide is colored red. (C) Superposition of structures of EF 3-4 WT-actinin from region 1 (white), EF
3—4 WT-titin from region 2 (orange), and EF 3—4 A868T-titin from region 3 (cyan).

3. Discussion

Our study demonstrates that a previously described «-actinin 2 variant with uncertain
significance is likely to be involved in the etiology of cardiac disease in humans. It also
establishes the importance of the EF 3-4 domain of x-actinin 2 for the proper function of
the Z-disc with subsequent disruption of actomyosin interactions in the sarcomere [54].
Although a-actinin 2 EF-hand 3—4 region is highly conserved among species, the particular
residue where the variant is located is not as highly conserved (Figure A1l). While many
species have alanine (A) at the location of A868 in human «-actinin 2, substitutions by
proline (P) and glutamine (Q) were identified in some species (Figure A1l). Interestingly,
through comparative sequence alignment, we found four small mammal species that have
threonine (T) in the amino acid position equivalent to human 868, as in our A868T variant
patient samples (Figure A2). This finding suggests that the presence of a hydrophobic
residue at this position is crucial for the EF-hand 3—4 domain in humans. In addition, our
results with CMPs suggest evidence for two communication pathways: the CP1 pathway,
from the Z-disc directly to the thin filaments, and the CP2 pathway, from the Z-disc directly
to titin and indirectly to the thick filaments. In this framework, the elevated myofilament
Ca?* sensitivity can be explained by CP1, while elevated LS and I 1 /1; o can be explained
by CP2 (Figure 6A).
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Figure 6. Summary of proposed pathophysiological pathways. (A) Communication pathways.
Communication Pathway 1 (CP1) proposes a relationship between x-actinin 2 and actin that regulates
thin filament activation. Communication Pathway 2 (CP2) proposes an interaction between x-actinin
2/titin/myosin that controls LS, thick filament activation, and cross-bridges kinetics. (B) Model
for a-actinin 2 variant A868T influences cardiac function, leading to pathology. Summary of the
ultrastructural and mechanical changes caused by the A868T variant on x-actinin 2 and the predicted
role in the Z-disc of the sarcomere.

3.1. Sarcomere-Based Ultrastructural and Functional Changes Are Observed in the A868T Variant

In this study, we have presented compelling evidence for the impact of the A868T
variant on cardiac muscle performance. Variants in the ACTN2 gene are associated with
abnormal myofilament arrays with focal loss of myofibrils, which aligns with similar
findings in C. elegans and Drosophila models containing ACTN2 variants [54,55]. These
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findings suggest a compensatory mechanism whereby other binding proteins, such as actin,
may adjust their function to maintain sarcomere architecture [54]. In this study, we showed
that the A868T variant leads to higher flexibility of the x-actinin 2 EF 3—4 hand, potentially
affecting the entropic stability of the Z-disc. Changes in Z-disc structural arrangements may
act as compensatory mechanisms to ensure the integrity of protein—protein interactions. It
has been reported that a less compact Z-disc structure results in abnormal Z-disc function,
subsequently impacting cardiac contraction and signaling [56]. Notably, even though both
sarcomere structural and functional changes were evident in the cardiac biopsies carrying
the A868T variant, no major structural changes directly in the Z-disc were observed. It is
possible that high-resolution cryo-electron microscopy studies could reveal subtle structural
abnormalities, which cannot be achieved with conventional transmission EM.

Here, we showed that A868T CMPs exhibited a significantly lower maximal contractile
force, shorter cross-bridge attachment time, and faster cross-bridge kinetics (Figure 3). It
has been demonstrated that myofilament LS influences the kinetics of muscle contraction
(i.e., larger LS equals faster muscle kinetics and vice versa) [44,46,57,58]. Based on this
knowledge, we propose that a properly structured Z-disc plays a crucial role in preserving
the optimal distance between thick and thin filaments, as reflected in the interfilament
LS, for cross-bridge cycling and force generation [59]. Even a slight disruption in Z-disc
stability, such as higher flexibility of the x-actinin EF 3—4 hand, could lead to alterations in
myofilament LS, ultimately affecting contractility.

Our hypothesis gains support from both functional data and X-ray diffraction find-
ings, in which a significantly larger myofilament LS was observed in A868T CMPs when
compared to the control (Figure 4). We believe that several of the changes in muscle kinetics
observed with the A868T CMPs can be explained by wider LS: (1) wider LS has been shown
to elevate krg [44,46]; (2) wider LS will reduce the time myosin spends attached to actin
(i.e., we observed faster detachment rate (Supplemental Table S1), which will lead to lower
maximal force; (3) lower maximal force can be correlated with a smaller number in overall
number of cross-bridges during contraction (i.e., lower sinusoidal stiffness). However,
how can we reconcile reduced SS with elevated I; 1 /1; o? We believe this can be explained
by alterations in the CP2 pathway. It is known that titin can modulate the thick filament
OFF-ON transitions [52]. In this case, altered interaction between «-actinin 2 and titin
could be triggering an increase in the myosin heads in the ON state, which can explain
elevated I; 1 /1; 9. Despite more myosin heads positioned away from the thick filament
backbone and closer to thin filaments, as indicated by higher I; 1 /1; o, the heads are either
weakly interacting with actin or generating less force, as suggested by lower SS and lower
maximal force. In summary, our study highlights that even minimal alterations in the
structure and function of «-actinin 2, as seen with the A868T variant, can result in cardiac
contractile dysfunction. By impacting the spatial organization of thick and thin filaments
within the sarcomere, the A868T variant disrupts the delicate balance necessary for proper
cardiac muscle contraction.

3.2. Interactions of Proteins Associated with the Z-Disc in the A868T Variant

There are several proteins surrounding the Z-disc that could affect the kinetics of
muscle contraction. Gregorich et al. propose the enigma homologue protein (ENH) located
in the Z-disc as one protein with a direct impact on muscle kinetics. Ablation of ENH
protein leads to muscle dysfunction and the development of dilated cardiomyopathy. It
appears that ENH, which is part of the PDZ/LIM family of proteins, disturbs actomyosin
cross-bridge interactions by inducing structural changes in the Z-disc that affects the
alignment of actin and myosin filaments similarly to our proposed CP1 and CP2. Our
simulation data indicate that the A868T variant alters the interaction between the mutated
protein and titin, which was evidenced by differences in the complex’s distribution as
assessed by PC analysis (Figure 5). Thus, the CP2 pathway might be affected by the
AB868T variant where the increase in c-actinin 2 flexibility yields changes in titin function,
consequently increasing thick filament OFF-ON transitions, as indicated by the observed
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higher Iy 1 /1; 9. As discussed above, this higher I; ; /1; g does not necessarily imply more
actin binding by cross-bridges. Further studies are warranted to evaluate whether similar
perturbations may occur on other abundant sarcomere proteins, such as paladin (PALLD),
synaptopodin (SYNPO2), myozenin (MYOZENIN), a-actinin 1 (ACTN1), gap junction
protein e 1 (GJA1) and ENH proteins [16,60] and potentially their intrinsically disordered
regions important to sarcomere function [61]. In any event, the A868T variant adopted a
partially opened complex that was less capable of binding titin, which could potentially
impact the Z-disc functionality despite preserving its actin-binding properties. Hence, it is
likely that the A868T variant’s interaction with other sarcomere proteins influences Z-disc
behavior, in addition to its interactions with actin.

3.3. Can Changes in Titin Flexibility Alter the Kinetics of Cardiac Muscle?

Titin plays an important role in myogenesis in the assembly of the Z-disc and in-
teraction with different components of the thick filament. It appears that the stability
of the CP2 pathway directly impacts the mechanical strength of the sarcomere. There
are specific Z-repeats of titin that interact with the Spectrin Repeats (SR) of a-actinin 2.
Our MD simulations suggest that the A868T variant affects interactions between these
sarcomere proteins that subsequently affect the kinetics of the contraction of the sarcomere,
supporting our main hypothesis. Previous authors have reported that titin Z-repeats and
their distributions might vary based on the type of striated muscle, and this could be the
reason why our patient did not report any other muscular issues besides those cardiac
associated [62,63]. It seems that overexpression of the Z1 and Z2 repeats of titin and T-cap
can directly affect the assembly of the Z-disc. Although we were not able to elucidate the
specific Z-repeat that might be affected by the A868T variant, it is important to highlight
that variants in the Z-repeats of titin and o«-actinin 2 can impact the dynamics of other
sarcomere proteins [62,63]. Equally important is titin’s direct impact on the sarcomere’s
ultrastructural properties. Here, we observed some minimal changes at the ultrastructural
level of the sarcomere, including shorter SL and reduced myofibrillar width. Titin has
been proposed to act as an LS regulator with subsequent effects on the mechanics of the
sarcomere. Similar findings have been described in previous studies where abnormal titin
interactions in the Z-disc affect sarcomere measurements such as Z-disc circumference, my-
ofibrillar area, and surrounding protein expression in striated muscle [63]; although, these
findings can vary depending on the type of muscle and titin isoforms. Our MD simulations
suggest that the A868T variant alters the interaction between titin and x-actinin 2, and with
wider LS observed in our X-ray diffraction experiments, we propose that the changes in
muscle mechanics we observe can be attributed to alterations of sarcomere architecture [64].
Nonetheless, the importance of titin at the functional level of the sarcomere is well known
and, thus, something that could be impacted by the A868T variant samples [63].

3.4. Implications of the A868T Variant as a Contributor to the Development of Cardiac Disease

We sought to identify a possible mechanism by which the A868T variant might
lead to disease. Our results strongly suggest that the A868T variant alters CP1 and/or
CP2 as a pathophysiological mechanism. The MD simulations data suggest that the
abnormal interaction between x-actinin 2 and titin may nucleate a maladaptive change in
the sarcomere. Although no major alterations between the interaction of «-actinin 2 and
actin have been identified, it is important to point out that the elevation in Ca®* sensitivity
observed in Figure 3B might result from conformational changes in the thin filament due to
the variant via our proposed CP1 (Figure 6A). Therefore, our data provide new insights
into the Z-disc physiology and, consequently, how alterations in thin- and thick-filament
function via o«-actinin 2, directly or indirectly, can lead to alterations in the contractile
properties of the sarcomere. Additional studies using cryo-electron microscopy, as have
been conducted with isolated cardiac thin filaments [65,66], could allow a deeper structural
understanding of how Z-disc proteins communicate with thin and thick filament proteins
to modulate contraction.
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4. Materials and Methods
4.1. Human Heart Muscle Samples

The explanted control donor human heart used for our control samples was obtained
from the Vanderbilt University Medical Center. Control samples were taken from a de-
identified 44-year-old female normal donor whose heart was procured but not transplanted.
The cause of death for the donor is not available but it was not due to cardiac-related issues,
which allowed for inclusion into the Vanderbilt Heart Failure Biorepository (VUMC IRB
#131978 and #202301). The control data reported in this manuscript were obtained from
this single donor heart; therefore, the data points all represent technical replicates. The
de-identified x-actinin A868T heart sample was obtained from the Vanderbilt University
Medical Center after the patient’s informed consent was obtained (VUMC IRB #131978 and
#202301). The x-actinin A868T variant data reported in this manuscript were obtained from
this single patient heart; therefore, the data points represent technical replicates.

4.2. Electron Microscopy

Samples from the proband explanted heart were fixed in 3% buffered glutaraldehyde
at the time of transplant, processed into Spurr resin, and thin sections were cut for trans-
mission electron microscopy per the standard protocol in the VUMC Clinical Pathology
lab. Normal controls were identified from previously stored endomyocardial biopsies.
Thin sections were imaged with an FEI Tecnai 12 transmission electron microscope. Five
micrographs at 7100x and 14,000 x were reviewed by clinical pathologists and used for
analysis. Sarcomere length and myofibril width from EM images were quantified using
Image] and GraphPad software version 9.4.1.

4.3. Immunofluorescence

Histological preparation slices of patient myocardium were embedded in optimal cut-
ting temperature compound (OCT), frozen at —80 °C, and cut using microtome equipment.
Immunostaining was carried out using prepared tissue slides fixed in ice-cold fixation
buffer (4% paraformaldehyde) for 20 min at room temperature. The fixed tissue was
washed 3x for 10 min in Permeabilization Buffer (10% FBS, 0.2% Triton X-100 in PBS)
and then incubated with Collagenase Permeabilization Buffer (Collagenase II and IV in
permeabilization buffer) for 30 min. Immunostaining was followed by incubating the
primary antibody for x-Actinin 2 (GeneTex #GTX103219) or Titin (Novus #NBP1-88071)
overnight at 4 °C. This was followed by 3 x washes of Permeabilization Buffer for 5 min
and incubation of secondary antibody (Alexa Fluor, Invitrogen #A-21206) for 2 h at room
temperature. After the removal of the secondary antibody, 3x washes of Permeabilization
Buffer for 5 min were performed, followed by incubation of DAPI (concentration 1:5000) for
5 min. The final 3x washes of Permeabilization Buffer were performed to clean the slides.
Mounted slides were imaged using Carl Zeiss LSM 880 Confocal Microscope Systems.

Fluorescence Intensity was measured using Image]J software. Each image was sepa-
rated into different channels (blue channel for DAPI dye and green and red channels for
o-actinin 2 and titin antibodies, respectively). Images with actinin 2 or titin antibody were
selected, and an area within the image was measured and analyzed. The areas containing
actinin 2 striations in Figure 2C-F were selected, and mean fluorescence intensity along
with background fluorescence was measured for analysis. The background mean was
subtracted from the fluorescence mean to provided an accurate value for the fluorescence
of the area. This process was repeated 3 x per image on different locations of the images
selected for fluorescence analysis Figures S1 and S2.

Z-bodies and titin spot counts were measured using ImageJ software. In Figure 2C,D,
tissue slides were labeled with «-actinin 2 antibody and an individual count of each Z-body
was made. This process was repeated 3x per image (Figure S1). A similar process was
completed in Figure 2E,F, where we present an image labeled with titin. This process was
conducted in triplicate per image with the same selected area (Figure S2). The average
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numbers of Z-bodies and titin spots were plotted and analyzed using GraphPad software
version 9.4.1, as presented in Figure 2M,N.

4.4. Cardiac Muscle Preparations (CMPs)

CMPs were isolated from patients’” heart samples and prepared according to estab-
lished protocols [44]. CMPs were skinned using 1% Triton X-100 for four hours at 4 °C.
CMPs were mounted to a force transducer (model 403A, Aurora Scientific Inc., Ontario,
CA, USA), and length was controlled with a high-speed servomotor (Aurora Scientific Inc.
Model 312C). The steady-state isometric Ca*-dependent force was measured by exposing
the CMPs to a series of solutions ranging from low Ca?* concentration pCa 8 (108 M
free Ca®*) to high Ca?* concentrations pCa 4 (10~* M free Ca®*) at ~30 °C [67]. Sarcomere
length was set to 2.1 pm using HeNe laser diffraction (at pCa 8); CMPs were then incubated
in pCa8 with 3% dextran T-500 solution for 1 h before the experiments [44]. The use of
dextran reduces the myofilament lattice spacing to close to the physiological value [44].
Data were fitted using a two- or three-parameter sigmoidal Hill equation, as previously
described [43,44,68,69].

4.5. Muscle Mechanics

The rate of tension redevelopment (kTr) was measured after force levels reached a
steady state at each level of Ca?* activation. ktg was obtained by shortening the CMPs
to 20% of its original length (L), followed by a 25% rapid restretch, and shortening
back to Lg [43,44,70]. ktr was calculated from individual measurements as previously
described [44].

Sinusoidal stiffness (SS) was obtained after the force reached a steady state in each pCa
solution at ~30 °C by measuring the changes in SL and their respective changes in force.
CMPs oscillated at a small length perturbation of 0.2% peak-to-peak of the initial length at
a frequency of 100 Hz with a sampling rate of 1 kHz. The SS data were analyzed with R
studio Fast Fourier transform, and the values were reported in megapascals. The data were
fitted using a four-parameter sigmoidal Hill equation, as previously described [43,44].

4.6. X-ray Diffraction

Muscle preparations: The muscle tissue was permeabilized as previously described [45].
Briefly, the muscle was permeabilized in skinning solution (2.25 mM Nap ATP, 3.56 mM
MgCl,, 7 mM EGTA, 15 mM sodium phosphocreatine, 91.2 mM potassium propionate,
20 mM imidazole, 0.165 mM CaCl,, 15 mM 2,3-butanedione 2-monoxime (BDM), 1% Triton
X-100 and protease inhibitor cocktail (complete, Sigma Aldrich, St. Louis, MO, USA))
for ~30 min before being split into smaller CMPs. The CMPs were transferred into fresh
skinning solutions and incubated overnight at 4 °C. The CMPs were washed with fresh,
relaxing solution (pCa 8: 2.25 mM NayATP, 3.56 mM MgCl,, 7 mM EGTA, 15 mM sodium
phosphocreatine, 91.2 mM potassium propionate, 20 mM imidazole, 0.165 mM CaCl,) 3 x
for 10 min each to wash out BDM and Triton X-100. Muscles were further dissected into
strips, clipped with aluminum T-clips, and stored in a cold, relaxing solution for the day’s
experiments.

4.7. Small-Angle X-Diffraction

Equatorial X-ray diffraction patterns were collected from freshly permeabilized muscle
strips using the small-angle instrument on the BioCAT beamline 18ID at the Advanced
Photon Source, Argonne National Laboratory, as described in [71]. Diffraction patterns were
collected at a SL of 2.3 um with a 1 s exposure time at an incident flux of ~3 x 10'2 photons
per second on a CCD-based X-ray detector (Mar 165; Rayonix Inc. Evanston, IL, USA). The
data were analyzed using the “equator” data reduction routine from the MuscleX V1.22.0
software package developed by BioCAT [72], as described in [49].



Int. . Mol. Sci. 2023, 24, 14572

16 of 22

4.8. MD Simulations and Analysis

To study the molecular basis of EF 3—4 interacting with x-actinin or titin, we performed
molecular dynamics (MD) simulations of the following systems: (1) EF 3-3, (2) EF 3—4 with
the x-actinin neck region bound, and (3) EF 3—4 with the equivalent region of titin, Z-repeat
7,bound (PDB: 1H8B) [73]. The structure of EF 3—4 with the x-actinin neck region bound
was constructed from the crystal structure of x-actinin (PDB: 4D1E) [15]. In particular, since
the PDB file contains coordinates of only one monomer, the dimer structure was generated
using the sym operation in UCSF Chimera [74] (i.e., “sym biomt biomtSet”). From the
dimeric structure, the region corresponding to the EF 34 with titin was then extracted
and used as the starting structure of the EF 3—4 with the x-actinin neck region. In addition,
wild-type and A868T mutations were simulated for each system. Therefore, a total of six
cases were simulated.

MD simulations were performed following a similar protocol as previously
reported [75]. Specifically, the AMBER f{f14SB [76] force field was used for protein atom
parameterization. Each system was solvated in a TIP3P [77] water box with the distance
between protein to water box wall set to 12 A. 0.15 M K* and Cl~ ions were added to mimic
the ionic strength encountered in a physiological environment. Energy minimization was
next performed with a non-bonded interactions cutoff value of 10 A, a 2fs time-step, with
SHAKE [78] constraints applied to the bonds involving hydrogen atoms, and a restraint of
10 kcal mol~! 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, the system was heated from 0 to 300 K
under an NVT ensemble with a restraint of 10 kcal mol~! A=2 imposed on the protein
backbone to immobilize these atoms. In the next heating stage, the system was heated from
0 to 300 K under an NPT ensemble with a reduced restraint of 3 kcal mol~! A=2 imposed
on the protein backbone to allow for slight relaxation. The system was then subject to a
1 ns equilibration at 300 K with a further reduced restraint of 1 kcal mol~! A~2 imposed on
the protein backbone. A Langevin thermostat with a collision frequency of 3 ps~! was used
during the simulation. Finally, starting from the equilibrated configuration, 1 us production
MD with no restraints was performed in triplicate with randomized initial velocities.

Clustering analysis, root mean square deviation (RMSD)/root mean square fluctua-
tion (RMSF) calculations, hydrogen bonds, and principal component analysis (PCA) were
performed using CPPTRA]J [79]. To estimate the binding free energies between EF 3—4
and «-actinin or titin, MM/GBSA calculations were performed using down-sampled
production MD trajectories with a salt concentration of 0.15 M, a surface tension of
0.0072 keal mol~! A~2 (default value) and a Generalized Born method (igb = 5) via MMPB
SA.py [80].

4.9. Statistical Analysis

Data were reported as mean & S.D. or mean + S.E. For electron microscopy, im-
munofluorescence, and X-ray diffraction experiments, statistical analyses between the two
different groups were performed using an unpaired Student’s ¢-test with GraphPad (ver-
sion 9.4.1 for Windows, GraphPad Software, San Diego, CA, USA. * p < 0.05 and ** p < 0.01
were considered statistically significant. For the muscle mechanics experiments, statistical
analyses within and between groups were performed using the One-Way ANOVA Student-
Newman-Keuls Method with SigmaPlot v12 (Systat Software, Inc., San Jose, CA, USA),
where statistical significance was shown as * p < 0.05 and ** p < 0.01 for comparisons within
the same group, and # p < 0.05, ## p < 0.01, and ### p < 0.001 for comparisons between
groups.

5. Conclusions

Our study identifies A868T as a possible pathogenic variant of ACTN2 in cardiac
muscle that leads to severe ventricular fibrillation and an HCM-like phenotype with
diastolic dysfunction (Figure 6B). Overall, cardiac muscle mechanics were compromised,
suggesting abnormal actomyosin interactions due to alterations in structural interactions
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between o-actinin 2, titin (CP2), and actin (CP1) within the Z-disc. Our modeling data
predict differences in the interactions between «-actinin 2 and titin. Our muscle mechanics
and small-angle X-ray diffraction studies suggest that there is a wider LS between the thin
and thick filaments accompanied by an elevation in cross-bridge cycling but with a shorter
attachment time. The wider LS might be related to alterations in the interactions between
the variant and titin, affecting the CP2 pathway and leading to the functional changes
that were observed in this study. Overall, the data suggest that the A868T variant alters
the mechano-sensing role of c-actinin 2 and disrupts the functional performance of the
sarcomere, ultimately leading to cardiac disease (Figure 6B).

Limitations

A 134 gene cardiomyopathy GeneDx panel, rather than full genome sequencing, was
performed during the patient’s clinical assessment. This panel covers the most relevant
pathological genes. We are aware that a combination of mutated genes and environmental
conditions might both be involved in the etiology of the patient’s cardiac disease; however,
a more detailed genetic study was not possible due to patients’ families declining follow-
ups in the medical genetics clinic; therefore, better genetic study is not possible at the
moment. Future studies with iPSC-cardiomyocytes and /or animal models are required to
clarify the role of the x-actinin A868T variant in the development of cardiomyopathy in
humans.
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Appendix A

Evolutionary analysis of «-actinin 2 around EF 3—4 sequence reveals ~95% of conser-
vation across 25 different species (Figure Al). Despite this high degree of conservation,
substitutions of A868 were identified by proline (P) or, in one case, by glutamine (Q)
(Figure Al). Figure A2 highlights four small mammal species (lesser Madagascar hedge-
hog, meerkat, gray mouse lemur, and ring-tailed lemur) that have a threonine (T) residue
where the A868T variant is located in human «-actinin 2. It would be of great interest to
know how these small mammals are adapted to living with a variant that is detrimental in
human patients.

868
Little brown bat tr|G1Q1H4 | G1Q1H4_MYOLU FMTRETADTDTAEQVIASFRILASDKPYILAEELRRELPPDQAQYCLGRMHAYKGPGAVP 684
Zebrafish tr|Q2YDRS | Q2YDRS_DANRE FMTRETADTDTAEQVIASFKILAADKPYILSDELRRELPPDQAEYCISRMAPYCGPGALP 877
Chinese softshell turtle  tTIK7FZAS|K7FZAS_PELSI =~ ==-=--emmeommocmoceccmccmocccccccoocccococoeeee -f------- 838
Zebra finch tr|HOZIL3|HOZIL3_TAEGU FMTRETADTDTAEQVIASFRILASDKPYILADELRRELPPEQAQYCIKRMAPYTGPGSVP 879
Chicken sp|P20111|ACTN2_CHICK FMTRETADTDTAEQVIASFRILASDKPYILADELRRELPPEQAQYCIKRMAQY TGPGSVP 879
Cat tr|AGA337STP8|AGA337STPS_FELCA FMTRETADTDTAEQVIASFRILASDKPYILAEELRRELPPDQAQYCIKRMHAYSGPGSVP 892
Goat tr|AGA452E211|AGA452E2]1_CAPHI FMTRETADTDTAEQVIASFRILASDKPYILAEELRRELPPDQAQYCIKRMHAYSGPGSVP 884
Hybrid Cattle tr| AGA4W2GND7 | AGA4W2GND7_BOBOX FMTRETADTDTAEQVIASFRILASDKPYILAEELRRELPPDQAQYCIKRMHAYSGPGSVP 876
Bovine tr| ABA3Q1M6WA | AGA3Q1MEWA_BOVIN FMTRETADTDTAEQVIASFRILASDKPYILAEELRRELPPDQAQYCIKRMHAYSGPGSVP 804
Gray mouse lemur tr| AGASB7EHQ4 | AGASB7EHQ4_MICMU FMTRETGDTDTAEQVIASFRILASDKPYILAEELRRELPPDQAQYCIKRMHTYTGPGSVP 876
Dog tr|AGASCORGI1|AGASCORGI1_CANLF FMTRETADTDTAEQVIASFRILASDKPYILAEELRRELPPDQAQYCIKRMHAYSGPGSVP 876
Horse tr|AGA3Q2I1T1|AGA3Q2I1T1_HORSE FMTRETADTDTAEQVIASFRILASDKPYILAEELRRELPPDQAQYCIKRMHAYSGPGSVP 876
gﬂr'g’f::i‘:angutan tr|AGA2I3STX1|AGA2I3STX1_PANTR FMTRETADTDTAEQVIASFRILASDKPYILAEELRRELPPDQAQYCIKRMAAKSGPGSVP 876
Ple-Ee FIEATE tr| AGA2I8UDUS | AGA2I8UDUS_PONAB FMTRETADTDTAEQVIASFRILASDKPYILAEELRRELPPDQAQYCIKRMHAYSGPGSVP 876
Gray short-talled opossumt™ | AGA2K6E8I4 | AOA2KGESIA_MACNE FMTRETADTDTAEQVIASFRILASDKPYILAEELRRELPPDQAQYCIKRMHAYSGPGSVP 876
Rat tr|F6YXB@ | F6YXBO_MONDO FMTRETADTDTAEQVIASFRILASDKPYILADELRRELPPDQAQYCIKRMHAPYSGPGSVP 876
African elephant tr|D3ZCVe|D3ZCVO_RAT FMTRETADTDTAEQVIASFRILASDKPYILAEELRRELPPDQAQYCIKRMHPYSGPGSVP 858
Mouse tr|G3TCU9|G3TCUS_LOXAF FMTRETADTDTAEQVIASFRILASDKPYILAEELRRELPPDQAQYCIKRMHAYSGPGSVP 878
Naked mole rat sp|Q9II91|ACTN2_MOUSE FMTRETADTDTAEQVIASFRILASDKPYILAEELRRELPPDQAQYCIKRMAPYSGPGSVP 876
Guinea pig tr|GSAPM7 | GSAPM7_HETGA FMTRETADTDTAEQVIASFRILASDKPYILAEELRRELPPDQAQYCIKRMHAYSGPGSVP 876
Giant panda tr|HOVPZ1|HOVPZ1_CAVPO FMTRETADTDTAEQVIASFRILASDKPYILAEELRRELPPDQAQYCIKRMHAYSGPGSVP 876
Thirteen-lined ground  tr|G1L2Z4|G1L2Z4_AILME FMTRETADTDTAEQVIASFRILASDKPYILAEELRRELPPDQAQYCIKRMHAYSGPGSVP 988
squirrel tr|I3M9L2|I3MOL2_ICTTR FMTRETADTDTAEQVIASFRILASDKPYILAEELRRELPPDQAQYCIKRMHPYSGPGSVP 876
Human _ sp|P35609 | ACTN2_HUMAN FMTRETADTDTAEQVIASFRILASDKPYILAEELRRELPPDQAQYCIKRMHAYSGPGSVP 876
Western lowland gorilla .| G3r8CS | G3R8C5_GORGO FMTRETADTDTAEQVIASFRILASDKPYILAEELRRELPPDQAQYCIKRMAAYSGPGSVP 876

Lesser Madagascar hedgehog UP10003336497

Homo sapiens
Meerkat

Gray mouse lemur UPI@@1E26D5C1

Figure Al. Sequence of x-actinin 2 EF 3-4 region across 25 different species. Multi-species se-
quence alignment of the region where the A868T variant is located. Highlighted by the red box is the
amino acid that is mutated in the human patient.

868
DKPYILADELRRELPPEQAQYCIKRMPTYSGPGSVPGALDYTAFSSALYGESDL 894
sp|P35609 | ACTN2_HUMAN DKPYILAEELRRELPPDQAQYCIKRMPAYSGPGSVPGALDYAAFSSALYGESDL 894
UPI001155C7FB DKPYILAEELRRELPPDQAQYCIKRMPTYSGPGSVPGALD|TAFSSALYGESDL 894
DKPYILAEELRRELPPDQAQYCIKRMPTYTGPGSVPGALD|TAFSSALYGESDL 636
Ring-tailed lemur tp|A@ASB7EHQ4 | AGASB7EHQ4_MICMU DKPYILAEELRRELPPDQAQYCIKRMPTYTGPGSVPGALDYTAFSSALYGESDL 894

x*xxxxx:txx*t*##:xxxxxkxt#x:*:*xxxxxxxxt 3 K 3 K K K K X K XK X

Figure A2. Sequence of x-actinin 2 EF 3—4 in four small mammals that have threonine (T) at the
equivalent residue as to human A868. Multi-species sequence alignment of the region where the
AB868T variant is located. Highlighted by the red box is the amino acid that is mutated in the human
patient, aligned with four small mammal species that, surprisingly, normally have a threonine (T)
residue at that location.
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