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Myosin dilated cardiomyopathy mutation S532P 
disrupts actomyosin interactions, leading to 
altered muscle kinetics, reduced locomotion, 
and cardiac dilation in Drosophila

ABSTRACT Dilated cardiomyopathy (DCM), a life-threatening disease characterized by path-
ological heart enlargement, can be caused by myosin mutations that reduce contractile func-
tion. To better define the mechanistic basis of this disease, we employed the powerful ge-
netic and integrative approaches available in Drosophila melanogaster. To this end, we 
generated and analyzed the first fly model of human myosin–induced DCM. The model repro-
duces the S532P human β-cardiac myosin heavy chain DCM mutation, which is located within 
an actin-binding region of the motor domain. In concordance with the mutation’s location at 
the actomyosin interface, steady-state ATPase and muscle mechanics experiments revealed 
that the S532P mutation reduces the rates of actin-dependent ATPase activity and actin bind-
ing and increases the rate of actin detachment. The depressed function of this myosin form 
reduces the number of cross-bridges during active wing beating, the power output of indi-
rect flight muscles, and flight ability. Further, S532P mutant hearts exhibit cardiac dilation 
that is mutant gene dose–dependent. Our study shows that Drosophila can faithfully model 
various aspects of human DCM phenotypes and suggests that impaired actomyosin interac-
tions in S532P myosin induce contractile deficits that trigger the disease.

INTRODUCTION
Dilated cardiomyopathy (DCM) involves weakening of the heart, 
leading to progressive, pathological ventricular dilation and wall 
thinning (McNally et al., 2013). Hereditary DCM commonly involves 

point mutations in genes essential for heart function, including the 
MYH7 gene encoding human β-cardiac myosin heavy chain (β-
MyHC) (Seidman and Seidman, 2001). MYH7 DCM mutations often 
disrupt intramolecular and intermolecular interactions essential for 
proper protein function and decrease contractility (Kamisago et al., 
2000; Ujfalusi et al., 2018). Distinct step(s) of the myosin ATPase cy-
cle can be altered by different DCM mutations, depending on the 
mutation location within the protein and the nature of the amino 
acid change (Seidman and Seidman, 2001; Richard et al., 2006; 
Lakdawala et al., 2012; Ujfalusi et al., 2018).

DCM patients exhibit cardiac chamber enlargement with fre-
quent decreases in systolic function and thinning of cardiac walls 
(Kamisago et al., 2000; Richard et al., 2006). Systolic dysfunction 
involves inadequate emptying of the left ventricle (LV) that is charac-
terized by reductions in ejection fraction (EF, forward stroke volume 
divided by end-diastolic volume) and fractional shortening (FS, the 
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fraction of diastolic dimension lost during systole). Cardiac dysfunc-
tion may be moderate to severe, and histological findings can in-
clude fibrosis or cardiomyocyte loss.

In this report, we generate the first Drosophila model for myosin-
induced DCM (S532P) observed in patients and focus on how this 
new model could aid in understanding disease causation. In contrast 
to vertebrates, which contain multigene myosin families, Drosophila 
has a single-copy myosin heavy chain (Mhc) gene, making it a simple 
model to study myosin-based myopathies (Bernstein et al., 1983; 
Rozek and Davidson, 1983). Further, Drosophila serves as an excel-
lent model for the expression and isolation of myosin from indirect 
flight muscles (IFMs) of the thorax for biochemical and structural 
studies (Caldwell et al., 2012). Additionally, IFMs contain a highly or-
dered array of myofibrils similar to human skeletal muscles, and their 
functional impairment can be readily assessed in vivo by flight testing 
(Bernstein et al., 1993) and in vitro via fiber mechanical assays (Swank, 
2012). Drosophila is useful for studying heart disease because many 
genes controlling heart differentiation and function (e.g., the differ-
entiation factor Tinman/Nkx 2.5, the contractile protein myosin) are 
evolutionarily conserved (Bier and Bodmer, 2004). The dorsal vessel 
in Drosophila includes the heart, which is composed of a simple 
tube-like structure located in the abdomen that is part of an open 
circulatory system. Drosophila heart function can be severely per-
turbed without compromising viability, because flies also utilize a 
tracheal respiration system to deliver oxygen directly to tissues.

Multiple human patients and a mouse model have confirmed 
that the S532P mutation is causative of DCM in mammals (Kamisago 
et al., 2000; Schmitt et al., 2006; Lakdawala et al., 2012). The well-
documented nature of this DCM mutation made it ideal both for 
determining whether the Drosophila system can adequately model 
aspects of human DCM and for applying the integrative approach 
available in Drosophila in order to gain an in-depth understanding 
of the mechanistic underpinning of the disease.

Here, we expressed the S532P mutation in Drosophila to define 
the mechanistic basis of disease. Mutant myosin was purified from 
IFMs for actin cosedimentation and ATPase experiments to deter-
mine the biochemical mechanisms whereby the mutation reduces 
myosin function. Skinned fiber mechanics were performed on IFMs 
to explore the effects of the mutation on power output, ATP affinity, 
and the rate constants associated with actin binding. Further, we 
determined the impacts of the mutation on cardiac physiology, 
whole organism locomotion, and the myofibrillar ultrastructure of 
cardiac and skeletal muscles, providing an integrative analysis of 
DCM myosin. Overall, this study highlights the usefulness of the 
Drosophila model system for investigating the effects of specific 
myosin DCM mutations and for potential testing of therapeutic 
modalities.

RESULTS
The S532P myosin mutation reduces actin-activated 
ATPase activity
To predict the structural effects of the S532P mutation, we modeled 
the location of the conserved S532 residue (Figure 1A, green resi-
due, boxed inset) on the crystal structure of chicken skeletal muscle 
myosin II in the postrigor configuration (Rayment et al., 1993). We 
chose this structure for modeling due to its well-documented bind-
ing sites for actin (Rayment et al., 1993; Holmes et al., 2004; Kop-
pole et al., 2007; Lorenz and Holmes, 2010). However, we verified 
the presence of structurally conserved regions containing the resi-
due of interest in the human β-cardiac myosin heavy chain isoform 
(β-MyHC, PDB ID#: 4DB1) and Drosophila embryonic MHC isoform 
(PDB ID#: 5W1A) crystal structures. The β-MyHC S532 residue 

(Drosophila melanogaster MHC S531) is located within an actin-
binding site (red) in a helix-loop-helix motif of the lower 50-kDa sub-
domain (Rayment et al., 1993). Kamisago et al. (2000) predicted that 
the S532P mutation breaks the α-helical structure and disrupts acto-
myosin interactions.

To examine the impact of the S532P mutation on myosin bio-
chemical properties, IFM ultrastructure, IFM mechanical properties, 
and flight ability, we crossed the myosin transgene into an Mhc10 
myosin-null genetic background. Mhc10 flies lack endogenous MHC 
protein expression in IFMs and jump muscles due to a mutation of 
an exon splice junction that is specifically utilized in those muscles 
(Collier et al., 1990). All other muscle types retain expression of the 
wild-type Mhc gene, which obviates embryonic lethality that arises 
when Mhc expression is eliminated in all muscles (O’Donnell and 
Bernstein, 1988).

To determine the impact of the S532P mutation on the enzymatic 
activity of myosin, we assessed steady-state ATPase parameters of 
myosin obtained from dissected IFMs of homozygous fly lines har-
boring the S532P myosin mutation. An SDS–PAGE analysis of the 
upper thoraces of young mutant flies confirmed that these lines ex-
press wild-type ratios of myosin to actin (Table 1). Both basal Mg-
ATPase (0.22 ± 0.08 vs. 0.28 ± 0.11 s–1, p = 0.32) and Ca-ATPase 
(10.81 ± 6.38 vs.15.77 ± 3.33 s–1, p = 0.16) did not significantly differ 
for S532P myosin compared with wild-type myosin (Figure 1B and 
Supplemental Table S1). We measured Mg-ATPase activity in the 
presence of increasing concentrations of F-actin to determine 
whether the S532P mutation affects actin-dependent activity. The 
Vmax (maximum ATPase rate) of actin stimulation was reduced ap-
proximately threefold for S532P relative to wild-type myosin (0.59 ± 
0.28 vs. 1.86 ± 0.49 s–1, p < 0.001; Figure 1C and Supplemental Table 
S1). The Km value, the actin concentration required to reach 50% 
Vmax, did not differ relative to wild type (Supplemental Table S1).

We performed cosedimentation assays to estimate the binding 
affinity of S532P S1 for F-actin in the rigor state (in the absence of 
nucleotide). For this, we generated fly lines expressing His-tagged 
myosin, isolated His-tagged protein from bulk fly homogenates via 
Ni column chromatography, and then purified the subfragment-1 
(S1) motor domain following limited proteolysis. We produced bind-
ing curves by incubating increasing amounts of F-actin with fixed 
amounts of control or mutant S1. Following centrifugation, a major-
ity of S1 remained soluble in actin-free S1 controls, while F-actin was 
insoluble in S1-free actin controls (Figure 1D). We scanned electro-
phoretic gels of centrifuged samples and fitted the densities of S1-
bound fractions to a hyperbolic function to determine binding affin-
ity (Kd) for F-actin (Figure 1E). The binding affinities (Kd values) for 
F-actin did not differ statistically between recombinant mutant and 
control S1 (2003 ± 1040 nM vs. 1260 ± 963 nM, p = 0.42). However, 
the average Kd value for the S532P mutant S1 was ∼1.6-fold higher 
relative to control S1, indicating a trend toward lower actin affinity in 
this mutant. The Kd values for both mutant and control myosins 
were ∼10-fold higher compared with previously published values for 
IFI (Miller et al., 2003). The lower affinity reported here may be at-
tributed to a higher concentration of NaCl in the reaction buffer (100 
vs. 30 mM), which was adjusted to improve myosin S1 solubility and 
to better differentiate between mutant and wild-type affinities, 
which are extremely high at lower salt concentrations (Miller et al., 
2003). Though cosedimentation is a standard approach for measur-
ing actin-binding affinity, it is challenging to obtain accurate Kd mea-
surements using this method due to the irreversible binding of acto-
myosin during sedimentation. Thus, we also performed muscle 
mechanics (see below) to determine whether the mutation affects 
actin-binding rates.
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FIGURE 1: S532P myosin reduces steady-state actin-activated ATPase activity. (A) The location of the S532P myosin 
residue within an actin-binding region of the motor domain is shown in the boxed inset. The β-MyHC S532 residue 
(green) was modeled on the crystal structure of chicken skeletal muscle myosin II in the postrigor configuration (PDB ID: 
2MYS). Red: actin-binding sites. (B, C) Full-length myosin isolated from IFMs of S532P mutants (N = 5) and PwMhc2 
wild-type transgenic controls (N = 5) was assessed for (B) Mg2+ basal and (C) actin-activated ATPase activities. To 
determine actin-activated activity, Mg2+ basal ATPase activities were subtracted from measured basal ATPase values 
over increasing concentrations of F-actin. Values were fitted with the Michaelis–Menten equation to determine the Vmax 
and Km. (D, E) Myosin subfragment-1 (S1) was isolated in bulk from His-tagged S532P mutants (N = 3) and His-tagged 
wild-type transgenic controls (N = 3) and assessed for actin-binding affinity using cosedimentation assays. (D) A 
representative SDS–polyacrylamide gel showing insoluble pellet (P) fractions of F-actin and wild-type S1-containing 
samples over increasing F-actin concentrations (lanes 5–15: 0.4, 0.6. 0.8, 1, 1.2, 1.4, 1.6, 1.8, 2, 3, and 4 μM, 
respectively). Supernatant (S) and pellet (P) fractions of samples containing S1 or F-actin alone are shown as controls 
(lanes 1–4). (E) The bound actomyosin levels in pelleted samples were determined via densitometry and plotted vs. 
F-actin concentration. To determine bound fractions, the density of S1 in the pellet fraction relative to total protein 
content was calculated, and the fraction of pelleted S1 in a S1-only control was subtracted from this value. To determine 
actin-binding affinity, the dissociation constant of S1 for F-actin (Kd) was defined as the F-actin concentration required to 
reach half maximal binding (Bmax). Data are reported as mean ± SD. Statistical significance was determined using 
Student’s t tests (***p < 0.001, ns = nonsignificant).
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The S532P mutation reduces power output, slows muscle 
kinetics, and reduces the number of active cross-bridges 
without affecting myofibril assembly or maintenance
To determine whether expression of the S532P mutation causes de-
fects in myofibrillar assembly or maintenance, we performed trans-
mission electron microscopy on relaxed IFMs isolated from aged 
3-wk-old S532P homozygous mutants and controls. Transverse sec-
tions of mutants and controls displayed myofibrils with normal, 
rounded morphology (Figure 2, A and B), and a normal double hex-
agonal array of thick and thin filaments (Figure 2, C and D). In longi-
tudinal sections, myofibrils displayed normal parallel organization 
(Figure 2, E and F), and sarcomeres displayed normal organization 
with intact myofilaments (Figure 2, G and H). No differences in aver-
age inter–thick filament spacing distances (Figure 2I) or sarcomere 
lengths (Figure 2J) were detected between mutants and controls 
under relaxing conditions. Overall, no disruption in sarcomere ultra-
structure was observed in S532P mutants, suggesting that flight im-
pairment and muscle mechanical changes in these lines (as shown 
below) were not caused by myofibrillar assembly defects or 
degeneration.

We performed sinusoidal analysis to determine whether muscle 
mechanical properties were altered by the S532P mutation. For this, 
we isolated individual fibers from IFMs of 2–3-d-old homozygous 
flies, demembranated them, and subjected them to small-ampli-
tude sinusoidal analysis in a muscle mechanics apparatus (Swank, 
2012). From the amplitude and phase differences between recorded 
sinusoidal muscle force and length traces, we calculated mechanical 
properties such as power, stiffness (elastic and viscous moduli), and 
rate constants of the myosin cross-bridge cycle. To ensure reproduc-
ibility, we assessed fibers isolated from multiple mutant fly lines (L1, 
L2, and L3).

Fibers from all three mutant homozygous lines displayed de-
pressed maximum power production (p < 0.05, one-way variance 
[ANOVA] Dunn’s method) (Table 2 and Figure 3A). The lower power 
was due, in part, to lower work production as shown by the viscous 
modulus (Ev) being less negative at frequencies that produced posi-
tive power for fibers from S532P lines L2 and L3 (p < 0.05, one-way 
ANOVA Dunn’s method) (Table 2 and Figure 3B). The elastic modu-
lus (in-phase stiffness, Ee) at low and high frequencies was not differ-
ent from control values, and while intermediate values (at or near 
fmax) are close to being statistically different from control values, dif-
ferences did not reach statistical significance (Table 2 and Figure 
3C). Power was also lower due to slower muscle kinetics (power = 
work × frequency of muscle oscillation) as shown by the lower fre-

quency at which maximum power was produced, fmax (p < 0.001, 
one-way ANOVA Holm–Sidak method) (Table 2 and Figure 3A), the 
reduced frequency at which the elastic modulus was lowest (fEe or 
dip frequency) (Table 2 and Figure 3C) and the lower frequency at 
which the viscous modulus was most negative (fEv or dip frequency) 
(p < 0.001, one-way ANOVA Holm–Sidak method) (Table 2 and 
Figure 3B) for the mutant. In other words, muscle expressing the 
mutation operates at slower speeds.

Fitting the Nyquist plots (viscous modulus vs. elastic modulus) 
(Figure 3E) from sinusoidal analysis with our complex modulus equa-
tion (Supplemental Figure S1, Eq. 3) to obtain apparent muscle rate 
constants 2πb and 2πc revealed that the changes in muscle kinetics 
are likely driven by alterations to some steps of the myosin cross-
bridge cycle (Kawai and Brandt, 1980; Swank, 2012). The rate con-
stant 2πb, which is influenced by steps associated with attachment 
to actin and/or the power stroke step (Palmer, 2010), was signifi-
cantly slower for fibers from all three mutant lines compared with 
the controls (Table 2, p < 0.05, one-way ANOVA Dunn’s method). 
The rate constant 2πc, which is influenced by steps associated with 
detachment from actin (Palmer et al., 2007), was significantly faster 
for fibers from all three mutant lines compared with controls (Table 
2, p < 0.001, one-way ANOVA Holm–Sidak method). Taken to-
gether, the two experimental rate constants suggest that the mutant 
myosin spends less time strongly bound to actin than the control, 
which would contribute to the lower work production.

Though the rate of Mg-ADP release is thought to be the rate-
limiting step for detachment for most muscle types (Kawai and 
Halvorson, 1989, 1991), including Drosophila embryonic myosin 
and other slow Drosophila muscles (Swank et al., 2006), the ATP-in-
duced detachment step has been identified as rate limiting for 
Drosophila IFMs (Swank et al., 2006). To determine whether the 
S532P mutation influences the detachment-associated steps, we 
varied ATP concentration from 20 to 0.5 mM while performing a si-
nusoidal analysis. We plotted values for fmax over changing ATP con-
centration and fitted them with a hyperbolic function curve (Table 2 
and Figure 3D). Vmax was significantly lower for S532P mutant fibers 
(p < 0.001, one-way ANOVA Holm–Sidak method), confirming our 
previous fmax differences, but there was no change in Km, indicating 
that the affinity for ATP was not likely changed by the mutation. This 
suggests that another step associated with myosin detachment 
from actin, such as ADP release rate, is likely increased to account 
for the increase in 2πc.

To examine the structural effects of the S532P mutation in vivo, 
we compared the x-ray diffraction patterns obtained from mutant 

Genotype Protein expression (%) Flight index (A.U.)

Age 2 d 2 d 1 wk 3 wk

PwMhc2 100.0 ± 4.7x 3.70 ± 0.15 3.52 ± 0.12 3.32 ± 0.13

S532P-L1 100.6 ± 3.8 3.53 ± 0.21ns 1.94 ± 0.16**** 1.42 ± 0.17****

S532P-L2 101.5 ± 1.3 2.70 ± 0.16**** 1.75 ± 0.16**** 1.76 ± 0.14****

S532P-L3 99.0 ± 2.2 3.42 ± 0.13ns 2.48 ± 0.12**** 1.84 ± 0.12****

Homozygous S532P mutant lines (L1, L2, and L3) were crossed into an Mhc10 (myosin-null in IFMs and jump muscles) background. Protein expression levels in IFMs 
from S532P lines (L1, L2, and L3) relative to wild-type yw flies were determined using densitometry. xValue given here is for yw wild-type flies. PwMhc2 controls 
were previously reported to contain wild-type MHC levels relative to those of wild-type flies (Viswanathan et al., 2017). Transgenic flies were assigned a score for 
flight upward (U), horizontally (H), downward (D) or the inability to fly (N). Flight index was calculated as 6*U/T +4*H/T +2*D/T +0*N/T, where T is the total number 
of flies tested. N ≥ 100 flies were tested for each line/age. Data are reported as mean ± SEM. A two-way ANOVA was employed to test whether the effects of 
genotype and age were significant for flight indices (Age: p < 0.0001, Genotype: p < 0.0001, Interaction: p < 0.0001). Multiple comparisons between mutant lines 
and age-matched controls are also shown (****p < 0.0001, ns = nonsignificant). Full genotypes of homozygotes are shown in parentheses: S532P lines (Mhc10/Mhc10; 
P[S532P]/P[S532P]); PwMhc2 transgenic controls (P[PwMhc2]/P[PwMhc2]; Mhc10/Mhc10).

TABLE 1: Protein expression levels and flight abilities of S532P/S532P lines.
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and control IFMs during active contraction (Figure 4A). Figure 4B 
shows equatorial x-ray diffraction patterns (top) and the intensity 
traces along the equator out to the 2,0 reflection (bottom) from 
transgenic wild-type IFM. We used equatorial reflection intensity 
traces to determine the differences in the intensity of the individual 

equatorial reflections between IFMs of mutant and control lines. Lat-
tice spacing of active S532P fibers (Figure 4C) is reduced by about 
4.1 nm compared with transgenic wild-type fibers (mean ± SEM, 
43.61 ± 0.81 vs. 47.76 ± 0.11 nm, p < 0.0001). The ratio of 1,0 and 
2,0 intensity (I2,0/I1,0) is an estimate of shifts of molecular mass from 

FIGURE 2: The S532P mutation does not affect myofibril stability of S532P IFMs. Transmission electron micrographs of 
thin-sectioned IFMs in transverse and longitudinal orientations were obtained from 3-wk-old homozygous PwMhc2 
control or S532P mutant flies in a homozygous Mhc10 (myosin-null in IFMs and jump muscles) background. 
(A, B) Low-magnification images of transverse sections show that myofibrillar morphology of IFMs is normal in S532P 
mutant flies compared with controls. MF: myofibril, M: mitochondrion. Scale bar, 0.5 μm. (C, D) High-magnification 
images of transverse sections show a regular hexagonal array of thick and thin filaments in controls and mutants. Scale 
bar, 0.1 μm. (E, F) Low-magnification images of myofibrils from longitudinal sections show that myofibrillar organization 
is normal in S532P flies compared with controls. MF: myofibril, M: mitochondrion. Scale bar, 2 μm. (G, H) High-
magnification images of longitudinal sections show that sarcomere stability is maintained in mutants. Arrowheads: 
Z-disks. Scale bar, 0.5 μm. (I) Inter–thick filament spacing averages were determined from micrographs of transverse 
sections using a custom-written Python script. Three flies were tested for each line. (J) Average sarcomere lengths were 
determined from micrographs of longitudinal sections using ImageJ software. Three flies were tested for each line. 
Values represent mean ± SD. Statistical significance was determined using Student’s t tests, where ns = nonsignificant 
difference compared with controls. Full genotypes are shown in parentheses: S532P homozygote (Mhc10/Mhc10; 
P[S532P]/P[S532P]); PwMhc2 homozygote (P[PwMhc2]/P[PwMhc2]; Mhc10/Mhc10).
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the region of the thick filament to that of the thin filament. Figure 4D 
shows that the I2,0/I1,0 of S532P was significantly decreased relative 
to that of transgenic wild-type flies (0.623 ± 0.072 vs. 0.852 ± 0.037, 
p < 0.01), suggesting that S532P myosin heads are less associated 
with the thin filament and fewer cross-bridges are formed during 
active contraction compared with controls. This agrees with our 
muscle mechanics results, which suggest that the mutation de-
creases the number of cross-bridges bound.

The S532P mutation causes a progressive decline in 
locomotion in Drosophila
We compared flight abilities between mutant lines and PwMhc2 (P 
element-transformed wild type) controls to determine whether the 
S532P mutation affects animal locomotion (Table 1 and Supplemen-
tal Table S2). At 2 d of age, homozygous S532P lines L1 and L3 
showed no significant difference in flight ability relative to controls 
(Table 1). Homozygous line S532P-L2 showed reduced flight ability 
at this age compared with controls. All three lines (L1–L3) displayed 
reduced flight ability compared with controls by 1 and 3 wk of age. 
We compared changes in flight ability within each line between 
young 2-d-old flies and aged 3-wk-old flies to determine whether 
functional impairments are progressive, akin to the age-related dis-
ease progression observed in DCM patients. All three S532P lines 
exhibited a greater decline in flight ability from 2 d to 3 wk of age 
compared with controls. Two-way ANOVAs determined that the ef-
fects of genotype (p < 0.0001) and age (p < 0.0001) independently 
contribute to statistically significant differences among groups, as 
does the interaction between age and genotype (p < 0.0001). Over-
all, the S532P mutation causes progressive defects in flight ability.

We also assessed heterozygotes to determine whether the 
S532P mutation causes dominant defects in muscle function, akin to 
the human condition. Heterozygotes display no defects in flight 
ability compared with controls at 3 wk of age (Supplemental Table 
S2), the same age that homozygotes display severe functional de-
fects, indicating that the detrimental effects of the mutation on 
gross-level IFM function are recessive. Interestingly, β-MyHC alleles 
that cause dominant DCM in humans typically are not associated 
with dominant clinical defects in slow skeletal muscles, which ex-
press the same MyHC isoform (Villard et al., 2005). Such variances 
might arise from differences in muscle physiological demands, tis-
sue-specific proteomes, and/or signaling systems.

The S532P mutation induces gene dose–dependent 
cardiac dilation in Drosophila
To determine the effects of the S532P mutation on the fly heart, we 
crossed the non–His-tagged Mhc S532P transgene into the Mhc1 
background. The Mhc1 allele is null for endogenous myosin in all 
muscles and must be maintained over a balancer chromosome to 
prevent death at the embryonic stage (O’Donnell and Bernstein, 
1988). While two copies of the S532P Mhc transgene rescued lethal-
ity of the Mhc1 homozygotes, the percent eclosion was lower com-
pared with that of wild-type transgenic controls (10.1% for L1 and 
7.5% for L2 vs. 17.9%, with 33.3% being the predicted percentage of 
homozygotes). This indicates that expressing the mutant transgene 
in all muscles in the absence of wild-type Mhc reduced survival to the 
adult stage. Further, the median lifetime of homozygous mutant 
adults was reduced compared with controls (7 d for L1 and 4.5 d for 
L2 vs. 9 d) (Supplemental Figure S2). Thus, we examined only the 
hearts of young S532P homozygotes. We also examined heterozy-
gotes, which corresponds to the genotype in the human condition.

Young, 4-d-old S532P/+ heterozygous flies exhibited no differ-
ences in diastolic diameters (DD), diastolic intervals (DI), or systolic 
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intervals (SI) relative to controls (Figure 5, A, E, and F). S532P-L1/+ 
flies displayed systolic dysfunction, characterized by increased sys-
tolic diameters (SD) (52.41 ± 1.059 vs. 49.29 ± 1.13 μm, p = 0.046) 
and reduced fractional shortening (FS) (0.296 ± 0.010 vs. 0.341 ± 
0.009, p < 0.01) compared with controls. However, SD and FS did 
not differ for S532P-L2/+ (Figure 5, B and C). In contrast, only S532P-
L2/+ exhibited a reduced myogenic heart rate compared with con-
trols (1.83 ± 0.10 beats/s vs. 2.36 ± 0.15 beats/s, p = 0.0051) (Figure 

5D). We then determined whether expression of two copies of the 
mutant transgene causes more severe cardiac physiological abnor-
malities. Both S532P homozygous lines exhibited a dilated pheno-
type, characterized by increases in DD compared with controls 
(82.805 ± 1.095, p < 0.0001 and 75.124 ± 1.675 μm, p < 0.05 vs. 
70.448 ± 1.965 μm) (Figure 5A). Similar to S532P-L1/+ flies, S532P-
L1/S532P-L1 flies exhibited systolic dysfunction characterized by 
increased SD (60.624 ± 1.215 μm vs. 47.764 ± 2.038 μm, p < 0.0001) 

FIGURE 3: Fiber mechanics reveal altered viscoelastic muscle properties and reductions in power output of S532P 
IFMs. (A) Maximum power output and the frequency at which maximum power is generated (fmax) were measured by 
sinusoidal analysis of IFM fibers from homozygotes. fmax values are indicated by the vertical dashed lines. (B, C) Changes 
in viscous modulus (B) and elastic modulus (instantaneous stiffness) (C) were plotted as a function of frequency. Dip 
frequencies are indicated by vertical dashed lines. (D) Sinusoidal analysis was performed at various ATP concentrations. 
Values for fmax were plotted over changing [ATP] and fitted with a hyperbolic function curve. (E) Viscous moduli vs. 
elastic moduli were plotted to generate Nyquist plots. The resulting plots were fitted (solid lines) to a three-term 
equation (Supplemental Figure S1, Eq. 3) to determine exponential rate processes (A, B, and C). Statistical assessments 
are listed in Table 2. Sample sizes are shown in parentheses: PwMhc2 homozygote (N = 10), S532P-L1 homozygote 
(N = 8), S532P-L2 homozygote (N = 6), and S532P-L3 homozygote (N = 8). Full genotypes are shown in parentheses: 
S532P homozygote (Mhc10/Mhc10; P[S532P]/P[S532P]); PwMhc2 homozygote (P[PwMhc2]/P[PwMhc2]; Mhc10/Mhc10).
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and decreased FS (0.268 ± 0.011 vs. 0.328 ± 0.013, p < 0.001) 
(Figure 5, B and C). Line L2 did not show differences in these param-
eters relative to controls. Only L1 showed an increase in heart rate 
compared with controls (3.17 ± 0.11 beats/s vs. 2.17 ± 0.14 beats/s, 
p < 0.0001) (Figure 5D). Diastolic and systolic intervals did not differ 
in either mutant line compared with controls (Figure 5, E and F). 
Because young homozygotes displayed a dilated phenotype, while 
age-matched heterozygotes did not, the mutational effects on 
cardiac dilation were gene dose–dependent in young S532P flies. 
We tested whether aged S532P/+ flies exhibit cardiac dilation and 
discovered that 3-wk-old S532P/+ flies displayed a significantly 
higher DD compared with controls (74.202 ± 1.327 and 74.796 ± 
1.479 vs. 67.209 ± 1.262 μm, p < 0.001) (Supplemental Figure S3A). 
Systolic diameters did not differ for either line compared with 
controls (Supplemental Figure S3B). Overall, S532P flies show car-
diac dilation that is influenced by age and genotype, making them 
a useful model for exploring the cellular pathways associated with 
DCM pathogenesis.

Finally, we employed transmission electron microscopy to deter-
mine whether the S532P mutation affects cardiac ultrastructure. Mi-
crographs of thin sections across the heart tube reveal a layer of 
cardiac myocytes as well as a layer of supportive ventral longitudinal 
skeletal muscle cells (Figure 6, A and B). Cardiac myofibrils (MF) are 
oriented mainly perpendicular to the anterior–posterior axis and 
contain discontinuous Z-disks (arrows), as standardly observed in 

this tissue (Melkani et al., 2013; Kaushik et al., 2015; Achal et al., 
2016; Bhide et al., 2018; Kronert et al., 2018). The ultrastructural 
properties of 4-d-old S532P homozygous mutant hearts are similar 
to those of controls, with no obvious signs of myofibrillar disorgani-
zation, assembly defects, or degeneration. Dorsal-side and ventral-
side cardiac thickness averages do not differ in 4-d-old homozygous 
mutants compared with controls (Figure 6, C and D). Thus, S532P/
S532P hearts do not show ultrastructural signs of progressive, path-
ological DCM remodeling at this age.

DISCUSSION
We introduced the S532P human DCM mutation into the Drosophila 
MHC to determine the feasibility of using this model organism to 
elucidate biochemical, cell biological, and physiological mecha-
nisms of the disease. The S532P mutation is well-documented to 
cause DCM in humans. The age of diagnosis (ages 2–57) and sever-
ity of symptoms varied in 19 S532P/+ patients from a single family 
(Kamisago et al., 2000). Nearly all patients exhibited clinically rele-
vant enlargements in LV end-diastolic and systolic diameters, and 
some showed deficits in FS. In another report, eight of 15 S532P/+ 
patients exhibited enlarged LV end-diastolic diameters and deficits 
in EF indicative of overt DCM (Lakdawala et al., 2012). In a mouse 
model of DCM, animals expressing S532P in α-cardiac MyHC (the 
major ventricular isoform in adult mice) exhibited progressive LV di-
lation in heterozygotes and early-onset cardiac dilation along with 

FIGURE 4: Small-angle x-ray diffraction experiments of actively beating IFMs reveal reductions in lattice spacing and in 
the active number of cross-bridges in S532P fibers. The impact of the S532P mutation on lattice spacing and intensity 
ratio was measured by small-angle x-ray diffraction of thoraces from flies actively beating their wings. (A) Flies were 
immobilized with an insect pin. (B) Top, equatorial diffraction pattern of a transgenic wild-type fly. Bottom, a one-
dimensional intensity trace showing the 1,0 and 2,0 reflection peaks. (C) The interfilament lattice spacing (d10) is 
reduced in S532P-L1 IFMs (N = 7) compared with PwMhc2 controls (N = 15). (D) The intensity ratios (I2,0/I1,0) associated 
with the number of active cross-bridges are reduced in S532P-L1 IFMs (N = 7) compared with controls (N = 14). Data are 
reported as the mean ± SEM. Statistical significance was determined using Student’s t tests, where **p < 0.01 and 
****p < 0.0001. Full genotypes are shown in parentheses: S532P-L1 homozygote (Mhc10/Mhc10; P[S532P]/P[S532P]); 
PwMhc2 homozygote (P[PwMhc2]/P[PwMhc2]; Mhc10/Mhc10).
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contractile deficits in homozygotes, suggesting a DCM-causative 
and gene dose–dependent role of the mutation (Schmitt et al., 
2006).

Given that the S532 residue localizes to an α-helix within an ac-
tin-binding site (Aksel et al., 2015), we hypothesized that a proline 
substitution would disrupt actomyosin interactions, possibly by 
bending or kinking the helix. We observed a trend of lower actin 
affinity (i.e., higher Kd) in the mutant compared with wild-type myo-
sin using the cosedimentation approach in the absence of nucleo-
tide (Figure 1E). As the effects of the mutation on actin affinity may 
differ during the chemomechanical cycle, we performed a sinusoi-
dal analysis on skinned IFM fibers to determine rate constants as-
sociated with actin binding. The muscle apparent rate constant 2πb 
was significantly lower in S532P homozygous fibers (Table 2), sug-

FIGURE 5: S532P flies exhibit gene dose–dependent cardiac dilation. (A, B) Cardiac dimensions, 
(C) fractional shortening, and (D–F) dynamics of 4-d-old PwMhc2 control or mutant S532P 
heterozygous and homozygous lines (L1 or L2). Values represent mean ± SEM. One-way 
ANOVAs determined statistical significance compared with controls, where *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001, and ns = nonsignificant. Sample sizes are listed in 
parentheses: PwMhc2 heterozygote (N = 35), S532P-L1 heterozygote (N = 36), S532P-L2 
heterozygote (N = 30), PwMhc2 homozygote (N = 32), S532P-L1 homozygote (N = 33), S532P-L2 
homozygote (N = 35). Full genotypes are shown in parentheses, where “-“ indicates that there is 
no P element on the homologous chromosome: S532P heterozygote (Mhc1/+; P[S532P]/–); 
PwMhc2 heterozygote (P[PwMhc2]/–; Mhc1/+); S532P homozygote (Mhc1/Mhc1; 
P[S532P]/P[S532P]); PwMhc2 homozygote (P[PwMhc2]/P[PwMhc2]; Mhc1/Mhc1).

gesting that the mutation slows a work-gen-
erating step that involves actin attachment 
and/or the power stroke step. The rate con-
stant 2πc was higher in mutant fibers, sug-
gesting that the mutation enhances the 
transition out of the A-M-ADP state and/or 
the following states, causing myosin to de-
tach more quickly from actin. Both of these 
rate constant changes decrease the amount 
of time S532P myosin spends bound to ac-
tin during the cross-bridge cycle. This low-
ered duty ratio would reduce the fraction of 
myosin heads bound to actin and account 
for the observed decrease in work output 
(Spudich, 2014). Consistent with this notion, 
kinetic analyses using recombinant mutant 
human β-cardiac myosin showed that myo-
sin S532P exhibits a reduction in duty ratio 
due to a reduced occupancy of the force 
holding ADP-bound actomyosin state (A-M-
ADP) (Ujfalusi et al., 2018). Ujfalusi et al. 
noted that these altered kinetic properties 
are predicted to reduce contractile function 
by lowering the load-bearing capacity of the 
mutant forms, that is, more cross-bridges 
need to be active to sustain load relative to 
wild type.

Previous reports that modeled the 
S532P mutation in mouse α-MyHC support 
our hypothesis that this mutation interrupts 
actomyosin interactions. A laser trap assay 
determined that the step size associated 
with actin binding was significantly de-
pressed in S532P mouse α-MyHC (Schmitt 
et al., 2006). Surprisingly, the duration of 
the time in which myosin remained bound 
to actin after the power stroke (ton) was lon-
ger. However, the authors acknowledged 
that individual kinetic steps affected by ton 
could not be determined at the subsaturat-
ing levels of ATP used in the assay, because 
ton is limited by the rates of both MgATP 
binding and ADP release. Muscle mechan-
ics revealed that the rate constant 2πb is 
higher in skinned S532P/+ mouse myocar-
dial fibers (Palmer et al., 2013), contrary to 
the depressed motor function observed in 
molecular level studies on myosin isolated 

from homozygous mutant hearts (Schmitt et al., 2006). Palmer 
et al. (2013) attributed this discrepancy to potential effects of sam-
ple preparation, assay design, or differences between genotypes 
or posttranslational modifications. The rate constant 2πc associ-
ated with detachment of myosin from actin was significantly higher 
in mouse S532P/+ fibers at intermediate concentrations (0.4–0.8 
mM) of Mg-ATP, consistent with our fly model. Minor differences in 
the actin-binding properties between α-MyHC in mouse S532P/+ 
fibers and myosin in Drosophila S532P/S532P fibers may be at-
tributed to the effects of genotype or differences between protein 
backbones. However, our data support a similar overarching con-
clusion that the S532P mutation reduces power output by affect-
ing actomyosin interactions, particularly time spent strongly bound 
to actin.
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Our observation of S532P myosin’s reduced actin-stimulated 
ATPase activity (Vmax) in the absence of changes in basal Mg-ATPase 
activity (Figure 1, B and C, and Supplemental Table S1) is in concor-
dance with the reduced rate of S532P myosin’s actin binding and/or 
an attenuated ability of actin to increase the Pi release rate. On the 
basis of these data, we postulate that the S532P mutation induces a 
conformational change that impairs closure of the actin-binding 
cleft and slows Pi release. This is expected to lower the rate of transi-
tion from weak to strong actin binding (Muretta et al., 2013; Hou-
dusse and Sweeney, 2016), consistent with our finding that apparent 
rate constant 2πb is lower in skinned IFM mutant fibers (Table 2).

Similar to our fly model for S532P myosin, a W546A mutation of 
chicken gizzard heavy meromyosin located within a helix structurally 
analogous to the β-MyHC S532–containing helix dramatically low-
ers the Vmax of actin-stimulated ATPase activity without altering Km 
(Onishi et al., 2006). The authors of this study suggest that the muta-
tion interrupts actin cleft closure, slowing the rate of Pi release with-
out affecting actin affinity. Consistent with this, expression of the 
S532P mutation in human β-MyHC short subfragment-1 (sS1) (Aksel 
et al., 2015) and mouse α-MyHC (Schmitt et al., 2006) lowered the 

FIGURE 6: The S532P mutation does not affect the organization and stability of cardiac 
myofibrils. (A, B) Transmission electron micrographs of hearts of 4-d-old PwMhc2 control or 
mutant line S532P-L1 homozygotes in a homozygous Mhc1-null background. Micrographs show 
transverse sections of the heart tube between the third and fourth sets of ostia. The arrows 
indicate discontinuous Z-disks that are characteristic of Drosophila cardiac myofibrils. MF: 
myofibril; M: mitochondrion; VL: supportive ventral longitudinal fibers. Scale bar, 0.5 μm. Cardiac 
thickness of dorsal-side (C) and ventral-side (D) areas of the heart were measured using ImageJ. 
Three flies were tested for each line. Values represent mean ± SD. Student’s t tests determined 
statistical significance compared with controls, where ns = nonsignificant. Full genotypes are 
shown in parentheses: S532P homozygote (Mhc1/Mhc1; P[S532P]/P[S532P]); PwMhc2 
homozygote (P[PwMhc2]/P[PwMhc2]; Mhc1/Mhc1).

Vmax of actin stimulation, though the differ-
ence was not significant for α-MyHC. The 
Km of actin stimulation was significantly 
higher for human β-MyHC sS1 (Aksel et al., 
2015), suggesting lower actin-binding affin-
ity, while Km was unchanged for α-MyHC 
(Schmitt et al., 2006). These data agree with 
our observations that one effect of the 
S532P mutation is to decrease the steady-
state ATPase rate.

We hypothesized that expression of 
S532P myosin in Drosophila would yield 
muscle fiber functional deficits, as previous 
reports revealed that the S532P mutation 
reduces the loaded actin sliding velocity 
(Aksel et al., 2015) and force-generating ca-
pacity (Ujfalusi et al., 2018) of human β-
MyHC sS1. Additionally, the maximum iso-
metric force of S532P mouse α-MyHC was 
significantly reduced in a laser trap assay 
(Debold et al., 2007). Indeed, our muscle 
mechanical analyses revealed depressed 
power production in S532P IFM fibers 
(Figure 3A and Table 2). The lower power 
was attributed to a reduction in the fre-
quency at which maximum power was pro-
duced, suggesting slower overall muscle 
speed, as well as a reduction in work pro-
duction (Figure 3B) associated with a de-
creased amount of time spent in the strongly 
bound states (Table 2).

Our small-angle x-ray diffraction data 
from actively contracting IFM suggest that 
the S532P mutation significantly reduces 
the I2,0/I1,0 equatorial intensity ratio relative 
to transgenic wild-type controls (Figure 4D). 
This indicates that the myosin heads are less 
associated with the thin filament and more 
associated with the thick filament backbone 
under contracting conditions, suggesting 
that, on average, fewer cross-bridges are in-
teracting with actin during steady-wing-beat 

conditions than in control muscle. Consistent with this, an increase 
in the rate constant 2πc in IFMs (Table 2) suggests that the mutation 
enhances the transition out of the A-M-ADP state and/or the follow-
ing states, causing myosin to detach more quickly from actin. The 
decrease in lattice spacing in active mutant IFMs (Figure 4C) may 
further impact the probability of productive actomyosin interactions 
(Figure 3A and Table 2). Multiple factors are known to reduce cross-
bridge binding that could be altered by the S532P mutation. These 
include dephosphorylation of the myosin regulatory light chain 
(Irving and Maughan, 2000), the enhanced formation of the super-
relaxed state (McNamara et al., 2015) in which the myosin heads 
interact to prevent actin binding (Zoghbi et al., 2008), and de-
creased levels of tension that stabilize the off state of the thick fila-
ment (Linari et al., 2015). Again, our data are consistent with the 
notion that the S532P mutation reduces the rate of actin binding 
and increases the rate of actin detachment, leading to fewer 
attached heads at a given moment and reduced power output.

Mutant S532P flies exhibited an age-related decline in flight abil-
ity (Table 1). These data are consistent with the progressive nature of 
reduced cardiac function in human DCM patients. However, the 



1700 | A. S. Trujillo et al. Molecular Biology of the Cell

ultrastructural properties of IFMs are normal in 3-wk-old S532P/S532P 
flies (Figure 2), suggesting that the severe reductions in muscle func-
tion at this age are not due to structural deterioration of myofibrils. 
The causes of locomotory decline with age in our fly models remain 
unknown. Age-related changes in gene expression (Landis et al., 
2004; Zahn et al., 2006; Carlson et al., 2015), protein expression 
(Fleming et al., 1986), as well as damage to lipids, proteins (Das 
et al., 2001; Miller et al., 2008), and organelles (Miller et al., 2008), 
may play a role in exacerbating muscle functional deficits. In con-
trast, heterozygotes display normal flight ability at 3 wk of age (Sup-
plemental Table S2). The maintenance of flight ability in heterozy-
gotes indicates that the mutant myosin is incorporated into the 
myofibril, because both copies of Mhc are required to prevent de-
fective IFM structure and function (O’Donnell and Bernstein, 1988).

Though differences in protein backbone and muscle physiology 
are expected to influence the effects of the S532P mutation, we 
expect that our skeletal muscle data are relevant to disease mecha-
nisms in cardiomyocytes because the mutation is located in a well-
conserved actin-binding site. Consistent with the observed pheno-
types in the two muscles of S532P, a hypoactive A261T myosin 
mutation that lowers actin affinity, reduces actin-activated ATPase 
activity, causes defects in flight ability, and yields cardiac dilation in 
Drosophila does not lead to structural deterioration of IFMs (Cam-
marato et al., 2008; Bloemink et al., 2011).

S532P flies exhibited cardiac dilation that is gene dose–depen-
dent (Figure 5A). Similarly, S532P/S532P mice exhibited more se-
vere cardiac dilation compared with S532P/+ mice (Schmitt et al., 
2006). Contractile deficits were reported in isolated mouse α-MyHC 
S532P cardiomyocytes at an age before cardiac dilation, suggesting 
an association between cardiac dilation and systolic dysfunction in 
mice (Schmitt et al., 2006). S532P-L1/S532P-L1 and S532P-L1/+ flies 
exhibited deficits in fractional shortening at 4 d of age (Figure 5C). 
Thus, it is possible that systolic dysfunction is a contributing factor to 
cardiac dilation observed in this line. Though the molecular mecha-
nisms of muscle contraction are similar between Drosophila and hu-
man hearts, phenotypic outcomes may vary between species due to 
differences in cardiac morphology and physiology (Ocorr et al., 
2007; Nishimura et al., 2011; Rotstein and Paululat, 2016). Further 
transcriptomic or proteomic studies are needed to explore cellular 
pathways causative of cardiac dilation in S532P hearts.

Cardiac ultrastructure is normal in 4-d-old S532P/S532P flies 
(Figure 6, A and B), suggesting that cardiac physiological abnormali-
ties induced by the hypoactive S532P DCM myosin form are not 
caused by defects in myofibrillar assembly or maintenance. This is 
consistent with our data that relaxed IFM ultrastructure is normal in 
S532P/S532P flies (Figure 2). Cardiomyocyte disarray was also ab-
sent in a S532P/+ patient (Kamisago et al., 2000) and in α-MyHC 
S532P mice (Schmitt et al., 2006). Cardiac thickness did not differ in 
young S532P/S532P flies compared with controls (Figure 6, C and 
D), suggesting that cardiac dilation observed at this age is not as-
sociated with a loss of cardiac myofibrils that is characteristic of 
pathogenic DCM. However, the increased diastolic diameters de-
note an increase in the length of the opposing cells that comprise 
the wall of the heart tube, indicating eccentric cardiomyocyte re-
modeling. In sum, our studies suggest that functional defects in the 
DCM muscle arise from aberrant contractile protein interactions that 
may be exacerbated over time and lead to heart failure in humans.

Many small molecules have been developed and tested to spe-
cifically offset the effects of myosin mutations that enhance or di-
minish the motor’s chemomechanical properties, as recently re-
viewed (Alsulami and Marston, 2020). Therefore, assuming 
conserved binding of these ligands to either Drosophila skeletal or 

cardiac myosin, fly muscle could be exploited to inexpensively and 
rapidly test for beneficial effects of compounds before follow-up 
verification in more complex and less efficient vertebrate models.

Overall, we produced the first Drosophila model of myosin-in-
duced DCM and gained insights into the mechanistic basis of dis-
ease. The ability to pursue an integrative analysis from the level of 
the isolated mutant protein through muscle mechanical, ultrastruc-
tural, and physiological assays verified mammalian studies regard-
ing ATPase activity and myofibril ultrastructure and yielded novel 
insights regarding cross-bridge kinetics. Our fly model thus provides 
a platform for readily validating putative human DCM myosins as 
leading to phenotypes consistent with DCM and for employing a 
genetic background that obviates modifier gene effects often ob-
served in human DCM families. Combining our current results with 
our previous studies on hypertrophic and restrictive cardiomyopathy 
mutations (Achal et al., 2016; Kronert et al., 2018), we have demon-
strated that Drosophila is useful for classifying myosin cardiomyopa-
thy mutations into those that either enhance or depress motor 
function.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Generation and validation of mutant genomic DNA fly lines
For transgene construction, the PwMhc2 wild-type genomic Mhc 
construct (Swank et al., 2000) was digested with EagI to yield pMhc 
5′ and pMhc 3′ fragments, which were subsequently gel isolated 
and ligated into EagI sites in the pCasper vector (Thummel and Pir-
rotta, 1992) to produce pMhc 5′ and pMhc 3′ subclones. The pMhc 
5′ subclone was digested with PstI and EagI to produce a pPstEag 
subclone containing a 2.4-kb insert, which was gel isolated and li-
gated into a PstI and EagI site in the pBluescriptKS (Stratagene, La 
Jolla, CA) vector. The pPstEag subclone was further digested with 
NcoI and SacI. A 0.8-kb NcoI-SacI fragment containing Mhc exon 10 
was gel isolated and ligated into a NcoI-SacI site in the pLitmus vec-
tor to produce a pNcoSac subclone. Oligonucleotide-directed mu-
tagenesis was performed using the QuikChange kit (Stratagene, La 
Jolla, CA) on the pNcoSac subclone to change the codon in 
Drosophila Mhc that corresponds to the MYH7 S532P nucleotide 
transition. The following forward (+) and reverse (–) primers were 
used for mutagenesis, with the mutated codon underlined:

S532P (+): 5′-CCCATGGGTATCTTGCCCATCCTGGAGGAAG-3′

S532P (-): 5′-CTTCCTCCAGGATGGGCAAGATACCCATGGG-3′

The mutated exon of the pNcoSac resulting S532P subclone was 
sequenced for confirmation and was digested with NcoI and SacI. 
The 0.8-kb mutant insert was used to replace the wild-type NcoI-
SacI fragment of pPstEag. The resulting clone was digested with 
EagI and SphI, and the 2.0-kb insert was gel isolated and ligated 
into an EagI-SphI site of pMhc 5′. For the final cloning step, the 
19.2-kb 5′ Mhc fragment carrying the S532P mutation was removed 
from its vector by EagI digestion and ligated to a 3′ Mhc fragment 
in a pCaSpeR P element vector containing the miniwhite (w+) select-
able eye color marker. The final plasmid was purified using the 
QIAfilter Plasmid Maxi Kit (Qiagen, Hilden, Germany), and the entire 
Mhc-coding region was sequenced for verification by Eton Biosci-
ence (San Diego, CA).

Embryonic injection was performed by BestGene (Chino Hills, 
CA) to incorporate the transgenic insert randomly into the germline 
via P element transformation (Bischof et al., 2007). A total of 39 
transgenic lines were obtained. Several lines mapping to the third 

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e21-02-0088
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chromosome were crossed into the Mhc10 myosin-null background 
that is null for endogenous myosin in IFMs and jump muscles (Collier 
et al., 1990). Lines that mapped to the second chromosome were 
not used because it contains the endogenous Mhc gene.

PAGE– was performed to determine MHC protein levels in these 
lines, by comparing the ratio of myosin to actin between transgenic 
flies and yw (wild type) controls, as described previously (Suggs 
et al., 2007). Each lysate consisted of six upper thoraces of 0–2-d-
old flies. Only lines with wild-type MHC protein levels were chosen 
for further experiments.

RT-PCR (reverse transcription polymerase chain reaction) con-
firmed the expression of RNA encoding the mutant protein and the 
absence of endogenous myosin expression in IFMs. RNA was iso-
lated from 2-d-old upper thoraces using the RNeasy kit by Qiagen 
(Hilden, Germany). The Protoscript cDNA synthesis kit was em-
ployed to generate cDNAs, using 500 ng of RNA and 100 ng of the 
specific reverse (–) primer shown below. cDNA was amplified using 
Mhc-specific primers to confirm the absence of alternative splicing 
defects in these lines:

Exons 2–8:

(+) 5′-TGGATCCCCGACGAGAAGGA-3′

(-) 5′-GTTCGTCACCCAGGGCCGTA-3′

Exons 8–10:

(+) 5′-CGATACCGCCGAGCTGTACAG-3′

(-) 5′-CAGCTGGTGCATGACCAAGTGGGC-3′

Exons 8–12:

(+) 5′-TCTGGATACCCAGCAGAAGCGT-3′

(-) 5′-GAGCTTCTTGAAGCCCTTACGG-3′

Exon 15:

(+) 5′-CTCAAGCTCACCCAGGAGGCT-3′

(-) 5′-GGGTGACAGACGCTGCTTGGT-3′

PCR was performed using 3 μl of cDNA and 200 ng of each for-
ward and reverse primer, under the following conditions: 120 s at 
98°C and then 30 cycles of 20 s at 98°C, 30 s at 55°C, and 2 min at 
68°C. RT-PCR products were sequenced by Eton Bioscience (San 
Diego, CA). For simplicity, lines S532P-9, S532P-23, and S532P-34 
were respectively renamed as S532P-L1, S532P-L2. and S532P-L3.

Myosin purification and ATPase assay
Myosin purification. Full-length myosin was purified from IFMs as 
described previously (Swank et al., 2001) with minor modifications. 
Dorsal longitudinal IFMs were dissected from 80–120 transgenic 
flies in 1 ml York Modified Glycerol (YMG: 20 mM potassium phos-
phate buffer, pH 7.0, 1 mM EGTA (ethylene glycol-bis(β-aminoethyl 
ether)-N,N,N′,N′-tetraacetic acid), 2 mM MgCl2, 50% glycerol, 20 
mM dithiothreitol [DTT], and Roche complete mini protease inhibi-
tor [1 tablet per 10 ml solution]) on ice. The sample was centrifuged 
at 15,000 × g, 5 min, 4°C, and the pellet was resuspended in YMG 
containing 2% Triton-X. The sample was incubated for 30 min on ice 
to permeabilize cell membranes and then centrifuged at 15,000 × g, 
5 min, 4°C. Triton-X was removed by resuspending the pellet in 1 ml 
YM buffer (same as YMG but without glycerol). The sample was cen-
trifuged at 15,000 × g, 5 min, 4°C. The pellet was resuspended in 
82.5 μl of myosin extraction buffer (1.0 M KCl, 50 mM potassium 
phosphate buffer, pH 6.8, 10 mM sodium pyrophosphate, 5 mM 
MgCl2, 0.5 mM EGTA, and 20 mM DTT) for 15 min and centrifuged 

at 15,000 × g, 5 min, 4°C. The supernatant was removed, and the 
pellet was discarded. Extracted myosin in the soluble portion was 
precipitated by diluting the KCl concentration to 40 mM with deion-
ized water and incubating for 16 h at 4°C. The sample was centri-
fuged (Beckman TLA-100.3; 100,000 × g, 20 min, 4°C), and the pel-
let was dissolved in 13.5 μl buffer (2.4 M KCl, 100 mM histidine, 0.5 
mM EGTA, 20 mM DTT, pH 6.8). KCl was slowly diluted to 300 mM 
to precipitate actomyosin, and the sample was centrifuged (Beck-
man TLA-100.3; 60,000 × g, 25 min, 4°C). The supernatant was 
separated, and KCl was diluted to 30 mM to precipitate myosin. 
Following centrifugation (Beckman TLA-100.3; 100,000 × g, 25 min, 
4°C), the pellet was resuspended in 33 μl myosin storage buffer 
(0.5 M KCl, 20 mM MOPS, pH 7.0, 2 mM MgCl2, and 20 mM DTT), 
and the purified myosin was diluted to a concentration of 2 mg/ml.

ATPase assay. The ATPase activity of full-length myosin was mea-
sured using [γ-32P]-ATP as described previously (Swank et al., 2001). 
For Ca-ATPase activity, a total of 2 μg of myosin was incubated in 10 
mM imidazole, pH 6.0, 100 mM KCl, 10 mM CaCl2, and 1 mM [γ-
32P]-ATP at room temperature for 15 min. To determine Mg2+ basal 
and actin-stimulated Mg-ATPase activities, 2 μg of myosin was incu-
bated in 10 mM imidazole, pH 6.0, 20 mM KCl, 0.1 mM CaCl2, 
1 mM MgCl2, and 1 mM [γ-32P]-ATP in the absence or presence of 
increasing concentrations of chicken F-actin (0.1–2 μM) at room 
temperature for 25 min. Following centrifugation, the organic phase 
containing [γ-32P]-ATP was extracted by adding aliquots of the solu-
ble portion to 0.5 ml of 5% ammonium molybdate, 2 ml of 1.25 N 
HClO4, and 2.5 ml of isobutanol–benzene (1:1). A total of 1 ml of the 
organic phase containing [γ-32P]-ATP was assayed for radioactivity 
with a scintillation counter. Mg2+ basal ATPase activities were sub-
tracted from actin-activated ATPase values, which were fitted with 
the Michaelis–Menten equation to determine actin-stimulated 
ATPase activity (Vmax) and actin affinity relative to ATPase (Km).

Generation of a mutant His-tagged myosin line
We produced a fly line expressing a His-tagged mutant version of 
the indirect flight muscle myosin isoform (IFI) to obtain S532P myosin 
S1 in quantities sufficient for cosedimentation experiments. To this 
end, we utilized a pAttB 6HisIFI plasmid that contains the Actin-88F 
promoter, an amino-terminal His tag, a tobacco etch virus (TEV) pro-
tease recognition site (for removal of the His tag), and cDNA encod-
ing the IFI motor domain, as well as genomic DNA-encoding MHC 
exons 12–19 along with their affiliated introns and polyadenylation 
sites (Caldwell et al., 2012). The pAttB 6HisIFI plasmid was digested 
using XbaI and SbfI to produce a pXbaSbf subclone containing a 
6.3-kb fragment. The XbaI-SbfI fragment was ligated into a XbaI-SbfI 
site in the pLitmus vector. The pXbaSbf subclone was digested with 
Ncol and HindIII to produce a 2.6-kb fragment containing Mhc exon 
10. The fragment was ligated into a NcoI-HindIII site in the pLitmus 
vector. Oligonucleotide-directed mutagenesis was performed using 
the QuikChange kit (Stratagene, La Jolla, CA) on the resulting sub-
clone to change the codon in Drosophila Mhc that corresponds to 
the MYH7 S532P nucleotide transition. The following forward (+) and 
reverse (–) primers were used, with the mutated codon underlined:

S532P (+): 5′-CACCATGGGTATCTTGCCCATCCTGGAGGAAGA-3′

S532P (–): 5′-TCTTCCTCCAGGATGGGCAAGATACCCATGGTG-3′

The mutated exon in the resulting isolated plasmid was se-
quenced for confirmation. The plasmid was digested with NcoI and 
HindIII, and the 2.6-kb fragment was used to replace the wild-type 
NcoI-HindIII fragment of the pXbaSbf cloning intermediate. The en-
tire construct was digested with XbaI and SbfI, and the 6.3-kb 
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mutant fragment was used to replace the wild-type Xba-Sbf frag-
ment of the pAttB 6HisIFI clone to produce the final pAttB 6HisIFI 
S532P clone. The pAttB vector contains a miniwhite (w+) selectable 
eye color marker that restores eye color in a white-eyed genetic 
background, as well as PhiC31 integrase AttB recognition sites. The 
final cloned DNA was purified using the QIAfilter Plasmid Maxi Kit 
(Qiagen, Hilden, Germany) and sequenced for verification by Eton 
Bioscience (San Diego, CA). Targeted chromosomal site insertion 
was performed by BestGene (Chino Hills, CA) using the PhiC31-
mediated transgenesis system (Bischof et al., 2007). One transgenic 
line containing a third chromosome-targeted insert was produced.

Transgenic flies were crossed into a Mhc10 background that is 
null for endogenous myosin in IFMs (Collier et al., 1990). Myosin 
protein levels are expressed at ∼78% relative to wild-type yw flies in 
upper thoraces, as determined by SDS–PAGE and densitometry 
analysis (Suggs et al., 2007). RT-PCR was employed to verify that the 
Mhc transcripts produced by this line contain the appropriate nucle-
otide transition. RNA isolation, cDNA synthesis, and PCR amplifica-
tion were performed as described above for the non–His-tagged 
lines, using the following primer pair:

(+) 5′-TCTGGATACCCAGCAGAAGCGT-3′

(–) 5′-CAGCTGGTGCATGACCAAGTGGGC-3′

RT-PCR products were sequenced by Eton Bioscience (San 
Diego, CA).

Bulk S1 purification from His-tagged flies
His-tagged myosin was isolated from IFMs of homogenized flies us-
ing a series of salt-based extractions and Ni-column chromatogra-
phy (Caldwell et al., 2012). Myosin was extracted from adults (<1 d 
old) that were collected daily, flash frozen using liquid nitrogen, and 
stored at –80°C. A total of 36 g of flies was divided between two 
tubes and homogenized (OMNI International Homogenizer and 
10 mm stainless steel probe) in a low-salt homogenization buffer 
(HB; 0.5% Triton X-100, Roche complete protease inhibitor cocktail 
tablets [1 tablet/50 ml solution], 12.5% sucrose, 40 mM NaCl, 
10 mM imidazole-Cl, 2 mM MgCl2, 0.2 mM EGTA, and 1 mM DTT, 
at pH 7.2). Before solubilization of myosin, a series of centrifugation 
steps (Beckman Ti-45 rotor; 40,000 rpm, 1.5 h each, 4°C) were per-
formed to clarify the soluble portion of the homogenate. The super-
natants were discarded following each centrifugation. After the first 
two centrifugations, the pellets containing the insoluble myosin 
were homogenized in HB. After the third centrifugation step, the 
pellets were homogenized in high-salt myosin extraction buffer 
(MEB; 500 mM NaCl, 20 mM sodium phosphate buffer, 20 mM im-
idazole-Cl, pH 7.2), sonicated with 50 brief pulses at setting 5, 50% 
duty cycle (Fisher Scientific Sonic Dismembrator Model 100, micro 
tip), and incubated for 30 min on ice. Following centrifugation 
(Beckman Ti-45 rotor; 40,000 rpm, 40 min, 4°C), the pellets contain-
ing the exoskeleton and cellular debris were discarded. The soluble 
portions were diluted with 4 mM DTT to a NaCl concentration of 
75 mM, incubated for 4 h on ice to precipitate myosin, and centri-
fuged as before. The pellets were resuspended in 60 ml MEB (OMNI 
International Homogenizer with plastic tip), and the extracted myo-
sin was filtered and further diluted with 390 ml MEB.

His-tagged myosin was purified using Ni-affinity chromatogra-
phy (HisTrap HP 5 ml column and ÄKTA pure system by GE Life 
Sciences). Following sample binding, the Ni column was washed 
with 30 ml MEB and the sample was eluted in 30 ml elution buffer 
(500 mM NaCl, 20 mM sodium phosphate buffer, 250 mM imidaz-
ole-Cl, pH 7.4). His-tagged myosin was collected in 2 × 2 ml peak 

fractions, and myosin was precipitated by dilution with a no-salt so-
lution containing 4 mM DTT to 94 mM NaCl.

For purification of the myosin motor domain (subfragment 1: S1), 
precipitated myosin was centrifuged (Beckman TLA-100.3 rotor; 
68,000 rpm, 50 min, 4°C) and pellets were resuspended in digestion 
buffer (120 mM NaCl, 20 mM NaPi, 1 mM EDTA, 4 mM DTT, pH 7.0). 
The S1 fragment was clipped using α-chymotrypsin (Worthington 
Biochemical Corp.; 0.18 mg/ml per 67.8 activity units, 6 min, 20°C), 
which was previously shown to also remove the His tag at the TEV 
cut site (Caldwell et al., 2012). To quench the reaction, phenylmeth-
ylsulfonyl fluoride was added to a final concentration of 1.5 mM. 
Samples were centrifuged (Beckman TLA-100.3 rotor; 68,000 rpm, 
50 min, 4°C) to remove insoluble rod fragments and uncut myosin 
from the soluble S1 fraction. To further purify S1, size exclusion chro-
matography was performed using the ÄKTA Pure system with a 
16/600 column packed with Superdex 200. A centrifugal filter (Ami-
con Ultra-4 ml 10,000 MWCO) was used to concentrate peak S1 
fractions to 2–6 mg/ml.

Actin cosedimentation
The binding affinity of S1 to F-actin was determined by actin cosedi-
mentation as described previously (Dose et al., 2007; Taft et al., 
2013), with slight modifications. F-actin was polymerized from fro-
zen chicken G-actin stocks and stabilized with a 1:1 M ratio of phal-
loidin. S1 was purified using the bulk His-tagged myosin purification 
procedure described above. Subsequently, S1 was centrifuged 
(Beckman TLA-100.3 rotor; 70,000 rpm, 60 min, 4°C) to remove in-
soluble aggregates. The protein concentration in the soluble por-
tion was determined by spectrophotometry, and it was diluted to 25 
μM. S1 (1.5 μM) was incubated with increasing concentrations of 
phalloidin-stabilized F-actin (0, 0.4, 0.6. 0.8, 1, 1.2, 1.4, 1.6, 1.8, 2, 3, 
and 4 μM) in cosedimentation buffer (100 mM NaCl, 200 mM so-
dium phosphate, 5 mM MgCl2, 4 mM DTT, pH 7.0) in a total volume 
of 25 μl. The cosedimentation buffer contained an intermediate salt 
concentration (100 mM NaCl) to promote the solubility of myosin 
S1. Samples were incubated for 15 min on ice and centrifuged 
(Beckman TLA-100.3 rotor; 70,000 rpm, 60 min, 4°C). Soluble frac-
tions were separated from pellet fractions, and pellets were resus-
pended in 25 μl of the cosedimentation buffer. Samples were ap-
plied to a 10% SDS–polyacrylamide gel. Gels were stained with the 
GelCode Blue Stain Reagent, destained, scanned on an Epson Per-
fection 1640SU scanner using VueScan software (Hamrick), and ana-
lyzed using the Un-Scan-It (Silk Scientific) software package as re-
ported previously (Price et al., 2002). To calculate the bound fraction 
in actomyosin pellet samples, the density of S1 in the pellet fraction 
relative to total protein content was determined, and the fraction of 
pelleted S1 in S1-only controls was subtracted from this value. 
Bound fractions were plotted over increasing F-actin concentrations 
and fitted to a hyperbolic function, where Kd was defined as the F-
actin concentration required to reach half maximal binding (Bmax).

Small-angle x-ray diffraction
X-ray diffraction experiments on IFMs were carried out at the Bio-
CAT beamline 18ID at the Advanced Photon Source, Argonne Na-
tional Laboratory (Fischetti et al., 2004). The x-ray beam energy was 
set to 12 keV (0.1033 nm wavelength) at an incident flux of ∼1013 
photons/s. The beam was focused to ∼150 × 30 μm at the detector. 
The distance between the sample and the detector was set at 3 m. 
One-day-old non–His-tagged flies were anesthetized by CO2 and 
glued to an insect pin, which allowed movement of the wings and 
legs (Figure 4A). The restoration of jumping and walking abilities 
was confirmed following a short recovery period. Each fly was 
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mounted so that its thorax was aligned perpendicular to the x-ray 
beam. The experimental setup was described in further detail by 
Irving and Maughan (2000). The x-ray diffraction patterns from 
DLMs were obtained while the wings were beating during tethered 
flight at room temperature. Because the myofilament lattice spacing 
in Drosophila IFM was previously reported to remain constant over 
the wing-beat cycle (Irving and Maughan, 2000), it is not necessary 
to isolate a particular phase of the wing-beat cycle to establish the 
lattice spacing under contracting conditions in our experiments.

The equatorial reflections in the two-dimensional x-ray patterns 
were converted to one-dimensional intensity projections along the 
equator. The ratio of 1,0 and 2,0 intensities (I2,0/I1,0) was measured 
to estimate shifts of molecular mass from the thick filament to the 
thin filament; an increase in I2,0/I1,0 ratio indicates mass shift of the 
cross-bridges. The peak intensity, widths, and peak separations for 
the 1,0 and 2,0 equatorial reflections were estimated using a nonlin-
ear least-squares fitting procedure. The separation of the 1,0 equa-
torial reflections was transformed into the distance between the lat-
tice planes of the thick filaments (d1,0) providing the center-to-center 
distance between thick filaments (Miller et al., 2008). Axial spacing 
was calibrated using the diffraction ring from silver behenate at 
5.8380 nm.

Muscle mechanics
Detailed procedures for mechanics experiments were as described 
previously (Swank, 2012).

IFM fiber preparation. Dorsal longitudinal IFM fibers were dis-
sected from 3d-old females in skinning solution (pCa 8.0, 5 mM 
MgATP, 1 mM free Mg2+, 0.25 mM phosphate, 5 mM EGTA, 20 mM 
N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid [BES, pH 7.0], 
175 mM ionic strength [adjusted with sodium methanesulfonate], 
1 mM DTT, 50% glycerol, and 0.5% Triton X-100). Fiber bundles 
were demembranated for 1 h at 6°C and then transferred to storage 
solution (same as skinning solution but without Triton X-100). Indi-
vidual fibers were separated from the IFM bundle and split in half 
longitudinally with tungsten wire probes. Both ends of the fiber 
were fastened with aluminum foil t-clips. The fiber was transferred to 
a mechanics rig, submerged in relaxing solution (pCa 8.0, 12 mM 
MgATP, 30 mM creatine phosphate, 600 U/ml creatine phosphoki-
nase, 1 mM free Mg2+, 5 mM EGTA, 20 mM BES at pH 7.0, 1 mM 
DTT; 200 mM ionic strength [adjusted with sodium methanesulfo-
nate]), and then hooked onto a force transducer and servo motor.

All measurements were obtained at 15°C. The fiber was stretched 
until the slack was removed. The fiber length between the t-clips 
was measured, and the fiber was stretched by 5% of its initial length. 
The width and height of the fiber were subsequently measured, and 
the cross-sectional area was calculated assuming an ellipsoid shape. 
The fiber was activated by partially exchanging the bathing solution 
with activating solution (same as relaxing solution, with pCa ad-
justed to 4.0) to bring the pCa to 5.0. The fiber was stretched in 2% 
increments (relative to the fiber length between the t-clips) until 
maximum power was obtained (Supplemental Figure S1, Eq. 2), in 
order to determine the optimal fiber length for performing the me-
chanical experiments.

Sinusoidal analysis and muscle apparent rate constants. The 
muscle was oscillated with a small-amplitude sine wave (0.125% 
muscle length, peak to peak) at frequencies ranging from 0.5 to 
650 Hz. For each frequency, the amplitude and phase differences 
associated with the sinusoidal tension response and length change 
were calculated to determine the complex modulus (Kawai and 
Brandt, 1980; Dickinson et al., 1997; Swank, 2012). The complex 
modulus can be further separated into the viscous and elastic mod-

uli. The viscous modulus is the out-of-phase component in the 
Nyquist plot (Figure 3E) and from which work and power produced 
by the fiber can be calculated (Supplemental Figure S1, Eqs. 1–2). 
The elastic modulus represents an in-phase component of the com-
plex modulus and is influenced by the spring-like properties of the 
molecular machinery. The complex modulus was fitted to a three-
term equation (Supplemental Figure S1, Eq. 3) to determine expo-
nential rate processes (A, B, and C). This equation was obtained 
from Kawai and Brant (1980) and has been modified to better fit the 
IFM system (Dickinson et al., 1997). Process A is influenced by the 
viscoelastic properties of the fiber structure and is not dependent 
on enzymatic steps of the cross-bridge cycle (Mulieri et al., 2002). 
Process B reflects work-producing steps related to actin binding. 
Process C reflects work-absorbing steps before and during detach-
ment from actin. In the Nyquist plot (Figure 3E), processes B and C 
appear as lower and upper hemispheres, respectively, with associ-
ated frequencies b and c. Frequencies b and c were multiplied by 2π 
to convert from frequency to time (s–1), to determine rate constants 
associated with work-producing (2πb) and work-absorbing (2πc) 
steps of the cross-bridge cycle.

ATP response experiments. To elucidate cross-bridge kinetics 
related to ATP-induced dissociation of myosin from actin, the con-
centration of ATP in the fiber bathing solution was varied from 20 to 
0.5 mM while sinusoidal analysis was performed. Values for fmax 
were plotted over changing ATP concentrations and fitted with a 
hyperbolic function curve to determine Vmax and a relative measure 
of ATP affinity (Km).

Flight tests
Transgenic mutant and control females were reared at 25°C, accli-
mated to room temperature for 1 h, and flight tested at room tem-
perature. A Plexiglas box (43 cm × 27.5 cm × 43 cm) with a light 
source at the top was used as a test chamber (Drummond et al., 
1991). At least 100 flies from each genetic line/age were tested. 
Each fly was scored for its ability to fly in an upward (U = 6), horizon-
tal (H = 4), or downward (D = 2) manner toward a light source, and 
flies with no flight ability received a score of zero (N = 0). To calculate 
the flight index, an equation representative of average flight ability 
was used: Flight Index (FI) = 6*U/T+4*H/T+2*D/T+0*N/T, where U, 
H, D, and N represent each fly trajectory listed above and T = total 
number of flies.

Eclosion and survival analysis
Drosophila were reared on standard fly food at room temperature 
(22–23°C). Parents were removed after progeny reached the first lar-
val stage. The percentages of females of each genotype that eclosed 
were recorded daily for 7 d after eclosion of the first adult. Flies were 
transferred into fresh vials every 3 d for survival analysis. To deter-
mine median survival time, the percentage of live females was quan-
tified daily for each genotype and fitted to a Kaplan–Meier curve.

Cardiac physiological analysis
Beating, intact hearts from female flies were surgically exposed in 
oxygenated artificial hemolymph and recorded for 30 s using a high-
speed, high-resolution video camera (Hamatsu Orca Flash 2.8 
CMOS or AOS Promon U750) on a light microscope with a 10× im-
mersion lens. Functional parameters were determined using Mat-
lab-based semiautomatic heartbeat analysis software (Ocorr et al., 
2007, 2014). For each video, heart chamber dimensions were 
marked during peak diastole (relaxation) and peak systole (contrac-
tion). This was used to determine diastolic (DD) and systolic (SD) 
diameters. Diastolic and systolic diameters were also utilized to 



1704 | A. S. Trujillo et al. Molecular Biology of the Cell

calculate fractional shortening (FS), to determine heart contractility, 
using the following equation: FS = (DD – SD)/(DD). M-mode dia-
grams were obtained to reflect contractile parameters from single 
pixel tracings of heart wall movements. Parameters related to con-
tractile dynamics included durations for diastolic interval, systolic 
interval, and heart rate (beats per second). At least 30 hearts per 
genetic configuration were examined for these parameters, and the 
mean values for each parameter were statistically compared with 
those for controls using a one-way or two-way ANOVA.

Transmission electron microscopy of IFMs and hearts
For IFM samples, hemithoraces were dissected and treated with a 
relaxing solution containing 10 mM EGTA before fixation. For heart 
samples, the entire dorsal vessel was dissected. Normal, rhythmic 
beating was verified to avoid analysis of structurally perturbed 
hearts. Hearts were bathed with a relaxing solution containing 10 
mM EGTA and prepared for transmission electron microscopy. The 
following steps were performed on ice: After incubation in 2 ml pri-
mary fixative (3% formaldehyde, 3% glutaraldehyde in 0.1 M so-
dium cacodylate, pH 7.4), samples were washed 6× in 2 ml wash 
buffer (0.1 M sodium cacodylate, pH 7.4). Samples were incubated 
in 2 ml secondary fixative (1% OsO4, 0.1 M sodium cacodylate buf-
fer, and 10 mM MgCl2, pH 7.4) for 2 h and then washed 3× in HPLC-
H2O. All subsequent steps were performed at room temperature. 
An acetone dehydration series was carried out at 30 min each: 25%, 
50%, 75%, 95%, and 3 × 100% anhydrous acetone. Samples were 
infiltrated in fresh Epon mix (16.2 ml EM bed-812, 10.0 ml dodece-
nyl succinic anhydride, 8.9 ml nadic methyl anhydride, 0.6 ml 
2,4,6-Tris(dimethylaminomethyl)phenol [DMP-30]) for 2 h each using 
increasing ratios of Epon:dry acetone (1:3, 1:1, 3:1). Following infil-
tration in 100% Epon for 16 h, samples were oriented in Epon-filled 
BEEM capsules and polymerized at 60°C for 1 d under vacuum. Thin 
sections (50 nm) were cut using a Diatome diamond knife on a Leica 
Ultramicrotome and collected on Formvar-coated grids. Grids were 
stained with 2% uranyl acetate for 20 min. Images were obtained at 
120 kV on a FEI Tecnai 12 transmission electron microscope.

Quantitative assessments of micrographs
Sarcomere lengths of IFMs were evaluated by measuring the dis-
tances between Z-disks using ImageJ (Imagej.nih.gov). A total of 50 
sarcomeres per biological replicate (n = 3) were analyzed. Measure-
ments of average distances between adjacent thick filaments of 
IFMs were performed with a custom-written Python script (available 
upon request). A representative image of the original micrograph 
(220,000× magnification) is shown in Supplemental Figure S4A. For 
this procedure, the image was inverted using the cv2.threshold func-
tion, and grain noise was minimized using the cv2.adaptivethresh-
old, cv2.morphologyEx, and cv2.blur functions. Thick filament cen-
ters were detected using the cv2.HoughCircles function and the 
following parameters: HOUGH_GRADIENT, 1, 100, param1 = 100, 
param2 = 18, minRadius = 9, maxRadius = 15. Detections were over-
laid onto the original micrograph to confirm that detections align 
with thick filament centers (Supplemental Figure S4B). The positions 
of thick filament centers that were missing from detections were 
manually added, and erroneous detections were removed. The 
pixel coordinates of the six closest lattice neighbors from each thick 
filament center were determined automatically using the Nearest 
Neighbor Search algorithm. The maximum pixel distance between 
neighbor detections was set to a value that excludes nonneighbors; 
a topographical map of neighbor assignments was generated for 
confirmation (Supplemental Figure S4C). Average neighbor pixel 
distances were determined for thick filament centers containing six 

true lattice neighbors, which excluded measurements for thick fila-
ment centers located on the edges of micrographs. For each bio-
logical sample, average pixel distances between adjacent thick fila-
ments were determined for ≥700 thick filament centers. Values were 
converted to nanometers using the scale bar, and thick filament 
distances were averaged for each biological replicate.

Transverse thin sections of heart tubes were obtained to deter-
mine average cardiac thickness, as previously described (Kronert 
et al., 2018). For each measurement, a rectangular area of the car-
diomyocyte tissue of 10 μm in length and spanning the distance 
from the inner to outer cardiac cell membrane was highlighted using 
Adobe Photoshop. The image was imported into National Institutes 
of Health ImageJ to calculate the area of the highlighted region. 
The resulting area was divided by 10 μm to yield the average cardio-
myocyte thickness for that highlighted region. Cardiomyocyte thick-
ness measurements from dorsal-side or ventral-side images were 
averaged among biological replicates.
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