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Abstract

During striated muscle development the first periodically repeated units appear in the pre-
myofibrils, consisting of immature sarcomeres that must undergo a substantial growth both in
length and width, to reach their final size. Here we report that, beyond its well established role
in sarcomere elongation, the Sarcomere length short (SALS) protein is involved in Z-disc for-
mation and peripheral growth of the sarcomeres. Our protein localization data and loss-of-
function studies in the Drosophila indirect flight muscle strongly suggest that radial growth of
the sarcomeres is initiated at the Z-disc. As to thin filament elongation, we used a powerful
nanoscopy approach to reveal that SALS is subject to a major conformational change during
sarcomere development, which might be critical to stop pointed end elongation in the adult
muscles. In addition, we demonstrate that the roles of SALS in sarcomere elongation and
radial growth are both dependent on formin type of actin assembly factors. Unexpectedly,
when SALS is present in excess amounts, it promotes the formation of actin aggregates
highly resembling the ones described in nemaline myopathy patients. Collectively, these find-
ings helped to shed light on the complex mechanisms of SALS during the coordinated elonga-
tion and thickening of the sarcomeres, and resulted in the discovery of a potential nemaline
myopathy model, suitable for the identification of genetic and small molecule inhibitors.

Author summary

Sarcomeres are the smallest structural and functional units of muscles, characterized by a
well-defined length and width in most muscle types. These two parameters are critically
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important to determine the strength output of a muscle. Although previous studies
described the contribution of several proteins involved in the regulation of sarcomere
elongation and width, the mechanisms of these processes remained largely unclear. In this
study we show that, beyond its well established role in sarcomere elongation, the SALS
protein is involved in Z-disc formation and peripheral growth of the sarcomeres. Our pro-
tein localization data and loss-of-function studies in the Drosophila indirect flight muscle
strongly suggest that radial sarcomere growth is initiated at the Z-disc. In addition, we
demonstrate that the roles of SALS in sarcomere elongation and radial growth are both
dependent on DAAM and Fhos, two formin type of actin assembly factors. Remarkably,
we found that excess amounts of SALS promotes the formation of actin aggregates, similar
to the ones described in nemaline myopathy patients. We expect that our studies will
open new avenues of research to gain deeper insights into several key aspects of sarcomer-
ogenesis, and might pave the way towards the development of novel myopathy models.

Introduction

Myofibrils are composed of a regular array of sarcomeres, the basic structural and functional
units of striated muscles. Each sarcomere is built up from three major filamental systems, the
actin containing thin filaments, the Myosin containing thick filaments and the Titin contain-
ing elastic filaments connecting the thin and thick filament arrays. Together with several hun-
dreds of associated proteins, the myofilaments arrange into a remarkably ordered pseudo-
crystalline lattice in mature sarcomeres. Although muscle-specific variations do exist, the final
size of the sarcomeres is tightly controlled as evidenced by the almost invariable length of the
thin and thick filaments in relaxed skeletal muscles and the nearly constant sarcomere diame-
ter in the muscle fiber. Owing to decades of research, we have a relatively good level of struc-
tural understanding of the sarcomeres, in particular with regard to the actin and myosin
interactions [1-9]. However, much less is known about the molecular mechanisms behind the
assembly and maturation of the sarcomeric units.

Structural organization of the sarcomeres is highly conserved across the animal kingdom,
and due to these similarities, model organisms played an important role in elucidating the gen-
eral principles of myofibril formation [10-13]. The Drosophila indirect flight muscle (IFM)
became one of the most prominent model systems, where the power of genetics can be easily
combined with biochemical approaches, molecular biology, microscopy and electrophysiology
[14,15]. Development of the IFM begins in the early pupa when undifferentiated myoblasts
fuse with each other to form myotubes. Subsequently, the myotubes attach to tendon cells at
12-16 hours after puparium formation (APF), which is followed by the formation of the first
immature myofibrils that already contain periodic structures, the proto-sarcomeres, at 30
hours APF. During the remaining ~80 hours of pupal development the premyofibrils will fully
mature that, of foremost, involves the assembly and growth of the sarcomeric units within
them, until they reach their final length of 3.4 um and diameter of 1.5 um at 24 hours after
eclosion [15-17].

Sarcomeric actin filaments, such as their non-muscle cell counterparts, exhibit a polarized
morphology with a barbed or (+) end and a pointed or (-) end. Importantly, these filaments
line up into uniformly registered arrays with their barbed ends at the Z-disc, and with their
pointed ends flanking the central H-zone [18]. Former studies suggested that, unlike expected
from analogies to non-muscle cells, length of the sarcomeric thin filaments is primarily regu-
lated by a pointed end elongation mechanism [19,20]. The pointed end capping
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Tropomodulin (Tmod) protein limits actin assembly at the pointed end [19,20], while the
actin binding Wiskott-Aldrich syndrome homology 2 (WH2) domain-containing SALS pro-
tein was shown to promote thin filament lengthening by antagonizing the capping activity of
Tmod by an unknown mechanism [21]. In addition to these two key players, the formin type
of actin assembly factors DAAM, Fhos and Dia, Tropomyosin and the actin depolymerizing
factor (ADF)/Cofilin are also implicated in the regulation of sarcomeric actin filament elonga-
tion (reviewed in [18]). Regarding the radial growth of the sarcomeres, Fhos was identified as a
critical element [22], yet it remained unclear how Fhos mediates the incorporation of new
peripheral actin filaments.

Here we present a structure-function analysis of the SALS protein comprising of two cen-
trally located WH2 domains and a Proline-Rich (ProR) motif, that are flanked with extended
N- and C-terminal intrinsically disordered regions without any obvious homology domains.
Our results obtained in the IFM suggest that beyond its well established role in thin filament
elongation [21], SALS is also involved in Z-disc formation, M-line organization and peripheral
growth of the sarcomeres. We present a set of overexpression and genetic interaction studies
demonstrating that SALS promotes both sarcomere elongation and radial growth in a formin
dependent manner. In addition, we determined the developmental localization of the central
region, and the N- and C-terminal tails of the SALS protein at the nanoscopic scale. These
measurements revealed that at the end of pupal myofibrillogenesis SALS undergoes a confor-
mational switch and it exhibits a reduced level at the pointed end, two changes that might be
crucial to halt thin filament elongation in the young adults.

Results
SALS plays multiple roles in IFM development

The function of the Drosophila SALS protein has formerly been investigated mainly in larval
somatic muscles and embryonic primary muscle cell cultures. These studies established a role
in pointed end elongation [21], that has later been confirmed in the flight muscles as well [22].
Interestingly, beyond the evident role in sarcomere length regulation, the loss-of-function
(LOF) analysis of sals mutant muscles revealed a more complex phenotype with occasional
alterations in myofibril width and sarcomere organization [21]. To extend the functional char-
acterization of SALS, we decided to take advantage of the extremely regular sarcomere organi-
zation of the IFM, ideally suitable for high resolution structural analysis. Because the null allele
of sals is embryonic/larval lethal [21] the UH3-Gal4 driver was used to knockdown the expres-
sion of sals specifically in the IFM, yielding a progeny with reduced flight ability both with a
long (KK) and a short hairpin (TRIP) RNAi line (Fig 1A) (the former producing a stronger
effect, and being selected for subsequent analysis). In line with former results, phalloidin stain-
ing of the mutant flight muscles 24 hours after eclosion (AE) revealed shorter sarcomeres and
discontinuous thin filament edges at the pointed end (Fig 1B-1C”, 1F and 1H, and S1 Fig). In
addition, we noted a slight but highly reproducible change in sarcomere morphology. Nor-
mally, the IFM sarcomeres show a nearly perfect rectangular shape with a slight thickening at
the M-line (Fig 1D-1D’), resulting in a 1.44 um diameter at the Z-disc and 1.5 um at the M-
line. The uniform rectangular shape often turned into a hexagonal, sandglass-like form in the
mutants (Fig 1E, 1E” and 1F), where we measured a diameter of 1.31 um at the Z-disc and of
1.25 um at the M-line, indicating a gradual sarcomere thinning from the Z-disc towards the
M-line. Besides the moderate effect on sarcomere shape, by using the Z-disc marker o-Actinin
we observed that ~37% of the Z-discs exhibited an impaired organization with altered shape
and loss of perfect integrity (Fig 1C-1C” and 1G). Moreover, Obscurin staining revealed a dis-
tortion of the M-line structure in about 40% of the cases, often corresponding to sarcomeres
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Fig 1. The knockdown of sals impairs multiple aspects of sarcomerogenesis. (A) Quantification of the flight ability
of control (UH3-Gal4/+ or -) and sals knockdown flies (24h AE). n indicates the number of flies tested. (B-C”)
Comparison of the myofibrillar phenotype of muscles dissected from control (B-B”) and sals knockdown (C-C”) flies
(24h AE). In sals mutant muscles a considerable number of Z-discs are fragmented or deformed (red arrowheads in C’
and C”) and many of the thin filament edges are irregularly shaped (yellow arrowheads in C’ and C”) as judged by F-
actin (magenta in B, C; grey in B’, C’), a-Actinin (green) and Obscurin (cyan) staining. (D-E’) When stained for F-
actin, sarcomeres of the control flies show a nearly perfect rectangular shape, which can be highlighted using Image]
»Find edges” visual transformation (D). In sals mutants the sarcomeres often display a sandglass-like morphology
(E-E). (F) Quantification of sarcomere length and width in control and in sals knockdown flies (24h AE). P-values
were calculated using two-tailed unpaired Student’s ¢-test with Welch’s correction or Mann-Whitney U test according
to the normality (***P<0.001; ****P<0.0001). (G-H) Quantification of the impaired Z-disc (G) and discontinuous
thin filament edge (H) phenotypes. n indicates the number of sarcomeres (F), Z-discs (G) and M-lines (H) analyzed.
Scale bars: 5 um (B-C”), 2 um (D-E’).

https://doi.org/10.1371/journal.pgen.1011117.g001

where the thin filament pointed ends are not in perfect register with each other (Fig 1C-
1C”and 1H).

To further confirm the phenotypic effects observed by confocal microscopy, we examined
sals mutant muscles with transmission electron microscopy. In longitudinal sections of the
adult IFM (24 hours AE) we found shorter sarcomeres, frayed myofilaments at the peripheral
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Fig 2. TEM analysis of muscles from sals knockdown flies. (A-F) TEM micrographs of sarcomeres dissected from
control (UH3-Gal4/-) and sals knockdown flies (24h AE). (A) Longitudinal section of the control shows the highly
ordered thin and thick filaments, and the straight, tightly packed Z-discs, while the sals mutant sarcomeres (D) often
exhibit loosely organized filament sections (yellow asterisks), and deformed (red arrowhead) or shorter, centrally
located Z-discs (red arrows). Cross section images of the control (B) and the sals mutant (E) IFMs reveal that the sals
mutant sarcomeres are much thinner than the controls, and frayed at their periphery. In higher magnification,
hexagonal lattice organization of the thick (dark orange ring) and thin (green circle) filaments is evident in the control
sarcomeres (C, corresponding to the dashed square in B), whereas in sals mutants (F, dashed area in panel E) the
hexagonal order and proper spacing of the filaments are often lost, in particular in the peripheral region of the
myofibrils. Scale bars: 500 nm (A, B, D, E), 50 nm (C, F).

https://doi.org/10.1371/journal.pgen.1011117.g002

regions, and various Z-disc defects, such as broken or fragmented Z-discs and short, centrally
located discs that failed to span the entire width of the sarcomeres (Fig 2A and 2D). The trans-
verse sections revealed that many of the myofibrils are thinner than the wild type, and the hex-
agonal lattice organization is often impaired at their peripheral regions (Fig 2B, 2C, 2E and
2F). Together, these results clearly indicated that, although the most profound effect of SALS
deficiency is the reduction in sarcomere length, it has multiple contributions to sarcomerogen-
esis in the IFM including Z-disc formation, M-line organization, and radial growth.

Identifying the essential regions of SALS

To dissect the complex SALS requirements during IFM development, we initiated a structure-
function analysis of the protein. To this end, we created a series of UAS-SALS transgenes to
identify the functional contribution of the largely unstructured N-terminal region (aa. 1-345),
the central Proline-Rich (aa. 345-379) and tandem WH2 regions (aa. 379-531), and the C-ter-
minal domain (aa. 531-935) (Fig 3A). This set of transgenes was first probed in rescue experi-
ments by using the muscle-specific mef2-Gal4 driver and the transgenes in heterozygous
condition in a sals null mutant background. Whereas the sals null mutants die during the
embryonic (74%) or the L1 larval (26%) stages, expression of FL-SALS (Full Length SALS) was
able to rescue this lethality till adulthood in ~74% of the progeny, while the remaining animals
also reached to the L2-L3 or pupal stages (Fig 3B). Examination of the AProR-WH2, AWH?2,
ProR-WH2, N-term-ProR-WH2, N-term and C-term constructs revealed that these truncated
forms are not able to provide a rescue till adulthood (Fig 3B), although the expression of these
constructs resulted in larval lethality (L1/L2 stages), indicating a weak partial rescue. The
ProR-WH2-C-term, WH2-C-term and AProR versions were clearly able to rescue the lethal
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Fig 3. Rescue ability of the truncated SALS proteins. (A) Structure of the truncated SALS proteins, used for rescue
and structure-function analysis. (B) The stacked row chart shows the rescue efficiency of the different SALS isoforms.
Note that the sals"*" homozygous mutants die as early larvae, and the rescue experiments were carried out in this
genetic background with one copy of SALS transgene and one copy of the muscle-specific mef2-Gal4 driver. n
indicates the number of larvae examined. (C) Quantification of the flight ability of control (sals™™", mef2-Gal4/+) and
rescued flies with the indicated genotypes (48h AE). n indicates the number of flies tested. (D-E) Quantification of
sarcomere length (D) and sarcomere width (E) in control and rescued flies with the indicated genotypes (48h AE). P-
values were calculated using two-tailed unpaired Student’s ¢-test with Welch’s correction or Mann-Whitney U test
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according to the normality (**P<0.01; ****P<0.0001). (F-G) Quantification of the impaired Z-disc (F) and
discontinuous thin filament edge (G) phenotypes in control and in rescued flies. n indicates the number of sarcomeres
(D-E), Z-discs (F) and M-lines (G) analyzed.

https://doi.org/10.1371/journal.pgen.1011117.9003

phenotype as ~53-86% of the larvae survived till adulthood (Fig 3B). These results suggest that
the N-term and ProR regions are not essential for viability, while the central WH2 domains
and the C-term region together are necessary for survival, as the sole presence of any of them
is only sufficient for a weak partial rescue.

To address whether the ProR-WH2-C-term, WH2-C-term and AProR protein forms can
completely rescue the lack of SALS, we compared the flight ability of the hatched adults to that
of animals rescued with FL-SALS. As expected, the wild type protein was able to restore the
flight ability in 73% of the progeny, however, flight ability of the ProR-WH2-C-term and
WH2-C-term expressing adults was drastically reduced. In contrast, the AProR expressing
adults showed only a moderate reduction of flight ability (Fig 3C). Because impaired flight is
often associated with structural changes in the IFM, we next analysed IFM and sarcomere
morphology in the rescued adults with confocal microscopy. These studies revealed that rescue
with the FL form results in a slight reduction in sarcomeric length (3.23 um), whereas in the
cases of ProR-WH2-C-term and WH2-C-term, sarcomere length was significantly shorter
than in the wild type (2.98 and 2.74 pm, respectively, versus 3.33 um in the control) and the
shortening was accompanied by an increase in diameter (2.04 and 1.89 um, respectively, versus
1.53 pum in the control) (Fig 3D and 3E). In contrast, rescue by AProR resulted in an increase
of both sarcomere length (3.50 um) and width (2.20 um) (Fig 3D and 3E). As to the Z-disc
defects, the FL and AProR forms were able to largely rescue the impairments observed upon
sals knockdown, while the ProR-WH2-C-term and WH2-C-term constructs provided a partial
rescue in this regard (Fig 3F). With respect of the irregular thin filament edges at the M-line,
the presence of the FL, AProR or ProR-WH2-C-term forms was sufficient for wild type devel-
opment in most animals, but in the case of the WH2-C-term protein 57% of the M-lines
remained impaired (Fig 3G). Because the transgenic lines generated for the structure-function
analysis all carry a 3xFlag-tag at an N-terminal position, we have been able to determine the
sarcomeric protein distribution pattern of 4 SALS protein forms providing a rescue till adult-
hood. Of these, the Flag-tagged FL-SALS displayed a strong accumulation in the H-zone and a
weaker staining at the Z-disc of the IFM myofibrils, which highly resembles the expression pat-
tern of the wild type endogenous protein (S2 Fig). The AProR version exhibited a similar pat-
tern to that of FL-SALS, whereas the ProR-WH2-C-term and WH2-C-term forms strongly
accumulated in the H-zone but their enrichment at the Z-disc was much weaker than in the
case of FL-SALS (S2 Fig). Thus, the truncated proteins providing the best rescue (i.e. till adult-
hood) kept the ability to integrate into the myofibrils in largely comparable amounts as the
wild type protein. Despite this, localisation of the AProR form is closer to wild type than that
of the ProR-WH2-C-term and WH2-C-term forms, which might explain that AProR provides
a significantly better rescue of the flight than the other two truncated forms (Fig 3C).

Based on the data collected from the rescue experiments (summarized in S4 Fig) we con-
clude that, unlike the ProR motif, the central WH2 region of the protein, formerly implicated
in G- and F-actin binding [23], is clearly essential for SALS function. In addition, the C-termi-
nal arm is also indispensable for viability. In the absence of these domains, the sals mutants die
during the larval stages, presumably due to muscle defects indicated by the slow crawling
movement of the mutant larvae. Interestingly, the WH2 and the C-terminal regions together
are not only able to rescue the lethality of sals, but muscle-specific expression of the
ProR-WH2-C-term or WH2-C-term proteins is sufficient to ensure a largely normal
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sarcomere development in the IFM. Nevertheless, the flight ability of these rescued animals is
severely reduced, and their sarcomeres are shorter than in the wild type often displaying
minor irregularities in the thin filament order both at the Z-disc and in the H-zone, suggesting
that the N-terminal region is important for thin filament extension and/or length regulation,
as well as for proper Z-disc formation.

The overexpression of SALS confirms the role in elongation and peripheral
growth of the sarcomeres, and reveals a myopathy-related phenotype

To explore further the functional abilities of the truncated SALS versions, we tested their phe-
notypic effects upon overexpression in a wild type background. When expressed with the mus-
cle-specific mef2-Gal4 driver, the presence of the truncated SALS proteins had no effect on
viability, however, flight was clearly impaired by them, even in the case of the FL-SALS wild
type control (Fig 4A). Excess of AWH2, AProR-WH2, WH2-C-term or C-term has completely
abolished flight ability, whereas the rest of the tested transgenes reduced flight in about 50% of
the flies (Fig 4A). Subsequently, we focused on the non-flyer category, and examined the
effects at the myofibrillar and sarcomeric level. Although none of the constructs affected gross
myofibrillar organization in the IFM (with the exception of AWH?2 that induced irregularities
in myofibril arrangement; Fig 4B-4D), all of them induced changes in sarcomere length and/
or width. The most obvious effect on sarcomere length regulation was that AWH2, N-term, N-
term-ProR-WH2, ProR-WH2, ProR-WH2-C-term or WH2-C-term overexpression resulted
in the formation of shortened sarcomeres (Fig 4E). In contrast, FL-SALS and C-term had a
very mild or no significant effect on sarcomere length, only AProR and AProR-WH2 were able
to slightly increase sarcomere length (3.52 um and 3.62 um, respectively). These data are con-
sistent with the notion that SALS affects thin filament elongation, and it appears that most of
the truncated versions exhibit a dominant negative effect on sarcomere length, possibly indi-
cating that SALS either acts as a multimer or the binding partners of SALS are present in stoi-
chiometrically strictly controlled amounts. With regard to sarcomere width, we found that
expression of FL-SALS, AProR, AProR-WH2, N-term-ProR-WH2 and ProR-WH2 strongly
increased the diameter of the sarcomeres (Fig 4F). The N-term, ProR-WH2-C-term and C-
term proteins induced a moderate increase, the WH2-C-term had no significant effect, while
AWH2 decreased the width of the sarcomeres (Fig 4F). Thus, with the exceptions of WH2-C-
term and AWH2, the truncated SALS constructs promoted the radial growth of the sarco-
meres, and this effect was often more pronounced than the effects on sarcomere length regula-
tion. Given that the loss of SALS function results in thinner myofibrils [21], we interpret the
increase in sarcomere width as a gain of function effect revealing an important role in radial
growth. The strongest effect on sarcomere width was caused by the AProR version which
showed a 50% increase (Fig 4F). As compared to this, FL-SALS had a weaker (34.2% increase),
yet still a robust effect, suggesting that, in context of the entire protein, the ProR motif might
play a regulatory role of radial growth. If so, this is likely to be mediated by interacting with an
SH3 domain protein [24-27], as we showed that the SALS ProR region does not interact with
Profilin [23]. The second strongest effect on sarcomere width was exhibited by the isolated
central region of the protein, expressed by the ProR-WH2 construct. Whereas the N-term and
C-term regions alone induced only a modest increase in width, when the ProR-WH2 region
was extended by either of these regions, the robust effect of the isolated central domains was
moderately (N-term-ProR-WH2) or strongly (ProR-WH2-C-term) suppressed (Fig 4F). Col-
lectively, these results indicate that the WH2 domains of SALS are critically required to pro-
mote radial sarcomere growth, however, this activity appears to be regulated in a complex
manner. This regulation involves the N- and/or C-term regions that may act due to
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intramolecular mechanisms or by the recruitment of their interaction partners capable of
modulating WH2/SALS activity.

Besides the alterations in the basic shape of the sarcomeres, all constructs induced the for-
mation of actin-rich aggregations, mostly in the extra-myofibrillar space in the peripheral
region of the myofibers (S3G-S3] Fig). The aggregates were sometimes attached to the myofi-
brils, and depending on the construct, they varied in size and organization. The FL-SALS and
AProR constructs promoted the formation of large, loosely organized, actin-based meshworks
covering huge areas over the myofibrils. On the other extreme, the N-term and C-term con-
structs induced the occurrence of a few, compact actin clamps, while the rest of the constructs
exhibited less compact aggregates with medium frequency (S3K Fig). In addition, in the pres-
ence of AProR, AWH2, AProR-WH2, ProR-WH2 or N-term, we detected huge, actin-rich,
ring-like structures (Fig 5A-5C”), highly resembling the giant Z-disc like structures described
in some of the nemaline myopathy (NM) cases [28,29]. Just as in NM, most of these assemblies
were connected to a native Z-disc (Fig 5A-5A") or interconnected several myofibrils (Fig 5B-
5B”), although we frequently found ones with less obvious myofibril association as well (Fig
5C-5C”). The AWH2 construct induced the highest occurrence of the giant Z-discs that could
be detected in nearly all individuals, typically with 13-22 such assemblies in the adult muscles
(Fig 5E-5G). Beyond the giant Z-discs, this construct also induced the formation of different
other types of actin aggregations of various size and shape (including zebra bodies often pres-
ent in myopathy patients) (Fig 5D and S3 Fig). By using a set of Z-disc markers, we revealed
that the central actin bundle of the giant Z-discs is flanked by Kettin, a-Actinin and Zasp52,
further confirming the similarity with Z-discs (Fig 5K-5M”). Immunostaining of the pupal
IFM revealed that the actin aggregations, including the giant Z-discs, appear already at 30-48
APF and they remain detectable till adulthood (Fig 5N-5Q) with a similar protein composition
as their adult counterparts (Fig 5SH-5M”), but without a significant increase in their number
over time (Fig 5G). Importantly, we could detect the presence of the Flag-tagged, overex-
pressed proteins both in the giant Z-discs and the actin aggregates (S3A-S3F” Fig), which sug-
gests that SALS has the ability to directly impact actin filament formation, even in an ectopic,
extra-myofibrillar situation.

In summary, these overexpression studies further corroborated the role of SALS in sarco-
mere/thin filament elongation, and highlighted the importance of this protein in radial sarco-
mere growth. Additionally, nearly all constructs were able to induce the formation of extra-
myofibrillar actin aggregations upon overexpression (S3G-S3] and S4 Figs), and we noted the
formation of giant Z-disc like structures and zebra bodies in several cases. Despite their con-
siderable morphological variability, these actin-based protein accumulations are remarkably
similar to the various actin rods and thin filament arrays found in NM patients [28,29]. Collec-
tively, these results support that SALS is a central regulator of thin filament assembly in Dro-
sophila muscles. Whereas the role in pointed end elongation was already well established, the
findings on radial growth and Z-disc formation shed new light on two other important aspects
of sarcomere development. Although we cannot exclude that these processes require separate
functions of SALS, taking the overexpression data together with our LOF analysis, we think
that these findings are most consistent with the view that radial sarcomere growth is intimately
linked to Z-disc growth. Therefore, it is tempting to speculate that the roles of SALS in radial
sarcomere growth and Z-disc organization are connected to each other.

SALS regulates sarcomere size in a formin dependent manner

Members of the formin protein family promote the formation of unbranched actin filaments,
and these proteins were shown to be required for sarcomere formation in various model
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F-actin (H, I, T, K’, L’, M), these giant actin aggregations contain several Z-disc proteins as well, such as Kettin (H”,
K”), a-Actinin (I”, L”) and Zasp52 (J7, M”). F-actin staining is in magenta, Kettin is in light green, o-Actinin is in
yellow and Zasp52 is in cyan in the merged images. (N-Q) Developmental analysis of the giant Z-discs, revealing that
they are present already at 48h APF, and that their size appears to grow during the subsequent stages. Scale bars: 2 um
(A-A’, B-B, C-C’, H-M”,N-Q), 4 um (A”, B”, C”), 1 um (D), 20 um (E-F).

https://doi.org/10.1371/journal.pgen.1011117.9005

systems [22,30-35]. In the case of the IFM, 5 of the 6 Drosophila formins are expressed during
IFM development [15], and a functional link has been made for DAAM, Fhos and Dia
[22,31,33]. Of these, we focused on DAAM and Fhos, exhibiting the strongest defects in sarco-
merogenesis, including the formation of shorter and thinner sarcomeres than in wild type
[22,33], suggesting that DAAM and Fhos are required both for sarcomere elongation and
peripheral growth. Given that the SALS protein has similar properties, next we used a genetic
interaction approach to address whether SALS regulates sarcomere size in a formin dependent
manner.

During these experiments we worked with two SALS protein forms, FL-SALS and AProR.
Of these, the overexpression of FL-SALS has a negligible effect on sarcomere length, whereas
the AProR construct significantly increases it (Fig 4E). At the same time, both protein forms
increase sarcomere width, although AProR has a stronger effect (Fig 4F). We asked whether
reducing the level of DAAM or Fhos by RNAi mediated silencing affects the phenotypes
caused by SALS overexpression. Muscle-specific knockdown of these formins with mef2-Gal4
reduces both sarcomere length and width (Fig 6A-6L), and we found that it suppressed the
effect of FL-SALS and AProR overexpression (Fig 6M-6P). Sarcomere length was reduced to
the degree when these formins are knocked down in a wild type background (Fig 6M and 6N),
suggesting that the increase in length induced by SALS is entirely formin dependent. The
silencing of DAAM or Fhos has also reduced the width of the sarcomeres observed upon
FL-SALS and AProR overexpression (Fig 60 and 6P). However, while the knockdown of Fhos
resulted in a complete suppression to the level when Fhos is silenced in a wild type background
(Fig 6P), the DAAM knockdown had a partial effect (Fig 60). To further corroborate these
findings, we also examined the effect of a DAAM and fhos null allele, DAAM™®® and fhos*'
[22,36]. When used in heterozygous conditions, DAAM"®® suppressed the increase of sarco-
mere length induced by FL-SALS, while the fhos allele had no effect under these conditions
(S5A and S5B Fig). At the same time, both alleles were able to partly suppress the increase of
sarcomere width caused by FL-SALS (S5C and S5D Fig). In addition, we also revealed that the
flightless phenotype induced by FL-SALS overexpression is also significantly suppressed by
DAAM®™®® and fhos*' (S5E Fig). Thus, these data suggest that the SALS protein and the two
formins (DAAM and Fhos) work together to promote thin filament elongation as well as the
peripheral growth of the sarcomeres.

Unlike the formin proteins, which act as positive regulators of thin filament elongation,
Tmod is thought to block actin filament elongation by antagonizing the effect of SALS in pri-
mary muscle cells [21]. To probe this converse effect in the IFM, we examined the phenotypic
consequences of Tmod overexpression in the flight muscles (with the help of the UH3-Gal4
driver). The excess amount of Tmod caused a plethora of myofibrillar defects, including Z-
disc and M-line destructions (as judged by Kettin and Obscurin staining), loss of uniform thin
filament length, accompanied by a slight reduction in the length (3.19 um versus 3.37 um in
controls) and width of the sarcomeres (1.37 pm versus 1.42 um in controls) (Fig 7A-7F).
When FL-SALS is expressed with the UH3-Gal4 driver, sarcomere length is similar to the con-
trol, while width, measured at the Z-disc, is clearly greater than in the control samples
(1.62 um versus 1.44 um) (Fig 7E and 7F). Upon the concomitant expression of Tmod and
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Fig 6. SALS regulates sarcomere growth via formin interactions. (A-F) F-actin staining of myofibrils dissected from
FL-SALS and AProR expressing IFMs in a mef2-Gal4/ UAS-Dcr2 background (B, C) and upon DAAM knockdown (E,
F) (24h AE). The controls used are UAS-Controll/+; mef2-Gal4/ UAS-Dcr2 in A, and UAS-Controll/+; mef2-Gal4/
UAS-DAAM™# in D. (G-L) F-actin staining of myofibrils dissected from FL-SALS and AProR expressing IFMs in a
mef2-Gal4/UAS-Dcr2 background (H, I) and upon fhos knockdown (K, L) (96h APF). The controls used are
UAS-Control1/+; mef2-Gal4/UAS-Dcr2 in G, and UAS-Control1/UAS-fhos™*%; mef2-Gal4/ UAS-Dcr2 in . As
UAS-Controll we used UAS-Vang, a transgenic line with no significant effect on IFM development (for further details
see M&M). (M-P) Quantification of sarcomere length (M, N) and sarcomere width (O, P) in mutant flies with the
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indicated genotype. The M and O panels refer to adult IFMs (24h AE), whereas the N and P panels apply to pupal
IFMs (96h APF). P-values were calculated using two-tailed unpaired Student’s t-test with Welch’s correction or Mann-
Whitney U test according to the normality (n.s., not significant P>0.05; **P<0.01; ****P<0.0001). # indicates the
number of sarcomeres measured. Scale bars: 2 um.

https://doi.org/10.1371/journal.pgen.1011117.9006

FL-SALS (Fig 7G-71) we measured the sarcomere length as 3.28 um, whereas the width was
1.88 um (Fig 7E and 7F). In this manner, these observations further confirmed the antagonistic
activities of Tmod and SALS on thin filament elongation. Moreover, consistent with findings
in vertebrate [37] and in Drosophila larval body wall muscle models [38], they also indicate
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Fig 7. SALS and Tmod interaction during peripheral sarcomere growth. (A-B”) Control (UH3-Gal4/Y) myofibrils
display a stereotypic, rectangular sarcomere morphology, with well-organized Z-discs and M-lines, as judged by Kettin
(A-A”) and Obscurin (B-B”) staining, respectively. (C-D”) Upon overexpression of Tmod, the sarcomeres exhibit a
sandglass-like morphology, and partly disrupted Z-discs (marked with Kettin) (C-C”) and M-lines (marked with
Obscurin) (D-D”). (E-F) Quantification of the length (E) and width (F) of the sarcomeres in muscles expressing SALS
or Tmod, or both together. Note that UAS-Vang was used as UAS-Controll. P-values were calculated using two-tailed
unpaired Student’s ¢-test with Welch’s correction or Mann-Whitney U test according to the normality (n.s., not
significant P>0.05; *P<0.05; ****P<0.0001). n indicates the number of sarcomeres measured. (G-I) As compared to
the control myofibrils (G), the IFM-specific expression of FL-SALS does not lead to major morphological alterations
(H), while the concomitant expression of SALS and Tmod (I) results in the formation of thicker myofibrils with
shortened sarcomeres often exhibiting wider Z-discs and thin filaments that are not in register with each other (yellow
arrowheads). Scale bars: 2 um.

https://doi.org/10.1371/journal.pgen.1011117.g007
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that Tmod is likely to play multiple roles during IFM development, including a direct or indi-
rect contribution to the regulation of radial sarcomere growth.

Nanoscopic analysis of SALS distribution during IFM development reveals
a major conformational change of SALS after the completion of sarcomere
elongation

Previously, we performed a nanoscopic analysis in the IFM of adult flies (24h AE) [39], and by
using an antibody specific for the central region of SALS [21], we found that SALS displayed a
“double-line type” distribution by forming parallel lines both in the Z-discs and H-zone of the
sarcomeres. We measured an average Z-line peak distance of 46.7 nm, positioning it close to
the thin filament barbed ends, while in the H-zone we found a median M-line peak distance of
64 nm, placing it into the immediate vicinity of the pointed end. To extend these studies, and
address the developmental roles of SALS, we decided to investigate the nanoscale distribution
of the protein during pupal development. We tested the nanoscopic localizations in individual
myofibrils isolated from four different timepoints, covering the transition between the growing
and mature phases of sarcomerogenesis. Whereas the accumulation of SALS in the Z-discs of
growing sarcomeres was too weak to enable a STORM analysis with sufficient precision, the
H-zone signal was suitable for high resolution studies. By using the pointed ends as reference
points (marked by Tmod) in the H-zone, we found that the width of the H-zone is significantly
wider in growing sarcomeres (165 nm) (72 hours APF) than in mature sarcomeres (123.4 nm)
(24 hours AE; Fig 8A and 8B). While in the mature sarcomeres Tmod and SALS practically
‘colocalize’, in the earlier, growing phase we found a substantial difference, as the central
region of SALS localized significantly closer to the M-line, suggesting thin filament-indepen-
dent localization. Curiously, in stretched myofibrils both the SALS and Tmod patterns are
stretched, demonstrating that both proteins are connected either directly or indirectly to the
thin filament array (Fig 8C). To clarify this apparent contradiction, and to get a more compre-
hensive picture of the nanoscopic organization of SALS, we also determined the localization of
its N- and C-termini. For these measurements we expressed FL-SALS protein variants Flag-
tagged either on the N- or C-terminus, and we mapped the exact position of the Flag-tag in
growing (72 hours APF) and mature (24 hours AE) sarcomeres. We first determined the locali-
zation of the N-terminal Flag-tag and found that, as compared to the central WH2 domain
containing region, it is located closer to the pointed ends in growing sarcomeres, while in
mature sarcomeres it is closer to the center of the H-zone (Fig 9A and 9B). Contrasting that,
the C-terminal Flag-tag maintains its localization in close proximity to the pointed ends both
in growing and mature sarcomeres (Fig 9A and 9B), which suggests a continuous interaction
between the pointed ends and that of C-term SALS. Given that the central WH2 domain-con-
taining region is associated with the pointed ends only in mature sarcomeres (Fig 9B), it might
remain free in the growing sarcomeres, possibly to fulfill essential functions in thin filament
elongation.

These measurements also demonstrated, that in line with its proposed role as a promoter of
thin filament elongation, the conformation of SALS changes significantly as thin filament elon-
gation halts at the end of myofibrillogenesis. This raises the possibility that the proper length
of thin filaments may be directly regulated by the conformational changes of the SALS protein.
However, based on the dSTORM images and the measured localization densities (see Materials
and methods), the relative amount of SALS appears to decrease significantly, while the relative
amount of Tmod remains constant during the progression of myofibrillogenesis (Fig 9C). This
quantitative change can be an additional level of regulation that could explain the shift in thin
filament dynamics at the end of myofibrillogenesis.
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Fig 8. Nanoscopic analysis of SALS and Tmod distribution during IFM development. (A) Distributional pattern of
Tmod (first column) and SALS (second column) in the H-zone visualized at four different timepoints of muscle
development (72h APF, Oh AE, 24h AE, 48h AE). The third column (magnification and combination of the dashed
squares in the adjacent images) shows the nanoscale distribution of Tmod and SALS near the M-line. Tmod staining is
in magenta, SALS is in green (stained with an antibody specific for the central region of the protein). (B) Violin plot
representation of the longitudinal epitope distributions of Tmod (magenta) and SALS (green) relative to the M-line.
Red dots and numbers show the mean values. n indicates the number of H-zones analyzed. (C) Comparison of the
localization pattern of Tmod (left panels) and SALS (right panels) in regular and stretched myofibrils. Dashed lines
highlight the degree of shift upon stretching. Scale bars: 500 nm.

https://doi.org/10.1371/journal.pgen.1011117.g008

Nanoscale determination of the positions of the central WH2, and the N- and C-terminal
regions of SALS during pupal development has clearly revealed that the relative order of these
domains changes as compared to each other and to that of the thin filament pointed ends (Fig
9B). Thus, SALS is very likely to undergo a major conformational change after the completion
of thin filament elongation, and in parallel to that, it largely diminishes from the H-zone. This
indicates that SALS is required for pointed end elongation, but it is unlikely to play a role in
the maintenance of thin filament length, which is entirely consistent with our finding that the
adult stage specific knockdown of sals has no effect on IFM function (S6 Fig).

Discussion

In this study, we report the structure-function analysis of SALS, one of the few proteins impli-
cated in pointed end elongation of the sarcomeric thin filaments. Using the Drosophila IFM as
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Fig 9. Nanoscopic reconstruction reveals the conformational change of SALS at the end of myofibrillogenesis. (A)
Distributional pattern of an N-terminally and a C-terminally located epitope of SALS in the H-zone of a growing (72h
APF) and a mature (24h AE) sarcomere. Violin plot shows the longitudinal epitope distributions related to the M-line
(N-term in dark orange, C-term in cyan). Red dots and numbers show the mean values. (B) Schematic drawing of a
thin filament pointed end of a growing (72h APF) and a mature (24h AE) sarcomere indicating the position of Tmod
and three SALS epitopes. Tmod is in magenta, SALS N-term is in dark orange, SALS central region is in green and
SALS C-term is in cyan. Note the change of the relative order of these epitopes as compared to each other, and that of
the M-line. (C) Visualization and quantification of the localization density of SALS and Tmod in the H-zone of a
growing (72h APF) and a mature (24h AE) sarcomere. P-values were calculated using Mann-Whitney U test.
(****P<0.0001). n indicates the number of H-zones analyzed. Scale bars: 500 nm.

https://doi.org/10.1371/journal.pgen.1011117.9009

our major model system, we extended the LOF analysis of sals, leading to the conclusion that
the role of SALS is not restricted to pointed end regulation (i.e. an H-zone function), instead
the protein is crucial for Z-disc formation and radial growth of the sarcomeres. Rescue experi-
ments revealed that the WH2 domains and the C-terminal region are required both for sarco-
mere elongation and radial growth, whereas the unstructured N-terminal region is important
for length determination and the ProR motif is involved in proper regulation of the radial
growth. Examination of the genetic hierarchy of sals demonstrated that SALS works together
with two formins, DAAM and Fhos, to support actin elongation and peripheral sarcomere
growth. In addition to these studies, we carried out a developmental analysis of SALS localiza-
tion in the IFM at the nanoscale level, and discovered that at the end of sarcomerogenesis
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SALS is subject to a conformational change that might allow higher affinity Tmod binding at
the pointed end, thereby contributing to the termination of thin filament elongation.

Previous studies reported that in the developing IFM the SALS protein is enriched in the
H-zone, and also at the Z-disc [21,39]. The H-zone localization is entirely consistent with its
well established role in pointed end elongation, however, functional importance of the Z-disc
accumulation remained largely elusive. By discovering a role in Z-disc formation, our new
findings provide an explanation for both major elements of the localization pattern. In addi-
tion, as a third function, we found a requirement in radial growth of the sarcomeres. In the
case of Z-disc formation, we show that upon sals knockdown the myofibrils often exhibit
impaired, fragmented or broken Z-discs, whereas overexpression of some of the truncated ver-
sions induces the formation of huge Z-disc-like structures, as judged by their organization and
the presence of actin and several other known Z-disc proteins. Regarding the radial growth
function, overexpression of either the full length or certain truncated versions of SALS drasti-
cally increases sarcomere width, suggesting that the excess and/or the ectopic activation of the
protein is sufficient to promote peripheral filament addition. As compared to this, when sals
function is compromised during IFM development, a subpopulation of the myofibrils exhibits
sandglass-shaped sarcomeres with gradually decreasing sarcomere width from Z-disc to M-
line. Because the RNAi knockdown of sals only partly reduces the protein level [21], we cannot
exclude that a complete depletion of the protein would result in the formation of uniformly
thinner sarcomeres in the IFM (similarly to the sals mutant embryonic muscles). Surprisingly,
a former study, in which Shwartz et al. investigated GFP::Actin88F incorporation in the young
adult stage after sals knockdown during the second half of pupal development [22], reported a
normal peripheral thickening of the sarcomeres in these conditions. Since the knockdown of
sals during the entire course of muscle development clearly results in a strong reduction of sar-
comere width both in the embryo [21] and the adult IFM, these contradicting observations
can be resolved by assuming that the knockdown controlled by Gal80" and restricted to the
second half of pupal development (beginning at 50 hours APF), is too late and/or too weak to
efficiently reduce SALS levels.

The novel aspect of the hypomorphic sals phenotype (i.e. the appearance of the sandglass-
shaped sarcomeres) is highly interesting, as it suggests that thin filament length is gradually
decreasing from the Z-disc to the M-line, and from the central to peripheral directions at the
outer region of the myofibrils. This pattern strongly suggests that radial sarcomere growth is
initiated at the Z-disc, which is in line with the model proposed for the mechanism of Z-disc
growth based on analysis of members of the Zasp protein family [40,41]. We envision that
peripheral enlargement of the Z-discs by the addition and integration of Z-disc proteins results
in the formation of an outer Z-disc layer that serves as a starting point/nucleation seed for thin
filament elongation and sarcomere organization. The accumulation of SALS at the Z-disc is
consistent with a role in radial growth of the Z-disc itself, for example by promoting the assem-
bly of Z-disc integrated actin filaments. Moreover, we note that the sandglass phenotype also
indicates a role in elongation of the peripheral thin filaments. Therefore, both Z-disc-linked
and pointed end elongatory functions of SALS are likely necessary for the radial growth of the
sarcomere. Given that the mechanisms of peripheral enlargement of the sarcomeres are virtu-
ally unknown [18], our results are among the first ones to shed light on this process, and we
hope that they will foster future work to clarify whether these findings revealed an evolutionary
conserved mechanisms or a muscle-specific strategy.

SALS consists of several domains, and to gain further insights into the mode of its action,
we decided to determine the requirement of each domain during development. These studies
revealed that the WH2 domains and the C-terminal region are required for viability, and are
essential for myofibril formation. Contrasting to this, the N-terminal unstructured region and
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the ProR motif are not required for viability, although they contribute to fine tune sarcomere
development in flight muscles. The presence of the WH2-C-term or ProR-WH2-C-term form
was sufficient to restore the formation of functional larval muscles and to rescue the lethality
caused by the absence of sals. Analysis of the IFM of these rescued animals revealed a largely
normal gross myofibrillar organization, although sarcomeres are shorter and thicker than wild
type, and most of the Z-discs exhibit an abnormal shape. In accordance with this, all these ani-
mals are flightless. Thus, the two WH2 domains and the C-term region together are sufficient
to support the formation of muscles with a largely normal myofibrillar layout and functionality
in most cases, implying that these domains are necessary and enough to provide the essential
actin regulatory functions. As compared to this, the N-term region, absent from the WH2-C-
term and ProR-WH2-C-term variants, is not required for myofibril formation, yet it has an
important contribution to multiple aspects of IFM development. These include proper Z-disc
formation and elongation of the thin filaments, and setting the proper limits of radial sarco-
mere growth. In the case of the ProR motif, the AProR construct is not only able to restore
gross myofibrillar organization but it also rescues the Z-disc defects to a large extent. Yet, most
of the rescued animals fly weakly, and exhibit sarcomeres that are much thicker and also some-
what longer than their wild type counterparts. These results together with the data obtained
with the ProR-WH2-C-term form suggest, that the ProR motif is not required for Z-disc orga-
nization and it is not a major factor in thin filament length regulation, but it plays a critical
role in sarcomere width regulation by restricting the radial growth of the sarcomeres. As profi-
lin binding through the ProR is unlikely [23], we propose that this motif either functions as a
flexible structural element or as a binding site for an SH3 domain-containing protein, as it was
reported for some other ProR motifs [27,42-44]. Collectively, our observations argue that the
WH2-C-term half of the protein is able to provide all the essential SALS activities in the [FM,
while the N-term and ProR regions are involved in the regulation of these activities in order to
create the final structure of the IFM sarcomeres.

Opver the past decade, nanoscopy became a powerful tool to reveal the molecular organiza-
tion of various types of subcellular structures, such as the nuclear pore complex, centrosomes
and synaptic active zones [45,46]. Beyond these, we have successfully used a dSTORM-based
pipeline to generate a protein localization atlas at the nanoscale level for about 30 muscle pro-
teins, and to provide a refined molecular model of the sarcomeric I-band and H-zone of the
adult Drosophila IFM [39]. Here we extended this analysis by uncovering the position of the
SALS protein during development. During these studies we determined the location of the N-
and C-termini, and of the central WH2 domain region of SALS. Thus, we not only collected
developmental data, but we have been able to monitor the relative order and distance of three
epitopes of the same protein. Whereas the Z-disc area could not be analysed due to low locali-
sation densities, this approach was successfully applied in the H-zone where we measured the
position of the three SALS epitopes, and compared them to each other, and to that of actin and
Tmod which marks the pointed ends of F-actin. We found that the H-zone in the developing
sarcomeres (72 hours APF) is about 40 nm wider than in mature sarcomeres (24-48 hours
APF), and that Tmod is enriched in the immediate vicinity of the pointed ends in all develop-
mental stages examined. Similarly, the C-terminus of SALS also maintains a relatively close
association with the pointed end in the pupal and adult sarcomeres, raising the possibility that
it may possess an actin binding capability. In contrast to this stable pointed end association,
the N-terminus and the WH2 domains of SALS display differential location pattern during
development, because in the pupal IFM the WH2 domains are closest to the M-line, and the
N-terminus is at half way between the WH2 domains and the pointed end, but in the adult
IFM the N-terminus is the closest to the M-line and the WH2 domains are located at the
pointed ends (Fig 9B). Therefore, the resolution power of our imaging approach allowed the

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011117  January 10, 2024 19/31


https://doi.org/10.1371/journal.pgen.1011117

PLOS GENETICS

The complex role of SALS in sarcomere formation

discovery of a conformational change in an important H-zone protein which is pivotal in sar-
comere length regulation. As thin filament elongation stops in the adult sarcomeres, and the
SALS protein gradually diminishes from the H-zone with sarcomere maturation, these data
suggest that to promote thin filament elongation in the growing sarcomeres, SALS must be in
a conformation where the WH2 domains (and possibly other central regions of the protein)
remain free for business at about 13 nm away from the pointed end. Once proper filament
length is acquired, SALS is subject to a conformational change, resulting in a swap of the rela-
tive positions of the three epitopes. In this situation the WH2 region and the C-terminus are
located in the immediate vicinity of Tmod, while the N-terminus appears to move towards the
M-line. Implicit to this idea is that with regards to actin elongation, the active form is the more
compact conformation with the central domain facing the M-line, whereas the inactive form
appears more extended with the central domain at the pointed end and the N-terminus facing
the M-line.

In their pioneering work on SALS, Bai and colleagues already established that in primary
muscle cells the pointed end capping Tmod protein antagonizes the pointed end assembly
mediated by SALS [21], which is further confirmed here by our genetic data obtained in the
IFM. To explain the antagonistic activities, it was proposed that Tmod and SALS may compete
for pointed end binding. In accordance with this hypothesis, we found that Tmod and the C-
term of SALS are localized in the immediate vicinity of the pointed ends both in pupal and
adult muscles. These findings and the conformational change of SALS together raise the possi-
bility that during filament elongation the “active” form of SALS can efficiently compete for
pointed end binding, whereas in matured muscle the “inactive” form fails to do so. Regardless
of the molecular nature of this competition, it is clear that SALS somehow promotes filament
elongation from the pointed ends and the WH2 domains are indispensable for this function of
SALS. The key question of the field is the mechanism of this process. As the only known activ-
ity of the WH2 domains is actin (mainly G-actin) binding, it was argued that SALS may pro-
mote monomer addition at the pointed end. However, with the possible exception of the VopF
and VopL proteins of Vibrio bacteria [47], catalysed monomer addition at the pointed end has
not been reported in vivo. Our observations, that in the pupal sarcomeres the WH2 domains
are further away from the pointed end than in the adult sarcomeres, also seem to contend with
this model. Moreover, if SALS had the activity to support monomer addition, i.e. pointed end
elongation, it would be hard to reconcile this with our formin interaction data which show
that SALS-mediated filament elongation is formin dependent. Therefore, we think it unlikely
that SALS plays a direct role in monomer addition, instead we envision that it either acts as a
nucleation factor or assists the annealing of the barbed end of short actin filaments to the
uncapped pointed end of an existing filament. We assume that the filaments nucleated or
annealed by SALS elongate through the activity of DAAM and Fhos formins, both being pres-
ent and highly accumulated in the central H-zone region [39]. At this point, in the absence of
relevant in vitro studies with the full length SALS protein, it is difficult to discriminate between
these alternatives, although we note that the clear association of SALS with the pointed end
appears more consistent with a role in annealing than in nucleation.

The muscle-specific knockdown of SALS reduces the level of myofibrillar actin as indicated
by the thin myofibrils, and it also impairs Z-disc formation. Conversely, the overexpression of
SALS induces the formation of thicker myofibrils and the formation of various types of extra-
myofibrillar actin aggregates, some of which appears highly organized and resembles Z-discs.
As discussed in details above, the opposite nature of the actin phenotypes confirms a key role
in thin filament formation, in addition however, the converse effects on Z-disc development
are also striking. The ability to generate giant Z-discs, consisting of ordered actin arrays and a
number of other Z-disc proteins, might be interpreted as SALS being a central organizer of Z-
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disc formation. On the other hand, the entire plethora of SALS overexpression phenotypes
exhibit remarkable parallels to the effects described for nemaline myopathy patients and mod-
els [28,29]. NM is characterized by muscle weakness and the presence of a variety of actin
structures that typically (but not always) organize into rod-like (nemaline) bodies, often con-
taining o-Actinin and other Z-disc proteins. Mutations in at least 12 genes have been impli-
cated in NM [28,48], and although individually the patients exhibit a great variety in the
number and organization of the abnormal sarcomeric protein aggregates, overall the effect of
SALS overexpression is highly similar to the phenotypic traits observed in the NM. Interest-
ingly, one of the twelve NM genes encodes a member of the Leiomodin protein family
(Lmod3), thought to be the functional analog of SALS in vertebrates [49,50]. Whereas the
majority of the NM cases (including the Lmod3 related ones) are caused by a LOF mutation,
numerous NM mutations exhibit an autosomal dominant inheritance with a potential GOF
effect, and more importantly, systematic overexpression studies [51] demonstrated the recapit-
ulation of the NM phenotypes. In the case of SALS, the NM-like actin aggregates are only pres-
ent in the GOF situation, and they are completely absent in the LOF situation. This strongly
suggests that aberrant accumulation of a single sarcomeric protein involved in actin regulation
is sufficient to initiate the formation of large sarcomeric protein aggregates, which are similar
to the nemaline bodies found in patients. Given that in the reported human cases it is the loss
of Lmod3 (the vertebrate counterpart of SALS), whereas in the Drosophila model it is the
excess of SALS that is associated with the formation of actin-based protein aggregates, these
observations indicate the importance of a very delicate control over sarcomeric actin. Com-
bined with future studies, our findings of the mechanisms of pointed end elongation and cir-
cumferential sarcomere growth will help to better understand this elusive regulation, while the
SALS overexpression system can be applied as a potential NM model to screen for genetic
and/or small molecule inhibitors with therapeutic value.

Materials and methods
Fly strains and genetics

Drosophila stocks were raised at 25°C under standard conditions. The following fly stocks
were used: w; UH3-Gal4 [52], y w; mef2-Gal4 (BDSC), w; tubP-Gal80"!% TM2/TM6b (BDSC),
w; UAS-Dcr2 (BDSC), w; sals™””**° / TM6B (designated as sals™", BDSC), w; UAS-sals RNAi
(VDRC, KK112869, designated as sals RNAi KK), y v; P{TRIP.JF01109}attP2 (BDSC, desig-
nated as sals RNAi TRIP), UAS-shRNA-DAAMFH?2 (designated as DAAM RNAi) [53], UAS-
fhos RNAi (VDRC, KK108347), w; UAS-Tmod (kindly provided by Norbert Perrimon), w
DAAM®®%/ FM7c, Kr-GFP [54], w; fhos”" (kindly provided by Ben-Zion Shilo) [55]. The
UAS-Vang transgenic line (kindly provided by Rita Gombos) was generated by inserting the
Vang cDNA into a PTFW-attB vector, which was subsequently integrated onto a VIE-260B
platform. Although this line was initially created for the aim of another project, because its
muscle-specific expression had no significant effect on myofibril formation, it has been used as
a transgenic line to control for UAS numbers. The sals™", mef2-Gal4 chromosome was gener-
ated by standard meiotic recombination techniques.

The rescue experiments were carried out at 18 °C due to increased lethality observed at
standard conditions. For the viability assay the hatched first instar larvae of the appropriate
genotypes were collected and transferred into fresh vials for ageing, subsequently, we counted
the number of individuals that survived till the larval, pupal or adult stage. Prior to flight assay
and muscle preparation 1-day old rescued flies were transferred and kept at 25 °C overnight
for sufficient acclimatization.
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For investigating the role of sals during muscle maintenance we used the Gal80ts system.
The appropriate genotypes were raised at 18 *C until they hatched, subsequently half of the
adult progeny was kept at 18 °C, whereas the other half was put to 29 °C. After one week of
ageing the flies were put to 25 “C for 3-5h of acclimatization before flight ability was measured.
As a control, we used mef2-Gal4/+ flies which showed only a slight difference in the pene-
trance of the flightless phenotype at the different temperatures (5.5% at 18 °C versus 8.5% at 29
°C). When a similar experiment was carried out with tub-Gal80ts/UAS-sals RNAi KK; mef2-
Gal4/ UAS-Dcr2 flies, no difference was observed in the ratio of the flightless individuals
(10.4% at 18 °C as compared to 10.6% at 29 °C) (S6 Fig).

Generation of SALS transgenes

The cDNA of FL-SALS was cloned into the pBS vector and used as a template for generating a
series of UAS-SALS transgenes. Specific regions of the FL-SALS template were amplified by
PCR and cloned into the Dral-EcoRYV sites of the pENTR3C vector (primers listed below). To
generate the transgenes lacking the central region (AProR, AWH?2 and AProR-WH2) an
inverse PCR technique was applied using the pPENTR3C clone of FL-SALS as a template. The
obtained SALS constructs were recombined into the pTFW-attB vector containing an N-ter-
minal Flag-tag in three copies. After sequence verification, the constructs were injected into
flies carrying the VIE-260B landing site (60100, VDRC) to create transgenic flies, with the
exception of ProR-WH2 which was injected into a w''"® line.

Flight assay

Flight tests were carried out with 1-day old flies. Flies were released inside of a perspex

box illuminated from above and scored for the flight ability. Those that flew upward or hori-
zontally were counted as “flyer” and “weak flyer”, respectively, while the ones that fell down-
ward as “non-flyer”.

Muscle preparation and immunostaining

Measurement of the sarcomeric parameters was carried out on individual myofibrils as
described in Szikora et al., 2020b [56]. Briefly, young adults (24h AE or 48h AE in case of res-
cue experiments) were gathered and bisected along the longitudinal axis. The hemi-thoraces
were collected and incubated for 2h on ice in relaxing solution (20 mM phosphate buffer, pH
7.0; 5 mM MgCl,; 5 mM EGTA; 5 mM ATP) supplemented with 50% glycerol and 0.5% Triton
X-100. Then the muscles were isolated from the hemi-thoraces and dissociated by pipetting.
The dissociated myofibrils were spun at 10000 rpm for 2 minutes and washed twice in relaxing
solution supplemented with 0.5% Triton X-100, then washed once again in relaxing solution.
20 pl of the myofibril mash was dribbled on a slide and fixed in 4% paraformaldehyde for 15
minutes. The samples were washed twice with relaxing solution and incubated in blocking
solution (PBS-BT supplemented with 0.2% Triton X-100) for 30 minutes. Primary antibodies
were applied overnight at 4°C in a humidity chamber. Muscles were washed twice with relax-
ing solution supplemented with 0.3% Triton X-100, then the appropriate secondary antibodies
were added for 2 hours at room temperature. The samples were washed twice in relaxing solu-
tion supplemented with 0.3% Triton X-100 before mounting. For pupal muscle dissection
white prepupae were collected and transferred to vials for ageing. At the appropriate timepoint
(96h APF) the pupae were removed from the pupal case, and essentially the same protocol was
applied as described above.

For the analysis of myofibrillar organization and examination of the extra-myofibrillar
actin aggregations hemi-thoraces were prepared as described before [57]. The thoraces of
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young adults were fixed for 15 minutes in 4% paraformaldehyde supplemented with 0.3% Tri-
ton X-100. The fixed thoraces were washed twice in relaxing solution, then cut into two at the
longitudinal midline. The hemi-thoraces were incubated in relaxing solution supplemented
with 50% glycerol and 0.5% Triton X-100 for 2h, which was followed by a standard immunos-
taining protocol. 0.3% Triton X-100 was used in all washing steps. For preparation of the
pupal IFMs, the same routine was carried out with staged (72h APF) pupae, the muscle fibers
were stripped off from the hemi-thoraces in the first step. All staining were repeated at least
twice, and the muscles and myofibrils analyzed in the individual experiments were derived
from at least 3 flies per genotype.

The following primary antibodies were used: anti-o-Actinin (mouse, 1:1000, DSHB), anti-
Kettin (rabbit, 1:200) [58], anti-Zasp52 (mouse, 1:400, DSHB), anti-Obscurin (rabbit, 1:400)
[52], anti-SALS (rabbit, 1:400, kindly provided by Norbert Perrimon) [21], anti-Tmod (rat,
1:200, kindly provided by Velia Fowler), anti-Flag (mouse, 1:500, Merck). For secondary anti-
bodies we used the appropriate Alexa Fluor 546, Alexa Fluor 555 or Alexa Fluor 647 (1:600),
actin was stained with Phalloidin Alexa Fluor 488 (1:50). All primary and secondary antibodies
were diluted in PBS-BT, supplemented with Triton X-100 when indicated. Samples were
mounted in PBS:glycerol (1:1).

Confocal microscopy and image analysis

Confocal images were captured on a Zeiss LSM 800 microscope with a Plan-Apochromat 63x/
1.40 Oil DIC M27 or an EC-Plan-Neofluar 10x/0.30 M27 objective. For measurement of the
sarcomeric parameters, the images were collected from three different, pooled samples (2-3
flies per genotype), 20-35 myofibrils were captured from each. From a single myofibril 5 to 10
sarcomeres were measured.

The physical properties of the sarcomeres were measured manually in Image] [59] using
phalloidin staining as a marker. Sarcomere length was defined by drawing a horizontal line
from Z-disc to Z-disc using the ‘Straight’ line tool. A line intensity plot was acquired and the
distance between the intensity peaks at the Z-discs was calculated. Sarcomere width was mea-
sured by drawing a line connecting the peripheral edges of the sarcomere where an obvious
fall in staining intensity could be detected. The Z-disc was used as a reference point, the
straight line was drawn next and in parallel with it. Image]’s ‘Find Edges’ algorithm was uti-
lized to define the margins of the sarcomeres.

Images were post-processed with Image]. For adequate visualization of the myofibrils and
muscle fibers image slices or maximum intensity projections of z-stack images were shown.
The images were enhanced by deconvolution using Huygens Professional software version
22.10 (Scientific Volume Imaging, The Netherlands, http://svi.nl). In the case of the NM-
related phenotypes the Surface Render visualization tool of Huygens Professional was applied
for generating 3D images to demonstrate the complex spatial structure of the giant Z-discs.

Quantification of Z-disc and thin filament edge defects

Quantification of the Z-disc defects was carried out on myofibrils stained for phalloidin and
Kettin/a-Actinin. Z-discs appearing as vertical, straight lines without any obvious structural
alterations were counted as normal, while the curved, fragmented and/or thin, centrally
located Z-discs were categorized as impaired.

Regularity of thin filament edges was characterized by phalloidin and Obscurin staining. In
a wild type sarcomere the pointed ends of the thin filaments are in perfect register with each
other on either sides of the straight M-line. Any alteration to this situation was counted as
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irregularity, most typically an impairment in filament edge registry accompanied by an altered
M-line shape.

Transmission electron microscopy

The dissected muscles were fixed in 3.2% paraformaldehyde, 0.5% glutaraldehyde, 1% sucrose,
0.028% CaCl, in 0.1 N sodium cacodylate (pH 7.4) overnight at 4°C, then washed twice in 0.1
N sodium cacodylate (pH 7.4) overnight at 4°C and fixed further in 1% osmium tetroxide
(Sigma-Aldrich) in distilled water for 1 h. After osmification, samples were briefly rinsed in
distilled water for 10 min, then dehydrated using a graded series of ethanol (Molar Chemicals),
from 50 to 100% for 10 min in each concentration. Afterwards, muscles were proceeded
through propylene oxide (Molar Chemicals), then embedded in an epoxy-based resin (Durcu-
pan ACM; Sigma-Aldrich). After polymerization for 48 h at 56°C, resin blocks were etched
and 50 nm thick ultrathin sections were cut using an Ultracut UCT ultramicrotome (Leica).
Sections were mounted on a single-hole, formvar-coated copper grid (Electron Microscopy
Sciences), and the contrast of the samples was enhanced by staining with 2% uranyl acetate in
50% ethanol (Molar Chemicals, Electron Microscopy Sciences) and 2% lead citrate in distilled
water (Electron Microscopy Sciences). Ultrathin sections were examined with a JEM-
1400Flash transmission electron microscope (JEOL). Sections from each animal were system-
atically screened at low magnification (500-2000x) for the presence of muscle longitudinal
and cross sections. Longitudinal and cross sections were recorded as 16-bit grayscale images at
an instrumental magnification of 5000x or 8000x for longitudinal and 15000x for cross sec-
tions with a 2kx2k high-sensitivity scientific complementary metal-oxide-semiconductor cam-
era (Matataki Flash sCMOS, JEOL) and saved in tagged image file format. The quality of TEM
images was enhanced by means of Image]’s Enhance Local Contrast (CLAHE) method.

Super resolution dSTORM microscopy

Super resolution imaging was done essentially as described previously [39,56]. Individual myo-
fibrils were isolated from the IFM of appropriately staged Drosophila. For labeling Rabbit anti-
SALS (diluted 1:400) [21], rat anti-Tmod (diluted 1:200; gift of Velia Fowler) and mouse anti-
FLAG M2(1:500; F3165 Sigma-Aldrich) were used as primary antibodies. Detection was
achieved with goat anti-rabbit, anti-mouse or anti-rat IgG highly cross-absorbed secondary
antibodies coupled to Alexa647 (1:600, all from Life Technologies). F-actin was labeled with
Alexa-488-phalloidin (1:200, Life Technologies). Samples were thoroughly washed and stored
in PBS prior to imaging. All the dSSTORM images were captured under EPI illumination
(Nikon CFI Apo 100x, NA = 1.49) on a custom-made inverted microscope system based on a
Nikon Eclipse Ti-E frame. The laser (MPB Communications Inc.: 647 nm, Pmax = 300 mW)
intensity controlled via an acousto-optic tunable filter (AOTF) was set to 2—4 kW/cm? on the
sample plane. An additional laser (Nichia: 405 nm, Pmax = 60 mW) was used for reactivation.
Images were captured by an Andor iXon3 897 BV EMCCD digital camera (512x512 pixels
with 16 um pixel size). Frame stacks for dSTORM super-resolution imaging were captured at a
reduced image size. A fluorescence filter set (Semrock, LF405/488/561/635-A-000) with an
additional emission filter (AHF, 690/70 H Bandpass) were used to select and separate the exci-
tation and emission lights in the microscope. During the measurements, the perfect focus sys-
tem of the microscope was used to keep the sample in focus with a precision of <30 nm. Right
before the measurement the storage buffer of the sample was replaced with a GLOX switching
buffer [60] and the sample was mounted onto a microscope slide. Typically, 20,000-50,000
frames were captured with an exposure time of 20 or 30 ms. The captured and stored image
stacks were evaluated and analyzed with the rainSTORM localization software [61]. Individual
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images of single molecules were fitted with a Gaussian point spread function and their center
positions were associated with the position of the fluorescent molecule. Localizations were fil-
tered via their intensity, precision and standard deviation values. Only localizations with preci-
sions of <20 nm and standard deviation between 0.8<0<1.0 were used to form the final
image and for further analysis. Mechanical drift introduced by either the mechanical move-
ment of the sample or thermal effects was analyzed and reduced by means of a correlation
based blind drift correction algorithm. Spatial coordinates of the localized events were stored
and the final super-resolved image was visualized with a pixel size of 10 nm. ROI was seg-
mented as described in Varga et al., 2023 [62]. Structure averaging and line distance measure-
ments were performed in IFM Analyzer v2.1 [39,56].

Quantification of localization density

To assess changes in Tmod and SALS protein levels during development, we examined the
"localization density" of the Tmod and SALS antibodies within the H-zone of IFM sarcomeres
isolated from pupae (72h APF) and adults (24h AE). Utilizing the dSSTORM dataset generated
for localization experiments, we employed a custom MATLAB tool to count the number of
localization events. The precision of localizations was filtered to <20 nm, with a standard devi-
ation between 0.8 and 1.0 (0.8<0<1.0). We compared the number of localizations within the
same number of time frames (1-10000) and within a uniformly cropped area (200 nm x 400
nm) centered on the H-zone to obtain equivalent readouts. We anticipate that these numbers
will exhibit a linear relationship with the number of epitopes, i.e., the proteins of interest,
within the context of each experiment. The IFM Diameter and Density tool of IFM Analyzer
v2.1 can be accessed at http://titan.physx.u-szeged.hu/~adoptim/?page_id=1246.

Western blot analysis

To assess the SALS protein level after knockdown, a Western blot analysis was performed. One
day old adult IFM muscles were dissected as described above. Tissue was incubated in lysis
buffer (0.1% SDS, 0.2% NaDoc, 0.05% NP40, 150 mm NaCl and 50 mm Tris-HCI) for 2 h on
ice. SDS-PAGE was carried out according to standard protocols. After blotting, PVDF mem-
branes (Millipore) were blocked in TBST+5% dry milk powder for 1 h at room temperature.
Primary antibodies used were rabbit a-SALS (1:1000) [21], and monoclonal mouse o-actin
(1:500) (Cedarlane). Secondary antibodies were a-rabbit-HRPO (1:10000) and a-mouse-
HRPO (1:10000) (both Jackson ImmunoResearch). For chemiluminescent detection a Milli-
pore Immobilon kit was used.

The muscle pool of 6 flies was used in each sample. As an internal control, loading was
done with two different volumes (10 pl and 20 pl), and the blot revealed a strong reduction in
the level of the SALS protein upon knockdown with KK RNAi line (S1A Fig).

Data analysis

All data were collected and organized with Microsoft Excel. All statistical analysis and graphs
were done with GraphPad Prism 8. Normality of the data was verified by D’Agostino & Pear-
son test. According to normality the P-values were calculated with two-tailed unpaired Stu-
dent’s t-test with Welch’s correction, Mann-Whitney U test or one sample Wilcoxon test.
GraphPad P value format was used (n.s., not significant P>0.05; *P<0.05; **P<0.01;
**P<0.001; ****P<0.0001). The figures were assembled with Adobe Illustrator.
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Primer list

For generation of the SALS transgenic constructs the following primers were used:
FL

forward 5> ATCTATGCCGTTTGTGACGCCC 3’
reverse 5 ATCTGAAGCCCAAATCGGCAATAA 3
AProR
forward 5> CCTCAGCAGCACACAGAAGG 3
reverse 5 CGCTTTATGGACGCTTTGC 3’
AWH2
forward 5> CATCGACGAGGAAAGCCCC 3
reverse 5> ACTCTCTTCTCACCGGGAGCT 3
AProR-WH2
forward 5> CATCGACGAGGAAAGCCCC 3
reverse 5 CGCTTTATGGACGCTTTGC 3’
N-term
forward 5> ATCTATGCCGTTTGTGACGCCC 3’
reverse 5 CGCTTTATGGACGCTTTGC 3’
N-term-ProR-WH2
forward 5> ATCTATGCCGTTTGTGACGCCC 3’
reverse 5 GGGTGGACATAGCCGATACGATG 3
ProR-WH2
forward 5 GCCGAGCATCAAGAGCGTTC 3
reverse 5 GGGTGGACATAGCCGATACGATG 3’
ProR-WH2-C-term
forward 5> GCCGAGCATCAAGAGCGTTC 3
reverse 5’ ATCTGAAGCCCAAATCGGCAATAA 3
WH2-C-term
forward 5 GGGTAGCAGCACACAGAAGGAGACC ¥
reverse 5> ATCTGAAGCCCAAATCGGCAATAA 3
C-term
forward 5> ATCTGCACTGGAGTTGCGAAACCGT 3
reverse 5 ATCTGAAGCCCAAATCGGCAATAA 3
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Supporting information

S1 Fig. Efficiency of the sals knockdown. (A) A Western blot analysis is shown, demonstrat-
ing that upon sals knockdown with the KK RNAI line level of the SALS protein is strongly
reduced. As internal controls, two lanes were loaded for each sample in two volumes (10 and
20 pl), actin was used as loading control. (B-C”) The knockdown of sals either with the KK
RNAi line (B-B”) or the TRIP RNAI line (C-C”) resulted in various myofibril defects, including
Z-discs deformities (red arrowheads in B’, B”, C’ and C”) and irregular thin filament edges at
the H-zone (yellow arrowheads in B’ and C’) as judged by F-actin (magenta in B, C; grey in B,
C’) and o-Actinin (green) staining. Note the stronger effect of the KK line, leading to more
severe alterations than the TRIP line. Scale bars: 5 um.

(TIF)

S2 Fig. Myofibrillar distribution of the truncated SALS proteins. (A-A’) A SALS antibody
staining (cyan) in a sals™*", mef2-Gal4/+ (control) adult IFM myofibril reveals a strong accu-
mulation in the H-zone and a weaker signal at the Z-disc. (B-E’) Anti-FLAG staining of myofi-
brils with the indicated genotype. Note that these myofibrils are derived from rescued flies in
which the FLAG-tagged SALS protein forms are expressed in a null mutant background. As
expected, the full length (FL) form exhibits a highly similar pattern (B’) as observed with the
SALS antibody, and pattern of the AProR is also very similar to this (C’). In the cases of
ProR-WH2-C-term and WH2-C-term a strong H-zone enrichment is detected, but the signal
at the Z-disc signal is either absent or appears weaker (D’, E’) when compared to the FL pat-
tern. Actin (in magenta) was used to highlight the sarcomeres in all samples. Scale bars: 2 um.
(TTF)

S3 Fig. Expression of the SALS isoforms induces the formation of various types of actin
aggregations. (A-F”) Representation of the diverse actin structures observed upon expression
of the SALS isoforms. These actin accumulations can be classified into three major categories:
filamentous (A-B”), compact (C-D”) and giant Z-disc-like (E-F”) (two representative examples
are shown for each). The SALS isoforms (labelled with a FLAG tag) can be detected within or
in the close vicinity of the aggregations (A”, B”, C”, D”, E”, F”) in all cases examined. (G-]) 4
optical Z-sections of the same muscle fiber are shown to illustrate that the actin aggregations
typically form in the extra-myofibrillar/peripheral space (images were taken with Z-steps of
0.5 pm). (K) Chart presentation (summary) of the kind of actin structures typically induced by
the different SALS isoforms expressed with mef2-Gal4. Opacity level of the green background
indicates the penetrance of the phenotype (dark green means high, faint green means negligi-
ble occurrence). Scale bars: 5 um.

(TIF)

S$4 Fig. A Summary table of the SALS constructs with their different phenotypic effects in
rescue and overexpression conditions.
(TIF)

S5 Fig. Genetic interaction of FL-SALS with that of DAAM and fhos mutants. (A-D) Quan-
tification of sarcomere length (A, B) and width (C, D) in control (mef2-Gal4/+) and mutant
flies with the indicated genotype (24h AE). P-values were calculated using two-tailed unpaired
Student’s t-test with Welch’s correction or Mann-Whitney U test according to the normality
(n.s., not significant P>0.05; *P<0.05; ***P<0.001; ****P<0.0001). n indicates the number of
sarcomeres measured. (E) Quantification of the flight ability of control and mutant flies with
the indicated genotypes (24h AE). Note that the weak flightless phenotype induced by
FL-SALS expression is strongly suppressed by presence of the DAAM®*®® and fhos™' null
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alleles. n indicates the number of flies tested.
(TIF)

S6 Fig. SALS is not required for maintaining the function of the IFM during adulthood.
Results of a temperature shift experiment are shown when flies with the indicated genotype
were raised at 18 °C until they hatched. Subsequently, half of the adult progeny was kept at 18
°C, whereas the other half was put to 29 °C. After one week of ageing (either at 18 or 29 °C)
flight ability was measured. As revealed by this test, flight ability of the tub-Gal80ts/UAS-sals
RNAi KK; mef2-Gal4/ UAS-Dcr2 flies was not affected at 29 °C, indicating that SALS is not
required to maintain muscle function during adulthood.

(TIF)

Acknowledgments

We thank Velia Fowler, Ben-Zion Shilo, Norbert Perrimon, the Developmental Studies
Hybridoma Bank and the Bloomington Drosophila Stock Center for antibodies and fly stocks.
We are indebted to Péter Vilmos for critical reading and helpful comments on the manuscript.
We thank Rita Gombos, Aniko Berente, Gabriella Gazso-Gerhat, Krisztina Toth, Elvira Czvik
Ponyeczkiné and Anna Rehak for technical assistance.

Author Contributions

Conceptualization: David Farkas, Szilard Szikora, Jozsef Mihaly.

Data curation: David Farkas, Roland Patai.

Formal analysis: David Farkas, Szilard Szikora, J6zsef Mihaly.

Funding acquisition: Szilard Szikora, Miklds Erdélyi, Jozsef Mihaly.

Investigation: David Farkas, Szilard Szikora, A. S. Jijumon, Tamas F. Polgar, Roland Patai,
Monika Agnes Toth, Beata Bugyi.

Methodology: Tamas F. Polgar.

Software: Szilard Szikora, Tamds Gajdos, Péter Bird, Tibor Novak, Miklos Erdélyi.

Supervision: Roland Patai, Beata Bugyi, Jozsef Mihaly.

Validation: Ménika Agnes T6th, Bedta Bugyi.

Visualization: David Farkas, Szilard Szikora, Tamas F. Polgar, Tamas Gajdos, Tibor Novak,
Miklos Erdélyi.

Writing - original draft: David Farkas, Szilard Szikora, Jozsef Mihdly.

References

1. Burbaum L, Schneider J, Scholze S, Bottcher RT, Baumeister W, Schwille P, et al. Molecular-scale
visualization of sarcomere contraction within native cardiomyocytes. Nature communications. 2021; 12
(1):4086. Epub 2021/07/04. https://doi.org/10.1038/s41467-021-24049-0 PMID: 34215727

2. HuZ, Taylor DW, Reedy MK, Edwards RJ, Taylor KA. Structure of myosin filaments from relaxed Letho-
cerus flight muscle by cryo-EM at 6 A resolution. Science advances. 2016; 2(9):e1600058. Epub 2016/
10/06.

3. RisiCM, Pepper |, Belknap B, Landim-Vieira M, White HD, Dryden K, et al. The structure of the native
cardiac thin filament at systolic Ca(2+) levels. Proc Natl Acad Sci U S A. 2021; 118(13). Epub 2021/03/
24. https://doi.org/10.1073/pnas.2024288118 PMID: 33753506

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011117  January 10, 2024 28/31


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011117.s006
https://doi.org/10.1038/s41467-021-24049-0
http://www.ncbi.nlm.nih.gov/pubmed/34215727
https://doi.org/10.1073/pnas.2024288118
http://www.ncbi.nlm.nih.gov/pubmed/33753506
https://doi.org/10.1371/journal.pgen.1011117

PLOS GENETICS

The complex role of SALS in sarcomere formation

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Sulbaran G, Alamo L, Pinto A, Marquez G, Mendez F, Padron R, et al. An invertebrate smooth muscle
with striated muscle myosin filaments. Proc Natl Acad Sci U S A. 2015; 112(42):E5660-8. Epub 2015/
10/08. https://doi.org/10.1073/pnas.1513439112 PMID: 26443857

von der Ecken J, Muller M, Lehman W, Manstein DJ, Penczek PA, Raunser S. Structure of the F-actin-
tropomyosin complex. Nature. 2015; 519(7541):114-7. Epub 2014/12/04. https://doi.org/10.1038/
nature14033 PMID: 25470062

Wang Z, Grange M, Pospich S, Wagner T, Kho AL, Gautel M, et al. Structures from intact myofibrils
reveal mechanism of thin filament regulation through nebulin. Science. 2022; 375(6582):eabn1934.
Epub 2022/02/18. https://doi.org/10.1126/science.abn1934 PMID: 35175800

Wang Z, Grange M, Wagner T, Kho AL, Gautel M, Raunser S. The molecular basis for sarcomere orga-
nization in vertebrate skeletal muscle. Cell. 2021; 184(8):2135-50.e13. Epub 2021/03/26. https://doi.
org/10.1016/j.cell.2021.02.047 PMID: 33765442

Wu S, Liu J, Reedy MC, Tregear RT, Winkler H, Franzini-Armstrong C, et al. Electron tomography of
cryofixed, isometrically contracting insect flight muscle reveals novel actin-myosin interactions. PLoS
One. 2010; 5(9). Epub 2010/09/17. https://doi.org/10.1371/journal.pone.0012643 PMID: 20844746

Yamada Y, Namba K, Fujii T. Cardiac muscle thin filament structures reveal calcium regulatory mecha-
nism. Nature communications. 2020; 11(1):153. Epub 2020/01/11. https://doi.org/10.1038/s41467-019-
14008-1 PMID: 31919429

Lemke SB, Schnorrer F. Mechanical forces during muscle development. Mechanisms of development.
2017; 144(Pt A):92-101. Epub 2016/12/04. https://doi.org/10.1016/j.mod.2016.11.003 PMID:
27913119

Nikonova E, Kao SY, Spletter ML. Contributions of alternative splicing to muscle type development and
function. Semin Cell Dev Biol. 2020; 104:65-80. Epub 2020/02/20. https://doi.org/10.1016/j.semcdb.
2020.02.003 PMID: 32070639

Ono S. Regulation of structure and function of sarcomeric actin filaments in striated muscle of the nema-
tode Caenorhabditis elegans. Anat Rec (Hoboken). 2014; 297(9):1548-59. Epub 2014/08/16. https:/
doi.org/10.1002/ar.22965 PMID: 25125169

Rui Y, Bai J, Perrimon N. Sarcomere formation occurs by the assembly of multiple latent protein com-
plexes. Plos Genet. 2010; 6(11):e1001208. Epub 2010/12/03. https://doi.org/10.1371/journal.pgen.
1001208 PMID: 21124995

Schnorrer F, Schonbauer C, Langer CCH, Dietzl G, Novatchkova M, Schernhuber K, et al. Systematic
genetic analysis of muscle morphogenesis and function in Drosophila. Nature. 2010; 464(7286):287—
91. https://doi.org/10.1038/nature08799 PMID: 20220848

Spletter ML, Barz C, Yeroslaviz A, Zhang X, Lemke SB, Bonnard A, et al. A transcriptomics resource
reveals a transcriptional transition during ordered sarcomere morphogenesis in flight muscle. Elife.
2018; 7. https://doi.org/10.7554/eLife.34058 PMID: 29846170

Orfanos Z, Leonard K, Elliott C, Katzemich A, Bullard B, Sparrow J. Sallimus and the dynamics of sarco-
mere assembly in Drosophila flight muscles. J Mol Biol. 2015; 427(12):2151-8. Epub 2015/04/15.
https://doi.org/10.1016/j.jmb.2015.04.003 PMID: 25868382

Reedy MC, Beall C. Ultrastructure of developing flight muscle in Drosophila. I. Assembly of myofibrils.
Dev Biol. 1993; 160(2):443—-65. Epub 1993/12/01. https://doi.org/10.1006/dbio.1993.1320 PMID:
8253277

Szikora S, Gorog P, Mihaly J. The Mechanisms of Thin Filament Assembly and Length Regulation in
Muscles. International journal of molecular sciences. 2022; 23(10). Epub 2022/05/29. https://doi.org/10.
3390/ijms23105306 PMID: 35628117

Littlefield R, Almenar-Queralt A, Fowler VM. Actin dynamics at pointed ends regulates thin filament
length in striated muscle. Nat Cell Biol. 2001; 3(6):544-51. Epub 2001/06/05. https://doi.org/10.1038/
35078517 PMID: 11389438

Mardahl-Dumesnil M, Fowler VM. Thin filaments elongate from their pointed ends during myofibril
assembly in Drosophila indirect flight muscle. J Cell Biol. 2001; 155(6):1043-53. Epub 2001/12/12.
https://doi.org/10.1083/jcb.200108026 PMID: 11739412

Bai J, Hartwig JH, Perrimon N. SALS, a WH2-domain-containing protein, promotes sarcomeric actin fil-
ament elongation from pointed ends during Drosophila muscle growth. Dev Cell. 2007; 13(6):828—42.
Epub 2007/12/07. https://doi.org/10.1016/j.devcel.2007.10.003 PMID: 18061565

Shwartz A, Dhanyasi N, Schejter ED, Shilo B. The Drosophila formin Fhos is a primary mediator of sar-
comeric thin-filament array assembly. Elife. 2016; 5. https://doi.org/10.7554/eLife.16540 PMID:
27731794

Toth MA, Majoros AK, Vig AT, Migh E, Nyitrai M, Mihaly J, et al. Biochemical Activities of the Wiskott-
Aldrich Syndrome Homology Region 2 Domains of Sarcomere Length Short (SALS) Protein. J Biol

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011117  January 10, 2024 29/31


https://doi.org/10.1073/pnas.1513439112
http://www.ncbi.nlm.nih.gov/pubmed/26443857
https://doi.org/10.1038/nature14033
https://doi.org/10.1038/nature14033
http://www.ncbi.nlm.nih.gov/pubmed/25470062
https://doi.org/10.1126/science.abn1934
http://www.ncbi.nlm.nih.gov/pubmed/35175800
https://doi.org/10.1016/j.cell.2021.02.047
https://doi.org/10.1016/j.cell.2021.02.047
http://www.ncbi.nlm.nih.gov/pubmed/33765442
https://doi.org/10.1371/journal.pone.0012643
http://www.ncbi.nlm.nih.gov/pubmed/20844746
https://doi.org/10.1038/s41467-019-14008-1
https://doi.org/10.1038/s41467-019-14008-1
http://www.ncbi.nlm.nih.gov/pubmed/31919429
https://doi.org/10.1016/j.mod.2016.11.003
http://www.ncbi.nlm.nih.gov/pubmed/27913119
https://doi.org/10.1016/j.semcdb.2020.02.003
https://doi.org/10.1016/j.semcdb.2020.02.003
http://www.ncbi.nlm.nih.gov/pubmed/32070639
https://doi.org/10.1002/ar.22965
https://doi.org/10.1002/ar.22965
http://www.ncbi.nlm.nih.gov/pubmed/25125169
https://doi.org/10.1371/journal.pgen.1001208
https://doi.org/10.1371/journal.pgen.1001208
http://www.ncbi.nlm.nih.gov/pubmed/21124995
https://doi.org/10.1038/nature08799
http://www.ncbi.nlm.nih.gov/pubmed/20220848
https://doi.org/10.7554/eLife.34058
http://www.ncbi.nlm.nih.gov/pubmed/29846170
https://doi.org/10.1016/j.jmb.2015.04.003
http://www.ncbi.nlm.nih.gov/pubmed/25868382
https://doi.org/10.1006/dbio.1993.1320
http://www.ncbi.nlm.nih.gov/pubmed/8253277
https://doi.org/10.3390/ijms23105306
https://doi.org/10.3390/ijms23105306
http://www.ncbi.nlm.nih.gov/pubmed/35628117
https://doi.org/10.1038/35078517
https://doi.org/10.1038/35078517
http://www.ncbi.nlm.nih.gov/pubmed/11389438
https://doi.org/10.1083/jcb.200108026
http://www.ncbi.nlm.nih.gov/pubmed/11739412
https://doi.org/10.1016/j.devcel.2007.10.003
http://www.ncbi.nlm.nih.gov/pubmed/18061565
https://doi.org/10.7554/eLife.16540
http://www.ncbi.nlm.nih.gov/pubmed/27731794
https://doi.org/10.1371/journal.pgen.1011117

PLOS GENETICS

The complex role of SALS in sarcomere formation

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Chem. 2016; 291(2):667-80. Epub 2015/11/19. https://doi.org/10.1074/jbc.M115.683904 PMID:
26578512

Chan DC, Bedford MT, Leder P. Formin binding proteins bear WWP/WW domains that bind proline-rich
peptides and functionally resemble SH3 domains. Embo J. 1996; 15(5):1045-54. PMID: 8605874

Kamei T, Tanaka K, Hihara T, Umikawa M, Imamura H, Kikyo M, et al. Interaction of Bnr1p with a novel
Src homology 3 domain-containing Hof1p. Implication in cytokinesis in Saccharomyces cerevisiae. J
Biol Chem. 1998; 273(43):28341-5. https://doi.org/10.1074/jbc.273.43.28341 PMID: 9774458

Tominaga T, Sahai E, Chardin P, McCormick F, Courtneidge SA, Alberts AS. Diaphanous-related for-
mins bridge Rho GTPase and Src tyrosine kinase signaling. Mol Cell. 2000; 5(1):13-25. https://doi.org/
10.1016/s1097-2765(00)80399-8 PMID: 10678165

YuH, Chen JK, Feng S, Dalgarno DC, Brauer AW, Schreiber SL. Structural basis for the binding of pro-
line-rich peptides to SH3 domains. Cell. 1994; 76(5):933—-45. Epub 1994/03/11. https://doi.org/10.1016/
0092-8674(94)90367-0 PMID: 7510218

Laitila J, Wallgren-Pettersson C. Recent advances in nemaline myopathy. Neuromuscular disorders:
NMD. 2021; 31(10):955-67. Epub 2021/09/26. https://doi.org/10.1016/.nmd.2021.07.012 PMID:
34561123

Sewry CA, Laitila JM, Wallgren-Pettersson C. Nemaline myopathies: a current view. J Muscle Res Cell
Motil. 2019; 40(2):111-26. Epub 2019/06/23. https://doi.org/10.1007/s10974-019-09519-9 PMID:
31228046

Ajima R, Bisson JA, Helt JC, Nakaya MA, Habas R, Tessarollo L, et al. DAAM1 and DAAM2 are co-
required for myocardial maturation and sarcomere assembly. Dev Biol. 2015; 408(1):126-39. Epub
2015/11/04. https://doi.org/10.1016/j.ydbio.2015.10.003 PMID: 26526197

Deng S, Silimon RL, Balakrishnan M, Bothe |, Juros D, Soffar DB, et al. The actin polymerization factor
Diaphanous and the actin severing protein Flightless | collaborate to regulate sarcomere size. Dev Biol.
2021; 469:12-25. Epub 2020/09/28. https://doi.org/10.1016/j.ydbio.2020.09.014 PMID: 32980309

Mi-Mi L, Votra S, Kemphues K, Bretscher A, Pruyne D. Z-line formins promote contractile lattice growth
and maintenance in striated muscles of C. elegans. J Cell Biol. 2012; 198(1):87—-102. Epub 2012/07/04.
https://doi.org/10.1083/jcb.201202053 PMID: 22753896

Molnar |, Migh E, Szikora S, Kalmar T, Vegh AG, Deak F, et al. DAAM Is Required for Thin Filament For-
mation and Sarcomerogenesis during Muscle Development in Drosophila. Plos Genet. 2014; 10(2).
https://doi.org/10.1371/journal.pgen.1004166 PMID: 24586196

Rosado M, Barber CF, Berciu C, Feldman S, Birren SJ, Nicastro D, et al. Critical roles for multiple for-
mins during cardiac myofibril development and repair. Mol Biol Cell. 2014; 25(6):811-27. Epub 2014/
01/17. https://doi.org/10.1091/mbc.E13-08-0443 PMID: 24430873

Taniguchi K, Takeya R, Suetsugu S, Kan OM, Narusawa M, Shiose A, et al. Mammalian formin fhod3
regulates actin assembly and sarcomere organization in striated muscles. J Biol Chem. 2009; 284
(43):29873-81. Epub 2009/08/27. https://doi.org/10.1074/jbc.M109.059303 PMID: 19706596

Matusek T, Djiane A, Jankovics F, Brunner D, Mlodzik M, Mihaly J. The Drosophila formin DAAM regu-
lates the tracheal cuticle pattern through organizing the actin cytoskeleton. Development. 2006; 133
(5):957-66. https://doi.org/10.1242/dev.02266 PMID: 16469972

Fowler VM, Dominguez R. Tropomodulins and Leiomodins: Actin Pointed End Caps and Nucleators in
Muscles. Biophys J. 2017; 112(9):1742—-60. Epub 2017/05/13. https://doi.org/10.1016/j.bp}.2017.03.
034 PMID: 28494946

Zapater IMC, Carman PJ, Soffar DB, Windner SE, Dominguez R, Baylies MK. Drosophila Tropomodulin
is required for multiple actin-dependent processes within developing myofibers. Development. 2023;
150(6). Epub 2023/02/23.

Szikora S, Gajdos T, Novak T, Farkas D, Foldi |, Lenart P, et al. Nanoscopy reveals the layered organi-
zation of the sarcomeric H-zone and I-band complexes. J Cell Biol. 2020; 219(1). Epub 2019/12/10.
https://doi.org/10.1083/jcb.201907026 PMID: 31816054

Gonzalez-Morales N, Xiao YS, Schilling MA, Marescal O, Liao KA, Schock F. Myofibril diameter is set
by a finely tuned mechanism of protein oligomerization in Drosophila. Elife. 2019; 8. Epub 2019/11/21.
https://doi.org/10.7554/eLife.50496 PMID: 31746737

Schock F, Gonzalez-Morales N. The insect perspective on Z-disc structure and biology. J Cell Sci.
2022; 135(20). Epub 2022/10/14. https://doi.org/10.1242/jcs.260179 PMID: 36226637

Alexandropoulos K, Cheng G, Baltimore D. Proline-rich sequences that bind to Src homology 3 domains
with individual specificities. Proc Natl Acad Sci U S A. 1995; 92(8):3110—4. Epub 1995/04/11. https:/
doi.org/10.1073/pnas.92.8.3110 PMID: 7536925

Musacchio A. How SH3 domains recognize proline. Advances in protein chemistry. 2002; 61:211-68.
Epub 2002/12/05. https://doi.org/10.1016/s0065-3233(02)61006-x PMID: 12461825

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011117  January 10, 2024 30/31


https://doi.org/10.1074/jbc.M115.683904
http://www.ncbi.nlm.nih.gov/pubmed/26578512
http://www.ncbi.nlm.nih.gov/pubmed/8605874
https://doi.org/10.1074/jbc.273.43.28341
http://www.ncbi.nlm.nih.gov/pubmed/9774458
https://doi.org/10.1016/s1097-2765%2800%2980399-8
https://doi.org/10.1016/s1097-2765%2800%2980399-8
http://www.ncbi.nlm.nih.gov/pubmed/10678165
https://doi.org/10.1016/0092-8674%2894%2990367-0
https://doi.org/10.1016/0092-8674%2894%2990367-0
http://www.ncbi.nlm.nih.gov/pubmed/7510218
https://doi.org/10.1016/j.nmd.2021.07.012
http://www.ncbi.nlm.nih.gov/pubmed/34561123
https://doi.org/10.1007/s10974-019-09519-9
http://www.ncbi.nlm.nih.gov/pubmed/31228046
https://doi.org/10.1016/j.ydbio.2015.10.003
http://www.ncbi.nlm.nih.gov/pubmed/26526197
https://doi.org/10.1016/j.ydbio.2020.09.014
http://www.ncbi.nlm.nih.gov/pubmed/32980309
https://doi.org/10.1083/jcb.201202053
http://www.ncbi.nlm.nih.gov/pubmed/22753896
https://doi.org/10.1371/journal.pgen.1004166
http://www.ncbi.nlm.nih.gov/pubmed/24586196
https://doi.org/10.1091/mbc.E13-08-0443
http://www.ncbi.nlm.nih.gov/pubmed/24430873
https://doi.org/10.1074/jbc.M109.059303
http://www.ncbi.nlm.nih.gov/pubmed/19706596
https://doi.org/10.1242/dev.02266
http://www.ncbi.nlm.nih.gov/pubmed/16469972
https://doi.org/10.1016/j.bpj.2017.03.034
https://doi.org/10.1016/j.bpj.2017.03.034
http://www.ncbi.nlm.nih.gov/pubmed/28494946
https://doi.org/10.1083/jcb.201907026
http://www.ncbi.nlm.nih.gov/pubmed/31816054
https://doi.org/10.7554/eLife.50496
http://www.ncbi.nlm.nih.gov/pubmed/31746737
https://doi.org/10.1242/jcs.260179
http://www.ncbi.nlm.nih.gov/pubmed/36226637
https://doi.org/10.1073/pnas.92.8.3110
https://doi.org/10.1073/pnas.92.8.3110
http://www.ncbi.nlm.nih.gov/pubmed/7536925
https://doi.org/10.1016/s0065-3233%2802%2961006-x
http://www.ncbi.nlm.nih.gov/pubmed/12461825
https://doi.org/10.1371/journal.pgen.1011117

PLOS GENETICS

The complex role of SALS in sarcomere formation

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Okamoto PM, Herskovits JS, Vallee RB. Role of the basic, proline-rich region of dynamin in Src homol-
ogy 3 domain binding and endocytosis. J Biol Chem. 1997; 272(17):11629-35. Epub 1997/04/25.
https://doi.org/10.1074/jbc.272.17.11629 PMID: 9111080

Sigal YM, Zhou R, Zhuang X. Visualizing and discovering cellular structures with super-resolution
microscopy. Science. 2018; 361(6405):880—7. Epub 2018/09/01. https://doi.org/10.1126/science.
aau1044 PMID: 30166485

Szikora S, Gorog P, Kozma C, Mihaly J. Drosophila Models Rediscovered with Super-Resolution
Microscopy. Cells-Basel. 2021; 10(8). Epub 2021/08/28. https://doi.org/10.3390/cells10081924 PMID:
34440693

Kudryashova E, Ankita, Ulrichs H, Shekhar S, Kudryashov DS. Pointed-end processive elongation of
actin filaments by Vibrio effectors VopF and VopL. Science advances. 2022; 8(46):eadc9239. Epub
2022/11/19. https://doi.org/10.1126/sciadv.adc9239 PMID: 36399577

Ogasawara M, Nishino |. A review of major causative genes in congenital myopathies. Journal of
human genetics. 2023; 68(3):215-25. Epub 2022/06/07. https://doi.org/10.1038/s10038-022-01045-w
PMID: 35668205

Tsukada T, Pappas CT, Moroz N, Antin PB, Kostyukova AS, Gregorio CC. Leiomodin-2 is an antagonist
of tropomodulin-1 at the pointed end of the thin filaments in cardiac muscle. J Cell Sci. 2010; 123(Pt
18):3136-45. Epub 2010/08/26. https://doi.org/10.1242/jcs.071837 PMID: 20736303

Yuen M, Sandaradura SA, Dowling JJ, Kostyukova AS, Moroz N, Quinlan KG, et al. Leiomodin-3 dys-
function results in thin filament disorganization and nemaline myopathy. J Clin Invest. 2014; 124
(11):4693-708. Epub 2014/09/25. https://doi.org/10.1172/JCI75199 PMID: 25250574

Sztal TE, Zhao M, Williams C, Oorschot V, Parslow AC, Giousoh A, et al. Zebrafish models for nemaline
myopathy reveal a spectrum of nemaline bodies contributing to reduced muscle function. Acta Neuro-
pathol. 2015; 130(3):389—-406. Epub 2015/05/02. https://doi.org/10.1007/s00401-015-1430-3 PMID:
25931053

Katzemich A, Kreiskother N, Alexandrovich A, Elliott C, Schock F, Leonard K, et al. The function of the
M-line protein obscurin in controlling the symmetry of the sarcomere in the flight muscle of Drosophila. J
Cell Sci. 2012; 125(Pt 14):3367—-79. Epub 2012/04/03. https://doi.org/10.1242/jcs.097345 PMID:
22467859

Migh E, Gotz T, Foldi |, Szikora S, Gombos R, Darula Z, et al. Microtubule organization in presynaptic
boutons relies on the formin DAAM. Development. 2018; 145(6). https://doi.org/10.1242/dev.158519
PMID: 29487108

Matusek T, Gombos R, Szecsenyi A, Sanchez-Soriano N, Czibula A, Pataki C, et al. Formin proteins of
the DAAM subfamily play a role during axon growth. J Neurosci. 2008; 28(49):13310-9. https://doi.org/
10.1523/JNEUROSCI.2727-08.2008 PMID: 19052223

Lammel U, Bechtold M, Risse B, Berh D, Fleige A, Bunse |, et al. The Drosophila FHOD1-like formin
Knittrig acts through Rok to promote stress fiber formation and directed macrophage migration during
the cellularimmune response. Development. 2014; 141(6):1366—80. Epub 2014/02/21. https://doi.org/
10.1242/dev.101352 PMID: 24553290

Szikora S, Novak T, Gajdos T, Erdelyi M, Mihaly J. Superresolution Microscopy of Drosophila Indirect
Flight Muscle Sarcomeres. Bio-protocol. 2020; 10(12):e3654. Epub 2021/03/05. https://doi.org/10.
21769/BioProtoc.3654 PMID: 33659324

Weitkunat M, Schnorrer F. A guide to study Drosophila muscle biology. Methods. 2014; 68(1):2—14.
Epub 2014/03/15. https://doi.org/10.1016/j.ymeth.2014.02.037 PMID: 24625467

Kulke M, Neagoe C, Kolmerer B, Minajeva A, Hinssen H, Bullard B, et al. Kettin, a major source of myo-
fibrillar stiffness in Drosophila indirect flight muscle. J Cell Biol. 2001; 154(5):1045-57. Epub 2001/09/
06. https://doi.org/10.1083/jcb.200104016 PMID: 11535621

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImagedJ: 25 years of image analysis. Nat Meth-
ods. 2012; 9(7):671-5. Epub 2012/08/30. https://doi.org/10.1038/nmeth.2089 PMID: 22930834

van de Linde S, Loschberger A, Klein T, Heidbreder M, Wolter S, Heilemann M, et al. Direct stochastic
optical reconstruction microscopy with standard fluorescent probes. Nature protocols. 2011; 6(7):991—
1009. Epub 2011/07/02. https://doi.org/10.1038/nprot.2011.336 PMID: 21720313

Rees EJ, Erdelyi M, Schierle GSK, Knight A, Kaminski CF. Elements of image processing in localization
microscopy. J Optics-Uk. 2013; 15(9).

Varga D, Szikora S, Novak T, Pap G, Leko G, Mihaly J, et al. Machine learning framework to segment
sarcomeric structures in SMLM data. Scientific reports. 2023; 13(1):1582. Epub 2023/01/29. https://doi.
0rg/10.1038/s41598-023-28539-7 PMID: 36709347

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011117  January 10, 2024 31/31


https://doi.org/10.1074/jbc.272.17.11629
http://www.ncbi.nlm.nih.gov/pubmed/9111080
https://doi.org/10.1126/science.aau1044
https://doi.org/10.1126/science.aau1044
http://www.ncbi.nlm.nih.gov/pubmed/30166485
https://doi.org/10.3390/cells10081924
http://www.ncbi.nlm.nih.gov/pubmed/34440693
https://doi.org/10.1126/sciadv.adc9239
http://www.ncbi.nlm.nih.gov/pubmed/36399577
https://doi.org/10.1038/s10038-022-01045-w
http://www.ncbi.nlm.nih.gov/pubmed/35668205
https://doi.org/10.1242/jcs.071837
http://www.ncbi.nlm.nih.gov/pubmed/20736303
https://doi.org/10.1172/JCI75199
http://www.ncbi.nlm.nih.gov/pubmed/25250574
https://doi.org/10.1007/s00401-015-1430-3
http://www.ncbi.nlm.nih.gov/pubmed/25931053
https://doi.org/10.1242/jcs.097345
http://www.ncbi.nlm.nih.gov/pubmed/22467859
https://doi.org/10.1242/dev.158519
http://www.ncbi.nlm.nih.gov/pubmed/29487108
https://doi.org/10.1523/JNEUROSCI.2727-08.2008
https://doi.org/10.1523/JNEUROSCI.2727-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/19052223
https://doi.org/10.1242/dev.101352
https://doi.org/10.1242/dev.101352
http://www.ncbi.nlm.nih.gov/pubmed/24553290
https://doi.org/10.21769/BioProtoc.3654
https://doi.org/10.21769/BioProtoc.3654
http://www.ncbi.nlm.nih.gov/pubmed/33659324
https://doi.org/10.1016/j.ymeth.2014.02.037
http://www.ncbi.nlm.nih.gov/pubmed/24625467
https://doi.org/10.1083/jcb.200104016
http://www.ncbi.nlm.nih.gov/pubmed/11535621
https://doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834
https://doi.org/10.1038/nprot.2011.336
http://www.ncbi.nlm.nih.gov/pubmed/21720313
https://doi.org/10.1038/s41598-023-28539-7
https://doi.org/10.1038/s41598-023-28539-7
http://www.ncbi.nlm.nih.gov/pubmed/36709347
https://doi.org/10.1371/journal.pgen.1011117

