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Abstract

Background: To identify novel myofibrillar components of the Drosophila flight muscles, we 

carried out a proteomic analysis of chemically demembranated flight muscle myofibrils, and 

characterized the knockdown phenotype of a novel gene identified in the screen, CG1674.

Results: The CG1674 protein has some similarity to vertebrate synaptopodin 2-like, and when 

expressed as a FLAG-tagged fusion protein, it was localized during development to the Z-disc and 

cytoplasm. Knockdown of CG1674 expression affected the function of multiple muscle types, and 

defective flight in adults was accompanied by large actin-rich structures in the flight muscles that 

resembled overgrown Z-discs. Localization of CG1674 to the Z-disc depended predominantly 

upon presence of the Z-disc component alpha-actinin, but also depended upon other Z-disc 

components, including Mask, Zasp52, and Sals. We also observed re-localization of FLAG-

CG1674 to the nucleus in Alpha-actinin and sals knockdown animals.

Conclusions: These studies identify and characterize a previously unreported myofibrillar 

component of Drosophila muscle, that is necessary for proper myofibril assembly during 

development.
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Introduction.

The sarcomere, the basic unit of muscle, is a protein machine that uses chemical energy to 

promote force generation. Central to understanding the mechanisms of muscle contraction 

and the maintenance of sarcomere structure under force generation is a complete 

understanding of the proteins that are present in the myofibril, and their roles in myofibril 

assembly and function. Substantial research has contributed to our current understanding of 
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myofibril structure: force is generated by the interaction of interdigitating thick and thin 

filaments, and while myosin-containing thick filaments are anchored at the M-line, actin-

containing thin filaments are anchored at the Z-disc (reviewed in 1).

Despite extensive research efforts to identify myofibrillar components, the Z-disc remains 

somewhat enigmatic in both its structure and function. New components of the Z-disc 

continue to be identified, including the ZASP family of proteins in Drosophila and 

vertebrates (2) among numerous others (see for example 3). Moreover, recent studies have 

defined the Z-disc as a signaling nexus in the muscle, where both upstream and downstream 

signals impinge upon the Z-disc (reviewed in 4), and a number of Z-disc associated proteins 

are capable of shuttling from the myofibril to the nucleus (5–7). Recent studies have also 

shown that nascent myofibrils can be identified as ZASP-enriched foci localized to the 

surface of the nucleus, indicating that the Z-disc is a critical determinant of initial myofibril 

assembly (8). Finally, genes encoding Z-disc proteins are also human disease genes, 

underlining the importance of understanding this structure (9,10).

The Drosophila model has emerged as a powerful tool to understand mechanisms of muscle 

development and function, where traditional cell biological and biochemical approaches can 

be paired with genetic mutation or knockdown technology. In particular, the large thoracic 

flight muscles are amenable to histological, biochemical, and mechanical approaches, and 

are dispensable for survival of the adult fly, meaning that fundamental rules for myofibril 

assembly and function can be uncovered in the intact animal (reviewed in 11). As a result, 

several new myofibrillar components have recently been identified in Drosophila muscles 

and many of these localize to the Z-disc. These include Sarcomere length short (Sals; ref. 

12), Ball and Mask (13), and several members of the ZASP protein family (14–16), 

suggesting that there may be more Z-disc components yet to be identified.

In this study, we carried out a proteomic analysis of chemically demembranated Drosophila 

flight muscle myofibrils to identify new structural muscle components. Alongside numerous 

well-characterized muscle proteins, we identified a previously uncharacterized protein 

encoded by the CG1674 gene. When an epitope-tagged isoform of CG1674 was expressed in 

the adult muscles, it localized to the Z-disc of the flight muscles, identifying it as a new 

component of the Z-disc. We found that knockdown of CG1674 in the developing adult 

muscles resulted in defective flight muscle function and altered myofibril structure. 

Localization of tagged CG1674 to the Z-disc was dependent upon a number of other Z-disc 

components, including Alpha-actinin, Sals and Mask. Interestingly, reduction in the levels of 

either Alpha-actinin or Sals in the adult muscles resulted in a re-localization of CG1674 to 

the nucleus, suggesting a role for this protein in myofibril-nucleus communication. These 

studies identify a new component of the flight muscle myofibril and identify a potentially 

new mechanism for transmitting changes in myofibril organization to the nucleus.

Results.

Identification of CG1674 as a component of the flight muscle proteome.

To identify the protein components of the adult Drosophila flight muscles, we isolated dorsal 

longitudinal muscles from y w adults and subjected them to chemical demembranation and 
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homogenization to separate the insoluble myofibrils from cytosolic proteins. Proteins were 

then separated by SDS-PAGE and visualized using Coomassie Blue staining (Figure 1A). A 

gel strip corresponding to the myofibrillar fraction was cut from the gel. The intense band 

corresponding to Myosin heavy-chain (MHC) was removed so that signal from this protein 

did not overwhelm the signal from less abundant proteins. The resulting gel slice was then 

submitted for LC-MS/MS peptide sequencing to identify the protein components of the 

flight muscle myofibril. This identification was carried out in duplicate. Proteins identified 

in both replicates, or those represented by at least ten peptides in one run, are indicated in 

Figure 1B.

As would be expected, this analysis identified a large number of known myofibrillar 

proteins, although interestingly there were some notable absences, or proteins that were only 

identified in one replicate and not the other. These included Mask and Ball, that were not 

detected at all; and Sallimus, Tm1 and MLC1 that were only identified in the first analysis, 

albeit at high levels. We interpret from these findings that our analysis has not yet been 

saturating to identify all myofibrillar components.

Nevertheless, alongside the known myofibrillar proteins, we identified a previously 

uncharacterized protein encoded by the CG1674 gene. CG1674 was represented in nine 

peptides in the first replicate and three peptides in the second replicate.

The CG1674 gene is located on the fourth chromosome and consists of 16 exons that show a 

complex pattern of splicing (Figure 2A; also see FlyBase.org (17), and ref. 18). By 

examining the peptides identified by the MS/MS analysis that are isoform-specific, it is 

possible to imply some of the isoforms of CG1674 that may exist in the flight muscles, in 

particular protein isoforms PK or PL must be present (encoded by transcripts RK and RL, 

respectively, Figure 2B). However, this analysis does not rule out the possibility that 

multiple isoforms are synthesized in the flight muscles.

Sequence comparisons did not identify specific functional domains within CG1674 

polypeptides, although a putative nuclear localization signal (NLS) was observed within 

CG1674 (LFAKRRRKADNW, identified using NLS-mapper, http://nls-

mapper.iab.keio.ac.jp, 19). The sequence in CG1674 is encoded by sequence at the 5’ end of 

exon 13 (see asterisk in Figure 2A). Note that this sequence is not included in all exon 13-

containing transcripts due to the presence of an alternate 3’ splice acceptor site within exon 

13.

To gain further insight into the potential function of CG1674, we assessed the presence of 

orthologs in other species as reported at FlyBase.org. Close orthologs are observed in other 

Dipterans, and a similar gene to CG1674 is found in non-Dipteran insects such as Tribolium 
castaneum (flour beetle; 49.3% identity over 268 amino acids of the predicted protein 

product). In the non-insect arthropod Ixodes scapularis (deer tick), there is a similar gene 

showing 34% identity over 247 amino acids of the predicted product. All of these regions of 

similarity overlap the predicted NLS described above.

FlyBase.org curates multiple ortholog prediction tools, and while many sites do not predict 

orthologs outside of arthropods, Panther and Compara indicate that the mammalian protein 
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Synaptopodin 2-like (Figure 2C; also called Synpo2l and CHAP), along with Synaptopodin 

and Synaptopodin 2, share some short sequence similarity with the predicted CG1674 amino 

acid sequence. Most of this similarity also overlaps the putative NLS (Figure 2C), although 

it is not clear if the corresponding region of Synpo2l corresponds to a nuclear localization 

signal since several basic amino acids present in CG1674 are missing in Synpo2l.

The tools at Pantherdb.org also indicate that CG1674 contains a domain that places it into a 

putative related protein family termed PTHR24217 (20). Other members of the family 

include the Arthropod proteins described above plus, more distantly, the Synaptopodin 

family of proteins within the Euteleostomi (“bony vertebrate”) clade (Figure 2D). Proteins 

within the PTHR24217 putative family are predicted to have actin binding activity, and to 

segregate to the Z-disc, actin cytoskeleton, and nucleus of the cells. Overall, these 

observations suggest that CG1674 is part of an ancient family of proteins with potential roles 

in muscle, but that the primary sequence of these orthologs has not been stringently 

conserved over evolutionary time.

CG1674 localizes to the Z-disc.

To gain greater insight into CG1674 function, we generated a CG1674 cDNA where 

nucleotides encoding a 3xFLAG tag were fused to the 5’ end of the coding sequence. This 

construct, encoding a FLAG-tagged isoform of CG1674-PJ was placed into a UAS vector, 

making it responsive to activation by Gal4 protein, and was stably inserted into the 

Drosophila genome (Figure 3A).

To identify the cellular compartment in which CG1674 is localized, we activated expression 

of this recombinant cDNA in adult muscles using the 1151-Gal4 driver. We then dissected 

adult muscles and fractionated the muscles into an insoluble myofibril pellet and a soluble 

cytoplasmic fraction. Control samples were also prepared from non-transgenic animals. 

Samples were separated by SDS-PAGE, transferred to nitrocellulose membrane, and 

transferred proteins were visualized using Ponceau S stain (Figure 3B, top). The membrane 

was then cut horizontally so that it could be separately probed for myofibrillar Troponin C 

(TpnC) and anti-FLAG.

Consistent with effective fractionation of the samples, TpnC was detected in the myofibrillar 

pellets of control and CG1674-FLAG samples, but not in the cytoplasmic fractions (Figure 

3C, lower panel). For FLAG, this was not detected in the control samples, but was readily 

detected in both the cytoplasmic and myofibrillar fractions of the FLAG-CG1674 samples 

(Figure 3C, lower panel). We interpret from these results that CG1674 expressed in muscles 

can be a stable component of the myofibrils, but that some of it may exist either as a 

cytoplasmic form or loosely associated with the myofibrils that becomes dislodged during 

fractionation.

To determine if CG1674 is localized to a specific region in the myofibrils, we sectioned 

control and 1151>FL-CG1674 adults and stained them for accumulation of FL-CG1674, 

Obscurin (also called Unc-89, which is localized to the M-line; 21), and F-actin. In control 

animals, F-actin labels much of the sarcomere and is enriched at the location of the Z-line, 

whereas Obscurin is localized to specific bands corresponding to the M-line (Figure 3C, 
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top). When FL-CG1674 was expressed, we detected strong accumulation of signal at the F-

actin-rich Z-line (Figure 3C, bottom). This result demonstrated that, when associated with 

the myofibrils, tagged CG1674 is localized to the Z-disc. We also detected FLAG-CG1674 

in areas between the myofibrils, consistent with the dual localization of the tagged protein as 

determined by Western blotting. The cytoplasmic localization is not visible in Figure 3 but is 

visible in later figures.

CG1674 is required for normal flight and muscle structure.

To determine the requirement of CG1674 for muscle function, we knocked down its 

expression in muscles using muscle specific Gal4 drivers and UAS-RNAi transgenes. To 

ensure that our findings were robust, we used two different RNAi lines targeting CG1674 
transcripts (named 103052 and 42276) and three different Gal4 drivers: 1151-Gal4, that is 

active in all adult myoblasts and muscles (22); Mef2-Gal4, that is active in all muscles (23); 

and Act88F-Gal4, that is active in the flight muscles only (24).

Control y w flies were capable of strong flight, as were control 1151-Gal4/+ and UAS-
CG1674 RNAi 42276/+ (Figure 4A, left three columns). By contrast, all of the CG1674 
knockdowns were flightless, with most of the flies incapable of any flight and simply falling 

to the bottom of the testing chamber (Figure 4A). Clearly, CG1674 is necessary for normal 

flight muscle function. Interestingly, despite two of the Gal4 drivers being active in all adult 

muscles, we did not observe a strong effect of CG1674 knockdown upon viability, 

suggesting that CG1674 is especially critical for flight muscle performance, or that defects 

in the performance of other muscles can be more easily tolerated than can defects in flight 

muscle function.

To test the effect of CG1674 knockdown more stringently in non-flight muscles, we 

determined the jumping ability of knockdowns using one of the RNAi lines combined with 

two different Gal drivers, 1151-Gal4, and Act79B-Gal4 that is active specifically in the jump 

muscles, a distinct muscle fiber types in the thorax (24, 25). The control genotypes 1151/+, 

UAS-CG1674 RNAi 42276/+ and Act79B/+ all showed strong jumping ability that did not 

differ significantly from one another. By contrast, both knockdowns showed significantly 

reduced jumping ability (Figure 4B). These observations indicate that CG1674 is also 

critical to the function of the jump muscle.

To determine the effects upon gross muscle morphology of the knockdowns, we analyzed F-

actin accumulation in horizontal sections of control and 1151>CG1674 RNAi animals at low 

magnification. Here, we observed that whereas there was robust F-actin staining in the 

muscles of all genotypes, knockdown animals show large actin-rich inclusions in the 

muscles that were not observed in controls (Figure 4C, arrows). We quantified the 

prevalence of these structures over multiple samples (n=5 for each genotype). We never 

observed the structures in control animals, but in the knockdowns they occurred on average 

42.8 ± 2.5 times within a 300μm × 300μm area (mean plus standard error of the mean). We 

also found that the knockdown animals had a defective jump muscle structure where the 

fibers of the jump muscle were arranged in a linear fashion rather than as a rosette observed 

in controls (Figure 4C).
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To analyze the flight muscle defects in greater detail, we studied the relationship of these F-

actin rich structures to the myofibrils. Control and knockdown samples at the pharate adult 

stage were sectioned and stained for accumulation of F-actin and the Z-disc protein Alpha-

actinin, which clearly labels the Z-disc in y w control samples (Figure 4D, top panel). In all 

of the knockdowns, using three different Gal4 drivers and two different RNAi lines, we 

consistently observed the actin-rich structures. These appeared as a fraying of the myofibril, 

and also showed strong accumulation of Alpha-actinin (Figure 4D, lower panels, arrows), 

suggesting that they might be malformed Z-discs.

The severe disruption of muscle structure provides an explanation for the loss of flight 

ability in the CG1674 knockdowns. Importantly, since these sections were prepared from 

pharate adults (prior to eclosion from the pupal case), we conclude that the defects that we 

observed reflect defects in myofibril assembly rather than a loss of muscle integrity 

following use. These findings are consistent with and extend those of Schnorrer et al (26), 

who showed that CG1674 is required for normal flight ability and myofibril structure.

Requirement of Z-disc proteins for CG1674 localization.

To determine the dependence of CG1674 accumulation upon other myofibrillar proteins, we 

next knocked down the expression of genes encoding Z-disc components, while at the same 

time expressing the FLAG tagged CG1674 transgene. The efficacy of knockdown was 

monitored by flight testing the different experimental animals. All samples were compared 

to y w controls, that showed normal flight ability and myofibril structure (Figure 5A).

When we knocked down expression of Alpha-actinin, the adults were flightless and showed 

a strongly-diminished localization of FL-CG1674 at the Z-disc, and some modest 

accumulation at the M-line (Figure 5B, arrows denote Z-discs). In knockdowns for Zasp52, 

there was a diminution of FL-CG1674 at the Z-disc, and the Z-disc staining that was 

observed was irregular and patchy (Figure 5C). A similar result was observed for 

knockdown of Mask (Figure 5D), and in sals knockdowns there was also a loss of FL-

CG1674 localization (Figure 5E). Taken together, these observations demonstrate a rather 

non-specific dependence of FL-CG1674 localization upon Z-disc components. Instead, it 

appears that loss of any Z-disc proteins are sufficient to induce de-localization of FL-

CG1674 from the Z-disc. In several cases, we saw clear accumulation of FL-CG1674 in the 

cytoplasm (asterisks in Figure 5, and Figure 6A).

Interestingly, in the Alpha-actinin or sals knockdowns, a portion of the FL-CG1674 was 

localized to the nucleus (Figure 6B, C, arrows). However, this was not observed for 

knockdown of the other Z-disc protein genes, Zasp52 and Mask, suggesting that there is 

some specificity as to what kind of myofibrillar defects will trigger FL-CG1674 re-

localization. Possible interpretations of this result are discussed below.

Discussion.

In this paper we present an initial analysis of the Drosophila flight muscle myofibril 

proteome, and characterize the function in muscle of one novel protein that we identified, 

named CG1674. Our proteomic analysis identified 26 proteins that were present either in 
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both replicates of the LC-MS/MS assay, or that were represented by at least ten peptides in 

one assay. This is likely to be an underestimate of the total myofibril proteome, since we 

believe that this screen in not yet saturating. For example, several myofibrillar proteins were 

either not identified in the analysis, or detected only in one assay and not the other. This is a 

common challenge when analyzing proteomes of biological structures, because the large 

dynamic range in protein abundance can result in a failure to detect rarer polypeptides that 

are still essential for cell or tissue function. In particular, it is likely that components of the 

Z-disc and M-line will be under-represented given their very small volume within the 

myofibril compared to the volume filled by thick and thin filaments. Therefore, biochemical 

approaches to enrich for specific myofibril compartments should be effective in identifying 

more minor components of the myofibril. While approaches for purifying the M-line have 

not been described, purification of Drosophila Z-discs was achieved by Saide et al (27) 

therefore Z-discs purified in this manner might be a good source of material for 

identification of the Z-disc proteome.

Our findings are the first to identify the Drosophila flight muscle proteome. The adult 

Drosophila heart proteome was characterized by Cammarato et al (28), and notably CG1674 

was also identified in that tissue, suggesting that CG1674 is a component common to 

striated muscle. Our findings also complement several studies of the muscle proteome from 

mammalian tissues, and while several of these approaches have concentrated upon the entire 

muscle proteome including cytosolic proteins (reviewed in 29, 30), other studies have 

characterized myofibrillar components (see for example 31). An important direction for 

future studies will be to apply quantitative technology to define how the muscle proteome 

alters during aging and disease. Moreover, novel post-translational modifications of 

myofibrillar components increase with aging (see for example 32) and it will be important to 

define how these changes might impact muscle function.

Expression of a FLAG-tagged isoform of CG1674 showed localization in control muscles to 

the Z-disc and cytoplasm. While this dual localization might be reflective of the wild-type 

location of CG1674, we note that the Gal4 expression system that we use might cause 

expression of CG1674 protein above normal physiological levels, and thereby saturate its 

normal location. Given that we observe structural defects in CG1674 knockdowns, and since 

several Z-disc proteins are required for localization of FLAG-CG1674, we believe that at 

least the myofibrillar localization of FLAG-CG1674 is physiologically relevant.

We also note that the isoform that we tagged, CG1674-PJ, may not be the flight muscle-

specific isoform, since our proteomics identified some peptides that were unique to isoforms 

PK and PL. As a result, a mis-match between protein isoform and the muscle type in which 

it is expressed might provide inaccurate information regarding its localization. On the other 

hand, it is also highly possible that more than one CG1674 isoform is present in the flight 

muscles. Moreover, support for a role for CG1674 in the Z-disc comes from prior studies. 

Lowe et al (33) demonstrated that a protein trap allele of CG1674 resulted in localization of 

CG1674-YFP to the Z-disc.

Knockdown of CG1674 expression in the flight muscles produced profound changes in 

myofibril structure. Throughout the muscle there were myofibrils that, at a certain point 
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along their length, show a dramatic fraying and dispersion of the myofilaments, and these 

dispersed and actin-rich structures also showed accumulation of the Z-disc protein alpha-

actinin. These structures are reminiscent of the F-actin blobs that were observed in several 

muscle-specific knockdowns (26), although in those cases it was not apparent if the actin-

rich structures also accumulated Z-disc components. Mutations affecting ZASP 

accumulation result in the overgrowth of Z-disc material (34), and several human muscle 

diseases are characterized by aggregates containing Z-disc components (reviewed in 35). 

Therefore, further analysis of the role of CG1674 in myofibril assembly may provide insight 

into human disease mechanisms. One possibility is that CG1674 acts to restrain filament 

growth at the Z-disc, and in its absence, there is overgrowth and a fractured appearance. 

Why this might occur at only a subset of locations within the muscle is unclear.

Some insight into the molecular function of CG1674 might be gained from knowledge of its 

orthologs and their functions. Blast searches revealed only a small region of similarity 

between CG1674 and any mammalian proteins. This similarity was with a PDZ domain 

protein named Synaptopodin 2-like, also called Synpo2l and CHAP. In vertebrates, Synpo2l 

is localized to the Z-disc of mouse cardiomyocytes where it binds to alpha-actinin, and 

knockdown of the expression of one ortholog in zebrafish, named Chap-1, results in defects 

in myofibril structure (36). Moreover, truncated isoforms of murine Synpo2l expressed in 

Cos cells can localize to the nucleus (36). These observations for Synpo2l are similar to our 

observations for CG1674, despite the apparently large differences in the protein sequences 

and the absence of a PDZ domain in CG1674. Indeed, phylogenetic reconstructions of gene 

families suggest that CG1674 arose from a progenitor protein with actin binding activity and 

a role in the cytoskeleton that is related to Synpo2l (see Figure 2).

The translocation of FL-CG1674 to the nucleus in two of our knockdowns was also 

interesting to note, however the precise localization of FL-CG1674 in these muscles remains 

to be fully clarified. One possible interpretation is that FL-CG1674 released from the 

myofibrils in these knockdowns enters the nucleus. In this model, CG1674 might function in 

a similar manner to Synpo2l in signaling from the myofibril to the nucleus. Alternatively, the 

nuclear accumulation of FL-CG1674 may represent the protein coating the outside of the 

nucleus. The biological significance of this is not clear, although nascent myofibrils in 

embryonic Drosophila muscles arise from perinuclear deposits of Z-disc components (8). In 

this scenario, nuclear localization of FL-CG1674 in the knockdowns may represent aberrant 

Z-disc formation.

Experimental procedures.

Drosophila stocks and crosses.

Drosophila were maintained using Jazz Mix food (VWR Scientific Products), in vials or 

bottles stored at 25°C. Control flies were y w. Crosses for RNAi experiments were carried 

out at 29°C to maximize effect of the Gal4 driver lines. Gal4 lines used and their sources are 

as follows: Act88F-Gal4 (24; our laboratory); 1151-Gal4 (22, kindly provided by Dr. L.S. 

Shashidara, Indian Institute of Science Education and Research, Pune, India); and Mef2-
Gal4 (23, kindly provided by A. N. Johnson, Washington University in St. Louis). UAS-

RNAi lines were from either the Vienna Drosophila RNAi Center (VDRC) or Bloomington 
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Drosophila Stock Center (BDSC) as follows: CG1674, VDRC lines 103052 and 42276; 

Alpha-actinin, VDRC 110719; sals, VDRC 103534; Zasp52, VDRC 36563; Mask, BDSC 

34571.

Flight and jump testing.

Flight testing was carried out as described by Drummond et al (37). Briefly, flies aged 1–2 

days were released inside a plastic box that was illuminated from the top. Individual flies 

were scored for whether they flew upwards (U), horizontally (H), downwards (D), or not-at-

all (N). At least 20 female flies were tested for each genotype. Jump testing was carried out 

as described by Cripps et al (38), where flies from which the wings had been removed were 

encouraged to jump from an elevated platform, and horizontal distance from the edge of the 

platform to the landing point was measured. At least 20 female flies were tested for each 

genotype. Data for jump tests were initially analyzed by One-way ANOVA to determine if 

significant differences occurred between genotypes. The F value was 44, indicating a 

probability approaching zero. Following this, Tukey post-hoc comparisons were carried out 

for each pairwise combination of genotypes. Genotypes with similar jumping abilities (i.e., 

those not differing significantly from one another) were grouped together, and dissimilar 

genotypes based upon p<0.01 were assigned to different groups. These analyses were carried 

out at https://statpages.info/anova1sm.html.

DNA methods and generation of transgenic animals.

The CG1674 cDNA clone IP15312 was obtained from the Drosophila Genomics Resource 

Center; this clone contains the entire coding sequence for the CG1674-PJ protein isoform. 

To generate the N-terminal FLAG-tagged UAS construct, CG1674 coding sequence was 

amplified by PCR using this plasmid as a template, and the primers:

5’- 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGATTCTACTTTAAATATT

GAG; and

5’- 

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAAAAATCAGAGTACGGTAG

ATTT.

These primers contain attB sites (underlined) and the resulting PCR product was inserted 

into the Gateway vector pDONR221 using Gateway cloning (Clontech, Inc.). A verified 

pDONR221/CG1674 clone was then recombined with the Drosophila Gateway plasmid 

pTFW (https://emb.carnegiescience.edu/drosophila-gateway-vector-collection) to generate a 

UAS-FLAG-CG1674 recombinant construct that was verified to be in-frame by DNA 

sequencing.

The pTFW/CG1674 plasmid was inserted into the Drosophila genome using P-element 

mediated germline transformation (39).

Protein sample preparation and western blotting.

Dorsal longitudinal indirect flight muscles were dissected from 1–2 day old adult Drosophila 

for all experiments. Chemical demembranation (“skinning”) was carried out essentially as 
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described by Cripps and Sparrow (40). Briefly, muscles from six adult flies were dissected in 

PBS, and dispersed in 50μl of an homogenization solution containing Triton X-100 to 

disrupt membranes. The insoluble myofibrillar and soluble cytoplasmic fractions were 

separated by centrifugation. The cytosolic supernatant was removed, mixed with 17μl of 4X 

Laemmli sample buffer, and heated at 95°C for five minutes. The myofibrillar pellet was 

washed one more time with homogenization solution containing Triton X-100 and then two 

times with homogenization solution lacking the detergent. The final myofibrillar pellet was 

resuspended in 60μl of 1X Laemmli sample buffer, and heated as above. 5–10μl of each 

sample was used for electrophoresis.

The IFM proteome was identified by running a sample of w1118 skinned flight muscles on a 

4–20% SDS-PAGE gel. The entire lane was excised from the gel, excluding the highly 

intense band corresponding to Myosin heavy-chain. The gel slice was then submitted to the 

Arizona Proteomics Consortium for protein digestion and peptide sequencing using liquid 

chromatography followed by tandem mass spectrometry (University of Arizona, AZ). This 

procedure was carried out in duplicate using two separate dissections of flight muscles. 

Proteins identified within the myofibril fraction were identified by comparing peptide 

sequences with the predicted Drosophila proteome, and only those proteins that were 

identified in both replicates, or that were present at high levels in at least one replicate, are 

represented in Figure 1.

Western blotting was carried out using standard procedures. Primary antibodies used were: 

rabbit anti-FLAG (Thermo Fisher, 1:1,000); and rat anti-Troponin C (Abcam ab51106, 

1:1,000). Secondary antibodies were anti-rabbit and anti-rat, and were visualized using 

enhanced chemiluminescent detection (Pierce) and a ChemiDoc imager (BioRad).

Cryosectioning, immunofluorescence, and confocal microscopy.

Cryosectioning and immunofluorescence were carried out as described by Morriss et al (41). 

Antibodies used were: mouse anti-FLAG (Sigma, 1:1,000); rabbit anti-Obscurin (kindly 

provided by Dr. Belinda Bullard, University of York, UK, 1:200); and rat anti-alpha-actinin 

(Abcam ab50599, 1:1,000). Secondary antibodies used were Alexa-488 or Alexa-568 

conjugated (Roche), and used at 1:2,000. DAPI (Sigma) was used at a 1:10,000 dilution of a 

10mg/ml stock. Alexa-conjugated Phalloidin (Roche) was used as 1:500.
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Figure 1. Identification of the Drosophila flight muscle myofibril proteome.
A. Flight muscles were dissected from Drosophila adults and fractionated into cytoplasmic 

and myofibrillar components. Shown are representative samples of whole muscles (lane 2), 

cytoplasmic fraction (lane 3), and myofibrillar fraction (lane 4). A gel strip corresponding to 

the myofibrillar fraction, with the myosin heavy-chain (MHC) band removed, was submitted 

for LC-MS/MS analysis. A separate dissection and fractionation was used for a duplicate 

analysis. B. List of identified proteins and their corresponding Drosophila gene. Number of 

different peptide-to-spectrum matches (PSMs) for each protein identified in first or second 

LC-MS/MS screens are indicated in columns 2 and 3, respectively.
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Figure 2. The CG1674 gene.
A. CG1674 is located on the fourth chromosome and spans approximately 15kb. It directs 

the expression of up to ten different transcripts (labeled CG1674-RB, D, E, F, H, I, J, K, L, 

M). The location of sequence encoding the putative nuclear localization signal is indicated 

with an asterisk, and the regions targeted by RNAis used in this study are indicated by red 

bars. GBrowse image from FlyBase.org. B. Sequences of CG1674 peptides identified in the 

IFM proteome, and identification of which CG1674 isoforms contain each peptide. Note that 

the RB transcript directs the formation of the PB isoform (indicated as B in the table), RC 

encodes the PC isoform (indicated as C), etc. C. Region of similarity between Drosophila 

CG1674-PJ and mouse Synaptopodin 2-like. The Drosophila sequence is shared among 

protein isoforms E, F, J, K, L and M. D. Tree from pantherdb.org describing the PTHR24217 

putative related protein family. Gene names are indicated where individual species are listed. 

The tree is collapsed for Euteleostomes, whose genomes encode Synaptopodin proteins 

highlighted in red, green and pink, in order to illustrate the phylogenetic distribution of 

family members.
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Figure 3. A FLAG-tagged isoform of CG1674 stably localizes to the flight muscle Z-disc.
A. Diagram of the UAS-FLAG-CG1674 cDNA that was generated and inserted stably into 

the fly genome. B. Fractionation of Control (lanes 2 and 3) and 1151>FLAG-CG1674 (lanes 

4 and 5) flight muscles into cytoplasmic (lanes 2 and 4) and myofibrillar (lanes 3 and 5) 

fractions. Top, Ponceau S-stained gel showing equal loading of samples. Bottom, western 

blots using: anti-FLAG that shows accumulation of FLAG-CG1674 in the cytoplasmic and 

myofibrillar fractions of transgenic samples (lanes 4 and 5); and anti-TpnC that shows 

correct fractionation of muscle samples. C. Staining of y w control (top) and 1151>FLAG-
CG1674 (bottom) flight muscle myofibrils to determine localization of FLAG-CG1674. 

Phalloidin (green) labels F-actin throughout most of the sarcomere, and at higher levels at 

the Z-discs (arrows, Z). Obscurin (red) is localized to the M-line (arrowhead, M). In the 

1151>FLAG-CG1674 muscles, the tagged protein (blue) localizes to the Z-disc. Bar, 1.5μm.
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Figure 4. CG1674 function is required for normal flight ability and function.
A. CG1674 expression was knocked down in flight muscles using three different Gal4 
drivers, and two different UAS-CG1674 RNAi lines. Flight ability of Control and 

knockdown female flies is shown. Note that control flies (first three columns) predominantly 

fly upwards in the assay, whereas all of the knockdown lines showed strongly reduced flight, 

with the majority of the flies unable to fly at all (null category). B. Jumping ability of control 

(columns 1, 2 and 3) and CG1674 knockdown (columns 4 and 5) females. a and b refer to 

statistically different categories, showing that control animals (category a) did not differ 

from each other in jumping ability, but did differ significantly from the jumping ability of 

knockdown animals (category b). Jumping ability of knockdowns did not differ significantly 

from each other. C. Horizontal sections of y w control and CG1674 knockdown females 
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stained for accumulation of F-actin (red) in flight (F) and jump (J) muscles. F-actin-rich 

deposits were only observed in the knockdown animals. Additionally, the morphology of the 

jump muscles was abnormal in the knockdown animals. Bar, 250μm. D. Myofibril 

organization in control y w flight muscles of pharate adults, stained for accumulation of F-

actin (green), alpha-actinin to label the Z-discs (red), and DAPI to label nuclei (blue). Bar, 

5μm. D. Phenotypes of knockdown myofibrils, stained as in B. Note the large actin-rich 

structures observed in all experimental conditions, that also accumulate alpha-actinin 

(arrows). Bar, 5μm.
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Figure 5. Localization of FLAG-CG1674 to the Z-disc depends upon Z-disc proteins.
Control 1151>FLAG-CG1674 flies (A), and flies where expression of different Z-disc 

protein genes had been knocked down (B-E), were flight tested (left column) and stained for 

accumulation of F-actin (red) and FLAG-CG1674 (green). Note that whereas in control 

muscles FLAG-CG1674 was localized to the Z-disc, the intense FLAG-CG1674 staining 

was reduced or absent in the knockdown animals, and more FLAG-CG1674 accumulation 

was observed between the myofibrils in the cytoplasm (asterisks). Arrows denote Z-discs 

(Z), arrowheads denotes M-line (M). Bar, 1.5μm.
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Figure 6. Knockdown of some Z-disc genes results in re-localization of FLAG-CG1674 to the 
nucleus.
Control 1151>FLAG-CG1674 (A) and knockdown samples (B, C) were sectioned and 

stained for accumulation of F-actin (red), FLAG-CG1674 (green) and DAPI (blue). In 

controls (left column), FLAG-CG1674 was detected in the Z-discs and faintly in the 

cytoplasm, but not at the nucleus. In Alpha-actinin and sals knockdown samples (B and C, 

respectively), FLAG-CG1674 staining was reduced at the Z-disc and FLAG-CG1674 

accumulation was observed associated with the nuclei. Arrows indicate nuclei (N) and 

arrowheads indicate Z-discs (Z). Bar, 5μm.
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