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Abstract

Stretch activation (SA) is a fundamental property of all muscle types that increases power output
and efficiency, yet its mechanism is unknown. Recently, studies have implicated troponin
isoforms as important in the SA mechanism. The highly stretch-activated Drosophila IFMs
express two isoforms of the CaZ*-binding subunit of troponin (TnC). TnC1 (TnC-F2 in Lethocerus
IFM) has two calcium binding sites, while an unusual isoform, TnC4 (TnC-F1 in Lethocerus
IFM), has only one binding site. We investigated the roles of these two TnC isoforms in
Drosophila IFM by targeting RNAI to each isoform. IFMs with TnC4 expression (normally ~90 %
of total TnC) replaced by TnC1 did not generate isometric tension, power or display SA.

However, TnC4 knockdown resulted in sarcomere ultrastructure disarray, which could explain the
lack of mechanical function and thus make interpretation of the influence of TnC4 on SA difficult.
Elimination of TnC1 expression (normally ~10 % of total TnC) by RNA. resulted in normal
muscle structure. In these IFMs, fiber power generation, isometric tension, stretch-activated force
and calcium sensitivity were statistically identical to wild type. When TnC1 RNAi was driven by
an IFM specific driver, there was no decrease in flight ability or wing beat frequency, which
supports our mechanical findings suggesting that TnC1 is not essential for the mechanical function
of Drosophila IFM. This finding contrasts with previous work in Lethocerus IFM showing TnC1
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is essential for maximum isometric force generation. We propose that differences in TnC1
function in Lethocerus and Drosophila contribute to the ~40-fold difference in IFM isometric
tension generated between these species.

Keywords
Locomotion; Asynchronous muscle; Muscle regulation

Introduction

Muscle contraction occurs when a neural discharge triggers the release of calcium ions into
the sarcoplasm of a muscle fiber. The calcium ions bind to troponin complexes on the thin
filament, producing a shift in the position of tropo-myosin, which partially exposes myosin
binding sites on actin. Myosin heads can then bind, further activate the thin filament, and
generate force for contraction. When neural stimulation ceases, calcium is re-sequestered
into the sarcoplasmic reticulum, Ca2* ions are released from the troponin-complex, and
muscle force generation stops as myosin heads are no longer able to bind to actin (Lehman
et al. 2009; McKillop and Geeves 1993; Rosenfeld and Taylor 1985; Vibert et al. 1997). The
amount of calcium released during activation helps determine the amount of force generated
by the muscle by regulating the number of myosin binding sites available on actin. Thus
varying calcium level is one way to modulate force levels in muscle.

Once a muscle has been at least partially activated by calcium, force levels in most muscle
types can also be modulated by stretch activation (SA) (Pringle 1978). The classic response
of an active muscle to a very rapid length increase (stretch) has four phases, an immediate
tension increase (phase 1) followed by a quick tension drop (phase 2), a delayed secondary
tension increase (phase 3) and a slow tension recovery (phase 4) (Fig. 1). Phase 3 of the
tension transient is SA, the delayed rise in force following rapid muscle lengthening. The
opposite and complimentary phenomenon to SA is shortening deactivation (SD), a delayed
drop in force following shortening (Josephson et al. 2000). SA and SD increase work and
power generation in muscle types that cyclically lengthen and shorten because the delayed
force changes result in increased force generation during shortening and decreased force
during lengthening, compared to muscle types with less SA and SD. SA and SD improve
muscle efficiency by reducing the energy needed to release calcium into the muscle and to
actively pump it out during each contraction cycle. This occurs to a small degree in some
skeletal muscle types that have a small amount of SA and SD and are used cyclically
(Pringle 1981; Syme and Josephson 1995). Cardiac muscle displays a moderate amount of
SA, which helps increase contractility in response to venous return (filling), as stretch of
heart muscle during diastole results in greater subsequent force generation during systole
(Moss and Fitzsimons 2002; Syme and Josephson 1995). SD increases filling during diastole
by helping increase the rate and extent of ventricular relaxation. The highest level of SA
occurs in insect indirect flight muscle (IFM). In IFM, calcium release is only required to
prime the muscle for contraction. Calcium cycling per contraction cycle is not required. SA
and SD modulate force levels during each contraction cycle, enabling work and power
generation at a relatively constant calcium concentration (Josephson et al. 2001).
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While the mechanism by which calcium varies force is fairly well understood, the
mechanism behind SA is not known. Suggested mechanisms include the thick and thin
filament lattice-matching model (Wray 1979), stretching of connecting filaments running
between the Z-disc and the ends of the thick filaments which decreases filament lattice
spacing (Fukuda and Granzier 2005; Granzier and Wang 1993), strain-induced alterations in
myosin kinetics (Thorson and White 1983), phosphorylation of the myosin regulatory light
chain increasing cross-bridge recruitment (Dickinson et al. 1997; Tohtong et al. 1995) and
myosin-troponin bridges relieving tropomyosin’s blocking of actin binding sites (Bullard
and Pastore 2011; Perz-Edwards et al. 2011).

Recent studies indicate that variations in troponin C (TnC) isoforms may be linked to the SA
mechanism. TnC is one of the subunits that along with troponin-1 (Tnl, the inhibitory
subunit) and troponin-T (TnT, the tropomyosin-binding subunit), make up the troponin
complex. Each troponin complex binds to a tropomyosin molecule to form repeating
regulatory units along the thin filament. TnC is an 18 kDa, calcium-binding protein with
four EF-hand motifs, allowing the possibility of binding up to four Ca2* ions. In vertebrates,
the C-terminal domain contains two high-affinity sites, which bind Ca* and Mg2*and are
responsible for the integration of TnC into the troponin complex. The N-terminal domain of
skeletal TnC contains lower—affinity, regulatory Ca%*-binding sites. Calcium binding to
these sites releases Tnl from an inhibitory position on actin, which is followed by movement
of tropomyosin to expose myosin-binding sites and the development of force (Gagne et al.
1998; Lehman et al. 2009; McKillop and Geeves 1993). Vertebrate cardiac TnC has only
one N-terminal regulatory site, which binds calcium at physiological concentrations. The
highly stretch-activated IFM contains two TnC isoforms, TnC4 and TnC1, which are
encoded by separate genes. TnC4 is unusual in that it binds a single Ca%* ion in the C-
terminal domain with high affinity. TnC1, like the TnC of most invertebrate muscles
(Collins 1991), binds two calcium ions, one in the N-domain, which is regulatory, and one
with higher affinity in the C-domain (Agianian et al. 2004). Previous mechanical
measurements with Lethocerus IFM fibers in which TnC isoforms were exchanged within
the troponin complex suggest that TnC4 (TnC-F1 in Lethocerus IFM) is required for SA,
while TnC1 (TnC-F2 in Lethocerus IFM) is required for calcium -activated isometric
tension (Agianian et al. 2004; Krzic et al. 2010).

To investigate the intriguing Lethocerus TnC findings, we turned to the Drosophila system
to make use of its large array of genetic tools for manipulating muscle proteins and its
mechanically testable IFM (Swank 2012). Using Drosophila also enabled us to determine if
the findings in Lethocerus apply to other insects that also possess highly stretch-activated
IFM. Not all insect flight muscles are stretch-activated, and SA has evolved independently
in different orders (Cullen 1974). Thus, the mechanisms of SA and the roles of TnC
isoforms might vary between distant insect species. We used RNAI to independently
decrease expression of each TnC isoform in Drosophila IFM. TnC4 knockdown resulted in
complete loss of flight ability, IFM SA, muscle power generation, active isometric tension,
and sarcomeric integrity. The structure of the IFM in TnC1-knockdown flies was similar to
that of wild type. No differences in isometric tension, SA force, power, calcium sensitivity,
or flight ability compared to the control line were observed. We conclude that unlike
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Lethocerus IFM where TnC1 plays a major role in isometric tension generation, in
Drosophila IFM, which produces much lower isometric tension, TnC1 is not essential for
basic muscle mechanical functions.

Materials and methods

Genetic crosses

For RNAI experiments, UAS-responder lines of ThC4 (transformant ID 51741) and TnC1
(transformant ID 104894) were obtained from the Vienna Drosophila RNAi Center (http://
www.stockcenter.vdrc.at). These were crossed to the general muscle driver line Mef2-GAL4
or to the IFM-specific UH3-GAL4 line (from U. Nongthomba, 11Sc, Bangalore). Males of
the UAS-RNAI lines were crossed with virgin females of the driver lines. Crosses were
performed at 25 °C. Flies were selected at 2-3 days post-eclosure, when IFMs are fully
formed.

Confocal microscopy

Half thoraces of wild type flies and flies from the RNA. lines were glycerinated in 0.1 M
NaCl, 20 mM Na-phosphate pH 7.2, 5 mM MgCl,, 5 mM EGTA, 5 mM DTT, 0.5 % Triton
X-100, 50 % glycerol overnight at =20 °C. IFMs were dissected from glycerinated half
thoraces, washed in relaxing solution (0.1 M NaCl, 20 mM Na-phosphate pH 7.2, 5 mM
MgCl,, 5 mM ATP, 5 mM EGTA) with protease inhibitors, and separated into myo-fibrils
(Burkart et al. 2007). Myofibrils were labeled with primary antibody for 1 h, washed in
relaxing solution, then labeled with secondary antibody and rhodamine-phalloidin (Sigma)
for 1 h (Burkart et al. 2007; Katzemich et al. 2012). Primary antibodies, rabbit anti-obscurin
(1g14-16) (Burkart et al. 2007) and monoclonal rat anti-kettin MAC 155 (Lakey et al. 1993)
were diluted 1:100 in relaxing solution. Secondary antibodies were FITC anti-rabbit and
Cy-5 anti-rat (Jackson ImmunoResearch, USA). Myofibrils mounted in ProLong-Gold
antifade solution (Invitrogen) were examined with a Zeiss LSM510 confocal microscope
with 63 x oil-immersion objective and images were processed with LSM software.

Electron microscopy

Half thoraces were incubated in 1 % Triton X-100 in relaxing solution (150 mM KCI, 5 mM
MOPS pH 6.8, 5 mM MgCl,, 5 mM EGTA, 5 mM ATP, 5 mM NaN3) with protease
inhibitors for 2 h at 4 °C, then incubated overnight in the same buffer with 50 % glycerol
instead of Triton X-100 (Farman et al. 2009; Reedy and Beall 1993; Reedy et al. 1989).
Thoraces were incubated a second time in Triton X-100 in relaxing solution, followed by
incubation with 50 % glycerol in relaxing solution; both incubations were for 2 h. Thoraces
were then washed in rigor solution (40 mM KCI, 5 mM MOPS, pH 6.8, 5 mM EGTA, 5 mM
MgCl,, 5 mM NaNs) and fixed in 3 % glutaraldehyde, 0.2 % tannic acid in 20 mM MOPS
pH 6.8, 5 MM EGTA, 5 mM MgCl,, 5 mM NaNj3 for 2 h at 25 °C. This was followed by
washing, first in rigor solution, then in 100 mM Na-phosphate pH 6.0, 10 mM MgCl,.
Samples were fixed in 1 % osmium tetroxide, block stained in 2 % uranyl acetate,
dehydrated in ethanol and embedded in Epon. Sections were stained with 7 % uranyl acetate
for 30 min, followed by Sato lead stain for 1 min. Sections were examined with a FEI
Tecnai Biotwin electron microscope at 120 kV.
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SDS-PAGE and immunoblotting

Samples were analyzed using 10 cm long 15 % SDS-PAGE gels. Long gels are needed to
resolve TnC4 and TnC1 (Qiu et al. 2003). IFMs were dissected from glycerinated half
thoraces and dissolved in sample buffer with 6 M urea and protease inhibitors. Gels were
immunoblotted and incubated in rat monoclonal antibodies to TnC (MAC 352), which reacts
with both TnC4 and TnC1 and TmH (MAC 81), both diluted 1:5,000 (Agianian et al. 2004),
followed by goat anti-rat secondary antibody (Jackson ImmunoResearch, USA). Blots were
developed using chemiluminescent substrate (Millipore). The relative amounts of ThC4 and
TnC1 in IFMs were estimated by scanning blots of IFMs from wild type flies and flies from
RNAI lines; the area of peaks was measured using NIH ImageJ.

Muscle mechanics

Dissection and mechanics experiments on skinned fibers from 2 to 3 day old female
Drosophila were performed as described previously (Swank 2012). Briefly, skinned single
fibers were attached to the muscle mechanics apparatus using aluminum T-clips, and
activated at pCa 5.0. Optimal fiber length was determined by lengthening the fiber until
maximum power generation occurred as measured using sinusoidal analysis (see below).
Isometric tension, step analysis, work loops or additional sinusoidal analysis protocols were
subsequently performed at this optimal length at 15 °C.

Isometric tension and stretch-activation analysis

Isometric tension was measured at pCa 8.0 and 5.0. A rapid lengthening step 1 % muscle
length (ML) over 0.5 ms was performed to measure stretch-activated tension (Fsa) at pCa
8.0 (relaxed) and pCa 5.0 (active). The assay and analysis were performed as described
previously (Wang et al. 2011). Briefly, the pCa 5.0 tension value at the peak of phase 3 was
measured. The isometric tension value immediately prior to the lengthening step was
subtracted to determine the amount of stretch-activated tension (Agp). Passive stretch
tension (Psa) was obtained the same way as Agp except the lengthening step was performed
at pCa 8.0, and since there is no phase 3 in passive fibers, we used the time point that the
peak of phase 3 occurred after the lengthening step in active fibers to determine the time
point to make the passive stretch tension measurement. To obtain net SA tension (Fsa), Psa
was subtracted from Aga.

Work loop power measurements

To measure maximum power generation while the muscle was undergoing longer ML
changes than we used for sinusoidal analysis, we used work loop analysis. During work loop
analysis the muscle fiber length was oscillated through a sinusoid waveform of ten cycles at
100 Hz or 125 Hz and amplitudes of 0.75 or 1 % ML. The resulting tension and muscle
length traces were recorded and analyzed to calculate work per cycle and power as described
previously (Wang et al. 2011). After each work loop run, sinusoidal analysis was performed
to monitor the fibers for possible decreases in performance due to run down.
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Sinusoidal analysis

We used small amplitude sinusoidal analysis to determine the optimal length during initial
set up and to determine power generation characteristics over a wider range of calcium
concentrations and ML oscillation frequencies than is possible with the work loop technique.
Power and the frequency at which maximum power was generated (fayx) Were calculated.
The assay was performed and analyzed as previously described (Wang et al. 2011).

Flight assays

Three day old flies were flight tested at 25 °C (Wang et al. 2011). Flies were released inside
a perspex box illuminated from above, and scored for the ability to fly up, horizontally or
down. The wing beat frequency of a fly was determined using an optical tachometer as
previously described (Hyatt and Maughan 1994).

Results

Expression levels of TnC isoforms in the IFM

Expression of the two isoforms of TnC in IFM was reduced by targeted RNAI. RNAI
combined with the GAL4-UAS system can be used to reduce expression in specific muscles
or in all muscles. The driver line UH3-GAL4 targets only the IFM while Mef2-GAL4 targets
all Drosophila muscles. The driver lines were crossed with UAS-tncl-IR and UAStnc4-IR
lines to knock down TnC1 and TnC4, respectively. Two different UAStncl-IR and UAS
tncd-IR lines were used. The effect on the IFM was the same for the two lines, showing that
off-target effects were unlikely.

The expression of TnC in IFM was assessed in western blots of wild type and TnC-
knockdown flies (Fig. 2). TnC1 and TnC4 could be resolved on long gels. In wild type IFM,
the ratio of TnC4:TnC1 was about 10:1. No TnC4 was detected in the IFM of UH3-

GAL4; UAStncA-IR or Mef2-GAL4; UAStnc4-IR flies. However, expression of TnC1 in
these flies was greatly increased: with the UH3-GAL4 driver, TnC1 was up regulated to 160
% of the total TnC in wild type flies, and with Mef2-GAL4, TnC1 expression was increased
to the same level as the total TnC in the wild type. No TnC1 was detected in UAStncl-IR
flies driven by UH3-GAL4 or Mef2-GAL4, while the expression of TnC4 in these flies was
similar to that of the wild type. Therefore, the lack of TnC4 is compensated by an increase in
the expression of TnC1, but lack of TnC1 does not appreciably affect expression of TnC4

(Fig. 2).

Structure of IFM myofibrils in TnC knockdown flies

The overall structure of myofibrils was determined by labeling actin and the M-Line and Z-
disc (Fig. 3). In both TnC1 and TnC4 RNA.i lines, H-zones were visible and sarcomere
lengths were similar to that of the wild type. Reduced expression of TnC1 in the IFM of
UAStncl-IR flies with UH3-GAL4 or Mef2 GAL4 drivers had no effect on the regularity of
the M-lines and Z-discs. In contrast, reduced expression of TnC4 in UAStnc4-IR flies with
both drivers resulted in dot-like M-lines and Z-discs that were more diffuse than in the wild
type. The effect of down-regulating TnC4 on the filament lattice in IFM is seen in electron
micrographs (Fig. 4). The Z-disc and M-line were disrupted in UAStnc4-IR flies with the
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UH3-GAL4 or the Mef2-GAL4 driver. Thick and thin filaments were poorly aligned, with
some irregular gaps between them. The effect on the IFM structure was more extreme with
the Mef2-GAL4 driver: Z-discs were frequently discontinuous and the periphery of the
myofibril was frayed. Sarcomere lengths in TnC4 knockdown IFMs with both drivers were
similar to those of the wild type; this is seen in an overview of myofibrils (Fig. 5). Thus,
TnC4 is required for normal IFM ultrastructure even when the amount of TnC1 is up
regulated to be equal to, or greater than, the total TnC in wild type IFM.

Calcium-activated tension

To test if TnC1 is important for calcium-activated isometric tension, we measured isometric
properties of Mef2-Gal4; UAStncl-IR fibers. We found that active, passive, and net tensions
of TnC1-knockdown fibers were not significantly different from wild type (Table 1). Mef2-
Gal4-driven TnC4-knockdown fibers produced 48 % of wild type fiber passive isometric
tension at pCa 8.0 (Table 1). However, there was no increase in tension with calcium
addition, as the tension value at pCa 5.0 was not significantly different from that at pCa 8.0
(Table 1).

Stretch-activated tension

Our skinned, wild-type Drosophila indirect flight muscles displayed the typical stretch-
activation response to a very rapid increase in length. The response consisted of an
immediate tension increase (phase 1), a quick tension drop (phase 2), a delayed secondary
tension increase (phase 3) and a slow tension recovery (phase 4) (Fig. 6). Phase 3 of the
tension transient is SA. Knocking down TnC1 did not alter IFM stretch-activation
properties: the values of total, passive and net stretch-activated tension were not
significantly different from wild type (Table 2).

While phase 1 and phase 2 were still apparent, TnC4-knockdown IFMs did not produce the
characteristic phase 3 force (Fgp) increase at any of the pCa values assayed (Fig. 6b). This
suggests TnC4 is required for SA. However, we have previously observed that poor muscle
ultrastructure decreases muscle mechanical performance (Swank et al. 2002, 2004). Thus,
since the normally highly ordered IFM fiber lattice is disrupted by the TnC4 knockdown,
this disruption could be responsible for no detectable phase 3 rather than lack of TnC4
protein.

Power generation, work loop analysis

Wild type and TnC1-knockdown IFM work and power generation were not significantly
different when measured under identical work loop conditions (Fig. 7a; Table 3). The ML
change and frequency conditions chosen were previously shown to be optimal for wild type
IFM power production (Wang et al. 2011). Varying these conditions also showed no
significant differences between wild type and TnC1-knockdown fibers (Fig. 7b).

In contrast, TnC4-knockdown fibers were incapable of producing net positive work and
power under any frequency, length change or calcium concentration tested. The clockwise
work loops of TnC4 fibers indicate work absorption (negative work) by the fibers (Fig. 7a,
b; Table 3).
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Power generation, sinusoidal analysis

To test the ability of IFM fibers to generate oscillatory power at different pCas, we
performed small amplitude sinusoidal analysis (0.125 % ML). This also tests a broader
frequency range (0.5-500 Hz) than we could examine with the larger amplitude work loops
and allowed us to test more calcium concentrations because the small length changes cause
minimal fiber run-down while successive larger amplitude loops slowly decrease fiber
performance (Swank 2012; Wang et al. 2011).

TnC1-knockdown fibers generated the same amount of power as control fibers at all ML
change frequencies tested, including fgy the frequency at which maximum power was
generated (Fig. 7c; Table 4). This supports our observations using work loop analysis.
Maximum power at all pCas tested was not significantly different (Fig. 7d). When fitted
with the Hill equation, the pCasg and Hill coefficient of TnC1-knockdown fibers was not
significantly different from control fibers (Fig. 7d; Table 4). The frequency at which
maximum power was generated was not different between TnC1-knockdown fibers and
control fibers at any pCa tested (Fig. 7e). TnC4-knockdown IFM fibers showed minimal or
no power generation at all frequencies and pCas tested (Fig. 7c). The short amplitude length
change during sinusoidal analysis (0.125 % ML) enabled some fibers to produce very small
amounts of positive power. In contrast, the much larger amplitudes (0.75 %) during work
loop assays greatly increased negative work during muscle lengthening causing high net
negative work and power (Table 3).

Flight assays

The effect of TnC1 knockdown on flight ability was dependent on which driver was used.
The flight ability of UAStncl-IR flies was not significantly different from that of wild type
flies when RNAI expression was driven by the UH3-Gal4 driver (Fig. 8). Flight indexes and
wing beat frequencies (Table 5) were not significantly different from the control line. When
the UAStncl-IR line was driven by Mef2-GAL4, we observed a slight decrease in flight
ability. Over 60 % flew upwards with about 15 % flying horizontally and the rest flightless
(Fig. 8). Wing beat frequency at 15 °C decreased 6 % (Table 5). UAS-tnc4-IR flies driven by
either UH3-GAL4 or Mef2-GAL4 were flightless.

Discussion

SA of IFM may occur through a reversible change in the thin filament that results in
recruitment of additional crossbridges at a constant priming concentration of calcium
(Agianian et al. 2004; Bullard and Pastore 2011; Iwamoto et al. 2010; Linari et al. 2004;
Perz-Edwards et al. 2011). Experiments with isolated fibers of Lethocerus IFM have shown
that thin-filament regulation is affected by the two isoforms of TnC in the troponin complex:
TnC-F1 is needed for stretch activated force and TnC-F2 for maximum isometric force.
Drosophila IFM has equivalent TnC iso-forms (TnC4 and TnC1), which are present in the
same proportion as in Lethocerus IFM. We have used RNAI techniques to down-regulate the
two isoforms in Drosophila IFM; the aim was to find the effect of each isoform
independently on the highly stretch activated IFM.
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Mechanical properties of IFM

We studied the mechanical properties of IFMs from the TnC4-knockdown line driven by
Mef2-GAL4 because this driver caused up-regulation of TnC1 to an amount equal to the total
TnC in wild type IFM. This line produced nonfunctional IFMs. We observed no power
generation, SA (phase 3), or significant amounts of active isometric tension. If we had seen
some evidence of SA or power generation from any of the TnC4-knockdown IFM fibers,
this would have suggested TnC4 was not essential for SA, but we did not.

Our investigation into the role of TnC1 produced the unexpected finding that TnC1 does not
appear to be required for Drosophila IFM function. We could not find any mechanical
differences between TnC1-knockdown fibers and control fibers. We did not see any change
in the force response after a rapid lengthening step or in power generation characteristics,
which we independently evaluated using both the work loop technique and sinusoidal
analysis. We also investigated calcium sensitivity because TnC is a critical component in
determining a muscle fiber’s response to calcium, and because the two IFM isoforms have
different calcium binding properties. However, we found no change in pCasgg or Hill
coefficient when we varied calcium concentration and measured power generation.

How confident are we that TnC1 is not important for Drosophila IFM mechanical function?
Perhaps the influ-ence of TnC1 is very small since it is only ~10 % of total TnC in
Drosophila IFM. If the influence on mechanical properties is proportional to the amount of
TnC, a 10 % change in some of the mechanical properties might not be detectable by some
of our measurements. For example, we likely cannot detect a 10 % difference in active
isometric tension because tension measurements from Drosophila IFM have a high degree
of error relative to other muscle preparations. This is simply because active isometric
tension level is very low and the signal to noise ratio is poor. Sinusoidal analysis is our most
sensitive technique, which is why we used it to look at calcium sensitivity. However,
sinusoidal analysis did not detect any changes in calcium sensitivity. Lethocerus IFM TnC-
F2 (TnC1) expression is also just 10 % of total TnC (Krzic et al. 2010), but the mechanical
impact of its removal from IFM fibers was very obvious. Isometric tension was reduced by
about ~50 % and work production increased two to threefold at pCa 4.75 in chemically
extracted fibers with 100 % TnC-F1 compared to wild type (Krzic et al. 2010), The
magnitude of these differences should easily have been detected by our Drosophila
mechanics experiments if TnC1 played as important a mechanical role in Drosophila as it
does in Lethocerus IFM.

Another possibility is that TnC1 influences a mechanical property we did not measure. For
example, using our skinned fiber preparation, we cannot measure calcium-driven activation
and relaxation rates because of the necessity of using successive solution exchanges to
change calcium concentrations (Swank 2012). Alternatively, perhaps TnC1 is not involved
in Drosophila IFM mechanical function at all and is instead important for some other aspect
of calcium buffering that is needed in a live fiber.

The interpretation that TnC1 is not important for Drosophila IFM mechanical function was
supported by the flight assay results of the TnC1-knockdown line driven by UH3-GAL4. We
did not observe any decrease in flight performance of this line compared to wild type. The
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slightly different flight results for the two TnC1-knockdown lines were initially confusing,
but can most likely be explained by the specificity of the drivers. UH3-GAL4 only drives
RNAI expression in the IFM, whereas Mef2-GAL4 drives expression in all Drosophila
muscles. Thus, the Mef2-GAL4 driver likely also decreases TnC1 expression in the jump
muscle and other tubular muscles of the thorax where TnC1 transcripts have been detected
(Herranz et al. 2004). This could explain why this line was slightly flight impaired while the
line driven by UH3-GAL4 was not. The direct flight muscles are known to modulate wing
beat frequency and hence flight ability (Lehmann and Dickinson 1997; Tu and Dickinson
1996), and the jump muscle powers the take-off that initiates flight (Card and Dickinson
2008; Zumstein et al. 2004).

While we did not observe any differences in flight index or WBF for the IFM specific
TnC1-knockdown flies, there are other aspects of flight we could not measure due to a lack
of equipment, such as high speed video cameras, that would have enabled more
sophisticated measurements. Perhaps TnC1 enables a faster take-off by producing isometric
tension in response to calcium influx, before TnC4 responds to stretch. Activation of the
IFM by stretch requires the muscle to be under tension. The higher affinity of TnC1 for Tnl,
compared to TnC4—attributed to the two Tnl binding sites—(Krzic et al. 2010), may have
the effect of activating the thin filament more rapidly than is the case with TnC4 alone.
Conversely, TnC1 may be needed for quickly ending IFM oscillations when a fly lands.

The Drosophila IFM TnC1-knockdown results contrast with previous work on Lethocerus
IFMs. TnC-F2 (TnC1) is needed for the production of maximum isometric tension in
Lethocerus IFM (Agianian et al. 2004; Krzic et al. 2010). We propose that the different
results are due to differences in the mechanical characteristics of the IFMs between the two
species and how their IFMs are used. Lethocerus and Drosophila both need to generate high
amounts of power for flight. However, they go about this in very different manners.
Lethocerus IFMs generates high forces at relatively low muscle speeds while Drosophila
takes the high speed, low force approach. From mechanical measurements on isolated fibers,
we know that Lethocerus IFMs generate about 40-fold higher isometric tension than
Drosophila IFMs, ~120 and ~3 mN/ mm?, respectively (Agianian et al. 2004; Yang et al.
2008). The frequency at which Drosophila IFM maximum power is generated is ~150 Hz at
15 °C, compared to ~2—4 Hz for isolated Lethocerus fibers at 23 °C (Agianian et al. 2004;
Linari et al. 2004; Ramanath et al. 2011; Wang et al. 2014). Other very rapidly oscillating
muscle types have also been found to generate very low forces. For example, the toadfish
swim bladder muscle, which operates at 200 Hz at 25 °C, generates 10 % of the isometric
tension produced by the toadfish’s skeletal muscle fiber types (Rome et al. 1999). In
addition to differences when powering flight, Lethocerus IFMs are used for a function that
Drosophila IFMs do not perform. Lethoce-rus IFMs perform rapid isometric contractions
during a warm-up period prior to take-off (Esch et al. 1991; Heinrich 1996). These
contractions are likely activated by TnC-F2 (corresponding to TnC1 in Drosophila). Thus,
perhaps Lethocerus TnC-F2 (TnC1) evolved to help generate relatively high tension levels,
but evolutionary pressures in Drosophila favored a TnC1 that does not cause increased
isometric tension.
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Our finding that TnC1 does not contribute to isometric tension could also explain the
difference in optimal calcium concentrations for SA and power production of Lethocerus
IFMs compared to Drosophila IFMs. This reasoning is predicated on the proposal that IFM
SA can only occur on a partially calcium activated thin filament (Bullard and Pastore 2011;
Perz-Edwards et al. 2011). Lethocerus produces maximum SA tension at calcium
concentrations ~pCa 6.1, that produce sub-maximum calcium activated isometric tension
levels (Agianian et al. 2004; Krzic et al. 2010; Linari et al. 2004). Because Lethocerus TnC1
causes increased calcium-activated isometric tension, Lethocerus IFMs have to operate at
subsaturating levels of calcium for SA and SD to occur. This was shown by the finding that
Lethocerus IFM can produce maximal work and power at higher than normal calcium
concentrations in fibers that have TnC-F1, but no TnC-F2 (Krzic et al. 2010). In contrast,
Drosophila SA tension and power is highest at the same calcium concentration that produces
maximum isometric tension, ~pCa 5.0 (Wang et al. 2011). Perhaps without TnC1
contributing, thin filament activation is low even at high calcium concentrations. This would
allow for SA to operate at high calcium concentrations.

For Drosophila and Lethocerus TnC1s to produce such significant functional differences,
there must be differences in the structure of the TnCs, or in the interactions with other
troponin components. The coordinating residues in the two active EF hands of the TnCs in
the two species are identical (Qiu et al. 2003); however, the non-coordinating residues in the
Ca?*-binding loops differ, which may result in different calcium binding affinities.
Sequence variation outside the calcium binding loops may also affect calcium affinity. The
affinity of Drosophila TnC1 for calcium has not been measured, and the tertiary structure is
not known, so it is not clear how much these factors contribute to the functional differences.
The Tnl and tropomyosin in Drosophila and Lethocerus IFM have different structures:
Lethocerus Tnl has a proline-alanine-rich C-terminal extension, and a similar sequence is
fused to a tropomyosin isoform in Drosophila. Thus, it is likely that the troponin complexes
in the two species would have different properties. The lattice structure of the Drosophila
and Lethocerus IFMs are different (Squire et al. 2006), which may also contribute to the
different mechanical properties.
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Stretch activation. Stretch activation is a delayed increase in force, phase 3, following a
sudden increase in muscle length. Skinned IFM fiber at pCa 5.0
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Fig. 2.
Levels of TnC4 and TnC1 in IFM. Top Blots of RNAI lines incubated with anti-TnC and

anti-TmH (a loading control). Bottom Estimates of the amount of TnC4 and TnC1 in flies
with reduced TnC. In IFM of wild type flies, the ratio of TnC4:TnCL1 is about 10:1. In both
UH3-GAL4; UAStnc4-IR and Mef2-GAL4; UAStnc4-IR flies, there is no detectable TnCA4.
Expression of TnC1 in these flies is increased using both drivers: with UH3-GAL4, the
amount of TnC1 is 60 % greater than the total TnC in wild type flies, while in flies driven by
Mef2-GAL4, TnC1 is increased to the level of total TnC in the wild type. In UH3-
GAL4;UAStncl-IR and Mef2-GAL4; UAStenl-IR flies, there is no TnC1 and the amount of
TnC4 is about the same as in the wild type. Values are calculated relative to amounts of
TmH and normalized to the total TnC in IFM of wild type flies, n = 4 for all fly lines
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Fig. 3.

Tk?e effect of reduced TnC expression on the structure of the IFM. The regularity of the
sarcomere was determined by labeling actin with phalloidin (red), the M-line with anti-
obscurin (green) and the Z-disc with anti-kettin (magenta). Reduced TnC1 in the RNA. lines
driven by UH3-GAL4 or Mef2-GAL4 had no discernible effect on the sarcomere structure. In
TnC4 RNAI lines with both drivers, M-lines and Z-discs were dot-like and more diffuse than
in the wild type. Scale bar 5 pm
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Fig. 4.
The structure of the IFM in flies with reduced TnC4. EM images of a wild type, b UH3-

GAL4; UAStnc4-IR and ¢ Mef2-GAL4; UAStnc4 flies. The myofibrillar lattice is disrupted
in knockdown flies driven with UH3-GAL4 or Mef2-GAL4; Z-discs are irregular and there is
no clear H-zone. The periphery of the sarcomere is ill defined in flies with the Mef2-GAL4
driver. Scale bar 500 nm
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Fig. 5.
Overview of IFMs in flies with reduced TnC4. EM images of a wild type, b UH3-

GAL4;UAStnc4-IR and ¢ Mef2-GAL4; UAStncd-IR flies. Sarcomere lengths of the
knockdown flies are similar to those of the wild type; in flies with the Mef2-GAL4 driver,
the Z-disc is often broken up and sarcomeres are more irregular than in those with the UH3-
GAL4 driver. Scalebar 1 um
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Fig. 6.

Representative tension traces from WT, TnC1-knockdown, and TnC4-knockdown IFM
fibers in response to a 1 % ML stretch over 0.5 ms at pCa 5.0. Isometric tension
immediately prior to stretch was subtracted so that starting tension is O for all traces
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TnC4-knockdown eliminated positive work and power, but TnC1-knockdown had no effect
on work or power. a Representative IFM work loops oscillated at a length change of 0.75 %
ML and 100 Hz, pCa 5.0. Arrows indicate direction of work loops. Counterclockwise work
loops indicate net positive work generating fibers and clockwise indicates work absorption.

Both control and TnC1-knockdown fibers produced counter-clockwise work loops

indicating they produce work and power while TnC4-knockdown fibers were clockwise
indicating net work and power absorption. b Representative IFM work loops oscillated at a
length change of 1 % ML amplitude, 125 Hz, pCa 5.0. ¢ Power output by active (pCa 5.0)
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IFM fibers plotted against small amplitude, 0.125 % ML, sinusoidal oscillation frequency.
No differences in the amount of power at any frequency or the frequency at which maximal
power output occurs (fnax) Were observed between TnC1 knockdown and WT fibers. No
power was produced by TnC4-knockdown fibers at any frequency. N = 10 for both lines. d
Power-pCa curve for TnC1-knockdown and WT IFMs normalized to 1 at pCa 5.0. Mean +
S.E.M. N =12 for WT and TnC1-knockdown, N = 6 for TnC4 knockdown. e The frequency
at which maximum power was generated (fa) Was the same for TnC1-knockdown and WT
IFMs at all calcium concentrations. Mean + S.E.M. N = 10 for both lines
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Fig. 8.
Flight ability of TnC1 knockdown flies is reduced, but only when using the Mef2-GAL4

driver. Wild type flies and flies with knocked-down TnC were tested for upward and
horizontal flight and no flight (down). All wild type and most of the UH3-GAL4; UAS-tncl-
IR flies flew upwards. Over 60 % of Mef2-GAL4; UAStncl-IR flies flew upwards; some
flew horizontally or not at all. UH3-GAL4; UAStnc4-IR and Mef2-GAL4; UAStncd- IR flies
were flightless (not shown). The flight ability of 20-30 flies was tested for each line
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Table 1

Isometric tension of Drosophila indirect flight muscles

Fiber type Ao (MN/mm?2) P, (MN/mm?) Fo (MN/mm?)

TnCl1 knockdown 45+04(n=27) 27+04(n=27) 18+0.2(n=27)
TnC4knockdown 14 +02" (n=5) 1.0+02" (=5 04+02" (n=5)
Wild-Type 41+04(n=23) 25+02(n=23) 16+02(n=23)

Values are mean + S.E.M. Both knockdown lines were generated by crossing with the Mef2-Gal4 driver line

Page 24

n number of fibers; Ag total isometric tension measured at pCa 5.0, 15 °C, Pq passive tension measured at pCa 8.0, FQ net active isometric tension

after subtracting passive tension (Fo = Ag — PQ)

*
P < 0.05, significantly different from wild-type (Mef2-Gal4 line) as determined by Student’s t test, 2-tailed, type 2
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Table 2
Stretch-activated tension in IFM
Fiber type Asa (MN/MmM?)  Pga (MN/MmM?2)  Fga (MN/mm?)
TnC1 knockdown (n=11) 5.3+0.5 39+05 14+02
Wild-type (n = 10) 48+05 35+04 15+0.2

All values are mean + S.E.M. Length step was 1 % of muscle length, 0.5 ms duration. Tension was measured at the peak of the phase 3 response.
TnC4 knockdown fibers did not produce a phase 3 response (SA). Both knockdown lines were generated by crossing with the Mef2-Gal4 driver
line

n number of fibers; Aga total active stretch tension at pCa 5.0; PSa passive stretch tension at pCa 8.0; FSa corrected active stretch tension (FSA =
ASA -Psp)
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Table 3
Work and power generation by Drosophila IFM
Fiber type Work (nJ/mmd)  Power (W/md)
TnC1 knockdown (n = 11) 22+0.3 217 £33
TnC4 (n = 5) knockdown ~15+01" 149 + 14*
Wild-type (n = 9) 1.3+04 130 +43
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Values are mean + S.E.M. Measurements were made at 0.75 % ML Amp, 100 Hz, pCa5 using the work loop technique. Both knockdown lines

were generated by crossing with the Mef2-Gal4 driver line

n number of fibers

*
P < 0.05, significantly different from both WT (Mef2-Gal4 line) and TnC1 knockdown fibers as determined by Student’s t test
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Wing beat frequency

Table 5

Fly line 21 °C WBF, (Hz)

15 °C WBF (Hz)

UH3-Gal4;UAStncl-IR  205.8+1.6 (n=23)
UH3-Gal4 (control) 202.7+1.9 (n=23)
Mef2-Gal4;UAStncl-IR  202.0 + 2.0 (n=23)

Mef2-Gal4 (control) 201.2+3.1(n=19)

163.6 + 1.7 (n= 23)
160.6 + 1.4 (n= 23)
160.3+1.9° (n=21)
169.6 + 2.9 (n = 19)

Assays were performed at 21 and 15 °C

*
P < 0.05 significantly different from control, Student’s t test
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