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ABSTRACT High passive stiffness is one of the characteristic properties of the asynchronous indirect flight muscle (IFM) found in
many insects like Drosophila. To evaluate the effects of two thick filament protein domains on passive sarcomeric stiffness, and to
investigate their correlation with IFM function, we used microfabricated cantilevers and a high resolution imaging system to study
the passive IFM myofibril stiffness of two groups of transgenic Drosophila lines. One group (hinge-switch mutants) had a portion of
the endogenous S2 hinge region replaced by an embryonic version; the other group (paramyosin mutants) had one or more puta-
tive phosphorylation sites near the N-terminus of paramyosin disabled. Both transgenic groups showed severely compromised
flight ability. In this study, we found no difference (compared to the control) in passive elastic modulus in the hinge-switch group,
but a 15% reduction in the paramyosin mutants. All results were corroborated by muscle fiber mechanics experiments performed
on the same lines. The fact that myofibril elasticity is unaffected by hinge switching implies alternative S2 hinges do not critically
affect passive sarcomere stiffness. In contrast, the mechanical defects observed upon disrupting paramyosin phosphorylation
sites in Drosophila suggests that paramyosin phosphorylation is important for maintaining high passive stiffness in IFM myofibrils,

probably by affecting paramyosin’s interaction with other sarcomeric proteins.

INTRODUCTION

Drosophila indirect flight muscle (IFM) is an asynchronous
muscle (1) characterized by low isometric tension, high pas-
sive stiffness, and pronounced stretch activation (2). These
properties probably evolved out of the distinctive requirement
for the IFM’s high frequency oscillatory work. Mutations in
Drosophila muscle proteins that lead to reduced stretch acti-
vation and/or reduced passive stiffness have been reported to
impair the insect’s flight ability (3-6), suggesting the impor-
tance of high passive stiffness and stretch activation.

During flight, the Drosophila thorax vibrates at its resonant
frequency (~240 Hz), driving the wings to beat at the same
frequency over a span of ~170° with high efficiency (7). Two
sets of perpendicularly placed IFM work in tandem; when one
set actively contracts, the other is stretched. Kinetic energy
(stiffness times the square of the length change) is stored in
elongated molecular ‘‘springs’’ consisting of connecting fila-
ments and other elastic elements in the sarcomere, including
thick filaments (8). The stored energy is released to facilitate
the wing beat stroke when the opposing set of IFM deactivates
itself (5). For fast vibrations, sarcomere-length changes
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cannot be large; therefore, small length changes (~3.5% in
Drosophila melanogaster: (9)) require high passive stiffness
to store significant energy. The high tension generated from
stretching connecting filaments is also thought to be a
prerequisite for stretch activation (10).

The high passive stiffness of IFM can be largely explained by
short connecting filaments (C-filaments) that anchor the thick
filaments to the Z-disk in the sarcomere (11). In Drosophila
IFM, C-filaments consist of the proteins projectin (12) and kettin
(13,14). Other proteins are thought to form cross-links between
thick and thin filaments to further strengthen the sarcomere
in Drosophila TFM, including troponin H (specifically, the
C-terminal extension: (15)), the myosin regulatory light chain
(the N-terminal extension: (5,6)), and, possibly, flightin (3). Weak
actomyosin cross bridges have also been implicated (16).

In this study, we examined the myofibril passive stiffness
of two previously constructed lines of transgenic Drosophila
that showed compromised flight ability compared to their
positive controls. One group (hereafter referred to as hinge-
switch lines) had the central portion of its endogenous S2
hinge (15a) in IFM replaced by the embryonic version (15b)
(17). As 15b is expressed in slower and presumably more
compliant muscles than IFM, it is of great interest to inves-
tigate whether alternative hinge regions modulate sarco-
mere stiffness. In the other group (paramyosin mutants), one
or more serines (putative phosphorylation sites) near the
N-terminus of paramyosin’s nonhelical region were replaced
by alanines (18). Previous muscle fiber mechanics studies on
the paramyosin lines found a significant reduction in the
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passive, active, and rigor elastic modulus (18). We designed
this study to test whether similar differences in passive stiff-
ness occur at the level of the myofibril, the smallest sub-
division of muscle that retains the organized myofilament
lattice.

A comparison of hinge-switch and paramyosin mutants at
the myofibril and muscle fiber levels showed marked differ-
ences in passive stiffness. Although alternative hinge regions
have different propensities for forming a coiled coil, the hinge
mutants exhibit the same passive stiffness as the control. This
result shows that swapping the S2 hinges does not affect
passive sarcomeric stiffness. The paramyosin phosphorylation-
site mutants, in contrast, have a significantly lower passive
stiffness compared to control. The reduced stiffness suggests
paramyosin interacts via phosphorylation with other sarco-
meric proteins (probably projectin and/or kettin), which help
maintain high passive stiffness in IFM myofibrils.

MATERIALS AND METHODS
Fly stocks and transgenic construction

Wild-type or mutant versions of the Drosophila myosin heavy chain or
paramyosin gene were expressed in mutant lines that fail to express their
endogenous myosin heavy chain (20) or paramyosin (18) genes. Construction
of the transgenes and preparation of transgenic lines by P element-mediated
transformation have been described previously (17,18). Briefly, the /5547 and
15b-108 lines express the same embryonic version of the endogenous S2 hinge,
except with different transgene insertion points. The prm°'** line has a single
serine to alanine substitution (serine 18) in the N-terminus of paramyosin’s non-
helical region, whereas pm’> has four substitutions (serine 9, 10, 13, and 18).
The appropriate positive controls for the hinge and paramyosin mutant lines are
pwMhc2 and pm, respectively.

Single myofibril mechanics

A single myofibril, immersed in a physiological relaxing solution, was
attached between the tips of a glass needle and a microfabricated cantilever
working as a force transducer (stiffness, 12 pN/nm). The myofibril was then
incrementally stretched by a total of ~2—4%. Force and sarcomere length data
were collected 1-2 min after each stretch increment. The slope of the linear fit
to the force versus sarcomere length plot was taken as the sarcomere stiffness,
which means the amount of tension (in nN) a single sarcomere develops per
unit length (in nm) of stretch. Myofibril diameter was estimated from the
width of the myofibril captured in CCD video images. Sarcomere length
(SL) was the slope of the linear fit of A-band peak positions versus their
index numbers. The experiments were performed at room temperature. The
relaxing solution (pCa 8) was 20 mM BES, 15 mM creatine phosphate, 240
units/ml creatine phosphokinase, | mM DTT, 5 mM EGTA, 1 mM free Mg“,
5 mM MgATP, and 8 mM Pi at pH 7.0 and an ionic strength of 200 mEq
adjusted with sodium methane sulfate. Details of the method for preparing
single myofibrils and measuring passive (resting) stiffness are given
elsewhere (19).

Elastic modulus (nN/um?) of each tested myofibril was calculated from
(stiffness/CSA) X SLg, in which SL means initial sarcomere length when
tension is zero, and stiffness/CSA is sarcomere stiffness divided by cross-
sectional area (CSA). The phase contrast imaging technique for measuring
myofibril diameter underestimates the true values by roughly 24%, thereby
producing an underestimate of true myofibril cross-sectional area by roughly
58% (19). To account for this area underestimation, the uncorrected value of
the elastic modulus was multiplied by 0.58 to obtain the corrected value.
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Muscle fiber mechanics

A chemically skinned muscle fiber was secured at both ends with aluminum
T-clips and mounted between a strain gauge force transducer and a piezo-
motor. After measuring the initial length (L) when the specimen was just
taut, and the cross-sectional area (CSA), the fiber was prestretched incre-
mentally to 1.05L, in relaxing solution at 15°C. Sinusoidal perturbation of
amplitude 0.125%L, was applied at 47 frequencies (0.5-1000 Hz) and the
tension (7)) signal was recorded. The complex ratio (with both amplitude and
phase) of stress (T/CSA) to strain (0.125%) was taken as the dynamic modu-
lus of the passive muscle fiber, which was decomposed into elastic (in-
phase) and viscous (out-of-phase) components. The relaxing solution (pCa 8)
was the same as used for the myofibril mechanics. A detailed description of
the preparation, experimental equipment, and method of sinusoidal analysis
are given elsewhere (21). Elastic modulus values obtained at the lowest os-
cillation frequency (0.5 Hz) are directly compared to the myofibril data since
this slow oscillation best simulates the static methods used to determine the
single myofibril stiffness. The frequency dependence of both elastic and vis-
cous moduli was measured in the skinned fiber since phenotypical differ-
ences may only appear under dynamic conditions. Dynamic measurements
with myofibrils were not feasible because of the technical difficulty in char-
acterizing the high frequency viscoelastic properties of the attachments to
the motor and strain gauge.

Transmission electron microscopy

After completion of muscle fiber mechanics, wild-type fibers were fixed for
2 h in Karnovsky’s fixative (2.5% glutaraldehyde and 1.0% paraformalde-
hyde in 0.1 M Millonig’s phosphate buffer, pH 7.2). After removal of their
T-clips, fixed fibers were embedded in 2.5% SeaPrep Agarose, chilled for
15 min at 4°C, immersed in Kamovsky’s fixative for 15 min at 4°C, and rinsed
3 times for 10 min each in Millonig’s buffer. Samples were postfixed in 1%
Os0O, for 45 min at 4°C, then washed 3 times for 5 min and subsequently
stored for 24 h in 0.1 M Millonig’s buffer at 4°C. Details of the dehydration,
infiltration, embedding, sectioning, and imaging are given elsewhere (22).
Image analysis was performed using ImageJ software version 1.36b (National
Institutes of Health, Bethesda, MD). Myofibril area per total fiber cross-
sectional area, an important factor for making comparisons between myofibril
and fiber studies, was calculated by darkening the myofibrils, thresholding the
entire image, and calculating the percentage of total area covered by myofibrils
in 18 X 18 wm fields.

COILS test

COILS is a program that predicts the probability of a sequence to form a coiled
coil based on the similarity of the sequence in question with a database of known
parallel two-stranded coiled-coils (23). Amino acid sequences were fed to
COILS version 2.2 program on line (http://www.ch.embnet.org/software/
COILS_form.html). Default parameters were chosen whenever possible, i.e.,
matrix: MTIDK; no weighing on positions a and d, and window width: 21.

Statistical analysis

Statistical analysis was carried out with SPSS v.11 (SPSS, Chicago, IL). Test
results were considered significant at the p < 0.05 level. For the myofibril
data, one-way analysis of variance (ANOVA) tests were performed to deter-
mine the effects of different strains. If differences were found to be significant,
the least significant difference (LSD) post hoc test was performed and used to
determine which means differed. For the fiber data, since the elastic and vis-
cous modulus were examined across various oscillation frequencies, a repeated-
measures ANOVA with frequency as the repeated measure was performed
first to determine the effects of the different transgenic and control strains. If a
significant strain effect was found between subjects, then one-way ANOV As
were performed at each frequency to determine significant differences.
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RESULTS
Transmission electron microscopy

Myofibril area per total skinned fiber cross-sectional area was
36.6 £ 1.4% (n = 12), significantly less than the 55% reported
previously for intact fibers (18). The reduced myofibril area in
skinned fibers results from skinned mitochondria occupying
more area than intact mitochondria due to membrane rupture
and mitochondrial swelling. To directly compare stiffness
moduli from the skinned fibers and myofibrils, the moduli
obtained from the fiber measurements were divided by 0.37,
i.e., the factor that converts skinned fiber cross-sectional area
to total myofibrillar cross-sectional area.

Validation of positive controls

The positive controls, pwMhc2 for hinge-switch mutants and
pm for paramyosin mutants, underwent the same transforma-
tion and genetic manipulations as their corresponding mutants,
except that the wild-type versions of the protein supplied by
the transgenes were crossed into the null mutant backgrounds.
We compared myofibrils from the wild-type strain yw (19) to
the two positive controls (Table 1). The elastic moduli of the
two positive controls and wild-type lines were similar,
indicating the genetic transformations themselves did not
alter the passive mechanical properties of the IFM. Interest-
ingly, the myofibril diameter increased in both positive
controls and the sarcomere stiffness was statistically higher in
pwMhc2. These differences disappear, however, once the data
are normalized for cross-sectional area, as shown by the
stiffness/CSA and elastic modulus values.

Hinge-switch mutants

Mpyofibril stiffness measurements were conducted on two
hinge-switch transgenic lines, namely /5b-47 and 15b-108.
The elastic moduli of the two hinge-switch lines were similar
to the positive control (Table 2), despite both lines having
severely impaired flight ability (17). Both hinge-switch
transgenic lines have reduced sarcomere stiffness compared
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to the positive control, which can be accounted for by their
smaller myofibril diameters, as demonstrated by the good
agreement between the stiffness/CSA values. The modest
increase in initial sarcomere length of the /5bh-47 line does
not appear to affect the passive mechanical properties of the
myofibril since the stiffness/CSA and elastic modulus values
agree among all three lines.

Muscle fibers had no significant differences in either
elastic or viscous modulus across the frequency range
measured (Fig. 1). In comparison with the myofibril data, the
elastic modulus at 0.5 Hz showed no significant differences
between the hinge-switch mutants and the positive control
(622 + 64 nN/um? for pwMhc2, n = 12; 710 = 66 nN/um?
for 15b-47, n = 12; and 734 = 94 nN/,u,m2 for 15b-108,
n = 15). Therefore, the trends and magnitude of the elastic
moduli found in both the myofibril and muscle fiber results
are consistent among these three lines.

Paramyosin mutants

Myofibril stiffness tests were performed on two paramyosin
transgenic lines, namely pm>'** and pm® 4, which have one
and four N-terminal serines replaced by alanines, respec-
tively. Both lines had shown severely impaired flight ability
whereas their ultrastructure was found to be normal (18). The
myofibril elastic moduli of both paramyosin mutants were
decreased by 14—16% compared to the positive control (Table
3). Note neither the sarcomere stiffness values nor the diam-
eters were significantly different among the lines. However,
when normalized by cross-sectional area (stiffness/CSA and
elastic modulus), the differences in passive mechanical prop-
erties become evident. The result of this adjustment under-
lines the importance of normalizing the stiffness of each
individual myofibril to its CSA as well as the sensitivity of our
method.

Muscle fibers from the two paramyosin transgenic lines
had a significant reduction in elastic modulus between 0.5
and 180 Hz when compared to the pm control fibers, but no
change in viscous modulus (Fig. 2), similar to previous
results (18). In comparison with the myofibril data, the

TABLE 1 Myofibril statistics of yw wild-type and two positive controls: pwilllhc2 for hinge mutants and pm for paramyosin mutants
Sarcomere stiffness Diameter Stiffness/CSA¥ Initial SL Elastic modulus® Corrected elastic
(nN/nm)* (wm)* (nN/nm/Mmz)* (um)* (nN/;Lmz)* modulus’ (IIN/[.LITIZ)* n
ywH 0.658 = 0.035 1.68 = 0.03 0.307 £ 0.016 3.65 = 0.07 1094 *= 66 635 + 38 13
pwMhc2 0.849 + 0.023% 1.88 + 0.04% 0.308 = 0.012 3.61 = 0.10 1114 = 52 646 = 30 9
pm 0.735 £ 0.042 1.77 = 0.03% 0.296 + 0.013 3.68 = 0.06 1095 £ 59 635 + 34 15
p-value 0.009 0.001 0.802 0.843 0.932 0.932

*Values are mean £ SE.

HIndicates value significantly different (p < 0.05) from that of yw.
*Stiffness/CSA = sarcomere stiffness / (7 X (diameter/2)?).
SElastic modulus = (stiffness / CSA) X initial SL.

ICorrected elastic modulus = 0.58 X elastic modulus.

”Wild—type strain yw values reproduced from Hao et al. (19). Myofibril data from all lines (yw, pwMhc2, pm, 15b-47, 15b-108, pm

collected during the same time period.
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TABLE 2 Myofibril statistics of pwlMhc2 positive control and two 15b trangenics
Sarcomere stiffness Diameter Stiffness/CSA¥ Initial SL Elastic modulus® Corrected elastic modulus’

(nN/nm)* (um)* (nN/nm/pm?)* (uwm)* (nN/um?)* (nN/pm?)* n
pwMhc2 0.849 + 0.023 1.88 = 0.04 0.308 £ 0.012 3.61 £ 0.10 1114 £ 52 646 = 30 9
15b-47 0.692 + 0.018" 1.68 + 0.03% 0.314 + 0.011 3.95 + 0.101 1245 + 68 722 + 39 9
15b-108 0.729 + 0.019% 1.78 = 0.03% 0.293 £ 0.015 3.81 = 0.04 1115 £ 58 647 = 34 8
p-value 0.004 0.000 0.502 0.031 0.226 0.226

*Values are mean *= SE.

*Indicates values are significantly different (p < 0.05) from the hinge-switch positive control, pwMhc2.

*Stiffness/CSA = sarcomere stiffness / (r X (diameter/2)?).
SElastic modulus = (stiffness / CSA) X initial SL.
ICorrected elastic modulus = 0.58 X elastic modulus.

elastic modulus at 0.5 Hz of the two paramyosin transgenic
lines was significantly (p < 0.05) reduced by 29-36% when
compared to the paramyosin positive control (669 = 59 nN/
p,m2 for pm, n = 10; 430 = 49 nN/,u,m2 for pm318A, n=12;
and 474 = 65 nN/um?® for pm>**, n = 12). As with the
hinge-switch lines, the trends in the paramyosin lines were
similar between the myofibril and fiber results and the
magnitude of the elastic modulus was similar between the
control lines. However, the magnitude of the elastic modulus
decrease in the paramyosin transgenic lines compared to
controls was 14—-16% in myofibrils versus 29-36% in fibers.

Alternative S2 hinge sequences and COILS test

A portion of the Drosophila myosin heavy chain S2 hinge
region is encoded by mutually exclusive alternative exons
15a (adult) and 15b (embryonic), that are 26 amino acids
long and differ by 72% (20). The amino acid sequences for
15a and 15b are AEHDRQTCHNELNQTRTACDQLGRDK
and AEKEKNEY YGQLNDLRAGVDHITNEK, respectively.
The COILS program determined that, on average, the pro-
pensity of 15a to form a coiled coil is 59% whereas that of
15b is 91%.

DISCUSSION

Using advanced methods for measuring passive myofibril
mechanical properties, we evaluated the effects of two thick

Passive (pCa 8)

filament protein domains in Drosophila melanogaster. The
positive controls created for the two thick filament protein
domains (S2 hinge and paramyosin) were mechanically similar
to wild-type, indicating that the genetic transformations did not
affect passive muscle properties. Two different hinge-switch
mutants, which have a portion of the endogenous S2 hinge
region replaced by an embryonic version, were similar to their
positive control, suggesting this domain has no effect on
passive mechanical properties. However, the two paramyosin
mutants, which have one or four putative phosphorylatable
serine sites near the N-terminus switched to alanines, have a
significant decrease in stiffness compared to their positive con-
trol. In the discussion that follows, we start with an evaluation
of our techniques to detect passive IFM properties, as a basis for
our subsequent interpretation of data.

Probing passive sarcomere stiffness

When a relaxed myofibril is stretched, most of its extension
comes from the elongation of C- filaments that connect thick
filaments to the Z-disk (11). The C-filaments have recently
been shown to consist of the long extensible proteins projectin
(12) and kettin (13). Although thick and thin filaments are also
extensible (24-27), they are much stiffer than the C-filaments.

In the “‘stretch and hold”’ protocol from which the
myofibril mechanics data were derived, each sarcomere was
incrementally stretched by ~100 nm (SL 3.6 um X ~3%).
Because any possible cross-links (weakly attached myosin

Passive (pCa 8)
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TABLE 3 Myofibril statistics of pm positive control and paramyosin transgenics
Sarcomere stiffness Diameter Stiffness/CSA¥ Initial SL Elastic modulus® Corrected elastic modulus”

(nN/nm)* (uwm)* (nN/nm/pm?)* (uwm)* (nN/pm?)* (nN/pm?)* n
pm 0.735 = 0.042 1.77 = 0.04 0.296 = 0.013 3.68 = 0.06 1095 = 59 635 + 34 15
pmS18A 0.692 + 0.037 1.83 = 0.05 0258 = 0.007" 3.55 + 0.11 917 + 46" 532 + 27F 10
pm> A 0.638 = 0.031 1.78 = 0.03 0.256 = 0.008" 3.67 * 0.07 938 + 33F 544 + 197 11
p-value 0.212 0.516 0.018 0.469 0.030 0.030

*Values are mean *+ SE.

Indicate values are significantly different (p < 0.05) from the paramyosin positive control, pm.

*Stiffness/CSA = sarcomere stiffness / ( X (diameter/2)?).
SElastic modulus = (stiffness / CSA) X initial SL.
ICorrected elastic modulus = 0.58 X elastic modulus.

heads (16), myosin regulatory light chain N-terminal exten-
sion (5,6), the myosin associated protein flightin (3), and
troponin-H isoform 34 (15)) likely detach and reattach during
the long-range stretch (instead of being elongated by 100 nm
without breaking), it is unlikely that the cross-links contribute
significantly to the stiffness of the myofibril. Thus, the passive
compliance (1/stiffness) of the half sarcomere is equal to the
sum of the thick and C-filament compliance, i.e.,

1/k = 1/ky + 1/ke, (1)

where k is the stiffness of a half sarcomere, and kt and k¢ are
the stiffnesses of the thick and C-filaments, respectively.

A recent x-ray study of Drosophila flight muscle in vivo (8)
showed the thick filament backbone undergoes an ~0.2%
strain during each work-producing wing beat, as indexed by a
strong 7.2-nm periodic reflection off the thick filament. Since
the sarcomere length of Drosophila IFM changes by ~3.5%
during each wing beat (9), the ratio of the two length changes
suggests that the thick filament is ~17X (= 3.5%/0.2%)
stiffer than that of the C-filament. Therefore, we conclude that
under passive conditions Drosophila IFM thick filaments are
relatively inextensible compared to C-filaments.

Hinge-switch study

Drosophila has a single gene encoding the muscle myosin
heavy chain; isoforms of the protein result from alternative
splicing of the primary RNA transcript (28). Alternative exons
15a and 15b encode the central 26 amino acids of the S2
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hinge, which is the region located between the N-terminus of
light meromyosin and the C-terminus of short S2 (29) and
may be part of the thick filament backbone. 15a and 15b
hinges have different properties of charge, hydrophobicity,
and propensities toward forming a coiled-coil (15a has a 59%
probability; 15b, 91%).

In spite of the structural differences, we found no difference
in elastic modulus between the two mutants and the positive
(wild-type) control. Because passive sarcomere stiffness is
determined primarily by C-filament stiffness, as noted above,
the lack of a difference in resting stiffness between the hinge
mutants and the control suggests that the alternative hinges do
not interact (or do not vary significantly in their interaction)
with the C-filaments (or other structures that may link thick
and thin filaments). We conclude, therefore, that alternative
hinges do not modulate passive sarcomere stiffness.

Although passive stiffness appears to be unaffected by the
hinge substitutions, it is possible that hinge switches do affect
sarcomere stiffness in active fibers. The thick filament is
measurably extensible in working muscles (8); thus, it is
possible that differences in extensibility due to hinge dif-
ferences may underlie the severely impaired flight ability seen
previously in transgenic lines expressing an IFM myosin
isoform with the ‘‘slow’” hinge 15b compared to that with the
native ‘‘fast’” hinge 15a (17). Clearly, a comparison of sar-
comere stiffness in active, working IFM from the hinge
mutants and controls is necessary to fully resolve the question
whether hinge differences play a significant role in flight
muscle stiffness.

Passive (pCa 8)
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Paramyosin phosphorylation study

Paramyosin, a major structural protein of invertebrate thick
filaments, is a rod-like molecule with a central «-helical
region and two nonhelical terminal domains (30,31). In vivo
phosphorylation of paramyosin has been reported in Dro-
sophila (32) as well as in other species (33,34). In Drosophila
IFM, paramyosin, despite its low concentration, is uniformly
distributed along the core of the thick filament (35,36).

To test whether paramyosin phosphorylation in Drosophila
plays an important role in muscle function, several transgenic
lines were constructed in which one or more phosphorylatable
serine residues near the N-terminus of paramyosin were re-
placed by alanines. Two of the resulting lines (pm>'** and
pm> %) showed compromised flight ability, whereas the ultra-
structure of their IFM was normal (18).

In this study we examined the passive stiffness of Drosoph-
ila IFM myofibrils from the two mutant lines and their positive
(wild-type) control. Myofibrils from the two transgenic lines
with impaired flight ability had a 15% reduction in passive
stiffness compared to control. The finding of reduced passive
stiffness in the paramyosin mutants was surprising since, from
Eq. 1, thick filament stiffness would have to diminish by 76% to
accommodate a reduction in sarcomere stiffness of 15%, as-
suming an initial ratio of thick-filament to C-filament stiffness
of ~17. Thus, it is possible that the paramyosin molecule
contributes directly and massively to thick filament stiffness,
and that disruption of the phosphorylation sites directly affects
thick filament stiffness. However, in light of the exceptionally
large changes in thick filament stiffness that would have to
occur, itis more likely that paramyosin plays arole in anchoring
kettin and/or projectin to the thick filament, and that disruption
of the phosphorylation sites disrupts the anchoring. It is worth
noting that any anchoring model would have to accommodate
the low molar ratio of paramyosin to myosin in Drosophila
IFM (molar ratio, ~1:34: (32)), and its putative location within
the core of the thick filaments (37).

Our myofibril measurements agree well with fiber mea-
surements from a previous study (18), which reported signi-
ficant reductions in passive, active, and rigor elastic modulus
of muscle fibers from the same paramyosin mutants. The
authors of the previous study suggested that paramyosin
phosphorylation most likely contributes to thick filament
stiffness by interacting with myosin rods and/or stabilizing
the thick filament’s connection to the M-line. Because thick
filament compliance cannot be neglected in the calculation of
sarcomere stiffness under active or rigor conditions (25,27),
Liu and colleagues propose, in essence, that thick filament
stiffness is reduced in the phosphorylation site mutants,
thereby accounting for the reduced elastic moduli observed
in active and rigor fibers. Although this may be the case for
active and rigor fibers, our analysis indicates that the reduc-
tion in passive stiffness of the sarcomere in the phosphory-
lation site mutants is most likely due to altered C-filament
anchoring.
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The fractional reduction in elasticity in active (and rigor)
muscles is greater than that in passive muscle from the
paramyosin phosphorylation site mutants (18). Thus, it is
likely that any weakened paramyosin interactions with
C-filament proteins contributes to reduced active stiffness
as well, consistent with notions advanced by previous re-
search (10,11,16). We propose that both mechanisms, altered
anchoring and reduced thick filament stiffness, give rise to
the reduced flight ability of the paramyosin phosphorylation
site mutants.

Myofibril versus fiber mechanics

Our results show that the mutation-related trends of both lines
were similar between myofibrils and fibers. The magnitudes of
the myofibril and fiber elastic modulus were similar between
controls and hinge-switch lines, but differences were observed
between myofibrils and fibers in the magnitude of the changes
observed in the paramyosin transgenic lines. The elastic
modulus in the paramyosin transgenic lines compared to
controls was reduced 14-16% in myofibrils (using a 2-4%
stretch) versus 29-36% in fibers (using a 0.125% sinusoidal
length perturbation at 0.5 Hz). Although this suggests a possible
methodological difference (stretching versus sinusoidal pertur-
bation), a previous fiber study showed a 25-33% decrease in
isometric tension for the paramyosin phosphorylation-site
mutants (18). Since similar magnitude decreases in performance
are observed at the fiber level, independent of measurement
technique, differences between myofibril and fiber data are most
likely not due to methodological differences, but rather to the
distinct structural architectures of the two systems.

CONCLUSION

We report here measurements of passive IFM stiffness in two
groups of transgenic Drosophila strains. In one, the myosin
S2 hinge was replaced by a version expressed in slower mus-
cles, whereas in the other the putative paramyosin phosphor-
ylation sites were disrupted. Although alternative hinge
regions have marked differences in amino acid sequence and
tissue-specificity, the IFM passive stiffness of the hinge
mutants was not significantly different than that of the con-
trol, implying that the S2 hinge does not modulate passive
sarcomeric stiffness. In contrast, the IFM passive stiffness
of the paramyosin mutants is significantly reduced compared
to that of control, leading to the suggestion that paramyosin
contributes to passive sarcomere stiffness in Drosophila IFM
by interacting with other sarcomeric proteins (most likely
C-filaments).
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