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Flight in insects—which constitute the largest group of species in
the animal kingdom—is powered by specialized muscles located
within the thorax. In most insects each contraction is triggered
not by a motor neuron spike but by mechanical stretch imposed
by antagonistic muscles'. Whereas ‘stretch activation’ and its
reciprocal phenomenon ‘shortening deactivation’ are observed to
varying extents in all striated muscles, both are particularly
prominent in the indirect flight muscles of insects'. Here we
show changes in thick-filament structure and actin-myosin
interactions in living, flying Drosophila with the use of synchro-
tron small-angle X-ray diffraction. To elicit stable flight beha-
viour and permit the capture of images at specific phases within
the 5-ms wingbeat cycle, we tethered flies within a visual flight
simulator’. We recorded images of 340 p.s duration every 625 ps to
create an eight-frame diffraction movie, with each frame reflect-
ing the instantaneous structure of the contractile apparatus.
These time-resolved measurements of molecular-level structure
provide new insight into the unique ability of insect flight muscle
to generate elevated power at high frequency.

The asynchronous indirect flight muscles (IFMs) of insects have
served as a valuable model system for general structural studies of
muscle because of the well-ordered arrangement of the contractile
lattice. X-ray diffraction studies (for example refs 3—6) and electron
microscopy studies (for example refs 3, 5, 7, 8) of glycerol-extracted
fibres from the giant waterbug, Lethocerus sp., in combination with
crystallographic information, have produced a high-resolution view
of actin—myosin interactions®®’. Previous synchrotron X-ray dif-
fraction studies of Drosophila'® demonstrated the feasibility of
obtaining patterns from intact IFMs in live flies. Because of the
similarity of the IFM structures, the extensive literature from
preparations of Lethocerus IFM in vitro can be used as a framework
for interpreting changes in X-ray diffraction patterns obtained from
living, flying Drosophila. Here we optically tracked the motion of the
beating wings in real time and triggered the X-ray exposure at
specific phases of the wingbeat cycle (Fig. 1). The beam was focused
on the dorsal longitudinal muscles (DLMs), the IFMs that contract
during the downstroke. The tethered animal was surrounded by an
electronic display of vertical stripes, the motion of which was
controlled by the insect’s own wing motion under closed-loop
conditions®. This arrangement maintained a stable wingbeat fre-
quency, permitting accurate shuttering at precise phase points
within the contraction cycle. By progressing through the wingbeat,
we reconstructed a movie of X-ray diffraction images from the
DLMs. Figure 2 shows examples of such images obtained from a
single Drosophila metleri (the full sequence is shown as an animation
in Supplementary Video 1). The cyclical changes in the intensities
and positions of the major reflections reflect the cyclical binding,
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Figure 1 Experimental arrangement. The position of the fly is shown relative to the flight
arena and the X-ray optical path. The locations of the DLMs and DVMs with respect to the
incident X-ray beam are indicated in the expanded view. Periodic structures of the
filament lattice that give rise to the features seen in diffraction patterns are also indicated
(Tn, troponin complex; Tm, tropomyosin). Note the axial rise at 14.5 nm between myosin
(M) heads along the thick filaments and the location of target zones (TZ) for the binding of
myosin heads to actin (A) halfway between troponins, which are spaced every 38.7 nm
along the thin filament.
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tilting and release of myosin heads on actin target zones during the
wingbeat (Fig. 3).

In vertebrate muscle, the intensity of the 14.5-nm meridional
reflection has been shown to arise mainly from the axial projection
of the density of myosin heads onto the thick-filament backbone''"~
Y, whereas higher-order reflections, such as that at 7.2 nm, are
thought to arise from periodic features within the backbone
itself'*'>. Therefore, changes in the position of the 7.2-nm reflection
provide a measure of thick-filament backbone strain, whereas
motion of the 14.5-nm reflection is caused by changes in the
position of the centre of mass of the myosin heads in series with
the backbone strain. Figure 3a shows the relationship of the spacing
of the 7.2-nm and 14.5-nm meridional reflections relative to rest
throughout the upstroke—downstroke cycle of the wings. Both
spacings are tightly coupled to the lengthening—shortening cycle
of the DLMs'®, and both increase as the DLMs are extended and
decrease as they shorten. These spacing changes are in phase with
each other and with the length cycle of the DLMs, suggesting that
strains in the thick filaments are elastically coupled to sarcomere
length, which is consistent with previous observations on passively
stretched vertebrate muscle'’. The amplitude of these cyclic strains,
measured by comparing the 0.3 and 0.93 phase points (as indicated
by two dashed lines in Fig. 3a), are different for the two reflections.
The 14.5-nm reflection shows a 0.4% change (0.06 nm per repeat),
twice the 0.2% change (0.014 nm per repeat) measured for the 7.2-
nm reflection (P < 0.05). The larger movement of the 14.5-nm
reflection suggests that the centres of mass, presumably the catalytic
domains of the myosin heads, separate by an additional ~0.03 nm
from each other as they are pulled towards the Z-disk by the thin
filaments. Because the thin filaments are compliant, this shear force
should be greatest near the Z-disk and diminish towards the M-line.
This gradient would result in an increased separation of attached
heads, which might explain the greater spacing change of the
14.5-nm reflection relative to the 7.2-nm reflection. However, this
interpretation is complicated by the fact that the number of
attached heads increases during extension, as discussed below.
Nevertheless, the elastic deformation of the thick filaments during
muscle lengthening immediately suggests a mechanism by which
appreciable potential energy is stored in the muscle as elastic strain,
available for conversion into kinetic energy during the shortening
phase. Elastic storage has been proposed as an important feature
of the flight motor that minimizes the inertial power costs of
accelerating the wings back and forth in each wingbeat'®>°. These
results would suggest that at least part of this storage takes place
within the myofilaments themselves.

Unlike in Lethocerus, the 14.5-nm meridional reflection in
Drosophila is weak in resting intact muscle, which is consistent
with its relatively disordered appearance in electron micrographs®'.

Rest Phase = 0.30 Phase = 0.93
= 7.2 nm o 2
- G) .
i O

Figure 2 X-ray patterns from live flies. Shown are background-subtracted X-ray
diffraction patterns from live Drosophila metleri at rest, near the end of lengthening (0.3
phase) and near the end of shortening (0.93 phase). Note the evident increase in overall
ordering of the 0.3 phase with respect to the 0.93 phase (vertical dotted lines). The
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positions of the 7.2-nm and 14.5-nm near-meridional reflections and the 38.7-nm and
19.3-nm reflections on the first row line are indicated. The 14.5-nm and 7.2-nm
reflections in Drosophila sp. appear split because of axial stagger of thick filaments'®. The
resting pattern had a tenfold greater exposure.
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Throughout the wingbeat cycle, the intensity of the 14.5-nm
reflection varies by 400%, in phase with thick-filament strain
(Fig. 3b). In contrast, the intensity of the 7.2-nm reflection under-
goes only a 40% increase in intensity over the same period,
indicating that the large change in the 14.5-nm reflection is not
an artefact of the general ordering or alignment of the tissue. The
intensity of the 14.5-nm reflection may be attributed to changes in
the angle between the crossbridges and the long axes of the thick
filaments, as well as to changes in the angular dispersion of the
crossbridges with respect to that axis''**’. The fourfold rise in
the intensity of the 14.5-nm reflection can therefore be explained by
the crossbridges becoming progressively more ordered and more
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Figure 3 Changes in diffraction features as a function of phase of the wingbeat cycle.
a, The 7.2-nm and 14.5-nm reflection spacings relative to rest. Thick-filament strain is
approximately in phase with the wingbeat. b, The 7.2-nm and 14.5-nm reflection
intensities relative to rest. A fourfold variation in the 14.5-nm reflection intensity is
observed in phase with thick-filament strain. ¢, Integrated intensities of the first row line
reflections on the 19.3-nm and 38.7-nm layer lines. Note the roughly reciprocal relation
between the two intensities. Error bars show standard errors of the mean.
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perpendicular to the thick-filament backbone during muscle
lengthening. The corresponding decrease in intensity at 14.5nm
during shortening is consistent with the expected lever-arm tilting
during crossbridge powerstrokes.

Figure 3¢ shows the variation in intensity of the 38.7-nm and
19.3-nm reflections on the first row line. The 38.7-nm reflection is
thought to be due to the troponin complexes located every 38.7 nm
along the thin filament with contributions from actin—myosin
interactions in active muscle. In contrast, the 19.3-nm reflection
is interpreted specifically as a marker for the interaction of myosin
heads with the actin helix at sterically optimal target zones located
midway between troponin repeats’. For stretch-activated Lethocerus
IFM in vitro, it has been shown® that myosin labelling at target zones
increases the 19.3-nm reflection and diminishes the 38.7-nm
reflection through destructive interference. Consistent with this is
the observation that the 19.3-nm reflection in intact flies rises
during stretching of the DLMs and declines during shortening,
whereas the 38.7-nm reflection shows the opposite behaviour
(Fig. 3¢). The increase in intensity of the 19.3-nm reflection during
lengthening provides direct evidence that a substantial fraction of
the total number of cycling crossbridges form attachments at actin
target zones as the DLMs are being stretched by the antagonistic
dorsal-ventral muscles (DVMs). The importance of cycling cross-
bridges during lengthening in the underlying mechanics of stretch
activation was first suggested by Squire® and accords with recent
work® showing that some Ca”" activated bridges must be attached
to the thin filament before stretch activation can occur.

In both Lethocerus and Drosophila IFM, two isoforms of troponin
C exist, one regulated by stretch (F1), the other by Ca®* (F2)*. Both
are assumed to relieve the inhibitory effect of troponin I on cross-
bridge formation by altering the position of tropomyosin to
uncover actin-binding sites. The myosin heads that attach to actin
during lengthening will be pulled towards the Z-disk, opposite to
their direction of motion during powerstrokes. These strained
crossbridges are therefore likely candidates for the ‘sensors’ that
activate the stretch-dependent F1 isoform of troponin C, leading to
the rapid binding of myosin heads at target zones as indicated by the
observed changes in the 19.3-nm reflection intensity**. Future time-
resolved experiments that record the second actin layer line, a
marker for tropomyosin movement during thin-filament acti-
vation, could serve to confirm this hypothesis.

During the transition from lengthening to shortening, muscle
contraction must transiently approach isometric conditions
(Fig. 3a). At this point, the 19.3-nm and 14.5-nm reflection
intensities are maximal, indicating that a large proportion of
heads are attached, well ordered and nearly perpendicular to the
long axis of the thick filaments, an arrangement similar to isome-
trically contracting Lethocerus IEM in vitro®® and to isolated frog
muscle'>”. The rapid decline in intensity at 14.5 nm at the onset of
shortening suggests that the first crossbridge powerstrokes are
roughly synchronous. In five of six preparations we detected a
rapid decrease in the intensity of the 19.3-nm immediately after the
onset of shortening, followed by a transient recovery (Fig. 3¢). An
interpretation of the initial decrease is that the first set of synchro-
nously acting crossbridges detaches at the end of their powerstroke,
followed by the attachment of another population, which immedi-
ately undergo powerstrokes that continue to shorten the muscle.
Multiple powerstrokes are required during the shortening phase of
the wingbeat because the relative axial displacement of the thick and
thin filaments during shortening, about 3.5% or about 58 nm
(ref. 16), is much longer than any single crossbridge step displace-
ment (about 7 nm)**. During shortening, the occupancy of target
zones by bound crossbridges, as indicated by the intensity of the
19.3-nm reflection, remains high until roughly halfway through the
downstroke, whereupon it decreases rapidly, concurrent with
both the observed decrease in thick-filament strain (Fig. 3a) and
the postulated decrease in strain of actin-bound crossbridges
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responsible for promoting stretch activation. In this view, it is the
release in strain that causes all heads to detach abruptly, leading to
shortening deactivation.

In these experiments we have coupled synchrotron X-ray diffrac-
tion with a tethered flight simulator to obtain an integrated picture
of muscle structure and function within a living animal. The results
of this time-resolved analysis shed light on two important features
of the asynchronous flight muscle of insects. First, the strains
measured within the stiff thick filaments might indicate a method
by which lengthening flight muscles may store elastic energy for use
in the next wingbeat. Second, changes in the number and orien-
tation of crossbridge attachments throughout the wingbeat are
likely to be instrumental in the process of stretch-activation. The
crossbridge dynamics observed here provide constraints for future
attempts to link the roughly 7-nm single myosin powerstrokes to
the 50-60-nm movements of half sarcomeres within each 5-ms
wingbeat cycle. Modifying the methods described here to enhance
temporal resolution might help to address this question. Drosophila
is ideally suited for these experiments, given its high degree of
structural order and its suitability for future structure—function
studies with genetic engineering methods™. O

Methods

X-ray instrumentation

X-ray experiments used the small angle instrument on the BioCAT undulator-based
beamline 18-ID (ref. 30) at the Advanced Photon Source, Argonne National Laboratory,
Argonne, Illinois. The overall experimental arrangement is shown in Fig. 1. X-ray optics
focus the beam horizontally at the fly and vertically at the detector. This optical
arrangement allows the selection of these muscles to the exclusion of other nearby muscle
systems. The X-ray beam energy was 12keV (wavelength 0.103 nm), with a specimen-to-
detector distance of 1.9 m. Diffraction patterns were recorded with a MAR 165 CCD
detector (MARUSA). A rapid shutter set duration of exposure and beam intensity was
adjusted appropriately in the range 10''~10"® photons s~ ! with aluminium attenuators to
obtain adequate counting statistics in the X-ray pattern with minimal radiation damage to
the specimen.

Preparation of specimens

Flies (Drosophila metleri or Drosophila melanogaster) were grown under uncrowded
conditions to increase the thickness of the muscle fibres intercepted by the X-ray beam.
Before being mounted, flies (3—5-day-old females) were anaesthetized by being cooled to
4°C with a thermoelectrically cooled stage. Flies were tethered by gluing a fine tungsten
wire to the upper region of the thorax, permitting free movement of the head and wings
during flight. Flies so tethered will spontaneously flap their wings for about 20—40 min.
After recovery from anaesthesia (1h), a fly was mounted with the long axis of its thorax
perpendicular to the X-ray beam (head upwards) such that the 0.2-mm-wide collimated
X-ray beam intersected the two parallel sets of DLM fibres located on both sides of the
median plane of the thorax (Fig. 1). It was important to position the beam relatively low in
the thorax so as to miss the fused thoracic—abdominal ganglion that contains the neuronal
circuits driving the flight muscles, to reduce radiation damage to the nervous system and
to reduce X-ray background from other structures.

Timing and synchronization

To maintain a steady wingbeat we used a ‘tethered flight simulator’ consisting of an optical
wingbeat analyser that tracked the movements of the animal’s wings, and a panoramic
electrical display that presented the animal with dynamic visual stimuli®. Figure 1 shows a
schematic diagram of the flight arena as installed in the X-ray diffraction apparatus. Using
this apparatus, animals will fly for 30-120 min before they run out of energy stores. When
placed in the arena, an infrared diode mounted at the top of the arena casts shadows of the
animal’s wings on the two optical sensors of the wingbeat analyser, which track the back
and forth motion of the wings within the wingbeat plane. From the raw analogue signals of
these optical sensors, dedicated online circuitry determines the amplitude of both wings in
each wingbeat as well as the instantaneous frequency. The visual display surrounding the
animal consists of a cylindrical array of 16 light-emitting diode panels, each consisting of
an 8 X 8 array of individual elements. Programmed images (bitmaps) are scanned onto the
display at 1 kHz. In closed-loop mode, the behaviour of the animal (measured by the
wingbeat analyser) is used to control the horizontal motion of the visual display that
causes the fly to adjust its wingbeat frequency accordingly. The wingbeat analyser also
provides a trigger pulse corresponding to a precise point in the wingbeat cycle about 1 ms
before the start of the upstroke. A program running on a laptop computer was used to
monitor the trigger pulse, to calculate the average wingbeat frequency from the running
average of ten wingbeat periods and to trigger the shutter (opening time 340 p.s), after a
delay set to a preset fraction (‘phase’) of the wingbeat period, once for every ten wingbeats.
Diffraction patterns consisted of the sum of 150 such exposures (52.5 ms total exposure).
There were eight phases per wingbeat, so each phase was separated by about 0.6 ms.
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Data analysis

Intensities of meridional reflections were estimated by integrating the area under the peaks
in one-dimensional projections with the multiple one-dimensional fitting routines in the
program FIT2D (http://www.esrf.fr/computing/scientific/FIT2D) assuming a polynomial
background and gaussian peaks. For estimation of the 38.7-nm and 19.3-nm first row line
reflection intensities, a radially symmetric background was subtracted from each pattern
by using the routines in the XFIX program in the CCP13 suite (http://www.ccp13.ac.uk)
before analysis.
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