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Abstract

The Z-disk of striated muscle defines the ends of the sarcomere, which repeats many times

within the muscle fiber. Here we report application of cryoelectron tomography and subtomogram
averaging to Z-disks isolated from the flight muscles of the large waterbug Lethocerus indicus. \We
use high salt solutions to remove the myosin containing filaments and use gelsolin to remove the
actin filaments of the A- and I-bands leaving only the thin filaments within the Z-disk which were
then frozen for cryoelectron microscopy. The Lethocerus Z-disk structure is similar in many ways
to the previously studied Z-disk of the honeybee Apis mellifera. At the corners of the unit cell are
positioned trimers of paired antiparallel F-actins defining a large solvent channel, whereas at the
trigonal positions are positioned F-actin trimers converging slowly towards their (+) ends defining
a small solvent channel through the Z-disk. These near parallel F-actins terminate at different
Z-heights within the Z-disk. The two types of solvent channel in Lethocerus are similar in size
compared to those of Apiswhich are very different in size. Two types of a-actinin crosslinks were
observed between oppositely oriented actin filaments. In one of these, the a-actinin long axis is
almost parallel to the F-actins it crosslinks. In the other, the a-actinins are at a small but distinctive
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angle with respect to the crosslinked actin filaments. The utility of isolated Z-disks for structure
determination is discussed.

Keywords
a-actinin; kettin; projectin; F-actin; electron tomography

2. Introduction

The Z-Disc is an important structure that defines the ends of the sarcomere in

striated muscle, which organizes the thick, myosin-containing and thin, actin-containing
filaments and houses many other proteins involved in myofilament stability, signaling, and
maintenance of the sarcomere (Frank and Frey, 2011; Frank et al., 2006). The arrangement
of thick and thin filaments within the Z-Disc differs between vertebrates and invertebrates.
Vertebrates have a rectangular lattice that can assume one of two conformations, small
square or basket weave lattices (Knupp et al., 2002), while those Z-disks lattices from
invertebrates that are known generally have hexagonal arrangements (Ashhurst, 1967; Cheng
and Deatherage, 1989; Saide and Ullrick, 1973; Sainsbury and Hulmes, 1977). The form
of the Z-disk is related to the ratio of thin filaments to thick filaments in the A-band.

For vertebrates, that ratio is 2:1, while for invertebrates, it is generally 3:1 though reports
of ratios as high as 6:1 have occurred (Toselli and Pepe, 1968). The variability in Z-disk
lattices from invertebrates is possibly related to the high variability in their thick filament
structures. In the past half-century, three-dimensional models and simple diagrams of the
Z-Disc have been widely generated from vertebrate muscle samples, such as from mouse
psoas myofibrils (Wang et al., 2021), Type 1 Plainfin midshipman fish sonic muscle
(Burgoyne et al., 2019), fish fin muscle (Luther, 2000), rat soleus muscle (Yamaguchi

et al., 1985) and human patients with nemaline myopathy (Morris et al., 1990). On the
other hand, investigations into the structure of Z-Discs of insect flight muscle (IFM) are
comparatively sparse, with most of the research done on Apis mellifera flight muscle (Cheng
and Deatherage, 1989; Deatherage et al., 1989; Rusu et al., 2017; Saide and Ullrick, 1973).
The large waterbug Lethocerus indicus has served as a model organism for many studies of
striated muscle structure and function (Taylor et al., 2019). Apisand Lethocerus are from
two distinct insect orders, Hymenoptera and Hemiptera respectively, both of which utilize
asynchronous muscle for flight. A 3-D structure of the Lethocerus Z-Disc and with it a
comparison with that from Apis mellifera could reveal subtle species and order differences
as well as evaluating the efficacy of imaging isolated Z-Discs in the unstained, frozen
hydrated state.

In the A-band of asynchronous insect flight muscle (IFM), the hexagonal lattice is composed
of six thin filaments in the parallel orientation surrounding one thick filament. These thin
filaments will progress through the Z-Disc, overlapping with actin filaments from the
adjacent sarcomere, and stop just before entering the I-band of the adjacent sarcomere

(Fig. 1). The IFM Z-disk structure of ApiJsis unique in that it forms solvent channels of
distinctly different sizes and has five types of connecting densities (C1-C5) cross-linking
thin filaments of the same or opposite orientation (Deatherage et al., 1989). The large
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solvent channel is defined by three pairs of oppositely oriented thin filaments, while the
small solvent channel is defined by three actin filaments of the same orientation. In the
Apis Z-disk, the thin filaments are neither exactly parallel nor antiparallel. Instead the thin
filament trimers converge toward the (+) end of the actin filament. Densities, presumably
a-actinin, form the C1 and C2 connections between thin filaments of opposite orientation
thereby defining the wall of the large solvent channel. In the small solvent channel, densities
presumably due to the elastic connecting filaments link thick filaments from one sarcomere
with three thin filaments of the adjacent sarcomere. This C4 connection is often depicted as
a three-wheel spoke (Cheng and Deatherage, 1989). Thin filaments lining the small solvent
channel are linked to six other thin filaments by the C3 and C5 densities. These densities
connect the ends of the thin filaments of the small solvent channel to the incoming thin
filaments from the adjacent sarcomere.

The composition of the C1, C2, C3, and C5 densities is still relatively unknown, but it

is likely that they reveal the locations of Z-Disc proteins. (Cheng and Deatherage, 1989)
proposed that C1 and C2 might contain a.-actinin, a cross-linking protein that connects thin
filaments of opposite orientations, based on their finding that the ~35 nm long protein could
fit obliquely in the 17-24 nm space between the actin filaments. Kettin and projectin, two
Z-Disc proteins found in IFM, are major components of the elastic connecting filament and
are responsible for antiparallel assembly of thin filaments (Kulke et al., 2001; van Straaten
etal., 1999) and IFM elasticity (Bullard et al., 2006). Kettin could be crossing between thin
filaments of opposite orientation in the Z-Disc (Lakey et al., 1993). Based on more recent
studies, projectin is not thought to enter the Z-Disc (Schueder et al., 2023), though may
connect with thin filaments outside the Z-Disc (Bullard et al., 2005). This report of a second
isolated IFM Z-disk from the hemipteran Lethocerus indicus preserved in ice, provides

both a comparison with an earlier studies of Lethocerus Z-disks (Sainsbury and Hulmes,
1977) and image reconstructions of Z-disks from the hymenopteran Apis melliferain thin
plastic sections (Cheng and Deatherage, 1989) and frozen hydrated (Rusu et al., 2017), and
provides insight into how these Z-Disc proteins vary between different species and orders of
flying insects.

3. Materials and Methods

The generation of a 3D reconstructed Lethocerus Z-Disc required samples prepared
specifically to show the unique lattice of IFM. The images were processed to extract the
hexagonal lattice of thin filaments and the resulting tomograms underwent subtomogram
processing to bring out the various structural features in the Z-Disc.

3.1 Sample Preparation

Glycerinated dorsal longitudinal flight muscle of the large waterbug Lethocerus indicus was
provided by Dr. Michael Reedy of the Department of Cell Biology, Duke University Medical
Center. The flight muscle stock was stored in an 80% glycerol-relaxing buffer (10 mM
NayHPO,, 100 mM NaCl, 5 mM MgCl,, 5 mM ATP, 5 mM EGTA, pH 7.0) at -80 °C.

Z-Discs were prepared starting with 0.1 ml of muscle myofibrils, which were then washed
free of glycerol using glycerol-free relaxing buffer. The myofibrils are centrifuged at 6,000
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x g for 2 minutes, turning the tube 3-4 X to form a pellet of myofibrils. The pellet was
resuspended in 0.3 ml of high salt buffer (L0 mM pyrophosphate, 1.4 M NaCl, 5 mM
MgCl,, 5 mM ATP, 5 mM EGTA, pH 8.8) at room temperature to remove myosin filaments.
The myofibrils in high salt buffer were checked under a phase contrast microscope for the
appearance of stretched myofibrils and brushes coming off the edges of the myofibrils.
Exposure to high salt buffer was stopped when too many isolate Z-Discs were observed
under the microscope. The sample was centrifuged at 6-7K x g for 2 minutes, turning the
tube 3-4X to form a pellet. The pellet was resuspended in a small amount of glycerol-free
relaxing buffer (25-30 pl for 0.1 ml of IFM) without homogenization in order to avoid
damaging the isolated Z-Discs.

Four pl of sample was placed onto the grid bar side of a reticulated carbon grid for 4-5
minutes. The grid was blotted slightly with filter paper and 3.5 pl of gelsolin (0.3 mg/ml)
was added to the grid for about 4.5 minutes for the removal of actin filaments. Gelsolin and
remnants of the actin filaments were removed from the grid by rinsing it with rinse buffer (8
mM NayHPO4, 50 mM NaCl, 1 mM MgCl,, 1 mM ATP, 1 mM EGTA, pH 7.0). The grid
was either stained with 1% ammonium molybdate or prepared for cryo-EM by manual back
blotting (Toyoshima, 1989) and plunge freezing into liquid ethane in a 4°C cold room.

3.2 Data collection

Single axis tilt series with an angle range of £70° were collected at a temperature of —180 °C
at 300 keV on a FEI Titan-Krios electron microscope using a 2° Saxton scheme (Saxton and
Baumeister, 1982) and damage compensated motion correction (Wang et al., 2014). A total
of 17,627 frames were collected in 191 tilt series. Frames were recorded on a DE-20 direct
electron detector (Direct Electron Ltd., San Diego, CA) at 18,000X magnification with a
resulting pixel size of 0.203 nm and an overall dose of 90-100 e™/A?Z per tilt series.

The 0° tilt of the frame aligned images was Fourier transformed to assess the Z-disk spatial
order. Tilt series were selected for further processing only if sampled diffraction extended to
at least 7.5 nm. Tilt series that included both positive and negative degree tilt angle images
were favored in order to increase the efficiency of subtomogram averaging.

3.3. Tilt Series Merging and Contrast Transfer Function Correction

After data collection, the images were processed through an Appion/Leginon/Protomo
database-driven pipeline (Noble and Stagg, 2015). The tilt series were initially aligned
through the DE Frame Alignment software (Lander et al., 2009). Contrast transfer function
correction was then applied to all the images using ACE (Mallick et al., 2005). Next,
marker-free coarse alignment of the best tilt series was used to determine if any images in
the tilt series needed to be removed because of transfer ice contamination, or faulty tracking
(Grant and Grigorieff, 2015; Noble and Stagg, 2015; Winkler and Taylor, 2006; Xiong et al.,
2009). Coarse alignment simply aligns an image by a cross correlation against its neighbor
image at the lower tilt angle. Coarse alignment was followed by cycles of marker free
alignment with area matching (Winkler and Taylor, 2006) in which the reference image is
obtained by reprojection of a back projection of previously aligned images.
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3.4. Subtomogram Processing

The rest of the image processing was done through the subtomogram processing software
I3 (Winkler and Taylor, 2006). A weighted back-projected tomogram was calculated using
Protomo, a low-pass filtered map was generated and its Fourier transform computed (Fig.
2a,b). The Fourier transform of the tomogram extended to the (3,3) diffraction spot,
indicating that the spatial order out to 8.67 nm resolution. The a* and b* vectors of the
diffraction pattern in the Fourier transform were used to compute a spatially averaged 2D
or 3D image in the x-y plane by applying a grid filter in Fourier space to improve the SNR
(Supplemental Figure 1).

A reference was made from the spatially averaged map by selecting a region of the image
that displayed a clear hexagonal lattice pattern (Supplemental Figure 2a). These positions
had the desired motif centered in the input image. The motif in the tomogram is related to
“particles” seen in the projection. This motif was then used to compute the cross-correlation
map in either 2D projections or 3D volumes (Supplemental Figure 2b). Next a peak search
was performed on the projection and positions subsequently refined in 3D from which the
real space vectors of the lattice were computed. Coordinates for each motif were generated
from the fitted lattice vectors and displayed against the spatially averaged map, and any
generated peak coordinates were removed that didn’t fit the lattice pattern or were outside
either the image window or the Z-disk boundary (Supplemental Figure 2c). The remaining
coordinates containing the center of the subtomograms were placed into a text file and used
in 13 for subtomogram alignment.

Before proceeding to the subtomogram alignment step, the subtomograms were rotated
about the z-axis to place the “a” axis of the unit cell parallel to the “x” axis of the image
raster. This made the subtomogram alignment process proceed faster by reducing the angular
alignment. Using the filtered average image, identical locations in adjacent unit cells were
picked from which the initial rotation was calculated (Supplemental Figure 3) and used as
the first Euler angle.

3.5 Subtomogram Processing: Single- and Multi-Reference Alignment

Subtomograms were roughly centered from the peaks in the cross-correlation map.
Nevertheless, their alignment was improved using single reference alignment to the global
average to reduce any variation in the initial positions. To make this reference, a cylindrical
mask was applied to the global average centered on the large solvent channel at the (0, 0)
lattice position but including the six surrounding thin filaments (Supplemental Figure 4).
This reference at this point contained few details but possessed the general shape of the
object. A polar alignment, which involves the first two Euler angles, was run using this
reference to align the individual subtomogram with the Z-axis of the reference followed by
a subsequent spin alignment about the reference Z-axis. Multivariate data analysis was then
used to produce groups of 2, 4 or 6 class averages for subsequent multireference alignment.

Cycles of multireference alignment over both the polar and spin angles followed by
classification produced new references (usually 3—4 new class averages). Alignment cycles
were stopped when the details in the subtomograms were satisfactory or showed no
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improvement. The related Apis mellifera IFM Z-Disc structure was known (Rusu et
al., 2017). Once related features were observed in the Lethocerus Z-disks, further multi-
reference alignment was stopped.

3.6 Symmetry Expansion

We applied symmetry expansion based on the 2-sided plane group symmetry, p321, to obtain
additional averaging of the individual thin filaments (Supplemental Figure 5a). Although the
Z-disk does not repeat axially, the rotation operations can be applied to the single layered
structure. The 2-sided plane group p321 has 3-fold axes perpendicular to the plane of the
Z-disk at the corners of the unit cell and 2-fold symmetry axes within the plane of the Z-disk
running parallel to the trigonal unit cell axes (Supplemental Figure 5a). Symmetry expansion
began by generating a global average with the large solvent channel where the 3-fold and 2-
fold axes intersect placed in the middle of the subtomogram (Supplemental Figure 5b). The
Fourier transform of this average shows the position of the missing wedge (Supplemental
Figure 5¢). Then, five additional copies of the global average were generated by applying
successively rotations about the 3-fold axis of 120° and 240° followed by a single rotation
about the x-axis of 180° (Supplemental Figure 5d). Each rotation generated an additional
position file updated for the applied rotations. After applying the rotations, by selecting

a single feature in the global average, e.g. a thin filament, the position of the equivalent
feature in each subtomogram would be known as was the transformation needed to align
that feature within the global average (Supplemental Figure 5e). The Fourier transform of
the symmetrized global average shows that the missing wedge has been converted to a
missing star-shaped feature (Supplemental Figure 5f). Symmetry expansion resulted in a
six-fold increase of the number of thin filament subtomograms that could be averaged to
improve the SNR and reduce missing wedge artifacts (Cope et al., 2011) and could be used
for subtomogram classification to identify features decorating the thin filaments within the
Z-disk.

4. Results

Of the 191 tilt series collected, five were selected for further processing. Many of the tilt
series tracked poorly, some only tracked well for the positive angles, some for only the
negative angles and some simply failed to merge well for unknown reasons. Of the five
selected, three showed particularly good Fourier transforms indicative of a high degree of
order. The raw tomograms in general were uninterpretable due to the low contrast within
the Z-disk itself (Fig. 2a). Tomograms high in information content could be identified based
on the clear hexagonal diffraction pattern in the Fourier transform of the frame-aligned,
damage-compensated image at 0° tilt angle and the number of diffraction orders (Fig. 2b).
The results shown here were from three of these tilt series with similar angular ranges:
Series A, —64° to +48°, Series B, —62° to +48°, and Series C, —64° to +48°. Series A
provided a total of 189 subtomograms (before symmetry expansion), Series B provided 187
and Series C provided 121. Symmetry expansion increased the number of thin filament
subtomograms by a factor of six.
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4.1 Z-disk Filament Lattice

The 3D reconstruction of isolated Lethocerus Z-Discs confirms many structural features
observed in 3-D image reconstructions of plastic embedded and sectioned Apis Z-Disc
(Cheng and Deatherage, 1989; Deatherage et al., 1989) as well as frozen-hydrated, isolated
Apis Z-disks (Rusu et al., 2017). Panning through the raw subtomograms reveals triplets of
continuous density that have the morphology of thin filaments (Fig. 3). Each unit cell has a
pair of triplets positioned at the trigonal positions polarized in opposite directions, labeled 1
and 2 in the figure. Panning from the middle of the subtomogram in the positive direction,
shows that one triplet (Triplet 2) fades away while the other (Triplet 1) continues further,
but its density eventually decreases until it also disappears. Triplet 2 terminates at its (+)
end. The position of the quasi-3-fold axis of Triplets 1 and 2 represents the location of a
thick filament further down in the A-band. Triplet 2 disappears because the thin filament
continuation at the actin (=) end has been truncated irregularly by the gelsolin treatment.
Conceivably, Triplet 1 does the same on the other side of the Z-disk. Both triplets follow
converging trajectories towards their (+) end but in opposite directions due to their opposing
orientation within the Z-disk unit cell (Deatherage et al., 1989). Once thin filaments enter
the Z-disk they follow a slightly converging trajectory towards their (+) end.

These same features are observed in surface views of the symmetrized global averages

(Fig. 4). Although we used symmetry expansion to increase the subtomogram numbers, the
symmetry was not quantitatively imposed on the averages, so they show some asymmetry.
Each unit cell contained six thin filaments, three filaments each with opposite orientations
(Fig. 4a). To produce the arrangement of six thin filaments surrounding each thick filament
in the A-band dictates that each of the three trimers (magenta) surrounding a thick filament
location (green disk) contribute two filaments each. The three thin filaments in the center
(green) surrounding the green disk terminate at the edge of the Z-disk and do not extend into
the A-band with the thin filaments of the magenta trimers.

When observing the Z-Disc from the side, filaments do not progress in parallel through

the entire isolated Z-Disc (Fig. 4b) but instead converge toward their (+) ends which point
toward the thick filament positions in the adjacent A-band. Filaments of opposite orientation
overlap for a distance of ~90 nm, which is a value close to the ~80 nm overlap found in

Apis Z-Discs (Cheng and Deatherage, 1989). The difference could easily be due to mass loss
in the Apisthin plastic sections caused by excessive electron exposure (Thach and Thach,
1971).

Decreasing the density threshold of the symmetrized global average revealed a network

of connecting densities that maintains the arrangement of the thin filaments of opposite

and similar orientations (Fig. 5a,b). The thin filament connections define the two different
channels: the large channel formed by six thin filaments of alternating polarity at the apices
of each unit cell, and the two small solvent channels within the unit cell formed by three thin
filaments of the same polarity at the trigonal positions (Fig. 5b). The distance between the
centers of adjacent small solvent channels of the same polarity was ~52 nm, which is nearly
equivalent to the inter-thick-filament spacing found in Lethocerus IFM (Tregear et al., 1998)
indicating that the Z-disk lattice matches in spacing the A-band lattice.
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4.2 The Solvent Channels

A distinct difference between the Lethocerusand Apis Z-disks is illustrated in the Fourier
transforms of the image recorded at 0° tilt as well as the central section of the Fourier
transform of the tomogram. In Apis, the 1,0 spot is strong (Rusu et al., 2017), but in
Lethocerus, the 1,0 spot is weak or absent (Fig. 2b). Another difference is in the 2,0 spots,
which are weak in Apis (Cheng and Deatherage, 1989; Rusu et al., 2017), but strong in
Lethocerus. In Apis, two distinctly different sizes of solvent channel have been described
(Saide and Ullrick, 1973). The large solvent channel is positioned at the corners of the unit
cell, where six actin-filament trimers of alternating polarity contribute one thin filament
each. The small solvent channel is within the actin filament trimers themselves positioned
at the trigonal positions of the unit cell (Fig. 5). The large solvent channel in Apisis
considerably larger than the small channel because of the strong convergence angle of the
Apisthin filaments. However, in Lethocerus, the large and small solvent channels are of
approximately equal size (Fig. 6) resulting in a weak 1,0 spot and a strong 2,0 spot. Thus,
the 1,0 spot in the Fourier transform of the isolated Z-disks from asynchronous flight muscle
can be diagnostic of the size difference between large and small solvent channels. This
observation may also hold for other trigonal Z-disks in invertebrate striated muscles from
different sources.

Saide and Ullrick (1973) first identified the triangular solvent channels in the Ap/is Z-Disc
and noted that the large solvent channel rotated by 60° from one side of the Z-Disc to the
other. The shape of the small solvent channel undergoes no rotation when traversing the
Z-disk from one side to the other. The equivalent large solvent channel in Lethocerus is not
as obvious because of its smaller size, but can be identified by its location at the vertices

of the unit cell. At section 0, the middle of the Z-Disc, there appears to be a hexagonal
structure formed by the interaction of six thin filaments of alternating polarity held together
via connecting densities (Figs. 3,6). Polarity in this case being defined by whether the thin
filament was contributed by Trimer 1 (sarcomere A) or 2 (sarcomere B) in the adjacent unit
cells. From section +20 and onward, the small solvent channels keep the same orientation
but their size, illustrated by the size of the triangle, changes only slightly from one side of
the Z-disk to the other consistent with the small convergence angle toward the (+) end.

Saide and Ullrick (1973) were able to follow the large and small solvent channels for greater
distance because they were examining thin plastic sections and concluded that the shape of
the large solvent channel rotated 60° from one side of the Z-disk to the other. The present
result, which is based on isolated Z-disks does not continue far enough into the I-bands to
show this rotation convincingly. Differences in our sample preparation, isolated Z-Discs vs
plastic sections of muscle fibers, prevent us from tracking the thin filaments all the way to
the A-band. Nevertheless, the isolated Z-disks are consistent with the earlier results while
being differentiated principally by the relative size of the solvent channels and consequently
the convergence angle of the thin filaments.

4.3 Connecting Densities

Like the Apis Z-disk, the Lethocerus Z-disk has numerous densities connecting both parallel
and antiparallel thin filaments. (Cheng and Deatherage, 1989) reported five connecting
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densities, C1-C5, in their reconstruction, two of these, C1 and C2, were hypothesized to
contain the F-actin cross-linking protein a-actinin. Other densities appear to connect thin
filaments, sometimes of the same and sometimes of the opposite polarity. In the middle of
the tomogram, six densities (thin filaments) appear to form groups enclosed by connections.

When the contour threshold is lowered, connecting densities between thin filaments appear
which we identify with the previously described C1, C2, C3 and C5 connections (Cheng

and Deatherage, 1989). The connection C1 we identify with the outward-bowing density that
connects antiparallel thin filaments centered at the corners of the unit cell (colored green

in Figure 3). The connection C2 we identify with the inward bowing density (colored blue

in Figure 3). The C1 connection, the length of which depends on the contour threshold,

is particularly well defined and extends for >80 nm along the Z-axis (Fig. 4). The C2
connector is less well defined. We suspect that both C1 and C2 in the average image
comprise crosslinks with some degree of variation along the Z-axis of the structure.

In the density map of the large solvent channel, we were able to insert a density map
computed from a human muscle a-actinin atomic model (PDB ID: 4D1E; (Ribeiro Ede et
al., 2014)), length of ~40 nm, into the C1 connecting density, of ~55 nm in length (Fig.
7¢,d). The a-actinin model was aligned parallel to the adjacent thin filaments.

The C2 connection was less easy to identify because it appears more disordered. In the
global average, C2 appears as separate small connections indicative of a high degree of
variation. To separate some of the variants, we used multivariate data analysis. An annular
mask that excluded the actin filament while including space for any surrounding features
was used for the classification. After 15 cycles of multireference alignment using just

the segmented aligned actin filaments, we could identify an extended density of a length
appropriate to a-actinin. This presumed a-actinin crosslink is at an oblique angle to the
actin filament, unlike the C1 density (Fig. 7c,d), which is largely parallel. By mapping back
into the symmetrized global average, we identified an extended crosslink at the C2 position
(Fig. 3). The a-actinin model that was used for the C1 density also fit into the density at an
oblique angle with the ends connecting relatively well with the F-actin models.

We think that the fact that the C2 connecting density is at an oblique angle to the filament
axis, whereas the C1 connector is parallel to the filament axis is the reason for the weak C2
density. If C1 connectors are positioned at the different Z-heights, for reasons that will be
explained below, they will still superimpose at least over some of their length to contribute
a strong density in the average. On the other hand, the C2 connectors, which are angled will
not superimpose well unless they are located at the same Z-position.

Near the edge of the Lethocerus Z-Disc, a pair of densities, C3 and C5, connect the

end of one thin filament to a thin filament of opposite orientation (Fig. 7a,b). C5 type
connections were found at the bases of the triangle in the large solvent channel, while C3
type connections were located at the apices of that triangle.
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4.4 Actin Filaments

To observe more details of the actin filaments, such as the actin subunits or other actin-
binding proteins such as kettin, we extracted all the individual actin filaments from the raw
tomogram, using the position file of the global average to obtain their locations in the raw
Z-disk tomograms. These were then aligned first to a featureless cylinder of appropriate
diameter in order to align their filament axes. Twenty cycles of multireference alignment
using thin filament class averages were then performed. The long pitch helical track of the
actin filament was clearly visible (Fig. 8a,b). The resulting class averages did not resolve
individual actin subunits or even locations where connecting densities might occur, but they
did show the long-pitch helical track representative of actin filaments (Fig. 8a,b). An F-actin
atomic model was used to compute a density map for placement into the final density

of class averages (Fig. 8c). Based on Relion_helix_toolbox the helical rise of the F-actin
global average was 2.879 nm and the helical twist is —167.408° which is very close to the
genetic helix twist of F-actin, 167.14°, for the 28/13 F-actin helix typical of Lethocerus
flight muscle (Holmes et al., 1980).

The missing cone in our data could be affecting our ability to see fine details on the actin
filaments. The orientation of the actin filaments in isolated Z-disks is highly unfavorable for
resolving actin subunits because most of the 5.9 nm and 5.1 nm layerline amplitude falls
inside of the missing wedge. However, the averaged F-actin density and the inverse of the
alignment matrix permitted placement of the F-actin model density into our Z-Disc density
maps based solely on the long-pitch helix (Fig. 8¢) which gives an uncertainty in the axial
position of an actin subunit of £2.75 nm.

4.5 The A-Bee-Z Problem

The symmetry in the Z-disk of asynchronous flight muscle is somewhat controversial. In
the original publication the symmetry of the Ap/s Z-disk was said to be p312 (Deatherage
et al., 1989), using the nomenclature for 2-sided plane groups (Amos et al., 1982). This
was possibly a misprint. The difference between p312 and p321 lies in the position of the
2-fold axes in the center of the Z-disk plane, which lie perpendicular to the unit cell edges
in p312 and parallel to the unit cell edges in p321. The density maps shown in the original
publication are consistent with p321.

Squire (1992) pointed out that the Cheng and Deatherage 3D of the Apis Z-disk
reconstruction, which utilized only rotational symmetry operations and no screw axis
operations, when extrapolated into the A-band, implies rings of target zones rather than
helices of target zones surrounding the thick filament. Target zones are defined as the
regions of the thin filament where the azimuth is favorable to strongly bound myosin heads
(Holmes et al., 1980; Reedy, 1968; Wu et al., 2010). The A-band lattice of Lethocerus
flight muscle has six thin filaments surrounding each myosin filament. Each thin filament
is placed midway between pairs of myosin filaments. The target zones of the Lethocerus
thin filaments are located midway between successive troponin complexes and follow a left-
handed P64 helix (Holmes et al., 1980), in which thin filaments rotate 60° in a left-handed
(clockwise) sense about the thick filament axis and translate 12.9 nm axially. The troponin
complex moves with the thin filament and is the origin of the strong 12.9 nm meridional in
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Lethocerus flight muscle X-ray fiber diagrams. After six such movements, the thin filament
has translated axially by 77.4 nm, one full pitch. Space group P64 is only possible if the thin
filaments have a random 180° azimuthal rotation, which appears to be the case (Holmes et
al., 1980).

The discrepancy might be resolved if positions on each of the actin filaments at the trigonal
positions are related by 3-fold screw axes perpendicular to the plane in the insect Z-band
instead of 3-fold rotation axes. Strictly speaking such axes cannot occur because the (+) ends
of the thin filament trimers converge toward their 3-fold axis but must run parallel to each
other if the screw symmetry is to be strictly obeyed. Nevertheless, the actin filaments within
the Z-disk may still show features of a 3-fold screw axis even if it is not precise.

The six thin filaments that surround each thick filament in the A-band are provided by two
of the thin filaments from each of the three Z-disk trimers that surround the thick filament
position in the Z-disk (Fig. 9a,b, gray disk). The target zone symmetry, in the notation of

the International Tables for X-ray Crystallography, requires that a point in the lattice, “+”, be
translated axially by 1/3™ of the axial repeat, 12.9 nm, and rotated clockwise by 60° (Fig.
9a). The process is repeated for each of the six thin filaments surrounding a thick filament.
Because of the random azimuthal disorder in the thin filaments, the structure repeats after
only three operations (38.67 nm) rather than the true pitch of the thin filament which is twice
that value. The process is repeated around each thick filament, each of which shares a thin
filament with another thick filament. If the process is repeated laterally, a set of rotations and
axial translations for each thin filament is generated. If the thin filaments in the Z-disk were
parallel instead of converging at their (+) ends, the Lethocerus Z-disk would be described

by space group P3,21 (right-handed) instead of the 2-sided plane group p321 assumed by
Cheng and Deatherage. When the process is repeated for each polarized set of thin filaments
a regular lattice is generated (Fig. 9a,b). When the two polarized lattices are put together to
form the Z-disk, the 2-fold axes that would be positioned within the center of the Z-disk in
p321 are no longer confined to the middle of the Z-disk but instead are replaced by rotation
axes at three different z-levels, though still running parallel to the unit cell axes. Thus, single
crosslinks between antiparallel thin filaments by a-actinin would occur at three different
levels along the z-axis.

We searched for some evidence of screw symmetry relating the thin filaments of some
trimers using the global average generated previously (Fig. 8c). We generated a thin filament
density map with a fiducial of one missing actin subunit and a second thin filament map
with just the fiducial actin subunit, which could be colored differently. Using the inverse of
the individual thin filament alignment matrices used to generate the global actin average, we
“mapped back” this fiducial-marked thin filament into all the thin filament positions within
the Z-disk. The operation did not reveal the predicted screw axes (Fig. 9e,f,g), The exercise
did show that the thin filaments within the trimer were not related by a simple rotation axis
but the amount of displacement was of about the same as the axial uncertainty of actin
subunits within the global average.

The C1 connecting densities, which most likely, but not certainly, arise from a-actinin
crosslinks are too long (80 nm) to be single a-actinin crosslink, but might be averages of
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three different a-actinin crosslinks offset axially by 12.9 nm. Because C1 crosslinks run
parallel to the thin filaments, they will superimpose partially even if axially disordered. For
example, a-actinin is ~36 nm long (Ribeiro Ede et al., 2014) while the offsets required

by the screw symmetry are 12.9 nm long or about 1/3" the length of a-actinin. The
extended length and clarity of the C1 crosslinks would be explained by the persistent 2/3"9S
overlap of a-actinins. The C2 crosslinks, which are angled, would not superimpose well

if offset axially by 12.9 nm and thus can only be detected by subtomogram classification.
Nevertheless, the connecting densities do not provide convincing evidence for the presence
of screw axes within the Z-disk. The question may require reconstructing the Z-disk from
focused ion beam milling of myofibrils, where the orientation of the thin filaments and
crosslinks are more favorable.

5. Discussion

5.1. Comparison with Previous Work

Our 3D reconstruction of the isolated, frozen-hydrated Lethocerus Z-Disc is largely
consistent with previous results from 3-D imaging of Apis mellifera flight muscle Z-Discs
(Cheng and Deatherage, 1989; Rusu et al., 2017). Features that are in common to both 3D
images are the hexagonal lattice arrangement of thin filaments, the presence of large and
small solvent channels, and connecting densities C1-C5. However, more questions still need
to be answered about these features.

The identity of the C3 and C5 connecting densities are still unknown due to lack of
structural information in our data, but it could be possible that these densities represent the
crossing of kettin between thin filaments of opposite orientation as proposed by (Lakey et
al., 1993). C3 and C5 appear near the edge of the Z-Disc and seem to branch down into the
Z-Disc from the incoming thin filaments as they interact with the thin filaments of opposite
orientation. As the N-terminus of kettin was found to be located in the middle of the Z-Disc
(van Straaten et al., 1999) and ~54 nm of Lethocerus kettin is located inside the Z-Disc,

its considerable length makes it possible for it to cross between antiparallel thin filaments
and might even interact with a-actinin in the C1/C2 densities. As one of the functions of
kettin is the antiparallel assembly of thin filaments, this protein needs to connect filaments of
opposite orientations to complete its function.

The binding site of kettin Ig domains on F-actin was recently determined using the
homologous Filamin Ig domains (Suphamungmee et al., 2012). To the extent that IFM
kettin 1g domains are similar to those of filamin, the result suggest they specifically lie along
the actin-helix over the N-terminus of actin subdomain 1 and would be consistent with the
hypothesis that kettin runs along the genetic helix of F-actin positioned on actin subdomain
1 and overlapping actin subdomain 3 (Bullard et al., 1999). With this information and if

our data had a sufficient signal-to-noise ratio that brought out the details of the individual
actin subunits, we could reconstruct a model showing the path of kettin in the Z-Disc.
Lastly, a question that would need be answered about kettin is does it interact with CapZ, an
actin-capping protein that binds to the barbed end of the actin? C5 does appear to interact
with the top of the actin filament (Fig. 7b), so either there is a direct connection between the
two proteins or kettin narrowly misses CapZ.
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Based on our results, we propose that C1 and C2 are connecting densities containing a.-
actinin. In C1, a-actinin appears to be oriented parallel to the axis of the thin filaments,
while a-actinin in C2 orients at an oblique angle relative to the thin filament axis. Our model
of C2 in relation to CH1 domain on F-actin showed that the atomic model of a-actinin was
able to fit in the space between the two thin filaments and almost touch the CH1 bound

to F-actin. The ability for this cross-linker protein to connect actin filaments in a variety

of orientations (Hampton et al., 2007) relies on flexible linkers between the actin binding
domain and the rest of the molecule.

Within the “head” domain of a-actinin, a linker connects the CH1 and CH2 domains. It was
found that this linker gives the ability for the ABDs to rotate 90° relative to each other (Liu
et al., 2004). Besides rotation within the “head” domain, a 25-30 residue flexible linker,
specified as the “neck” region, connects CH2 to the “rod” domain to allow rotation of the
entire “head” domain (Imamura et al., 1988). Lastly, the CaM-like domain can rotate 180°
about its linker to R4 (Liu et al., 2004). With these additional details, an a-actinin atomic
model in a variety of rotational orientations might be possible with a higher resolution
density map.

The cryo-EM 3D reconstruction of isolated Apis Z-Discs (Rusu et al., 2017) was limited by
excessive radiation damage during collection of the tilt series. Some structural features seen
in this study, for example an a-actinin like density was observed but could not be assigned
to C1 or C2 and the C3-C5 connections were ambiguous. However, the Apistomograms
clearly showed the large solvent channel rotation which was not as obvious in Lethocerus.
In the future, the presence of large and small channels in the Z-disk may be predictable by
differences in the intensity of (1,0) and (2,0) spots in the diffraction patterns of the Z-Disc
samples.

5.1. Thin Filament Symmetry within Isolated Z-Discs

In the flight muscles of Lethocerus, the symmetry of target zones within the A-band is

well established (Holmes et al., 1980). Target zones and troponin complexes follow a
left-handed helical path around each thick filament with each successive thin filament rising
12.9 nm and rotating 60° in a left-handed sense. The target zone symmetry within Apis
flight muscle is less well established but most likely very similar. The possibility that the
thin filament arrangement differs from that of Lethocerusis not small. In Drosophila, for
example, the thick filaments are arranged in a superlattice (Squire et al., 2006), which may
alter the arrangement of thin filaments in the A-band and consequently in the Z-disk. The
arrangement of thin filaments in the ApJs Z-disk was suggested to conform to the two-sided
plane group, p321, which is inconsistent with the well-established arrangement of thin
filaments in the A-band of Lethocerus (Squire, 1992).

5.2 Utility of Isolated Z-Discs

This work is only the second attempt to image a Z-Disc isolated from striated muscle. The
potential benefit of our approach is that it removes the necessity of dehydration, embedding,
sectioning and staining of muscle tissue for ultramicrotomy. The helical structure of actin

is difficult to preserve under conditions of conventional fixation (Lehrer, 1981; Maupin-
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Szamier and Pollard, 1978) and only in certain instances, importantly one of these is for
insect flight muscle, has the F-actin helical structure been demonstrated in plastic sections
(Reedy et al., 1987; Reedy et al., 1983). Use of negative stains such as uranyl acetate and
uranyl formate (Hanson and Lowy, 1963; Huxley, 1963) as well as ice embedded specimens
(Milligan and Flicker, 1987) have been the only preparation methods that so far have
maintained F-actin’s helical structure for electron microscopy. Isolation of Z-disks had been
reported as far back as 1974 (Saide and Ullrick, 1974) and might have been pursued as an
alternative that better preserves the structure of F-actin using uranyl acetate stains.

Ice-embedded specimens are generally considered the optimal preservation medium for
biological structure (Carroni and Saibil, 2016). However, with a tissue such as muscle,
such specimens need to be either cryosectioned and viewed as frozen sections or thinned
by Focused lon Beam (FIB) milling to a thickness small enough for cryoET. Cryosections
suffer from section compression (Al-Amoudi et al., 2005), while FIB milling is a slow and
tedious technique (Dubrovsky et al., 2015).

When imaged by EM, stained, plastic longitudinal sections of Lethocerus flight muscle
fibers show highly electron dense Z-Discs with little regularity (Reedy, 1967). The structure
appears full of accessory proteins rather than the purely structural proteins that are expected.
Some of this “extra” protein may come from the flight muscle thick filament proteins
flightin and myofilin, which migrate from a soluble pool to the Z-Disc when the muscle is
stored in glycerol for a prolonged period (Ferguson et al., 1994). Our raw tomograms of
isolated Lethocerus Z-Discs could be contaminated in this way because the tissue had been
glycerinated for a considerable time. The only previous study of Lethocerus Z-disk structure
using plastic sections from freshly dissected muscle showed a similar electron dense electron
micrograph with a much clearer averaged image (Sainsbury and Hulmes, 1977). Filtered
images of these sections are quite detailed.

Our reconstruction, coming as it did from a limited number of tomograms and a small
number of subtomograms is surprisingly detailed. Topologically, isolated Z-Discs with their
plane oriented perpendicular to the optical axis and F-actin oriented approximately parallel
to the optical axis are in the worst possible orientation for 3-D imaging of actin subunits. If
the procedures initiated in this study can resolve the F-actin subunits, then the resolution is
high enough to identify other proteins within the Z- disk that stabilize it or are involved in
signal transduction. The difficulty of the problem can be visualized using the X-ray diagram
from rigor Lethocerus flight muscle (e.g. Fig. 2 of (Holmes et al., 1980)).

When the actin filaments are oriented parallel to the optical axis, how much of their Fourier
transform that can be measured depends highly on the maximum tilt angle. Typically,

the highest accessible tilt angle is 70° which leaves the inner most regions inaccessible.
Although we recorded images to angles as high as 70°, we often could not use the highest
tilt angles and thus the portion of the layer lines from the actin genetic helices is even
smaller. The problem is ameliorated somewhat by the fact that within the Z-Disc itself, the
actin filaments are oriented at an angle of 80-84° relative to the plane of the Z-Discs, which
effectively tilts the filaments to a higher angle thereby accessing more of the transform of
the 13t and 15% layer lines. Thus, the crucial problem to be resolved in the future is how
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to utilize the highest tilt angles. Nevertheless, that this study came close to resolving actin
subunits suggesting that the problem is tractable.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Diagram of the sarcomere structure.
The sarcomere is formed by the arrangement of actin and myosin filaments. The I-band

of the sarcomere contains the area where actin filaments are not superimposed by myosin
filaments. The A-band contains the overlap of actin and myosin filaments, and the H-zone
within the A-band only contains the myosin filaments. The red structure connecting the ends
of the thick filament to the Z-disk is kettin. The protein (uncolored) running with kettin is
projectin. The gold structure crosslinking actin filaments of opposite polarity is a.-actinin.
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Figure 2. Raw tomogram of Lethocerus Z-Disc and Fourier transform at zero tilt angle.
(a) Section from the center of the raw tomogram. Raw tomograms were surprisingly noisy

revealing little detail either in planes through the tomogram or projections of the tomogram.
(b) Fourier transform of 0° tilt angle of (a). The Lethocerus Z-Disc produces a hexagonal
diffraction pattern with spots spaced by 1/45 nm~1 or a spacing in real space of 52 nm.
Typical transforms extend six orders or 7.5 nm resolution verifying that despite the noisy

images, there is an ordered structure within the isolated Z-disk.
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Figure 3. Sections from the global aver age tomogram from tilt series
A. Upper panel shows sections from 0 to +75 in steps of 25 and lower panel shows sections

from 0 to —75. Each section has a pixel size of 0.812 nm, so the distance between the
displayed sections is 20.3 nm. Protein is black; solvent is white. Black spots represent thin
filaments. Some particularly easy to see connections between antiparallel thin filaments
are indicated by green and cyan arrows, which correspond to connections between paired,
antiparallel thin filaments indicated by green and cyan arcs. Connections between actin
filaments generally appear light gray in the density map itself. They are of two types. One
group, green, bows outward from the center of the channel. We identify this as the C1
connection of Cheng and Deatherage (1989). The other group, cyan, bows inwards. We
identify this as the C2 connection of Cheng and Deatherage (1989). The unit cell is outlined
in yellow. The numbers 1 & 2 represent antiparallel trimers of thin filaments at the trigonal
positions.
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Figure 4. Arrangement of thin filamentsin the Lethocerus Z-Disc.
(a) Top view of symmetrized global average of the Lethocerus Z-Disc showing the

hexagonal arrangement of thin filaments. The unit cell is represented by the gold lines.
Purple thin filaments represent those from sarcomere A while green thin filaments represent
those from sarcomere B. A purple filament trimer located at the first trigonal position in

the unit cell (labelled 1) is just to the right of a green filament trimer, the center of which

is a thick filament position (green disk). The green thin filaments converge gently toward
the thick filament positioned at the green disk. Two other purple trimers (labelled 2 and 3)
surround the green thin filament trimer. Each of the three purple trimers contribute a pair of
actin filaments that will surround this thick filament in the A-band. (b) Side view of Z-Disc
showing the overlap and tilting of the filaments.
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Figure 5. Density map of the global averages.
(a) Isosurface contour map (grey) of the symmetrized global average showing the connecting

densities that form the Z-Disc. (b) Overlap of thin filaments from panel (c) (purple and
green) on the transparent isosurface display. (c) Symmetrical arrangement of thin filament
trimers about the unit cell edges. The dark and light grey disks represent the positions of the
thick filaments in the A-band of adjacent sarcomeres. Green thin filament trimers converge
toward the dark gray disks; purple thin filament trimers converge in the opposite direction
toward the light gray disks. The unit cell in all the images are represented with thick black
lines. Black scale bar = 155 nm. Note that in this view, all the solvent channels appear about
the same diameter whereas the large and small solvent channels in Apis are of distinctly
different sizes (Rusu et al., .2017).
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Figure 6. Comparison of the large and small solvent channels.
Upper panel shows sections from coordinates 0 to +60 and lower panel shows sections from

0 to —60. The physical distance between the displayed sections is 16.2 nm. The purple
triangles represent the two groups of oppositely oriented actin filament trimers that comprise
the large solvent channel. The gold and green triangles each represent the small solvent
channels from either sarcomere A or B (1 or 2 as defined in Figure 4). The black spots

are the thin filaments. The triangles representing the small solvent channel change little in
size out to z = £48.7 nm consistent with their small convergence angle towards the elastic
connecting filament composed of Kettin and Projectin. The figure also illustrates that the
thick filaments from one side of the Z-disk are not in-line with thick filaments from the other
side but are offset by 30.0 nm along the diagonal of the unit cell.
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Figure7. C1, C2, C3 and C5 connecting densities.
(a) Top view of C3 and C5. b) Oblique view of C3 and C5 at a lower contour threshold. Both

densities (grey) connect the side of one thin filament (green) to another filament of opposite
polarity (purple). (c) Top view of C1. Within the translucent envelope, a density map of
a-actinin (yellow) can be fit reasonably well. Its axis is nearly parallel to the actin filaments
it crosslinks. (d) Side view of panel ¢. (e) Front and back views of the C2 connection. Within
the Z-disk density map envelope, a density map of a-actinin can be easily fit.
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Figure 8. Masking of actin filamentsin Lethocerus Z-Disc tomograms
a) Class average from multi-reference alignment that shows the long-pitch helix of the

actin filament. b) Density map of a. ¢) Placement of F-actin density map (purple) into the
experimental density map (b).
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Figure 9. A-Bee-Z problem.
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(a) Arrangement of thin (purple volumes) and thick filaments (grey disks) of an A-band

in one sarcomere showing P6, symmetry within the brown circle (+, 1/3+, 2/3+, +, 1/3+,
2/3+). This is a left-handed screw symmetry. The left-handed screw symmetry about the
thick filament results in a right-handed screw symmetry of the thin filaments within the
trimers (+, 1/3+, 2/3+) (b) The arrangement of thin (green volumes) and thick filaments
(gray disks) from the adjacent sarcomere also with P6, symmetry within the red circle.
Oppositely oriented trimers of thin filaments when overlapped in the Z-disk show only
approximate P3,21 symmetry (right-handed) within the triangle groupings of Z-disc shown
in the black triangle because they are angled with respect to the axis as they pass through the
Z-disk. ¢) overlap of aand & in Z-disc and unit cell. (d-g) Side view and top view of trimer
at different z-depth. d) Side view of a trimer with most actin subunits colored green and one
symmetry related actin subunit in red. (e-g) top view showing the location of the red subunit
azimuthally. The subunit progresses axially from one filament to another in the trimer, but

only by 2.75 nm, not the expected 12.9 nm.
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