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Abstract

In animals, myosin heavy chain (MHC) |l motors undergo
rapid attachment/detachment cycles on actin filaments to
generate the mechanical forces and movement
responsible for muscle and non-muscle contraction. To
observe MHC |l assembly into muscle thick filaments
within an intact organism, we used CRISPR-based
homologous repair to generate GFP-MyoB, an N-terminal
fusion of GFP and unc-54, the major MHC Il isoform in C.
elegans body wall muscle (BWM). Remarkably, C.
elegans strains homozygous for GFP-MyoB (GFP/GFP)
have significant Impairment In muscle sarcomere
organization and function compared to either wildtype
(+/+) or GFP-MyoB heterozygous (GFP/+) strains. To
assess BWM function, organization, and assembly, we
used swimming assays, confocal microscopy of live
adults, and single plane illumination microscopy (SPIM) of
developing embryos. In swimming assays, movement of
GFP/GFP worms was reduced by ~50% compared to +/+
and GFP/+ worms. Within GFP/GFP adults, BWM thick
filaments appeared as non-uniform clusters instead of
broad, well-aligned oblique striations found in +/+ and
GFP/+ adults. Defects In muscle function and structure
appeared at initial myofibril assembly  during
embryogenesis. Surprisingly, while GFP/+ worms began
twitching and moving within the egg, many GFP/GFP
worms displayed a hypercontracted appearance with
reduced twitching and moving. Our data suggest that GFP
may sterically interfere with the efficient detachment of
myosin motors from actin filaments and that this process
IS Important for myofibril assembly, organization, and
function in C. elegans.

Oblique Striations

Figure 1. Myofilaments in C. elegans muscles

A) Diagram of C. elegans hermaphrodite muscle types include
the pharynx muscles (PM) and body muscles, which include
obliquely striated body wall muscle (BWM), vulval muscle (VM),
uterine muscle (UM), anal depressor muscle (ADM), anal
sphincter muscle (ASM). Males (not shown) have additional talil
muscles. These muscles are composed of actin (thin) and
myosin (thick) filaments that are organized into units
(sarcomeres) which generate force. B) In BWM, thick filaments
form oblique striations relative to the direction of contractile
force. [2]. C) Within C. elegans body muscles, myoA (orange)
and myoB (blue) myosin isoforms (encoded by myo-3 and unc-
54, respectively) co-assemble into 10 um bipolar thick filaments
[1]. Myosin motors domains (ovals) pull thin filaments (gray
arrows) toward the center and transmit contractile force through
dense bodies (DB, green) to the worm cuticle
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Figure 2. Design of unc-54 transgenes using CRISPR-Cas9
A) The 5" end of the genomic unc-54 locus was chosen to
generate N-terminal fusion proteins using CRISPR-Cas9
homologous recombination (HR) [3,4]. The repair plasmids
consist of 5 and 3° homology arms (HA), an insert containing
an intercistronic region (blue) and sequences coding for
mCherry (mCh) and green (GFP) fluorescent proteins. The
transgenic unc-54 gene is designed to express a GFP-myoB
fusion (GFP-myoB). B) Transgenic worms were generated by
Injecting wildtype N2 worms (P) with DNA plasmids. Resulting
progeny (F1) were screened for the phenotypic marker (rol-69°)
and GFP expression. F2 non-rollers that expressed GFP were
picked onto individual plates and screened for homozygosity.

Results
Figure 3

unc-54 PCR Genotyping

Figure 3. PCR genotyping of transgenic myosin worms
Agarose gel electrophoresis of GFP-unc-54 (MR03, MROG6,
MR10, MR11, MR12, MR13) transgenic strains detecting the
insert at the 5’ (upstream) and 3’ (downstream) ends of the
target site. DNA standard (Ladder) sizes (bp, right of gel).

Figure 4. GFP-myoB assembles into thick filaments
GFP-MyoB (green) assembles into body muscle sarcomeres in
heterozygous (A-C) and homozygous (D-E) adult worms. Co-
expression of nls-mCherry (red) occurs within the same cells
and localizes to the nuclei and some cytoplasmic aggregates.
Heterozygotes have well-aligned sarcomeres. Homozygotes
have more disrupted sarcomeres than heterozygotes. Body
wall muscle (BWM); uterine muscle (UM), vulva muscle (VM),
anal depressor muscle (AD).
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Figure 5. Homozygous GFP-unc-54 have impaired motility
Swimming assay (15 sec) was used to measure thrashing rates
for young adult worms of four strains (N2, RSL53, RSL52, and
RSL56). Average £ S. E. (n=10) for a representative experiment
Is shown. All strains were independently assayed three (A) or
two (B) times. RSL52 thrashing rate was significantly different
from N2 and RSL53 strains. P<0.001 (**), P<0.00001 (***).
RSL52 and RSL53 were obtained from MR10 by outcrossing 5x
with N2. RSL56 co-expresses mCherry-myoA and GFP-myoB.
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Figure 6. Sarcomere assembly during worm development is
Impaired in embryos homozygous for GFP-MyoB

Progeny of RSL56 heterozygotes were imaged using Selective
Plane lllumination Microscopy (SPIM) to compare sarcomere
assembly and hatching. Progeny were categorized according to
unc-54 genotype based on GFP intensity. Most progeny
homozygous for GFP-MyoB become unable to move in the
eggshell and fail to hatch. All images are maximum Z
projections and all genotypes are identically displayed.
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Figure 7. Working model for MyoB impairment by GFP-
tagging

GFP-MyoB is able to assemble into thick filaments with wildtype
or GFP-MyoB and generate contractile forces. Steric inhibition
of GFP is hypothesized to reduce the myosin head detachment
rate of from the actin filament and impair myofibril relaxation.
Impaired relaxation may lead to misalignment of the thick
filaments and impairment of muscle function over time.

Conclusions

The C. elegans muscle myosin heavy chain gene unc-54
was fluorescently tagged by CRISPR-Cas9 gene editing
using a co-CRISPR strategy (Figure 2).

Six independent transgenic strains were isolated. Three
strains (MR3, MR10, and MR13) have the expected insert
sizes at the unc-54 locus (Figure 3) and express both mCh
and GFP-myoB (Figure 4).

The fluorescent tags in heterozygote animals are well-
tolerated during muscle assembly and appear to have
minimal impact on contractile function.

Heterozygotes are fully motile and BWM striations are well-
aligned.

GFP-MyoB localizes to wide double striations (doublets) in
BWM and a broad, wide doublet in AD (Figure 4),
consistent with its position in the middle of thick filaments
(Figure 1). [1]

The GFP tag on MyoB result in arecessive motility defect.
Homozygote strains lead to reduced motility (Figure 5).

Initial sarcomere assembly and embyro elongation occur
normally during development for GFP-MyoB homozygotes,
but most fail to hatch because of reduced movement in the

egg.

We hypothesize that the muscle defects we observe is due
to steric blocking of myosin heads by the GFP tag and
abnormal muscle relaxation.
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