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Abstract

Background—The high molecular weight isoform of the actin-binding protein Caldesmon (h-
CaD) regulates smooth muscle contractile function by modulating cross-bridge cycling of myosin
heads. The normal inhibitory activity of h-CaD is regulated by the enteric nervous system;
however, the role of h-CaD during intestinal peristalsis has never been studied.

Methods—We identified a zebrafish paralog of the human CALD1 gene that encodes an h-CaD
isoform expressed in intestinal smooth muscle. We examined the role of h-CaD during intestinal
peristalsis in zebrafish larvae by knocking down the h-CaD protein using an antisense morpholino
oligonucleotide. We also developed transgenic zebrafish that express inhibitory peptides derived
from the h-CaD myosin and actin-binding domains, and examined their effect on peristalsis in
wild-type zebrafish larvae and sox10¢°lourless mytant larvae that lack enteric nerves.

Key Results—Genomic analyses identified two zebrafish Caldesmon paralogs. The caldla
ortholog encoded a high molecular weight isoform generated by alternative splicing whose
intestinal expression was restricted to smooth muscle. Propulsive intestinal peristalsis was
increased in wild-type zebrafish larvae by h-CaD knockdown and by expression of transgenes
encoding inhibitory myosin and actin-binding domain peptides. Peristalsis in the non-innervated
intestine of sox10¢c0lourless |aryae was partially restored by h-CaD knockdown and expression of
the myosin-binding peptide.

Conclusions & Inferences—Disruption of the normal inhibitory function of h-CaD enhances
intestinal peristalsis in both wild-type zebrafish larvae and mutant larvae that lack enteric nerves,
thus confirming a physiologic role for regulation of smooth muscle contraction at the actin
filament.
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INTRODUCTION

Peristalsis in the mammalian intestine is regulated by the enteric nervous system (ENS).
ENS stimulation initiates smooth muscle contraction through a calcium-mediated signaling
cascade that culminates in phosphorylation of the regulatory Myosin light chain (Mlc) which
is physically associated with the myosin filament.1-2 Phosphorylation of Mlc by Myosin
light chain kinase (MlIck) induces a conformational change in myosin that activates its
ATPase. This induces cross-bridge cycling within the actomyosin complex, and ultimately,
the generation of contractile force. Biochemical analyses have shown that endogenous
actomyosin interactions can generate and sustain smooth muscle contractile force when
levels of phospho-Milc are greatly reduced.-6 To account for this, it has been proposed that
contraction is also regulated by actin-binding proteins that alter actomyosin interactions
independent of phospho-Mlc.”

One smooth muscle actin-binding protein that has been extensively studied is Caldesmon
(CaD).8 CaD exists as two predominant isoforms that are generated by alternative splicing
of a single MRNA transcript.® The low molecular weight isoform (I-CaD) is expressed in
most cell types, including at low levels in smooth muscle, where it mediates actin and non-
muscle myosin interaction in the cortical cytoskeleton.1% The high molecular weight isoform
(h-CaD) is expressed specifically in smooth muscle. It is distinguished from I-CaD by a
peptide spacer domain in the middle of the protein that is thought to enable h-CaD's
simultaneous binding to smooth muscle actin and myosin filaments.}! Binding of h-CaD to
the phosphorylated actomyosin complex reduces contractile force by inhibiting myosin
ATPase activity,12-14 possibly by restricting myosin binding to actin, or by stabilizing a less
active configuration of the actin filament® (Fig. 1A based on prior model'6). h-CaD's
inhibition of the smooth muscle actomyosin complex can be reversed by phosphorylation or
through its interaction with Calmodulin in the presence of calcium.17-19 This results in
increased contractile force by enhancing myosin binding to actin?9 (Fig. 1B), which in turn
may stabilize an active configuration of the actin filament.1® In smooth muscle with low
levels of phospho-Mlc, phospho-h-CaD is thought to enhance contraction by promoting
interaction of non-phosphorylated myosin heads with actin?! (Fig. 1C,D).

Both the inhibitory role of h-CaD and the molecular signaling pathways that regulate its
activity have been characterized in smooth muscle cells from the digestive tract and other
mammalian tissues.13:22-26 Despite these advances in understanding h-CaD function and
regulation, its role in modulating complex physiologic responses, such as intestinal
peristalsis, has not been directly examined in vivo. Isoform specific knockout of h-CaD in
mice has been reported; however, its effect on smooth muscle function was not examined.2’
Here, we address the role of h-CaD in intestinal smooth muscle in vivo using the zebrafish
system. We show that the zebrafish genome contains two Caldesmon gene paralogs, caldla
and cald1b, that are orthologs of the human CALD1 gene. The caldla paralog encodes an h-
CabD isoform expressed in intestinal smooth muscle. Disruption of h-CaD function enhances
propulsive peristalsis in wild-type zebrafish larvae and in sox10°!ourless mytants that lack
enteric nerves thus confirming an in vivo regulatory role for h-CaD in smooth muscle with
normal and low levels of phospho-Mic.

MATERIALS AND METHODS

Fish stocks

Maintenance and breeding were performed as previously described.?8 Colourless mutants
were purchased from the Zebra-fish International Resource Center (Eugene, OR, USA).
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Morpholino knockdown

Fertilized embryos were injected at one-cell stage with 20 pg of the Caldla-i4e5
morpholino. (Data S1).

RT-PCR

RNA was isolated from dissected 5 days post fertilization (dpf) larval intestines, and RT-
PCR was carried out using standard procedures (Data S1). Primer sequences are listed in
Table S1.

Generation of CALD1 myosin- and actin-binding peptide transgenic fish

Primers corresponding to the human CALD1 myosin-binding peptide2® were identified in
the zebrafish cald1cDNA. Transgenic constructs were generated with the peptide fragment
by Tol2kit site-specific recombination-based cloning (Data S1).

Intestinal microsphere assay

Larvae were fed paramecia in media containing fluorescent latex beads, and bead motility
was monitored (Data S1).

Cell dissociation and FACS
Dissociation and cell sorting were performed using standard procedures (Data S1).

Western blot/ immunoprecipitation

Dissected intestines from 30 larvae at 4 dpf and 6 dpf were homogenized in 1x sample
buffer, and protein was recovered and used for Western analysis using standard methods3?
(Data S1).

RESULTS

The zebrafish genome contains two gene paralogs with high sequence homology to
human CALD1

To identify a zebrafish h-CaD ortholog, we first performed BLAST analyses of the most
recent zebrafish genome assembly using human CALD1 coding sequence. Two loci
encoding genes with relatively high sequence homology to CALD1 were identified on
chromosome 4 and chromosome 25 (hereafter caldla and caldlb, respectively). The
predicted protein encoded by the caldla locus had the greatest degree of homology to
human CALDZ1, particularly in the actin and myosin-binding domains (Fig. 2A, and Figure
S1).

We also compared syntenic relationships surrounding the caldla and cald1b loci with
human CALD1. We first identified the map positions of the zebrafish orthologs of 65 genes
immediately surrounding human CALD1 (Fig. 2B, and Figure S2). Of 34 genes located 5’ of
CALD1, 26 were located in a comparable position with respect to the caldla locus, whereas
only six mapped to a comparable position with respect to caldlb. For 31 genes 3’ of CALD1,
14 were located surrounding caldla, whereas none were located adjacent to cald1lb. Next,
we performed the reciprocal experiment and mapped the position of the human orthologs of
genes surrounding the two zebrafish caldl loci. Twelve of 40 genes 5’ of caldla, but only 7
of 38 genes 5’ of caldlb mapped to comparable regions of CALD1. Similarly, nine of 43
genes 3’ of caldla, but only 3 of 38 genes 3’ of cald1lb mapped nearby CALD1. Paralogs for
17 zebrafish genes were identified in the region surrounding the two caldl loci (Figure S2).
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All together, these findings argue that caldla and caldlb are gene paralogs that arose from a
whole genome duplication which occurred in an ancestral species of ray-finned fish.31 We
predicted that the Caldla protein was likely to be a functional ortholog of human CALD1
protein based on amino acid sequence homology with CALD1, and because of more highly
conserved gene synteny surrounding the caldla locus.

caldla encodes high and low molecular weight isoforms generated by alternative splicing

The caldlb locus encodes an I-CaD-like ortholog that was recently reported to play a role in
cardiovascular development.32 Genomic sequence analysis of this locus did not identify a
potential h-CaD transcript nor did BLAST searches of the zebrafish EST database. To
determine whether an alternatively spliced h-CaD mRNA transcript was encoded by caldla,
we amplified its full length cDNA from whole 5 dpf larvae that have functional intestinal
smooth muscle. These primers amplified only a fragment corresponding to the predicted low
molecular weight caldla isoform (data not shown). When the same primers were used to
amplify RNA recovered from dissected intestines (that were enriched for smooth muscle)
the low molecular weight band and a higher molecular weight band were recovered (Fig.
2C). In contrast, amplification of intestinal cDNA using comparable primers from the
caldlb ortholog only amplified low levels of a corresponding low molecular weight band
(Fig. 2C). DNA sequence analysis showed that the larger band amplified from caldla
encoded a predicted h-CaD ortholog that included an 86 amino acid spacer domain.
Genomic DNA analyses indicated that the spacer was encoded by two exons, 36 basepairs
(bp) and 225 bp respectively. We observed only limited amino acid homology with spacer
domains from other vertebrate h-CaD proteins (Fig. 2A, and Figure S1). This was expected,
as the spacer sequence is not highly conserved in human, mouse or chicken h-CaD. Outside
of the spacer domain, the h-CaD cDNA sequence was identical to the full length caldla
cDNA amplified from RNA derived from whole larvae, although a splice variant involving
the terminal exon was infrequently detected (Figure S3). These findings show that the
caldla locus encodes two alternatively spliced transcripts that are orthologs of the
mammalian I-CaD and h-CaD isoforms.

To determine whether the h-CaD transcript encoded a functional protein, we performed
Western blot analysis of 5 dpf intestinal extracts using an antibody directed against mouse
CaD protein. This antibody detected both high and low molecular weight bands (Fig. 2D).
The high molecular weight band was first detected around the onset of peristaltic
contractions (~78 h post fertilization; data not shown) when only circular smooth muscle is
present,28 and protein levels increased between 4 dpf and 6 dpf. At these later stages,
longitudinal smooth muscle develops, and peristaltic contractions are more pronounced.28
The estimated molecular mass of the high molecular weight band (125 kD) was significantly
greater than the predicted h-CaD molecular mass (70 kD). A comparable discrepancy
between predicted and observed molecular mass of mammalian h-CaD proteins has been
reported and attributed to its relatively large number of acidic amino acids.33 The molecular
weight of the presumptive I-CaD protein was similarly affected.

h-CaD expression in the zebrafish intestine is restricted to smooth muscle

High molecular weight Caldesmon isoform expression in mammals and chicken is restricted
to smooth muscle, whereas |-CaD is ubiquitously expressed. RNA in situ hybridization
using an isoform specific zebrafish h-CaD probe showed only low level background staining
in 5 dpf larvae (data not shown). To assay h-CaD expression in intestinal smooth muscle, we
recovered epithelial cell and smooth muscle cell RNAs from bigenic larvae that express cell-
type specific fluorescent reporters (Fig. 3A). The bigenic larvae express GFP from the
smooth muscle sm22a promoter beginning around 72 h post fertilization34 and mCherry
from a miR194 promoter fragment that is activated in the epithelium beginning around the
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same time. RT-PCR amplification of established epithelial (fabp2, vil11, and fabp6) and
smooth muscle (acta2, myh11) markers confirmed purity of the sorted cell populations (Fig.
3B). The RT-PCR experiments also confirmed that zebrafish h-CaD expression was
restricted to smooth muscle, whereas I-CaD was expressed in both smooth muscle and
epithelial cells (Fig. 3C).

Knockdown of zebrafish h-CaD enhances propulsive intestinal peristalsis

To investigate zebrafish h-CaD function in vivo, we generated a caldla splice blocking
morpholino (Caldla-i4e5 MO) that enabled us to specifically disrupt h-CaD translation
without affecting translation of the I-CaD isoform. The specificity of Caldla-i4e5 MO also
prevented any disruption of the normal function of cald1b. It was crucial not to disrupt I-
CabD function as this isoform is predicted to be essential for a wide range of non-muscle
phenotypes. For this study, we designed a morpholino complementary to the exon 5 splice
acceptor of the h-CaD pre-mRNA (Fig. 4A). This was predicted to generate a novel
Caldesmon transcript that encoded only 12 of 87 h-CaD spacer region amino acids.

Zebrafish embryos and larvae injected with Caldla-i4e5 MO had normal morphology other
than mild developmental delay that was also seen in control larvae (Fig. 4B). In RT-PCR
experiments using intestinal RNA and primers surrounding exons 4 and 5, a fragment of the
truncated h-CaD transcript that lacked exon 5, but retained exon 4, and the fragment
corresponding to I-CaD were both amplified (Fig. 4C). The truncated h-CaD transcript,
which was 36 bp larger than endogenous I-CaD transcript, encoded 12 amino acids in-frame
with exon 6. Successful inhibition of translation of the h-CaD transcript was confirmed
using Western blot (Fig. 4D). The apparent increase in I-CaD protein detected by this blot is
likely due to the presence of the truncated h-CaD protein generated by the Caldla-i5e5 MO
(as it is only 12 amino acids longer than endogenous I-CaD).

To determine whether h-CaD knockdown affected smooth muscle contraction, we assayed
propulsive peristalsis in the intestine of control and Caldla-i4e5 MO injected larvae that
were fed paramecia combined with fluorescent microspheres (Fig. 4E). Following their
ingestion, the microspheres form an aggregate in the intestinal bulb as a result of mixing
peristalsis. Thereafter, the aggregate is transported into the mid and posterior intestine via
propulsive peristalsis, and eventually expelled. We measured peristalsis in 4 dpf and 5 dpf
control and Caldla-i4e5 MO injected larvae 2 h after bead ingestion. As shown in Fig. 4E, a
higher percentage of h-CaD deficient larvae had transported beads to the mid-posterior
intestine and/or expelled the beads. Video recordings of live wild type and Caldla-i4e5 MO
injected larvae showed that the rate of peristaltic contractions was unaffected by h-CaD
knockdown (Figure S4). The effect of Caldla-i4e5 MO on peristalsis was less pronounced at
5 dpf than at 4 dpf, most likely because of the transient nature of the morpholino
knockdown. In addition, because levels of phospho-h-CaD have increased at this stage,30 the
overall level of inhibition imparted by h-CaD is likely to be reduced. Together these data
indicate that the normal function of h-CaD at this developmental stage is to negatively
regulate the force of phasic intestinal smooth muscle contraction, as intestinal transit is
accelerated in the larvae injected with Caldla-i4e5 MO without a concomitant effect on
contractile rate.

Interference with h-CaD binding to smooth muscle myosin and actin enhances intestinal
propulsive peristalsis

h-CaD tethers myosin and actin filaments through interactions with its N- and C-terminal
domains, respectively.3%:36 The h-CaD — smooth muscle myosin interaction can be disrupted
in vitro by expression of cDNA encoding a peptide fragment from the myosin-binding
domain common to I-CaD and h-CaD isoforms.2? By disrupting endogenous h-CaD binding
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to myosin, actin—-myosin interactions are enhanced, thereby increasing basal contractile tone.
A comparable effect has been reported with a peptide derived from the CaD actin-binding
domain.20:37

We generated a transgenic line, Tg(sm22a: CADDK51-GFP), with stable smooth muscle
expression of a zebrafish ortholog of mammalian myosin-binding peptide (CADDK51) to
assay h-CaD function in older zebrafish larvae that have a well-developed enteric
neuromuscular system. This was not possible in larvae injected with the Caldla-i4e5 MO,
because its inhibitory effect on translation is transient. In addition to the cDNA encoding the
peptide, the expression vector used to generate the transgenic line encoded GFP downstream
of a viral 2A recognition motif.38 This allowed us to identify fluorescent smooth muscle
cells expressing the CADDKS51 peptide following its cleavage from GFP. Fq larvae that had
mosaic expression of CADDKS51 in smooth muscle under control of the zebrafish sm22a
promoter and F; germline transgenic progeny with ubiquitous intestinal smooth muscle GFP
expression were both viable (Fig. 5A). Variable transgene expression was detected in F;
larvae, most likely resulting from position effects arising from independent insertion sites of
the trans-gene into the Fy germline. Collectively, F; transgenic larvae were used to further
assay the in vivo function of h-CaD in intestinal smooth muscle.

The effect of CADDK51 on h-CaD-myosin filament interaction was examined by
measuring levels of h-CaD bound to smooth muscle myosin protein (Myh11) in the
transgenic larvae (Fig. 5B). As h-CaD remains bound to Acta2 in the actomyosin complex,
transgenic larvae injected with a morpholino targeting smooth muscle actin protein
(Acta2)30 were used for this immunoprecipitation experiment. This allowed us to determine
the effect of CADDKS51 on h-CaD-myosin interaction independent of h-CaD-Acta2
interaction. Indeed, Western blot analysis showed that there was significantly less h-CaD
bound to Myh11 in Acta2 deficient transgenic larvae compared with control transgenic
larvae. These findings support binding of the peptide fragment to Myh11 with subsequent
displacement of endogenous h-CaD.

To determine the effect of CADDKS51 peptide on smooth muscle contraction in vivo, we
assayed intestinal peristalsis in the transgenic larvae. Using the intestinal microsphere assay,
we found a significant increase in the propulsive peristalsis of 6 dpf F; transgenic larvae
compared with non-transgenic siblings, as measured by transport of ingested beads for 2 h to
the mid-posterior intestine and their complete expulsion (Fig. 5C). When larvae were sorted
prior to bead feeding based upon the intensity of GFP expression, we were able to show that
increased propulsion was dose dependant in that GFP expression levels, which are a
surrogate for the level of CADDK5L1, correlated with changes in bead motility (Fig. 5D).
Increased intestinal propulsion in transgenic larvae was not related to altered contractile rate
(Figure S4).

In addition to the Tg(sm22a: CADDK51-GFP) line, we generated a second ling,

Tg(sm22a: CaDMG101-GFP) with smooth muscle expression of an inhibitory peptide
derived from the h-CaD actin-binding domain.3” The CaDMG101-GFP peptide also had a
pronounced enhancing effect on intestinal motility similar to that of the CADDKS51 peptide
(Fig. 5C).

h-CaD modulates endogenous smooth muscle contraction independent of phospho-Mic

To address the role of thin filament regulation of intestinal peristalsis independent of
phospho-Mlc, we took advantage of a zebrafish mutant, sox10°0lourless (cls) that lacks
enteric nerves.3%40 |n previous work, we showed that cls mutants have nearly undetectable
levels of intestinal phospho-Mlc and phospho-h-CaD, but normal total h-CaD levels.30
Surprisingly, even though cls larvae had little if any intestinal phospho-Mlc, they had a
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significant amount of residual propulsive peristaltic activity.3? This suggested that peristalsis
was driven by smooth muscle contraction arising from intrinsic actomyosin interactions.
Low phospho-h-CaD levels in cls suggested that baseline peristalsis was inhibited and might
be enhanced by h-CaD knockdown or by disrupting h-CaD interaction with either myosin or
actin filaments. To determine if the lack of phospho-h-CaD inhibited peristalsis in the
absence of neuronal input, we repeated the h-CaD morpholino experiments in cls mutant
larvae (Fig. 6A). In cls larvae injected with Caldla-i4e5 MO, intestinal motility was assayed
at 5 dpf. As a result of reduced uptake of the beads and slower intestinal transit by cls
mutants, larvae in this assay were exposed to the beads for approximately 6 h and assayed
20 h later. This experiment showed enhanced propulsive peristalsis in h-CaD deficient cls
larvae (Fig. 6A). While fewer of the Caldla-i4e5 MO cls larvae expelled the beads (2%,
compared to 21% of wild type larvae), many more had transported the beads to the mid-
posterior intestine compared with control cls larvae (68% vs. 15%, respectively).

Next, we assayed peristalsis in 7 dpf and 9 dpf cls larvae that express the myosin-binding
peptide in intestinal smooth muscle. As these larvae were older than the Caldla-i4e5 MO
injected larvae, a 2-h feeding was sufficient, and peristalsis was assayed 20 h after feeding.
This experiment showed that both transport of the fluorescent beads to the mid-posterior
intestine and their expulsion was significantly greater in the transgenic cls larvae (Fig. 6B).
The increased propulsion in transgenic cls larvae was not related to altered contractile rate
(Fig. S4). The peristaltic defect in clswas not fully rescued by h-CaD disruption, as wild-
type larvae at both stages completely cleared all ingested beads (data not shown). This was
expected, given that the enteric nervous system is the primary stimulus for smooth muscle
contraction. However, these findings do show that h-CaD-mediated inhibition of intrinsic
actomyaosin interactions contributes to reduced intestinal motility in the non-innervated
intestine of zebrafish larvae.

DISCUSSION

Although regulation of smooth muscle contraction principally occurs at the myaosin (thick)
filament through phosphorylation of regulatory Mic, a potentially important role for
regulation of contraction at the actin (thin) filament has long been recognized. However, the
physiologic importance of this mode of regulation has never been directly assayed in vivo.
Here, we show that the smooth muscle actin-binding protein h-CaD regulates intestinal
peristalsis in the wild type and non-innervated intestine of zebrafish larvae.

The h-CaD isoform that we identified arises from alternative splicing of a pre-mRNA
transcribed from caldla, one of two caldl paralogs we show are present in the zebrafish
genome. The caldla locus also encodes an I-CaD isoform expressed in intestinal smooth
muscle. Predicted translation of the h-CaD protein showed high sequence homology of the
actin and myosin-binding domains compared with other vertebrate h-CaD proteins. In
contrast, there is less sequence homology between the various spacer domains, possibly
because of its proposed structural role as a charged single a-helix.4142 The cald1b locus
encodes an I-CaD isoform expressed at low levels in intestinal smooth muscle that was
previously reported to play a role in vascular development.32 Expression of a caldlb h-CaD
ortholog was not detected. Together with functional analyses described below, these
findings show that caldla encodes the zebrafish ortholog of the h-CaD isoform expressed in
mammalian intestinal smooth muscle. These findings also argue that caldla and cald1b have
non-overlapping functions in smooth muscle, similar to other zebrafish gene paralogs that
arose from genome duplication events.

We examined the role of h-CaD in intestinal peristalsis and smooth muscle contraction using
a previously described simple in vivo assay.39 Propulsive peristalsis was increased in h-CaD
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deficient wild-type larvae generated via isoform specific antisense targeting. Similarly,
peristalsis was increased in larvae that express peptide transgenes designed to interfere with
h-CaD binding to either the myosin or actin filament. As the rate of smooth muscle
contraction was not increased in transgenic larvae, our findings argue that h-CaD normally
functions to inhibit the force of smooth muscle contraction, as previously reported.2
Whether h-CaD affects contraction velocity or the distance of contraction in the intestine
could not be determined using our methods. Although these results are consistent with the
predicted role of h-CaD in modulating smooth muscle contractile force from phosphorylated
cross-bridges, to our knowledge, they are the first evidence for this phenomenon in vivo. h-
CabD deficient mice have been generated through gene targeting; however, the effect of h-
CaD disruption on intestinal motility has not been reported.2” Given the similarities of
intestinal anatomy and physiology in zebrafish and other vertebrates, a comparable effect of
h-CaD deficiency on mammalian intestinal motility seems likely.28:43:44

h-CaD function has been studied extensively in vascular (tonic) smooth muscle. Besides
functioning as a brake on contraction arising from phosphorylated myosin heads, h-CaD is
also thought to sustain contrac-tile force generated by non- or de-phosphorylated myosin
heads, thus accounting for force generation at low levels of phospho-Mlc. The mechanism of
this aspect of h-CaD function remains unknown, but it has been postulated to occur through
either physical stabilization of the actomyosin complex or the cooperative activation of
nonphosphorylated and phosphorylated myosin heads.*® This presumably takes place when
h-CabD itself has been inhibited, such as occurs with phosphorylation.

Whether h-CaD functions comparably in phasic smooth muscle of the intestine and colon
remains unknown. Analyses of cls larvae provided an opportunity to examine this question
invivo, as they have nearly undetectable levels of intestinal phospho-MIc.3 Surprisingly,
cls larvae retain a significant degree of peristaltic function,30 presumably from ENS-
independent smooth muscle contraction, which has been observed in the embryonic mouse
and zebrafish intestine.6-48 In addition to very low phospho-MiIc levels, cls larvae also have
undetectable levels of h-CaD phosphorylated at a serine residue corresponding to a major
regulatory motif of human CALD1, serine-789.30 Low phospho-h-CaD to total h-CaD ratio
in clssuggested that the basal level of smooth muscle contraction might be inhibited. Our
experiments here indicate that this is indeed the case as both Caldla-i4e5 MO injection and
transgenic expression of the CADDKS51 inhibitory peptide enhanced propulsive peristalsis in
cls. Although it is difficult to make mechanistic inferences regarding h-CaD function from
this study, our findings are consistent with the idea that h-CaD restricts binding of non-
phosphorylated myaosin heads to actin (Fig. 1C), as h-CaD knockdown enhanced peristalsis
in cls mutants that have low levels of p-Mlc. The knockdown experiments in wild-type
larvae (with high levels of p-Milc) argue that h-CaD restricts binding of phosphorylated
myosin heads to their preferred site on the actin filament (Fig. 1A) and that this restriction is
relieved in the absence of h-CaD.

h-CaD is widely expressed in human smooth muscle and has been used extensively as a
tumor marker.49:50 |ts best characterized physiologic role is during pregnancy when total h-
CaD levels increase,®! thus inhibiting premature stretch induced uterine contraction.>2 At
the time of delivery, phospho-h-CaD levels increase dramatically. This is thought to enhance
the force of uterine contractions. A role for premature phosphorylation of h-CaD in a rodent
model of preterm labor has also been reported.>3

Relatively little is known about the regulation or function of h-CaD in the human intestine.
In rabbit colonic smooth muscle, h-CaD serine-789 is phosphor-ylated upon exposure to the
enteric neurotransmitter acetylcholine, which also drives phosphorylation of Mic.5* This
argues that h-CaD's normal function is to enhance ENS-mediated smooth muscle
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contraction. Furthermore, it suggests that in the setting of ENS dysfunction, levels of both
phospho-Mlc and phosphoh-CaD are reduced, as occurs in zebrafish cls mutants.
Surprisingly, cls larvae retain peristaltic activity, even though they have few, if any enteric
nerves. This is likely a function of smooth muscle physiology and intestinal anatomy at
larval stages. By contrast, a comparable level of ENS disruption in the adult mammalian
intestine, which can be modeled by conditional Mick disruption in mice,>® is predicted to
cause irreversible intestinal motility defects. Hypomotility caused by a more modest
reduction in ENS function, could conceivably be enhanced by modulation of h-CaD.
Targeting h-CaD could therefore be a therapeutic strategy to treat hypomotility caused by
enteric neuropathies and related disorders associated with reduced phospho-Mic, such as is
likely to occur with aging and disorders affecting Cajal pacemaker cells.6:57

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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h-CaD high molecular weight Caldesmon isoform
[-CaD low molecular weight Caldesmon isoform
ENS enteric nervous system
Mlc myosin light chain
Mick myosin light chain kinase
dpf days post fertilization
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Figure 1.

Simplified model of h-CaD function. Smooth muscle contraction depicted by sliding of actin
(green) on myosin (red) filaments, following ATP hydrolysis (derived from previously
described model6). (A) In smooth muscle with high levels of phospho-Mic (p-MiIc), non-
phosphorylated h-CaD restricts binding of myosin heads to the actin filament such that force
generation is inhibited. (B) When h-CaD is phosphorylated, the myosin heads are able to
bind the actin filament in a manner that enhances actomyosin interaction (b). This leads to
increased force generation (distance b > distance a). (C) In smooth muscle with low levels of
p-Mlc, non-phosphorylated h-CaD prevents binding of non-phosphorylated myosin heads to
actin. (D) phospho-h-CaD promotes binding of the non-phosphorylated myosin heads to
actin, thereby enhancing contraction; (distance d > distance c). Distances a, b and ¢, d are
not drawn to scale.
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Figure2.

Zebrafish smooth muscle Caldesmon (h-CaD). (A) Schematic representation of the human,
chicken and zebrafish h-CaD orthologs. Conserved protein domains and percent amino acid
homology are indicated. (B) Conserved syntenic relationships surrounding the human
CALD1 locus on chromosome 7 and the zebrafish caldla locus on chromosome 4. (C) RT-
PCR showing amplification of the full length cDNA corresponding to the high and low
molecular weight zebrafish caldla isoforms from intestinal cDNA. A correctly sized
transcript for the predicted low molecular weight caldlb isoform is also detected. (D)
Western blot showing intestinal levels of CaD isoforms. Molecular weight standards
indicated. Mb, megabase; Kb, kilobase; dpf, days post fertilization.
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Figure 3.

Expression of the zebrafish h-CaD ortholog in intestinal smooth muscle. (A) Scheme to
isolate intestinal smooth muscle (green) and epithelial (red) cells from Tg(sm22a: GFP;
miR194:mCherry) larvae. Fluorescent image of the intestine of a 5 dpf bigenic larva is
shown. Smooth muscle of the anterior intestine is not in plane of focus. (B) RT-PCR
amplification showing expression of intestinal smooth muscle and epithelial markers in
sorted cells. The myh11 primers amplify a band (*) from contaminating epithelial and
smooth muscle genomic DNA (confirmed by sequencing). (C) Expression of the high
molecular weight caldla transcript is restricted to smooth muscle. In some experiments, an
additional band was amplified from smooth muscle that migrated near the low molecular
weight caldl transcript (*); however, this was detected in only a minority of experiments.
Schematic indicates the location of PCR primers (arrows) in exon 3 and exon 6 that were
used to amplify the caldla isoforms. e, epithelial; m, smooth muscle.
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Figure 4.

h-CaD deficiency enhances intestinal peristalsis in zebrafish larvae. (A) Schematic depicting
isoform specific targeting of the high molecular weight caldla transcript by a splice
blocking morpholino (Caldla-i4e5 MO). The exon 5 splice acceptor is targeted (*). (B)
Normal morphology of 4 dpf larvae injected with Caldla-i4e5 MO and control morpholinos.
(C) RT-PCR of intestinal cDNA from Caldla-i4e5 MO larvae using exon 3 and exon 6
primers (arrows in panel 3A) shows markedly reduced expression of the high molecular
weight caldla transcript. (D) Western blot using intestinal protein from Caldla-i4e5 MO
larvae shows reduced levels of h-CaD with slightly increased I-CaD levels. Increased protein
corresponding to I-CaD likely reflects additional protein translated from modified transcript
only 12 amino acids larger than I-CaD. (E) Images of live 5 dpf larvae that ingested
fluorescent microspheres located in anterior and mid-posterior intestine, respectively. Color
scheme in bar graph depicts bead location indicated in lateral image of larva (lower panel).
Caldla-i4e5 MO larvae show increased propulsive peristalsis at 4dpf (chi-squared test, ***P
< 001). 5dpf P-value = 0.08, likely due to transient effect of morpholino knockdown.
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Figure5.

Expression of peptides blocking h-CaD interaction at myosin and actin filaments increases
intestinal propulsive peristalsis. (A) Lateral images of live 5 dpf Fg and F; Tg(sm22a:
CaDDK51-GFP) larvae showing mosaic and widespread smooth muscle GFP expression,
respectively. (B) IP-Western blot confirms that CaDDK51 myosin-binding domain peptide
blocks interaction of h-CaD with Myh11. Total intestinal protein was IP'ed with Myh11
antibody and blotted as indicated. (C) Bar graph shows increased propulsive peristalsis in
unsorted Tg(sm22a: CaDDKS51 -GFP) larvae and Tg (sm22a: CaDMG101 -GFP) larvae, in
which peptides block h-CaD interaction with myosin and actin, respectively (chi-squared
test, ***P < 001). (D) Enhanced peristalsis in Tg (sm22a: CaDDK51 -GFP) larvae
correlates with the level of transgene expression (determined by GFP fluorescence). Images
show larvae with strong, medium and weak GFP expression (Fisher's exact test, **P < 05). -
MO - control larvae; Acta2-MO - larvae injected with smooth muscle actin morpholino; -ab
— control IP without antibody; Myh11 — smooth muscle myosin.
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Figure6.

Intestinal peristalsis is increased in h-CaD deficient colourless larvae. (A) Bar graph shows
partial rescue of intestinal peristalsis in h-CaD deficient 5 dpf cls larvae. (B) Tg (sm22a:

CaDDK51 -GFP) cls larvae show partial rescue of propulsive peristalsis at 7 dpf and 9 dpf
(chi-squared test, ***P < 001).
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