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Abstract

Troponin-based Ca?* regulation of striated muscle contraction emerged approximately 700 million
years ago with largely conserved functions during evolution. Troponin I (Tnl) is the inhibitory
subunit of troponin and has evolved into three muscle type-specific isoforms in vertebrates.
Cardiac Tnl is specifically expressed in the adult heart and has a unique N-terminal extension
implicating a specific value during natural selection. The N-terminal extension of cardiac Tnl in
higher vertebrates contains p-adrenergic regulated protein kinase A (PKA) phosphorylation sites
as a mechanism to enhance cardiac muscle relaxation and facilitate ventricular filling. Phylogenic
studies showed that the N-terminal extension of cardiac Tnl first emerged in the genomes of early
tetrapods as well as primordial lobe-finned fishes such as the coelacanth whereas it is absent

in ray-finned fish. This apparently rapid evolution of p-adrenergic regulation of cardiac function
suggests a high selection value for the heart of vertebrate animals on land to work under higher
metabolic demands. Sequencing and PKA phosphorylation data showed that lungfish cardiac Tnl
has evolved with an amphibian like N-terminal extension with prototype PKA phosphorylation
sites while its overall structure remained fish-like. The data demonstrate that the submolecular
structure of Tnl may evolve ahead of the whole protein for cardiac muscle contractility to adapt to
new environmental conditions. To understand the evolution of the B-adrenergic regulation of Tnl
and cardiac adaptation to the increased energetic demands of life on land adds knowledge for the
treatment of human heart diseases and failure.
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Introduction

The contraction of vertebrate skeletal and cardiac muscles is powered by actin-activated
myosin ATPase motors under Ca2* regulation via troponin associated with sarcomeric

actin thin filaments. The troponin complex is composed of three protein subunits: The Ca?*-
binding subunit troponin C (TnC), the tropomyosin-binding subunit troponin T (TnT), and
the actomyosin ATPase inhibitory subunit troponin I (Tnl). Muscle contraction is activated
by an increase of cytosolic Ca* concentration resulting in binding to TnC and inducing
conformational changes in troponin and the thin filament to release the inhibition of Tnl and
allow for strong myosin crossbridge formation, which activates myosin ATPase and generate
power strokes to contract the sarcomere (Gordon et al. 2000; Katrukha 2013).

Each troponin subunit is encoded by a separate gene. TnC shares structural and functional
similarities with the calmodulin-family of proteins (Baba et al. 1984), while Tnl and TnT
genes have co-evolved as striated muscle-specific genes. Genes encoding Tnl and TnT
can be traced at least 700 million years ago, coinciding with the emergence of striated
muscles in a pre-Bilateria ancestor (Brunet et al. 2016; Cao et al. 2019). As striated
muscle diverged into skeletal and cardiac types in vertebrates, troponin also diverged into
homologous fiber type-specific isoforms. While TnC has two isoforms, a fast skeletal
muscle form and a cardiac/slow skeletal muscle form, Tnl and TnT each has evolved into
three fiber-type specific isoforms in fast skeletal, slow skeletal, and cardiac muscles (Jin et
al. 2008), encoded by closely linked pairs of isoform genes indicating their origin from gene
duplications (Chong & Jin 2009).

Phylogenetic and protein conformational analysis indicated that fast skeletal muscle Tnl and
TnT were the ancestral types from which cardiac and slow skeletal muscle isoforms emerged
(Chong and Jin 2009), consistent with data supporting fast skeletal muscle evolving prior to
slow and cardiac muscles (OOta and Saitou 1999). While the three isoforms of vertebrate
Tnl have highly conserved homologous core structures, cardiac Tnl of higher vertebrate
species has a unique N-terminal extension (Wilkinson and Grand 1978).

The N-terminal extension of cardiac Tnl is a conserved trait of tetrapods, i.e., amphibians,
reptiles, birds, marsupials and eutherian mammals (Hastings et al. 1991; Ausoni et al.
1994; Warkman and Atkinson 2004; Feng et al. 2012). In sharp contrast, it is completely
absent in cardiac Tnl of lower classes of Chordates, including Hyperotreti (hagfishes),
Hyperoartia (lampreys), Chondrichthyes (sharks and rays), and Actinopterygii (ray finned
fishes) (Shaffer and Gillis 2010; Gross and Lehman 2016). Sequence analysis noted that
cardiac Tnl of ray-finned fishes groups with slow skeletal muscle Tnl of other bilaterians
(Shaffer and Gillis 2010; Gross and Lehman 2016), indicating that fish do not possess as
clearly diverged cardiac Tnl isoform as seen in tetrapods. Thus, emergence of the N-terminal
extension of cardiac Tnl likely occurred during the evolution of tetrapods with a novel
function and selection value. Studies of mammalian and avian species have shown that
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embryonic hearts express exclusively slow skeletal muscle Tnl that is replaced by cardiac
Tnl during perinatal development (Jin 1996). Adult hearts of higher vertebrates exclusively
express cardiac Tnl, supporting a hypothesis that the N-terminal extension of cardiac Tnl is
selected for adult heart functions of air-breathing tetrapods.

Extensively documented from mammalian heart studies, the N-terminal extension of
tetrapod cardiac Tnl is a substrate of protein kinase A (PKA). It contains PKA
phosphorylation sites (Ser,3 and Ser,4 in human cardiac Tnl) which are phosphorylated
in response to p-adrenergic stimulation (Solaro et al. 1976; Kranias & Solaro 1982). PKA
phosphorylation of cardiac Tnl results in a reduction in Ca2* affinity of TnC to increase
cardiac muscle relaxation and enhance diastolic function of the heart (Zhang et al. 1995;
Kentish et al. 2001; Rao et al. 2013).

[B-adrenergic regulation emerged in fish. Teleost hearts express p-adrenergic receptors and
are innervated by adrenergic neurons (Fabbri et al. 1998; Reid et al. 1998; Wang et al.
2009) although some fish species may be more reliant on circulating catecholamines than
direct neuronal innervation (Mendonga and Gamperl 2009). The heart of ray-finned fish had
evolved with responsiveness to B-adrenergic stimulation. Enhanced p-adrenergic response
was seen in fish hearts in adaptation to cold acclimation (Aho and Vornanen 2001), acidosis
(Farrell 1985), or hypoxia (Hanson et al. 2006).

Zebrafish p-adrenergic receptor transfectively expressed in HEK293 cells was capable of
associating with Gg and initiating CAMP production (Steele et al. 2011), indicating an
ability to stimulate PKA and downstream signaling. However, circulating catecholamine
levels vary in fish and may be insufficient in some species to adequately stimulate cardiac
B-adrenergic receptors (Kawasaki et al. 2008; Mendonga and Gamperl 2009). Knocking out
the p1-adrenergic receptor in zebrafish did not significantly change heart rate, distinct from
that in mice (Ecker et al. 2006; Steele et al. 2011), indicating that p-adrenergic signaling

in fish is preliminary in comparison with that of tetrapods. In skinned trout cardiac muscle,
PKA treatment resulted in a decrease in force generation at maximal activation but did not
alter Ca2*-sensitivity, passive tension, or cooperativity of activation (Gillis and Klaiman
2011; Kirkpatrick et al. 2011), implicating a likely correlation with the absence of the
N-terminal extension in cardiac Tnl.

To understand the physiological function and adaptive value of the N-terminal extension
in cardiac Tnl, here we studied its evolutionary emergence in primordial lobe-finned fish.
Phylogenetic analyses, sequencing and PKA phosphorylation studies showed that lungfish
cardiac Tnl has evolved with an amphibian like N-terminal extension with prototype PKA
phosphorylation sites while its overall structure remained fish-like, demonstrating that this
submolecular structure of Tnl had evolved ahead of the whole protein for cardiac muscle
contractility to adapt to new environmental conditions. The data of molecular evolution
provide novel evidence for understanding the B-adrenergic regulation of Tnl and cardiac
adaptation to energetic demands and adds knowledge for the treatment of human heart
diseases and failure.
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Materials and Methods

Phylogenetic Analysis of Tnl Proteins

Amino acid sequences of Tnl from representative species were retrieved from the

GenBank database. NIH/NCBI Basic Local Alignment Search Tool (BLAST) was used

to search troponin | sequences previously unidentified in GenBank. The standard protein
BLAST program was employed using clownfish (Amphiprion ocellaris. XM_023267923.1),
zebrafish (Danio rerio. XP_691548.2), and clawed frog (Xenopus laevis. L25721.1) cTnl as
query sequences, each selected as representative species from bony fishes and amphibians to
probe for species closely related to lungfishes. For each search, algorithm parameters were
modified to include the top 200 results.

Amino acid sequences were aligned in MegAlign Pro software (DNAStar) employing the
MUSCLE multiple sequence alignment algorithm using the default UPGMB cluster method
(Edgar 2004). Alignment settings were adjusted to align the N-terminal extension of cardiac
Tnl. As mammalian cardiac Tnl’s are known to have a N-terminal extension, their sequences
were first aligned under a gap penalty of magnitude 10, which allows this segment group.
This setting was then used in subsequent alignments. The alignments were also assessed

to ensure the conserved regions were properly aligned. Table 1 in the Supplement lists the
sequences studied and their GenBank accession numbers.

SDS-PAGE and Western Blotting

SDS-polyacrylamide gel electrophoresis (PAGE) and Western immunoblotting were carried
out as previously described (Feng et al. 2008) to analyze protein samples from lungfish and
other representative species. Briefly, total protein of cardiac and skeletal muscle tissues was
extracted by high-speed homogenization in SDS-PAGE sample buffer containing 50 mM
Tris-HCI, 2% SDS, 1% 2-mercaptoethanol, 10% glycerol and 0.1% bromophenol blue. The
tissue homogenates were heated at 80°C for 5 min and centrifuged in a microcentrifuge at
20,000 x g for 5 min to remove insoluble materials. The SDS-gel samples were resolved

on 14% Laemmli gels with an acrylamide:bisacrylamide ratio of 180:1 and visualized by
staining with Coomassie blue R250.

Duplicate gels were electrically transferred to nitrocellulose membrane using a semi-dry
apparatus (Bio-Rad). The membranes were first stained with Amido Black to visualize

all protein bands. The positions of myosin heavy chain (MHC) and actin were used to

align against that in Coomassie blue-stained SDS-gel copy to add in the identification of
proteins detected in the Western blots. The nitrocellulose membranes were blocked with
Tris-buffered saline (TBS) containing 1% bovine serum albumin (BSA) for 30 min, followed
by incubation with monoclonal antibody (mAb) Tnl-1 against all three Tnl isoforms in all
vertebrate species (Jin et al., 2001), mAb CT3 against cardiac and slow TnT in all vertebrate
species (Chong & Jin, 2009), or mAb 2C8 against all three TnT isoforms (Chong & Jin,
2009) in TBS containing 0.05% Tween-20 (TBS-T) and 0.1% BSA at 4°C overnight. The
membranes were washed 3 times 7 min each in TBS containing 0.5% Triton X-100 and
0.1% SDS, followed by 3 TBS washes 3 min each, before incubation with an anti-mouse
IgG secondary antibody (Santa Cruz) in TBS-T containing 0.1% BSA at room temperature
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for 1 hour. Washed again as above, the membranes were developed in 5-bromo-4-chloro-3-
indolyl-phosphate/nitro blue tetrazolium (BCIP/NBT) to visualize bands recognized by the
mADs.

RT-PCR Amplification and Sequencing of Lungfish Cardiac Tnl cDNA

Frozen hearts of spotted African lungfish (Protopterus dolloi) were provided by Dr. Irene
Salinas, University of New Mexico. Total RNA was isolated from the frozen cardiac

muscle using the Trizol reagent as described in the manufacturer’s instruction. 2 pg of
lungfish total cardiac RNA were incubated with 30 pmole of an anchored oligo(dT) primer
B-TTTTTTTTTTTTTTTTTTTTTV-3’, TV20) in a 30 L reaction at 70°C for 5 min before
chilling on ice for 5 min to allow primer annealing to the beginning of the poly-A tail

of mRNAs. Reverse transcription (RT) was performed using AMV reverse transcriptase
(Promega) at 42°C for 1 hour.

Outlined in Figure 1A, degenerate forward (AmpF) and reverse (CoeR) primers were
designed based on the sequences of the coding regions of the translational initiation

site of tropical frog (Xenopus tropicalis) cardiac Tnl (BC088784.1) and the translational
stop codon of coelacanth (Latimeria chalumnae) cardiac Tnl (XP_014353977.1) for PCR
amplification of lungfish cardiac Tnl (94°C for 5 min, 35 cycles of [94°C for 30 seconds,
56°C for 30 seconds, 72°C for 30 seconds], 72°C for 7 min). The PCR product was directly
sequenced using the forward and reverse primers using a commercial service (Genewiz).

PCR amplification of the authentic sequence of the CoeR primer site and 3’-untranslated
region was carried out using a forward primer (F6) matching approximately 250 bases
upstream of the translation stop codon paired with the TV20 reverse primer (Figure 1A).
The PCR product was directly sequenced using naive internal forward primer F5 and reverse
primer R3.

To obtain the 5’-untranslated region and the authentic sequence of the AmpF primer site
using a strategy outlined in Figure 1B (modified from Zhang & Chiang, 1996), a reverse
primer approximately 200 bases downstream of the translational initiation codon (R2) was
used for reverse transcription of lungfish cardiac Tnl mMRNA as described above. The single
stranded cDNAs synthesized were isolated by precipitating in 0.3M NaCl and 75% ethanol
on dry ice for 10 min, followed by centrifugation in a microcentrifuge at 20,000 x g at 4°C
for 10 min. The pellet was air dried before resuspension for ligation to a 5’-phosphorylated
R2 primer in 20 pL of 50 mM Tris-HCI pH 7.5, 10 mM MgCly, 1 mM DTT, 1 mM
adenosine triphosphate, 15% (w/v) PEG 8000 and containing 20 units of Murine RNase
inhibitor and 10 units of T4 RNA ligase (New England Biolabs). PCR amplification was
performed using an R2-reverse complementary primer (R2-RC) and a naive internal reverse
primer (R80). The resulting PCR product was sent for direct sequencing by Genewiz using
another naive reverse primer (R50).

E. coli Expression and Immunological Confirmation of Cloned Lungfish Cardiac Tnl cDNA

The amino acid sequence deduced from the cloned full length cDNA encoding lungfish
cardiac Tnl was reverse-translated into £. coli preferred codons. A cDNA was synthesized
and constructed into pET17b expression plasmid at a commercial service (GeneUniversal)
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for protein expression in transformed BL21(DE3)pLysS £. coli culture as described
previously (Ogut and Jin, 1998). Total protein extracts from induced and uninduced £. coli
cultures were analyzed using SDS-PAGE and Western blotting as described above.

Skinned Preparations of Lungfish Cardiac Muscle

Adapted from a previously described method (Feng & Jin 2020), skinned muscle fibers were
prepared from cryosections of South American lungfish (Lepidosiren paradoxa) heart. 40
pum thick and 150-200 um wide lungfish cardiac muscle strips were cut using a cryostat

at —20°C and stored in a relaxation solution containing 50% glycerol (v/v), 40 mM BES,

10 mM EGTA, 6.86 mM MgCl,, 5.96 mM ATP, 1 mM dithiothreitol (DTT), 3.28 mM
potassium propionate, pH 7.0, 33 mM creatine phosphate, 200 U/mL creatine kinase and
protease inhibitor cocktail at —20°C. The muscle strips were permeabilized at 4 — 6°C in

the relaxation solution plus 1% Triton X-100 for 30 min to remove membrane structures

to obtain skinned preparations containing preserved myofibrils suitable for the study of
myofilament functions.

The skinned preparations were transferred to 200 L of relaxing solution containing 1 mM
DTT and 100U/mL of the catalytic subunit of PKA from bovine heart (Sigma-Aldrich, St
Louis, MO, USA). This concentration of PKA was selected to mimic conditions used by
Gillis et al. (Gillis and Klaiman 2011). The PKA treatment was carried out at 15°C for 1
hour. Control muscle strips were incubated in the same solution under the same conditions
without PKA. After the incubation, the preparations were immediately frozen in liquid
nitrogen for SDS-PAGE and phosphoprotein analysis.

Pro-Q Diamond Phosphoprotein Staining

Phosphorylated proteins resolved in SDS-gel were detected via Pro-Q Diamond stain
(Invitrogen). The SDS-gels were pre-fixed in 50% methanol, 10% acetic acid with two
changes 30 min each, followed by three washes 10 min each in deionized water. The gels
were stained with Pro-Q Diamond stain in a dark container with vigorous shaking for

90 min, and then de-stained in 20% acetonitrile, 50 mM sodium acetate, pH 5.0 with 5
changes 30 min each. After final washes in deionized water for two changes 5 min each,
the gels were scanned on a Typhoon 9410 fluorescence imager (GE Healthcare) using the
fluorescence mode (550V, high sensitivity, green laser 532 nm for excitation and 560 nm
long pass for emission).

Results

Early Emergence of the Three Muscle Type Tnl Isoform Genes in All Vertebrates

Our protein level phylogenetic analysis confirms a previous notion that fast Tnl likely
emerged first early in vertebrate muscle from the single Tnl gene in the common ancestor
of vertebrates and invertebrates. From the fast Tnl gene, homologous genes encoding
slow skeletal muscle and cardiac Tnl isoforms emerged by gene duplications. The three
Tnl isoform genes are present in all lower order vertebrates such as hagfish, sharks, and
bony fishes (Chong and Jin 2009), indicating the early divergence of muscle fiber-type
specific Tnl isoforms at least 330 million years ago (Figure 2A). Consistent with previous
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observations of the evolution of TnT, another subunit of the troponin complex which
co-evolved with Tnl (Jin et al. 1998), amino acid sequence alignment of Tnl isoforms

in representative vertebrate and invertebrate species reveals that each muscle type Tnl
isoform is conserved across vertebrate species but clearly diverged from each other and from
invertebrate Tnl (Figure 2B).

As the Newest Tnl Isoform Cardiac Tnl | Has Evolved with An Additional N-terminal

Extension

The N-terminal extension of cardiac Tnl is a unique additional structure in higher order
vertebrates (Figure 3A). Within this region are PKA phosphorylation sites (Seros/Serpy
in mammalian cardiac Tnl) which respond to f-adrenergic stimulation to increase the
relaxation velocity of cardiac muscle and ventricular filling, resulting in higher stroke
volume (Sheng & Jin 2015). As noted previously (Gross and Lehman 2016), our results
found that cardiac Tnl in lower order vertebrates like ray-finned fishes often grouped
together with slow Tnl in a phylogenetic tree due to the lack of the N-terminal extension
(Figure 3B). Despite the possibility of mis-annotation of sequences within the database due
to their high degree of similarity, the data strongly support the emergence of cardiac Tnl
from duplication of the slow Tnl gene (Chong & Jin 2009), which was likely during the
evolution of primordial fishes.

Emergence of the N-terminal Extension of Cardiac Tnl and Tetrapod Evolution

Amino acid sequence alignment of previously known cardiac Tnl from representative
species reveals that the N-terminal extension, while absent in all ray-finned fishes of class
Actinopterygii, is present in coelacanth, a species of lobe-finned fishes of class Sarcopterygii
(Figure 4A). The coelacanth is considered to be a member of the lineage pre-dating
tetrapods, and they possess fleshy lobed fins likened to proto-limbs (Forey 1988). While

this is the earliest known emergence of a cardiac Tnl with the N-terminal extension in a fish
species, the sequence of coelacanth cardiac Tnl N-terminal extension is comparable to that

in higher order vertebrates including amphibians, reptiles, birds, marsupials, and eutherian
mammals.

Lungfish are the other members of the class of Sarcopterygiilobe-finned fish and are a close
relative of coelacanths and modern tetrapods (Zhu and Yu 2002; Wang et al. 2021). Western
blotting of cardiac and skeletal muscles from representative vertebrate species demonstrated
that lungfish cardiac muscle possesses a high molecular weight Tnl significantly larger than
the isoforms found in lungfish red and white muscles or skeletal muscle Tnl isoforms in
other vertebrate species examined which do not contain the N-terminal extension (Figure
4B). It is worth noting that the cardiac isoform of Tnl in lungfish heart is also larger

than that of cardiac Tnl in human, mouse, bovine, chicken and toad, all of which have an
N-terminal extension (Figure 4B).

Given the data from sequence and protein analyses, we proposed a possible emergence of
the N-terminal extension of cardiac Tnl after ray-finned fishes but before lobe-finned fishes
(Figure 4C). As coelacanths are a rare species for us to obtain samples for biochemical
studies, we turned to the lungfish. While the swim bladders of coelacanths contain fat and
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do not function to breathe air, lungfish possess fully formed lungs and pulmonary circulation
that are considered the precursor to the tetrapod cardiopulmonary system. Therefore,
lungfish are considered the closest relative to modern tetrapods (Zhu and Yu 2002) and
provide an informative model species for us to investigate the evolution and adaptive value
of the N-terminal extension of cardiac Tnl in the heart of higher vertebrates.

Lungfish possess three isoforms of Tnland TnT

Consistent with previous findings from hagfish, sharks, bony fishes, and coelacanths, we
found that lungfish possesses three distinct isoforms of Tnl (Figure 5). Pan-Tnl mAb
Tnl-1 Western blots on lungfish cardiac, white and red skeletal muscles detected three
isoforms of Tnl with the cardiac isoform significantly larger than the skeletal muscle
isoforms, consistent with the presence of an N-terminal extension. Immunoblotting with
mAb CT3 against cardiac and slow skeletal muscle TnT and pan-TnT mAb 2C8 confirms
the co-expression of muscle type-specific isoforms of Tnl and TnT in lungfish cardiac, fast
and slow skeletal muscles (Figure 5).

Sequence of Lungfish Cardiac Tnl and Its N-terminal Extension

Using RT-PCR approaches (Figure 1), we have determined the coding region sequence of
lungfish cardiac Tnl with the flanking 5’- and 3’-noncoding regions. The cDNA and amino
acid sequences of lungfish cardiac Tnl have been deposited to GenBank database with
accession number MZ670767.

The sequence data reveal that lungfish cardiac Tnl has an N-terminal extension similar

to that of coelacanth and amphibians, and clearly different from ray-finned fish cardiac
Tnls (Figure 6A). The N-terminal extension of lungfish cardiac Tnl is longer than that

of amphibians, consistent with the Western blot result in Figure 4B. The sequence of

the lungfish cardiac Tnl shows a conserved overall structure similar to that in other
vertebrate cardiac Tnls, supporting the fidelity of the cDNA sequencing results (Figure 6A).
Authenticity of the cloned lungfish cardiac Tnl cDNA was further confirmed by expression
in E. coli. The Western blot in Figure 6B shows a gel mobility of the encoded protein
identical to that of native cardiac Tnl in lungfish heart.

The amino acid sequence alignment further demonstrates the presence of the two PKA
phosphorylated serine residues and flanking sequences in lungfish cardiac Tnl like that in
the cardiac Tnl of tetrapods (Figure 6A). The phylogenetic tree in Figure 6C demonstrates
that lungfish cardiac Tnl groups with cardiac Tnl of higher vertebrates and apart from
skeletal muscle Tnl and cardiac Tnl of other fishes. An interesting finding is that while
nearly all fish cardiac and skeletal muscle Tnls lack the N-terminal extension, slow skeletal
muscle Tnl of coelacanths and spotted gar both contain an N-terminal extension but without
the two PKA phosphorylated serine residues (Figure 6D). Both of these species possess
rudimentary capacity to breath air (Burggren et al. 2016). Since cardiac Tnl emerged from
duplication of the slow Tnl gene, the finding of such transitional state from which cardiac
Tnl containing PKA phosphorylation sites may have emerged suggests that the emergence
of N-terminal extension of cardiac Tnl began prior to the divergence of slow and cardiac
Tnl genes as a molecular basis to lead the evolution of hearts of air-beathing tetrapod
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species. Phylogenetic distance analysis showed that the N-terminal extensions of the four
fish Tnls are less conserved than the core structures (the region corresponds to that encoded
by exons 4-8 of mouse cardiac TnT gene) (Figure 6E). The degree of N-terminal extension
similarity is notably lower at amino acid level than that at full nucleotide level (comparable
to that of the less functionally relevant codon wobble bases) (Figure 6E). Such low similarity
among the N-terminal extension of the fish cardiac Tnl indicates a low degree of functional
convergence of this submolecular protein structure.

PKA phosphorylation of cardiac Tnl

ProQ phosphoprotein staining of total protein extract of lungfish cardiac muscle found that
[B-adrenergic agonist isoproterenol treatment did not produce significant phosphorylation

of cardiac Tnl (Figure 7A). As evidence that the isoproterenol treatment was effective, an
unidentified 20 kDa protein had significantly increased phosphorylation following treatment
(Figure 7A). As p-adrenergic regulation evolved around the time of fishes, this observation
suggests that lungfish heart has not evolved a complete B-adrenergic signaling pathway.

Nonetheless, PKA treatment of skinned lungfish cardiac muscle produced significant
phosphorylation of cardiac Tnl (Figure 7B), indicating that its N-terminal extension has
evolved to be a substrate of PKA. This finding suggests that lungfish heart has obtained
an emerging capacity of PKA-mediated -adrenergic regulation of cardiac Tnl and heart
function, likely a submolecular trait that leads the transition and adaptation to life on land.

Discussion

Troponin has been identified in all clades of Bilateria, including Deuterostomia (Chordata,
Hemichordata, Echinodermata) and Protostomia (Mollusca, Annelida, Platyhelminthes,
Nematoda, Arthropoada) (Barnes et al. 2016; Yaguchi et al. 2017), while cnidarians and
ctenophores that also have striated muscles appear to lack troponin and other molecular
hallmarks of bilaterian striated muscles (Steinmetz et al. 2012). The early emergence

of troponin regulation in Bilateria evolution highlights its significance in striated muscle
function and adaptations.

Cardiac Tnl is specifically expressed in adult hearts of higher vertebrates (Jin 1996).

The rich database of troponin structure allows us to comprehensively study the intriguing
evolution of the N-terminal extension of cardiac Tnl and to understand its specific function
in the hearts of tetrapods. Pre-tetrapods present an excellent model to understand the cardiac
adaptation during the transition to land and how the evolution of protein structure and
function served as material basis. Through detailed phylogenetic analysis of vertebrate

Tnl isoforms revealing the emergence of the N-terminal extension in cardiac Tnl, and by
sequencing and characterization of cardiac Tnl from lungfish as a prototype tetrapod, the
present study provides the following novel findings.

Rapid Emergence and Fixation of the N-terminal Extension of Cardiac Tnl

Intriguing in our analysis is a rapid emergence and fixation of the N-terminal extension
in cardiac Tnl of lobe-finned fishes, whereafter it remains conserved in higher order
vertebrates. Lobe-finned fishes can be traced back approximately 416 million years ago,
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and research suggests that the first tetrapods diverged from Sarcopterygiito adapt to land
life approximately 385 million years ago (George and Blieck 2011). Contingent upon this
adaptation to land, it is clear that molecular structures and protein functions of key organs
must pre-adapt to allow for the capacity of living in the new environment. The data that

all cardiac Tnl sequenced to date, including numerous from lower vertebrates, either have a
functional form of N-terminal extension containing the PKA phosphorylation sites or have
no N-terminal extension at all with no transitional intermediates reflects a rapid evolution
and fixation with high selection value. On the other hand, a likely prototype N-terminal
extension was found in slow skeletal muscle Tnl, the ancestral gene of cardiac Tnl, of
coelacanths and spotted gar (Figure 6D). Coelacanths have a cardiac Tnl with a functional
form of the N-terminal extension and a slow skeletal muscle Tnl with an N-terminal
extension lacking the PKA phosphorylation sites. The N-terminal extension of spotted gar
slow Tnl also lacks the PKA phosphorylation sites. Although spotted gar is classified as a
ray-finned fish, it has a rudimentary capacity to breath air (Burggren et al. 2016). Therefore,
gars may represent the early state of the rapid emergence the N-terminal extension in cardiac
Tnl for fixation in lobe-finned fishes. Sequencing their cardiac Tnl genes would help to look
into this hypothesis.

Function of the N-terminal Extension of Cardiac Tnlin Tetrapod Evolution to Give Rise to
the Ability to Move to Land

In contrast to the lack of N-terminal extension in cardiac Tnl in ray-finned fishes, lobe-
finned fishes such as coelacanths and lungfishes possess a cardiac Tnl with the N-terminal
extension containing PKA phosphorylation sites similar to that of amphibians and other
higher tetrapods. Lobe-finned fishes of the order Sarcopterygiiare thought to be a primary
ancestor of present-day tetrapods, and are theorized to have been positively impacted from
the increase in atmospheric oxygen during the Early Devonian era (George and Blieck 2011,
Meyer et al., 2021; Wang et al. 2021). Therefore, we hypothesize that the addition of the
N-terminal regulatory structure in cardiac Tnl may have been a crucial gain of function in
the hearts of early tetrapods and reflect a key adaptation to increased energetic demands
of life on land. This apparently rapid evolution of the p-adrenergic regulation of cardiac
function from ancestral ray-finned fishes to lobe-finned fishes suggests a high selection
value in the cardiac function of vertebrate animals on land.

The N-terminal extension of Tnl might have emerged in fish as a new exon independently

in both cardiac and slow Tnl genes. This trait was fixed in cardiac Tnl of lobe-finned fish
and tetrapod hearts for a selection value in air-breathing based higher rate of metabolism

and living on land. Although it was not fixed in slow skeletal muscle Tnl of tetrapods, the
N-terminal extensions of coelacanth and spotted gar slow Tnls provide information for likely
ancestral structures. The low degree of functional convergence of lungfish and coelacanth
cardiac Tnl N-terminal extensions (Figure 6E) suggests that they have not experienced much
evolutionary selection pressure, but have laid a foundation for the heart of lobe-finned fish to
be ready for moving to land.
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PKA Phosphorylation of Cardiac Tnl in Heart Function and B-Adrenergic Regulation

Value of the
Failure

Numerous studies have reported the importance of p-adrenergic regulation of cardiac Tnl

in modulating the function of troponin and the Ca2*-activation of myocardial contraction
where cardiac Tnl plays a fundamental role in inhibiting actomyosin ATPase and muscle
relaxation. Although the heart-specific N-terminal extension of cardiac Tnl is not directly
involved in interactions with TnC, TnT and other myofilament regulatory proteins, PKA
phosphorylation of the N-terminal extension tunes muscle contractility and increases the
diastolic function of the heart (Sheng and Jin 2014) via modulating the overall conformation
and function of cardiac Tnl (Akhter et al. 2012). A restrictive deletion of the N-terminal
extension of cardiac Tnl occurs in the mammalian heart in adaptation to heart failure
conditions (Yu et al. 2001; McConnell et al. 2009), also resulting in increased myocardial
relaxation (Barbato et al. 2005; Feng et al. 2008; Gunther et al. 2016). The physiological
function of the N-terminal extension of cardiac Tnl plays a central role in Ca2* regulation of
cardiac performance and highlights the importance of its evolution and value during natural
selection.

The 20 kDa phosphorylated protein we observed in Figure 7A served as evidence that
lungfish heart responds to B-adrenergic regulation. Its size suggests that it is likely myosin
light chain 2 (MLC2) which we have seen increase in phosphorylation level in mouse
hearts as a response to impaired diastolic function (Wei et al, 2015). Cardiac MLC2 is
known to be phosphorylated specifically by cardiac myosin light chain kinases but not
PKA (Sheikh et al, 2015). Since the N-terminal phosphorylation of cardiac Tnl is critical
to diastolic cardiac function in higher vertebrates, an increased MLC2 phosphorylation
under p-adrenergic stimulation in lungfish heart may implicate that in the absence of PKA
regulation of cardiac Tnl, MLC2 phosphorylation could play a complementary role. This
finding is worth investigating in future studies for understanding the functional significance
of MLC2 phosphorylation in mammalian hearts.

Due to the limitation that we only had access to fresh cardiac muscle tissues from two
lungfishes for the phosphorylation assay, one for isoproterenol treatment and the other for
control, we could only obtain qualitative data without statistical analysis. Future quantitative
studies are needed to further establish the biochemical properties of lungfish cardiac Tnl.

Prototype Function of Cardiac Tnlin Human Health and Treatment of Heart

Mammalian embryonic hearts exclusively express slow skeletal muscle Tnl lacking the
N-terminal extension, with a transition to cardiac Tnl occurring weeks after birth (Jin 1996;
Feng et al. 2009). Deletion of the N-terminal extension from adult mammalian cardiac Tnl
results in significant conformational changes to the remaining slow Tnl-like core structure
and reduces binding affinity for cTnC in a Ca2*-dependent manner (Akhter et al. 2012).
Still, mice expressing N-terminal extension truncated cardiac Tnl live through adulthood
with increased ventricular relaxation velocity and diastolic cardiac function with improved
lifespan (Feng et al. 2008; Biesiadecki et al. 2010). A physiologically occurring endogenous
restrictive proteolytic truncation of the N-terminal extension of cardiac Tnl is present in
normal mammalian hearts at low levels and increases in cardiac stresses (Yu et al. 2001).
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As the N-terminal truncated cardiac Tnl may mimic the prototype function of fish cardiac
Tnl that has no N-terminal extension, the cardiac Tnl N-terminal extension-based addition
of heart function is a reversable trait with potent effects on cardiac functions. Since cardiac
Tnl has a rapid turnover rate with a half-life of 3—4 days (Martin 1981), the N-terminal
truncated cardiac Tnl will be replaced by newly synthesized intact protein when the stress
condition is relieved, presenting an attractive mechanism that transiently returns the function
of mammalian hearts to an ancestral and compensatory state for the treatment of human
heart diseases and failure (Figure 8).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Strategy to sequence the entire coding region of lungfish cardiac Tnl mRNA.
A, To obtain the sequence of lungfish cardiac Tnl, cDNA was made from heart mMRNA

using an anchored oligo dT primer TV20 for reverse transcription from the beginning of
poly-A tail to synthesize total cardiac cDNA. Two degenerate primers AmpF and CoeR were
designed based on known sequences at the translational initiation site of frog cardiac Tnl
and stop codon of coelacanth cardiac Tnl for PCR amplify cDNA encoding lungfish cardiac
Tnl. Internal primers F4, F5, and R3 were designed using the initial sequence data for
sequencing reactions and PCR amplification and sequencing of the 3’-untranslated region

as well as verify the CoeR segment (see Material and Methods for details). The arrowed
dash lines indicate segments determined by the sequencing reactions. B, To sequence the
5’-untranslated region and verify the AmpF segment, an R2 internal reverse primer was used
for reverse transcription of lungfish cardiac Tnl mMRNA. The single stranded cDNA was then
ligated to 5’-phosphorylated R2 primer using T4 RNA ligase. PCR amplification of double
stranded cDNA was carried out using a reverse complement primer of R2 sequence and an
internal reverse primer R80. The PCR product was sequenced using another internal primer
R50.
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Fig. 2. Evolution of Tnl isoforms.
A, The evolutionary lineage demonstrates that fast skeletal muscle Tnl (fTnl) was the first

vertebrate Tnl from an ancestor that also gave rise to invertebrate Tnl. Slow skeletal muscle
Tnl and then cardiac Tnl emerged subsequently from gene duplications. B, The phylogenetic
tree of Tnl isoforms of representative vertebrate and invertebrate species reveals that each
muscle type-specific isoform is conserved among species whereas the three isoforms are
significantly diverged. An exception is the fish slow skeletal muscle and cardiac Tnl,
indicating their early states after divergence.
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Fig. 3. Cardiac Tnl hasevolved with a unique additional N-terminal extension.
A, The linear protein maps illustrate that while the core structure of the three muscle type

Tnl isoforms is highly conserved, the N-terminal extension of cardiac Tnl is an additional
structure that is absent from the skeletal muscle isoforms. The N-terminal extension of
cardiac Tnl is a regulatory structure containing PKA phosphorylation sites Seroz and Seryq.
B, Phylogenetic lineage analysis showed that in contrast to the fast Tnl, cardiac Tnl and
slow Tnl from bony fishes show high degrees of similarity and grouped together, suggesting
the emergence of vertebrate cardiac Tnl in primordial fishes.
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Fig. 5. Thethree Tnl isoformsfound in lungfish.
Coomassie Blue-stained SDS-gel of South American lungfish (Lepidosiren paradoxa)

cardiac and skeletal muscles and Western blots using a pan-Tnl mAb Tnl-1 which
recognizes a highly conserved C-terminal epitope (Jin et al., 2001) showed that lungfish
possess three Tnl isoforms. A parallel blot with mAb CT3 against cardiac and slow skeletal
muscle TnT, followed by reblotting of the same membrane with a pan-TnT mAb 2C8,
demonstrates the co-presence of cardiac, fast and slow skeletal muscle TnT isoforms and
multiple alternative splice forms in lungfish muscles.

J Mol Evol. Author manuscript; available in PMC 2024 March 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Rasmussen et al.

N WYRANATEM 00
Dalphin x
e e -
Chicken “smrmmenns cteaspancen o
Vreg . VIVEEEERAY W VAL TR, 03
LusgrIan o~ TRRPSSL YRS : o
Corlacmtn POLOPT ST IO EVONE EETCME LT OE LWL P Py T TP AR S HYIALATORWAONOY TSRS
Treut o POV TSRS0I,
S K s e
Dalphin LT KRR, TACR PORIFTR.
e L3t Q0% CRGA ALY
Chacken CroveLri
ey [0 L% L0 SELTORM SIFDR
Lusgfawn L I § 53 AS K8 L UL o e 1FTa
Caelacanth L 21008 O
Trout WAL AR LEOE TVOR CERE AT oL o
o ‘ KN Rt
Dalphan W . KN OXDTR
Moeie GHCHRPTL IO SAOAMIALLG TRMESLIUARMIGY XD TER ENRYCEMInN TOAL ST BL. . -
Chicxen ) L FON - - FRLOADS. -
Fieg L ] L
Lungf i PO PO ARSPTADANE SALL Lo mVC MOURAMLIGY  L0VIR. € IREVIEMSNTOA MM Ao 65 ' L0A
Coelacain ST LA S AL NN OO i
Trour Ao g AN Al
1 “! :? ¢’
c \ Y/ D
\ % i / Siew Skrletal Muscle Tnd
\"'/‘,, » Vv L o
RN / o
0 vy v i -
\ [
N
Y
T 2
i 1}
T 3
P / D N
o s \ Qﬁn.n.
Carat Toh o™ & =
g PRt
z T
1 g Fant Saaietnl Muscle 1al
Core Amino Acd NTE Nucleotide

are

W o

|
§

!
;

M| ey A pegoog

Page 21
B
s3a 3S23 333
RIRIR
Fyges 188; 1845
18887 Hi1 1115
w1 *+ + * ¥-a- 4 + 4
e — rory
s b =
Walny - .—.s
B | — 4+ |
B |y =8 ||
L2 B .-.'-
S EEE
Dale S o
ol = -
SDS-Gel mAD Trik1 bt mAD FAZ blot
ot s T
e
v
e '..':f_i.g,:‘g
Lo obl 3
s
NTE Amina Acid NTE Wobble Base
{1 {2
P ¥ b §
E§
4 §
il
]
SREA iR
R ¥ it 3 |
e HIH°

e
PR

Fig. 6. The primary structure of lungfish cardiac Tnl and the presence of N-terminal extension

containing the two PK A substrate serines.

A, The amino acid sequence of lungfish cardiac Tnl is aligned with cardiac Tnl from
representative vertebrate species. The result shows that lungfish cardiac Tnl has a conserved
core structure similar to cardiac Tnl in the other species. In contrast to cardiac Tnl of
ray-finned fish, lungfish cardiac Tnl has a long N-terminal extension similar to that of
coelacanth and amphibian cardiac Tnls. Despite of the significant difference in length, the
N-terminal extension of lungfish, coelacanth, amphibian, avian and mammalian cardiac Tnls
all have the two PKA substrate serine residues and similar flanking sequences. B, The SDS-
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gel and mAb Tnl-1 Western blot show that the lungfish cardiac Tnl protein expressed in £.
coli from the cloned cDNA has a gel mobility same as that of native cardiac Tnl in the heart
of spotted African lungfish (Protopterus dolloi). In comparison, E. coli expressed rainbow
trout cardiac Tnl that lacks the N-terminal extension (GenBank accession # HM012798.1)
showed a significantly faster mobility. The Western blot using mAb FA2 against cardiac
MHC further confirmed the mobility position of MHC band in our SDS-PAGE conditions.
C, The phylogenetic tree shows that lungfish cardiac Tnl is closely related to coelacanth
and amphibian cardiac Tnls. In contrast, cardiac and slow skeletal muscle Tnls in ray-finned
fishes are not specifically diverged and both lack the N-terminal extension while fish fast
Tnl is closely related to amphibians. D, Alignment of N-terminal segment of cardiac Tnl
from multiple fish and amphibian species revealed that besides cardiac Tnl, slow skeletal
muscle Tnl of coelacanth and spotted gar also have a long N-terminal extension but lacking
the two PKA phosphorylated serine residues, suggesting a possible transitional state. E, The
phylogenetic trees showed that the N-terminal extensions (NTE) found in fish Tnls are less
conserved than the core structures and the degree of divergence is higher at amino acid

level than that at nucleotide level, indicating a low degree of functional convergence. A tree
constructed using the wobble bases of N-terminal extension codons is shown as a reference
level of low functional selection.
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Fig. 7. PKA phosphorylation of the N-terminal extension of lungfish cardiac Tnl.
A, Coomassie blue-stained (left) and phosphoprotein Pro-Q Diamond stained (right)

SDS-gels showed that treatment of lungfish cardiac muscle with p-adrenergic agonist
isoproterenol (1SO) did not result in significant phosphorylation of cardiac Tnl as compared
with control (CON), indicating not fully evolved p-adrenergic responses. B, Coomassie
blue-stained (left) and phosphoprotein Pro-Q Diamond stained (right) SDS-gels showed
that PKA treatment of skinned lungfish cardiac muscle sections resulted in significant

phosphorylation of cardiac Tnl, suggesting an emerging capability of a responder to PKA

regulation.
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Evolution of the N-terminal regulation of vertebrate cardiac Tnl

Be able to move to land, higher PO, and metabolism
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Fig. 8. The evolution and function of the N-terminal extension of cardiac Tnl.
The Tnl isoforms genes emerged early in the evolution of vertebrate striated muscles.

The evolution of a cardiac-specific isoform of Tnl and the emergence of the N-terminal
extension and PKA phosphorylation sites coincide with the emergence of lungs to increase
oxygenation and metabolic rate in cardiac muscle. The N-terminal extension with the
PKA phosphorylation sites of cardiac Tnl functions to regulate heart function, which
could be a key step to enable early tetrapods to move to land where increased energetic
demand requires adaptation to allow for higher calcium sensitivity and ultimately stronger
contraction. A restrictive proteolytic cleavage that selectively removes the N-terminal
extension of cardiac Tnl occurs in in mammalian hearts as a physiological adaptation to
chronic heart failure, implicating a benefit to transiently reverse the function of cardiac Tnl
to an ancestral state like that of bony fishes.
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