Curriculum Vitae
Janelle Elizabeth Geist Hauserman
geistjanelle@gmail.com
Doctor of Philosophy, May 2019
EDUCATION
2014-2019

Ph.D. Candidate, Graduate Program in Biochemistry and Molecular Biology
University of Maryland, Baltimore – Baltimore, MD

2010-2014

B.S., Biochemistry
Susquehanna University – Selinsgrove, PA

RESEARCH EXPERIENCE
2014-2019

Graduate Research Assistant, Mentor: Katia Kontrogianni-Konstantopoulos, PhD
University of Maryland School of Medicine

2013

Penn State Hershey Summer Undergraduate Research Program, Mentor: Thomas
Spratt, PhD

2012-2014

Undergraduate Research Assistant, Mentor: Renuka Manchanayakage, PhD
Susquehanna University

PUBLICATIONS
Geist, J. and Kontrogianni-Konstantopoulos, A. (2016). MYBPC1, an emerging myopathic genewhat we know, what we need to learn. Frontiers in Physiology, 7(410): 1-8.
Shriver, M., Marimuthu, S., Paul, C., Geist, J., Seale, T., Konstantopoulos, K. and KontrogianniKonstantopoulos, A. (2016) Giant obscurins regulate the PI3K cascade in breast epithelial cells
via direct binding to the PI3K/p85 regulatory subunit. Oncotarget, 7(29): 45414-45428.
Geist, J., Ward, C., and Kontrogianni-Konstantopoulos, A. (2018). Structure before Function:
Myosin Binding Protein-C Slow is a Structural Protein with Regulatory Roles. FASEB, 2 (32):
6385-6394.
Wang, L., Geist, J.*, Grogan, A.*, Hu, L-Y.*, and Kontrogianni-Konstantopoulos, A. (2018).
Thick Filament proteins and structure. Comprehensive Physiology, 13:8(2): 631-709.
Robinett, J., Hanft, L., Geist, J., Kontrogianni-Konstantopoulos, A. and McDonald, K. (2019).
Regulation of myofilament force and loaded shortening by Myosin Binding Protein-C. Journal
of General Physiology, 151 (5): 645-659.
Stavusis, J.*, Lace, B.*, Schafer, J.*, Geist, J., Inashkina, I., Kidere, D., Pajusalu, S., Wright, N.,
Saak, A., Weinhold, M., Haubenberger, D., Jackson, S., Kontrogianni-Konstantopoulos, A., and

Bonnemann, C. (2019). Novel mutations in MYBPC1 are associated with myopathy and
myogenic tremor. Annals of Neurology. doi: 10.1002/ana.25494.
Shasi, V.,* Geist, J.*, Lee, Y.*, Yoo, Y., Shin, U., Schoch, K., Sullivan, J., Stong, N., Smith, E.,
Jasien, J., Kranz, O., Lee, Y., Shin, Y.B., Wright, N.T., Choi, M., KontrogianniKonstantopoulos, A.. (2019). Heterozygous variants in MYBPC1 are associated with an
expanded neuromuscular phenotype beyond arthrogryposis. Human Mutation.
doi:10.1002/humu.23760.
Stavusis, J.*, Geist, J.*, and Kontrogianni-Konstantopoulos, A. Sarcomeric myopathies
associated with tremor: new insights and perspectives. Journal of Muscle Research and Cell
Motility. Under review.
Geist, J., et al. Phenotypic and functional evaluation of the sMyBP-C E248K mouse model. In
preparation.
*Authors contributed equally
SELECTED PRESENTATIONS
63rd Annual Meeting of the Biophysical Society
Baltimore, MD
Baltimore Convention Center
March 2019
Poster presentation: Myosin Binding Protein-C Slow (sMyBP-C) Function, Regulation, and
Disease Implications.
47th Annual European Muscle Conference
Budapest, Hungary
Basic Medical Science Center of Semmelweis University
September 2018
Poster presentation: Myosin Binding Protein-C Slow (sMyBP-C) Function, Regulation, and
Disease Implications.
Winner of the Young Investigator Award
2018 Annual Myofilament Meeting
Madison, WI
Monona Terrace Community and Convention Center
May 2018
Poster presentation: Myosin Binding Protein-C Slow (sMyBP-C) Function, Regulation, and
Disease Implications.
Baltimore, MD
7th Annual UMB Biochemistry and Molecular Biology Retreat
University of Maryland School of Medicine
January 2018
Poster presentation: Myosin Binding Protein-C Slow (sMyBP-C) Function, Regulation, and
Disease Implications.
Mini Research Symposium 2017 Aaron I. Grollman Visiting Professorship in Basic Sciences
Baltimore, MD
University of Maryland School of Medicine
January 2017
Oral presentation: Myosin Binding Protein-C Slow: A multifaceted regulator of muscle structure
and function in health and disease.

22nd Annual UMB Interdisciplinary Training Program in Muscle Biology Retreat

Baltimore, MD

University of Maryland School of Medicine
May 2017
Oral presentation: Myosin Binding Protein-C Slow: A multifaceted regulator of muscle structure
and function in health and disease.
39th Annual UMB Graduate Research Conference
Baltimore, MD
University of Maryland School of Medicine
March 2017
Poster presentation: Regulation and Roles of Myosin Binding Protein-C Slow in Adult Skeletal
Muscles in Health and Disease
Winner of Graduate Research Conference Outstanding Presentation Award
2016 Annual Myofilament Meeting
Madison, WI
Monona Terrace Community and Convention Center
June 2016
Poster presentation: Regulation and Roles of Myosin Binding Protein-C Slow in Adult Skeletal
Muscles
HONORS AND AWARDS
47th Annual European Muscle Conference Young Investigator Award
National Institute of Health (NIH) Training Grant, University of Maryland,
Baltimore, Interdisciplinary Training Program in Muscle Biology
2017
Graduate Research Conference Outstanding Presentation Award
2014
Department of Chemistry Outstanding Researcher Award, Susquehanna
University, Department of Biochemistry
2013-Present Omicron Delta Kappa (Leadership Honors Society)
2012-2014
Beta Beta Beta (Biological Sciences Honors Society)
2012-2014
Gamma Sigma Epsilon (Chemical Sciences Honors Society)
2011-2014
Salevan Scholarship towards a degree in the sciences
2011-2014
Ruth Botdof Scholarship for excellence in chemistry
2010-2014
Dean’s List (Eight consecutive semesters)
2018
2016-2019

SERVICE ACTIVITIES
2018-2019
2018
2017-2018
2017-2019
2017-2018
2014-2017
2014-2019

Graduate Student Association Graduate Council Representative
UMB Graduate Program in Life Sciences Awards Committee, Biochemistry
Student Representative
Graduate Student Association Secretary
Member of Student Advisory Council, Biochemistry Representative
Graduate Research Conference Organizing Committee Chair
Member of Graduate Student Association, Biochemistry Representative
UMB Ronald McDonald House Volunteer

ABSTRACT
Functional characterization of Myosin Binding Protein-C slow in health and disease
Janelle Elizabeth Geist Hauserman, Doctor of Philosophy, 2019
Dissertation directed by:
Aikaterini Kontrogianni-Konstantopoulos, PhD
Professor, Department of Biochemistry and Molecular Biology
University of Maryland School of Medicine
Myosin Binding Protein-C (MyBP-C) comprises a family of proteins with structural and
regulatory roles in muscle. There are three MyBP-C isoforms in the family, encoded by different genes.
Although the isoforms share significant structural and sequence homology, slow skeletal MyBP-C
(sMyBP-C), encoded by MYBPC1, is unique as it is heavily spliced in both the NH2 and COOHtermini.
To study the role of sMyBP-C in healthy, adult skeletal muscles, in vivo gene transfer and
CRISPR plasmids were used to knock down sMyBP-C. Decreased sMyBP-C levels resulted in
significantly decreased levels of thick, but not thin, filament proteins. The reduced levels of thick
filament proteins were accompanied by disorganized A- and M-bands. Moreover, examination of the
contractile activity of treated muscles demonstrated that downregulation of sMyBP-C resulted in
significantly decreased force production and velocities of contraction and relaxation.
In addition to the extensive exon shuffling that takes place in the NH2-terminus of sMyBP-C,
it also undergoes PKA and PKC mediated phosphorylation within two motifs, which flank the first Ig
domain of the protein. Recombinant NH2-terminal sMyBP-C phosphomimetic peptides were tested in
co-sedimentation and in vitro motility assays, indicating that phosphorylation of sMyBP-C variants
regulates actomyosin binding and sliding velocity.
Mutations in MYBPC1 have been implicated in the development of distal arthrogryposis, while
four recently discovered mutations (Y247H, E248K, L259P, and L263R) co-segregate with the

development of a new myopathy characterized by muscle weakness, hypotonia, skeletal deformities,
and tremor. In vitro studies and computational modeling suggest altered myosin binding and/or protein
instability for the four mutations. Further in vivo evaluation of the E248K mutation in a heterozygous
knock-in mouse model revealed significant biochemical, morphological, and behavioral deficits
compared to wild type littermates. Additionally, functional assessment of heterozygous E248K
muscles demonstrated decreased force and power production, as well as decreased cross bridge cycling
kinetics, indicating the tremor may begin at the level of the sarcomere.
My studies therefore reveal that sMyBP-C has important structural and regulatory roles within
the sarcomere, is modulated through phosphorylation, and that novel MYBPC1 mutations lead to the
development of myopathy and tremor that is of myogenic origin.
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CHAPTER 1
THE SARCOMERE AND MYOSIN BINDING PROTEIN-C
This chapter is an excerpt from the 2017 Comprehensive Physiology review “Thick
filament protein network, function, and disease associations,” in which I served as co-second
author.

1.1 Introduction to the sarcomere
The sarcomere is the smallest contractile unit of the striated muscle cell that is repeated
thousands of times to give rise to myofibrils, which assemble into myofibers that comprise the
mature muscles (1-3). One of the most remarkable features of sarcomeres is their austere
periodicity created by overlapping arrays of thick myosin and thin actin filaments occupying Aand I-bands, respectively (Fig. 1.1) (4).
A single thick filament contains >200 perfectly aligned myosin molecules assembled into
highly ordered bundles in which the globular motor head domains face outward and the long rod
regions face inward forming a bipolar filament (5, 6) (Fig. 1.1). The sub-region of the A-band
where thick and thin filaments overlap and actomyosin cross bridges form is known as the overlap
zone. The central sub-region of the A-band that is devoid of thin filaments is referred to as the Hzone (7). Contrary to the A-band that remains constant during contraction, the H-zone shortens
significantly when sarcomeres are activated and allowed to contract (the shortening distance is
similar to that of the I-band). In the middle of the H-zone, the M-line, or M-band, is the region
devoid of myosin heads, and contains accessory proteins that play scaffolding, crosslinking and

1

regulatory roles (7). For a more detailed description of the structure of thick filaments, readers are
directed to two excellent recent reviews (8, 9).

Figure 1.1: Schematic representation of a half sarcomere depicting the position of the Z-disk,
I-band, A-band and M-band. Myosin thick filaments and associated proteins are shown in color
including myosin heads (green), myosin rods (petrol), regulatory light chains (magenta), essential
light chains (peach), MyBP-C (purple), myomesin (orange), titin (yellow), and obscurin (light
blue), while actin thin filaments and the surrounding sarcoplasmic reticulum are shown in different
shades of grey; the structure of the half sarcomere was generated by e-heart.org bearing minor
modifications.

In addition to myosin, a number of other proteins reside in the thick filament and play
important structural and regulatory roles. These include: Myosin Binding Protein-C (MyBP-C),
titin, myomesin, and obscurin (Fig. 1.1). Myosin, the backbone of the thick filament, slides past
actin thin filaments by hydrolyzing adenosine triphosphate (ATP) to mediate muscle contraction
(10, 11). MyBP-C is tightly anchored to the thick filament through binding to both myosin and
2

titin, and modulates the formation and cycling of actomyosin cross bridges (7, 12-14). Titin, the
largest known protein to date, is intimately bound to myosin along the length of the thick filament,
and mainly functions as a scaffold for thick filament assembly (15-17). Myomesin forms
antiparallel homodimers crosslinking myosin molecules within the M-band and contributing to the
elasticity of the thick filament (18-20). Lastly, obscurin, the most recently identified giant protein
of muscle cells, contributes to the stabilization of thick filaments into mature A-bands and their
alignment with internal membrane systems (16).

1.2 Identification of Myosin Binding Protein-C
Myosin Binding Protein-C was originally discovered as a contaminant of skeletal muscle
myosin preparations (21), but was later characterized as a myosin binding protein with a molecular
weight of 120-150 kDa depending on the muscle source (12). Much work has focused on the
cardiac isoform, as mutations in cardiac MyBP-C are a leading cause of congenital
cardiomyopathies. Recent work, however, has begun to investigate the roles and regulation of the
skeletal isoforms, due to their direct involvement in hereditary myopathies, especially in the case
of slow MyBP-C.

1.3 Structural organization of MyBP-C isoforms
MyBP-C comprises a family of accessory proteins with structural and regulatory roles that
constitutes 2-4% of the myofibrillar mass (22). There are three different isoforms, including
cardiac (cMyBP-C), fast skeletal (fMyBP-C), and slow skeletal (sMyBP-C) (23), which play key
roles in the assembly and stabilization of thick filaments, and regulate actomyosin cross bridges
via direct interactions with both myosin and actin (24-30). The three isoforms share similar
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structures consisting of seven (sMyBP-C and fMyBP-C) or eight (cMyBP-C) immunoglobulin (Ig)
and three fibronectin-III (Fn-III) modules numbered from the NH2-terminus to the COOHterminus as C1-C10 (31) (Fig. 1.2). The cardiac isoform includes an additional Ig domain at its
extreme NH2-terminus, referred to as C0 (32). All three isoforms contain a 50-amino acid long
Pro/Ala rich region and a 100-amino acid long MyBP-C specific motif, termed the M-motif, that
flank Ig domain C1 (31, 33). Unique to cMyBP-C are a 9-amino acid long insert in the M-motif
and a 28-amino acid long insert in the C5 domain, which is enriched in Pro and charged residues
and potentially acts as an SH3-domain recognition site (34). The cardiac and fast skeletal isoforms
also share a conserved linker region between Ig domains C4 and C5, which is absent from the slow
skeletal isoform (34).

Figure 1.2: Schematic representation of the three MyBP-C isoforms. The black and white
horizontal rectangles correspond to the Pro/Ala rich region and the M-motif, while the yellow and
dark blue vertical rectangles represent Ig and FnIII domains, respectively. Colored zigzagged lines
in sMyBP-C represent alternatively spliced insertions. fMyBP-C and cMyBP-C share a conserved
linker region between C4 and C5, denoted in red. C0 and cardiac specific regions in cMyBP-C are
shown in light blue.
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cMyBP-C is encoded by the MYBPC3 gene located on human chromosome 11, has an
apparent molecular mass of ~140 kDa, and is restricted to heart muscle (35). Structural information
about cMyBP-C is limited to secondary structures of the NH2-terminal C0-C2 region and the C5
domain (33, 36). Solution nuclear magnetic resonance (NMR) structures confirmed that C0
exhibits a canonical Ig topography forming a β-sandwich, and 15N relaxation studies showed that
its NH2-terminus is highly disordered, whereas its COOH-terminus is ordered (36, 37). Moreover,
crystallographic and NMR studies demonstrated that Ig domain C1 is more extended than other Ig
domains, with its NH2-terminus being structurally compact, but its COOH-terminus disordered
and flexible (38), possibly enabling the proper positioning of the neighboring M-motif for
interactions with other myofilament proteins (36). In contrast to data for C0 and C1, there is
disagreement regarding the conformation of the M-motif, with some studies reporting that it
assumes a compact conformation that is structurally related to an Ig β-fold (39), and others
indicating that it is highly disordered in solution (7, 40). NMR studies confirmed that the M-motif
is partially folded, although, no β-sheet composition was evident (41). Moreover, Ig domain C2
displays the expected β-sandwich topology of an Ig domain (42), and molecular modeling studies
predicted that charge-charge interactions are crucial to the formation of the protein binding
interface between C2 and myosin S2 (36). Lastly, C5 exhibits a prominent β-bulge, formed by the
10-amino acid linker between C4 and C5 that stabilizes C5, and is only present in the cardiac and
fast skeletal isoforms (43, 44).
In comparison to the cardiac isoform, much less is known about the skeletal isoforms.
sMyBP-C and fMyBP-C are encoded by MYBPC1 and MYBPC2 located on human chromosomes
12 and 19, respectively (23). Similarly to cMyBP-C, a single transcript has been described for
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fMyBP-C, which encodes a protein of ~130 kDa (45). sMyBP-C, is unique, however, as several
variants have been reported, ranging in size from ~126 kDa to ~131.5 kDa (46). The slow variants
result from extensive alternative splicing of short amino acid segments within the Pro/Ala rich
motif, the M-motif, Ig domain C7, and the extreme COOH-terminus (24). Accordingly, fourteen
sMyBP-C variants have been described in human skeletal muscles to date. The different sMyBPC variants are co-expressed in variable amounts and combinations in both slow and fast twitch
skeletal muscles, where they may co-exist with fMyBP-C (47). However, there is no single
mammalian muscle that expresses all known sMyBP-C proteins, which is indicative of their
distinct structural and regulatory roles (24, 30, 47-50).
cMyBP-C is expressed in embryonic, neonatal, and adult hearts (23, 35, 51-53). In mice, it
is first detected at gestational day 8, coinciding with the appearance of titin (51). Expression of
sMyBP-C succeeds the expression of titin and sarcomeric myosin by about five days, at
approximately gestational day 14, while expression of fMyBP-C follows at gestational day 18 (51).
Given the expression of sMyBP-C during early embryogenesis, it has been postulated that it has
essential roles during myofibrillogenesis (54).

1.4 Subcellular distribution of MyBP-C in striated muscles
The location of MyBP-C in the thick filament was first shown by immuno-electron
microscopy (immuno-EM), which revealed its presence in 7-9 transverse stripes within the cross
bridge-bearing (C-zone) region of each half A-band (55, 56). Early studies postulated that binding
of the COOH-terminus of MyBP-C to titin determines its localization, given that titin is
incorporated into sarcomeres prior to MyBP-C and exhibits the same periodic organization (57,
58). Notably, the distance between the MyBP-C stripes is ~43 nm, which is equal to the spacing
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of the myosin helix repeat (59). Different models have been proposed for the positioning and
orientation of MyBP-C in the sarcomere to date, primarily focusing on cMyBP-C. These include
the axial, the circumferential, the axial/radial, and the circumferential/radial models (60, 61). Early
studies on MyBP-C localization using X-ray diffraction modeling suggested an axial arrangement
of the entire molecule along the thick filament (62, 63). Alternatively, the circumferential
arrangement proposed that three molecules of cMyBP-C form collar-like rings every 43 nm around
the thick filament, which are stabilized by intermolecular interactions mediated by the C5-C10
region, specifically between C5 and C8, and C7 and C10 (34, 57, 60, 64). Interestingly, binding
interactions between the respective domains of fMyBP-C were also shown by surface plasmon
resonance (SPR), suggesting that fMyBP-C may also wrap around the thick filament like a collar.
Such interactions were considerably weaker between the corresponding domains of sMyBP-C,
with an estimated Ka at least 10-fold lower than that for the cMyBP-C domains (34). Lastly, the
axial/radial and circumferential/radial models propose axial and circumferential orientation of the
COOH-terminus of MyBP-C, respectively, with radial extension of the NH2-terminus towards the
thin filament (61). Consistent with an axial/radial arrangement of the protein, the last three COOHterminal domains (C8-C10) of cMyBP-C are located roughly parallel to the thick filament axis
while the majority of the molecule (C0-C7) runs transversely to the thick filament (61). Notably,
this orientation allows the NH2-terminus to interact dynamically with both the thin and thick
filaments (65).
Similar to the cardiac isoform, fMyBP-C and the majority of the sMyBP-C variants are
targeted to the C-zone. However, select sMyBP-C variants (e.g. variants 1, 6, 7, 8, 9, 002, and 202)
possess a unique COOH-terminal insertion of 26 residues and preferentially localize to the
periphery of the M-band (50).
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1.4.1

Interacting partners of MyBP-C in striated muscles
Based on its sarcomeric location, it is apparent that the main binding partners of MyBP-C

are myosin, actin, and titin. Notably, later studies identified additional binding partners including
obscurin, muscle-type creatine kinase, and myosin RLC (Fig. 1.3).

Figure 1.3: Binding partners of the three MyBP-C isoforms. Binding regions are shown on the
cMyBP-C isoform to also include interactions mediated by C0. Binding to all partners has been
determined for both cMyBP-C and sMyBP-C unless binding is located within a cardiac specific
region (light blue) or noted only for sMyBP-C. Much less research has focused on confirming or
identifying binding partners of fMyBP-C.

Actin (~42 kDa): In addition to binding myosin, cMyBP-C also binds actin (66-68). Early
competition studies suggested that the binding between actin and cMyBP-C is specific, since it
was abolished by myosin S1 (interacting with actin) in the absence of ATP, and cMyBP-C could
displace myosin S1 from actin in the presence of ATP (68). A number of recent studies have
attempted to precisely map the binding site of actin on cMyBP-C, yielding conflicting results.
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Several reports have identified the NH2-terminal C0-C2 region as the actin-binding site, although
the interaction appears to be weak, with an affinity in the µM range (36, 69-71). In particular,
sequences in C0 (71-74), C1 (75, 76), the first 17 amino acids of the M-motif (77), and the folded
tri-helix structure of the M-motif (78) were shown to support binding to actin, suggesting that there
may be multiple (apparently weak) interaction sites dispersed throughout the NH2-terminus of
cMyBP-C. This was further supported by the ability of the C1-C2 region to cross-link F-actin
filaments (70). Contrary to the above studies, Rybakova and colleagues reported that the COOHterminal C5-C10 region confers binding to actin in a saturable and specific manner (69). Recent
work on sMyBP-C has also located the actin binding site in the NH2-terminus of the protein
encompassing the Pro/Ala-C1-M-motif region, although the strength of the interaction appears to
be variant-specific (30).
The ability of MyBP-C to bind both actin and myosin classifies it as the only myofilament
protein that can link the thick and thin filaments within the region of active cross bridge cycling
(79).
Titin (3-4 MDa): The MyBP-C binding partner, titin, has been suggested to dictate its
periodic positioning along the thick filament, as the region of titin that lies in the C-zone of the Aband also exhibits a periodicity of ~43 nm (80, 81). Early work had shown that radiolabeled
skeletal MyBP-C binds strongly and specifically to the first Ig domain within titin’s second set of
super repeats, and binding was retained by a MyBP-C fragment lacking the NH2-terminal 171
residues (82), suggesting that the COOH-terminus of the protein mediates binding to titin. Later
studies using recombinant titin and cMyBP-C fragments mapped the titin-binding site to domains
C8-C10 (14). Although the interaction between MyBP-C and titin is relatively weak, the
interaction among MyBP-C, myosin, and titin has been suggested to be instrumental in the ordered
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arrangement of the sarcomere (14).
Obscurin (~50-970 kDa): Unique to sMyBP-C, the COOH-terminus of select slow variants
(e.g. human variants 1, 6, 7, 8, 9, 002, and 202), contain a 26-amino acid long insertion that along
with Ig domain C10 supports binding to the NH2-terminal Ig2 repeat of the giant protein obscurin
at the periphery of the sarcomeric M-band in both developing and adult skeletal myofibers (50).
Overexpression of obscurins’ Ig2 domain in primary cultures of skeletal myotubes disrupts the
formation of M-bands and A-bands, and thereby the localization of sMyBP-C variants at M-bands,
suggesting that obscurins play key roles in the stability and maintenance of thick filaments, and
the targeting of select sMyBP-C variants to the periphery of M-bands (50, 83).
Muscle-Type Creatine Kinase (M-CK; ~43 kDa): Using in vitro binding assays, it was
shown that domains C6-C10 of sMyBP-C support binding to M-CK (84). The interaction has been
suggested to be important, as Ig domain C10 also supports binding to myosin. In ATPase assays,
ATP expenditure accelerated upon the association of the three proteins, and the apparent Km value
of myosin in the presence of sMyBP-C and M-CK was reduced (84). Thus, by functionally
coupling myosin, sMyBP-C, and M-CK, sMyBP-C acts as an adaptor that connects the ATP
consumer (myosin) and the ATP regenerator (M-CK) for efficient energy metabolism and
homeostasis.
Myosin RLC (~18-19 kDa): As discussed earlier, cMyBP-C contains an additional Ig
domain, C0, and this domain binds to RLC (37). Although not proven yet, it has been postulated
that C0 may be positioned between the two RLCs where it could influence the relative orientation
of the myosin S1 heads (37).
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1.5 Physiological roles of MyBP-C
Structural and regulatory roles have been suggested for the MyBP-C family in both cardiac
and skeletal muscles (54, 60, 85-87), although most of our knowledge stems from studies on
cMyBP-C.

1.5.1 Structural roles

Early biochemical work demonstrated that MyBP-C plays key roles in the regular assembly
of myofibrils, as the presence of normal MyBP-C levels is required for the regular assembly of
synthetic myosin filaments in regards to thickness, length, formation of bare zone, and distribution
of myosin heads (85). Consistent with this, Harris and colleagues showed that cMyBP-C null
hearts (cMyBP-C-/-) develop fibrosis, and contain misaligned (yet structurally intact) sarcomeres
by 3-4 months of age (88). Ultrastructural evaluation of cMyBP-C-/- hearts further confirmed these
findings revealing the presence of misaligned Z-disks. Functionally, the null hearts displayed
significantly depressed indices of diastolic and systolic function and reduced Ca2+ sensitivity of
tension (60, 88, 89). Similarly, a second cMyBP-C-/- model generated by Carrier and colleagues
also exhibits myocardial disarray with increased interstitial fibrosis, and additionally develops
eccentric left ventricular hypertrophy characterized by depressed fractional shortening by 3-4
months of age and markedly impaired relaxation by 9 months of age (88, 90-92).
Much less is known about the structural roles of the skeletal isoforms. Early on, Davis and
colleagues demonstrated that addition of purified rabbit skeletal MyBP-C reduces the critical
concentration required for myosin polymerization in vitro (93). Moreover, Abdul-Hussain and
colleagues reported that sMyBP-C is the major MyBP-C isoform expressed during early
myofibrillogenesis in cultured primary human skeletal myotubes, suggesting that it may be
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essential for sarcomeric assembly and maintenance (54). Recently, Li and colleagues indicated
that knockdown of fMyBP-C in zebrafish larvae leads to development of a myopathic phenotype,
characterized by shorter sarcomeres, wider interfilament spacing, and muscle weakness (87).
Muscle function was also significantly impaired and was characterized by reduced force
production, prolonged time between stimulus and onset of contraction, and slower rates of
contraction and relaxation (87).

1.5.2 Regulatory roles

In addition to its proposed structural role, accumulating evidence has implicated MyBP-C
in the regulation of cross bridge cycling, myofilament Ca2+ sensitivity, and enzymatic activity of
myosin.
Cross bridge cycling- The first evidence that MyBP-C contributes to the regulation of cross
bridge cycling came from in vitro studies indicating that addition of purified rabbit skeletal MyBPC to skinned myofibers slows down the shortening velocity of actomyosin cross bridges (94).
Despite this early work using skeletal MyBP-C, our current understanding of how MyBP-C
modulates actomyosin cross bridges comes from extensive in vitro and in vivo studies on cMyBPC. Accordingly, it has been demonstrated that the first ~29 kDa of the NH2-terminus of cMyBPC, containing Ig domain C0, the Pro/Ala rich motif, Ig domain C1 and the first 17 amino acids of
the M-motif has an inhibitory effect on the sliding velocity of thin filaments along thick filaments
at high Ca2+ concentrations (95). Interestingly, later studies further showed that cMyBP-C inhibits
maximal sliding velocity of fully activated thin filaments at high Ca2+ concentrations (i.e. pCa4),
but activates actomyosin force generation and thin filament sliding at low Ca2+ concentrations (i.e.
pCa9) (86, 96). It has therefore been suggested that cMyBP-C may act both as a “brake” and an
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“accelerator”, ultimately regulating the rate of formation of actomyosin cross bridges as a function
of Ca2+ levels.
Myofilament Ca2+ sensitivity- Moreover, cMyBP-C modulates myofilament Ca2+
sensitivity, as extraction of cMyBP-C from skinned rat cardiomyocytes and trabeculae results in a
dramatic increase of Ca2+ sensitivity, that is reversed by addition of µM amounts of purified protein
(94, 97, 98). Consistent with this, cMyBP-C null cardiomyocytes exhibit higher Ca2+ sensitivity
than wild type (WT) (88, 90, 99, 100).
Myosin ATPase activity- Early studies had shown that MyBP-C modulates the actinactivated, but not the intrinsic, ATPase activity of myosin (66, 67, 85, 101). Specifically, work
from Yamamoto and colleagues as well as Winegrad and colleagues demonstrated that addition of
purified cMyBP-C increases the enzymatic activity of cardiac myosin in the presence of actin
independently of ionic strength (67, 85).
Given that cMyBP-C undergoes extensive phosphorylation within its NH2-terminus
(please see below), the effects of phosphorylation on the ATPase activity of myosin were
evaluated, too. Although phosphorylated cMyBP-C also enhances the actin-activated ATPase
activity of myosin, maximal activity was considerably lower (101). Moreover, work from
Weisburg and colleagues further indicated that phosphorylation of cMyBP-C may differentially
affect the actin-activated ATPase activity depending on the myosin isoform (102). Thus, PKAmediated phosphorylation of cMyBP-C had no effect on the enzymatic activity of βMyosin heavy
chain (MyHC), but significantly increased the enzymatic activity of αMyHC (102). Contrary to
cMyBP-C, skeletal MyBP-C isolated from rabbit slow and fast twitch muscles has a biphasic effect
on the ATPase activity of myosin that depends on ionic strength. At low ionic strength it is strongly
inhibitory, whereas at high ionic strength it is moderately stimulatory (67). This inhibitory effect
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of skeletal MyBP-C at low ionic strength may result from competition with the S1 fragment of
myosin for actin binding as it is not relieved by increasing actin concentration (66, 67).

1.6 Phosphorylation as a regulator of MyBP-C
The regulation of MyBP-C via post-translational modifications, and particularly
phosphorylation, has been a major focus of several groups (103-107) (Fig 1.4 and Table 1.1). In
addition to phosphorylation, cMyBP-C undergoes acetylation, citrullination, S-glutathiolation, Snitrosylation, and carbonylation (108) (Fig. 1.4 and Table 1.1).
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Figure 1.4: Post-translational modifications identified in cMyBP-C and sMyBP-C.
Phosphorylation sites in sMyBP-C and cMyBP-C (green) are located within their NH2-terminal
regions. Acetylation of lysine residues in cMyBP-C (purple) are primarily located in the NH2terminus and Ig domain C7. S-glutathiolation of cMyBP-C (orange) occurs in the central region
of the protein within Ig domains C3-C5. One citrullination site (blue) and one S-nitrosylation site
(gray) are located within the COOH-terminus of cMyBP-C. There are no known post-translational
modifications in fMyBP-C.
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Table 1.1: Post-translational modifications of MyBP-C isoforms.
MYBPC1 Gene
Protein Name
Myosin
Binding
Protein-C slow
MYBPC3 Gene
Protein Name
Myosin
Binding
Protein-C
(cardiac
isoform)

Accession #
Mouse:
XM_006513045

Reference
Phosphorylation
Mouse: S59, S62, T84,
Ackermann et al., 2011
S204

Accession #
Human:
NP_000247.2

Residue(s)

Mouse:
NP_032679.2

Residue(s)

Reference
Phosphorylation
Kuster et al., 2013

Human: S133
Mouse: S131
Human: S275, S304
Mouse: S273, S302
Human: S285
Mouse: S282
Mouse: S307

Mohamed et al., 1998
Gautel et al., 1995
Ferrari et al., 1985
Cueoll et al., 2011
Jia et al, 2010
Acetylation
Govindan et al., 2012

Mouse: K7, K185,
K190, K193, K202
S-Glutathiolation
Mouse: C479, C627,
Patell et al., 2013
C655
Citrullination
Human: R696
Fert-Bober & Sokolove,
2014
S-Nitrosylation
Mouse: C1270
Kohr et al., 2011
A significant amount of literature has examined the effects of phosphorylation of cMyBPC on actomyosin binding and contractile regulation (103, 109, 110). cMyBP-C is heavily
phosphorylated within the NH2-terminal M-motif at murine residues Ser273, Ser282, Ser302, and
Ser307 (60). Protein kinase C (PKC) phosphorylates Ser273 and Ser302 (111), Ca2+/calmodulindependent protein kinase II (CaMKII) and protein kinase D (PKD) primarily target Ser302 (32,
112, 113), ribosomal s6 kinase phosphorylates Ser282 (114, 115), and PKA is able to target all
four residues. Ser307 has only been shown as a phosphorylatable residue in mice, as it is not
conserved in humans (32, 111).
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A hierarchy in the order of these phosphorylation events has been proposed from both in
vitro and in vivo studies. Recombinant proteins encompassing the human C1-M-C2 region in
which the three phosphorylatable serines (e.g. Ser273, Ser282 or Ser302) were individually
mutated to Ala revealed that phosphorylation of Ser282 is required for Ser302 phosphorylation in
vitro (116). Moreover, generation of three transgenic mouse lines expressing mutant cMyBP-C
containing either Ser273-Ala282-Ser302 (cMyBP-CSAS), Ala273-Asp282-Ala302 (cMyBP-CADA)
or Asp273-Ala282-Asp302 (cMyBP-CDAD) further demonstrated that Ser282 phosphorylation is
critical, as loss of phosphorylation at Ser282 (cMyBP-CSAS model) leads to decreased diastolic
function at baseline, diminished β-adrenergic response, and reduced phosphorylation at Ser302
following stimulation (112). Like the cMyBP-CSAS model, the cMyBP-CDAD and cMyBP-CADA
mice also showed diminished β-adrenergic response after dobutamine treatment, emphasizing the
importance of phosphorylation at all three sites.
Early studies had shown that phosphorylation of Ser273, Ser282, and Ser302 accelerates
contraction by disrupting the binding of the NH2-terminus of cMyBP-C to myosin (102). Further
experimentation confirmed these findings by describing an inverse relationship between the levels
of unphosphorylated cMyBP-C and maximal Ca2+ activated force production in skinned rat
trabeculae and skeletal muscle (117, 118). In later studies, measurements of cross bridge cycle
kinetics (i.e. rate constant of force development, ktr) at submaximal Ca2+ activation were
significantly elevated following PKA treatment in WT myocardia, however, this increase in
kinetics was not observed in cMyBP-C-/- (null) myocardia (119). These studies were extended by
measuring x-ray intensity ratios in trabeculae of WT and cMyBP-C-/- mice under relaxed
conditions to investigate the role of phosphorylation on the distribution of cross bridge mass
between thick and thin filaments. In resting myocardia, PKA-mediated phosphorylation of
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cMyBP-C resulted in a net transfer of mass from the thick to the thin filament by allowing myosin
heads to move closer to the thin filament, therefore increasing the probability of actomyosin cross
bridges, and ultimately leading to acceleration of cooperative recruitment of additional cross
bridges (119).
Later studies further demonstrated that phosphorylation of cMyBP-C is essential for
normal cardiac function and may be cardioprotective (109, 120-122). A phosphomimetic mouse
model, in which all known phosphorylation sites were mutated to Asp (cMyBP-CAllP+) showed no
signs of cardiac hypertrophy or mortality (120). Notably, cMyBP-CAllP+ mice exhibited relatively
conserved cardiac function and minimal cellular damage following ischemia/reperfusion injury
(120, 123). Moreover, when the cMyBP-CAllP+ line was bred with a cMyBP-C-/- line, which
displayed DCM, myocyte hypertrophy, fibrosis, and calcification (91), the cMyBP-CAllP+ allele
was able to rescue the null phenotype, and the cMyBP-CAllP+:null hearts displayed normal structure
and contractility (120).
cMyBP-C is dephosphorylated in heart failure (109), which correlates well with the
reported increased levels of phosphatases (124). In support of the harmful effects of
dephosphorylated cMyBP-C in heart failure, a transgenic mouse model in which all
phosphorylation sites were mutated to non-phosphorylatable Ala (MyBP-CAllP-) showed
significantly decreased rates of contraction and relaxation, despite the normal incorporation of
mutant cMyBP-C into sarcomeres (109, 122). Moreover, the normal increase in twitch force
resulting from increased pacing frequency was severely blunted in the MyBP-CAllP- myocardia
compared to WT, even following β-adrenergic stimulation (125). Similarly, a non-PKA
phosphorylatable cMyBP-C model exhibited systolic dysfunction due to decelerating cross bridge
kinetics (121). Notably, the phosphorylation levels of cMyBP-C were increased in a regionally
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stunned canine model, which mimics human coronary ischemic disease, possibly as a
compensatory (cardioprotective) response (126). Consistent with this, phosphorylation of Ser288
(mouse Ser282) by CamKII was largely inhibited in a globally stunned rat model when stunning
was prevented either by ischemic preconditioning or reperfusion, resulting in complete recovery
of left-ventricular pressure (126).
Recent work using negative staining EM indicated that Ca2+ antagonizes the effects of
phosphorylation. In particular, a recombinant NH2-terminal cMyBP-C fragment containing the
C0-C3 region adopts a compact conformation in the presence of phosphorylation (103). Addition
of Ca2+ at peak contraction concentrations reverses the impact of phosphorylation, altering the
conformation of the C0-C3 region from compact to extended. This finding was further
corroborated by in vitro motility assays demonstrating that WT recombinant C0-C3 and its
phosphomimetic counterpart are functionally indistinguishable in the presence of physiological
Ca2+ levels (0.5-1.2 µM) (103). It therefore becomes apparent that phosphorylation and Ca2+ finetune the ability of cMyBP-C to modulate the formation and rate of actomyosin cross bridges.
In addition to affecting the regulatory activities of cMyBP-C, phosphorylation also
modulates its stability. In models of myocardial infarction, phosphorylation of cMyBP-C is
significantly diminished, coinciding with increased degradation and release of NH2-terminal
fragments (127, 128).
Although cMyBP-C is primarily phosphorylated within the M-motif, a recent study
reported glycogen synthase kinase β (GSKβ)-mediated phosphorylation of Ser133, located in the
Pro/Ala rich region (129). The functional importance of this phosphorylation event indicated that
GSKβ treatment of permeabilized human cardiomyocytes enhances the maximal rate of tension
development, but the specific effect of this manipulation on cMyBP-C was not examined (130).
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sMyBP-C is also subjected to phosphorylation within its NH2-terminus (48). Contrary to
cMyBP-C, however, sMyBP-C primarily undergoes phosphorylation in the Pro/Ala rich region
and to a lesser extent in the M-motif (48). Three phosphorylation sites have been identified in the
Pro/Ala rich region, including Ser59, Ser62, and Thr84, and one site, Ser204, in the M-motif. Ser59
and Ser62 are substrates of PKA, Thr84 is a substrate of PKC, and Ser204 is a substrate of both
PKA and PKC (48). Interestingly, Ser62 and Thr84 reside in constitutively expressed exons and
are present in all slow variants, whereas Ser59 and Ser204 are located in alternatively spliced exons
and are present in select slow variants (24).
Although the effects of phosphorylation of sMyBP-C proteins are largely elusive, recent
work has demonstrated that the levels of phosphorylation of sMyBP-C are altered in response to
(patho)physiological stressors. Consistent with this, the overall phosphorylation levels of sMyBPC are significantly reduced in both fast (e.g flexor digitorum brevis) and slow (e.g. soleus) twitch
muscles as a function of aging, dystrophy, and distal arthrogryposis (46), but increased in slow
twitch muscles in response to fatigue (46). Thus, the phosphorylation profile of sMyBP-C is
differentially altered depending on the muscle and stressor.

1.7 Mutations and Myopathies
More than 500 mutations have been identified in MYBPC3 that have been causatively
linked to the development of hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy
(DCM), and left ventricular non-compaction (LVNC), but it has only been within the last ten years
that mutations in MYBPC1 have been linked to both distal arthrogryposis type-1 (DA-1) and distal
arthrogryposis type-2 (DA-2) (46, 131, 132) (Fig. 1.5 and Table 1.2).
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Figure 1.5: Illustration of mutations identified to date in sMyBP-C.
Table 1.2: Mutations identified in the MYBPC1 gene.
MYBPC1
Mutation

Domain

Disease

Reference

Missense mutations
E186K

C1

AMC

Ekhilevitch et al., 2016

W236R

M-motif

DA-1

Gurnett et al., 2010

P319L

C2

DA-2

Li et al., 2015

E359K
Y856H
R318X

C2
DA-2
C8
DA -1
Nonsense mutations
C2
LCCS-4

Li et al., 2015
Gurnett et al., 2010
Markus et al, 2012

DA-1 affects approximately 1 in 10,000 individuals and results in contractures often
limited to distal muscles of the hands and feet. These include clubfoot, vertical talus,
camptodactyly, overriding fingers and ulnar deviations of the fingers (131, 133, 134). Two
autosomal dominant missense mutations, Trp236Arg and Tyr856His, located in the M-motif and
Ig domain C8 domain, respectively, have been linked to DA-1 (131). Both mutations are present
in constitutively expressed exons and thus are contained in all slow variants expressed in skeletal
muscles (46, 131). In vitro binding and motility assays have demonstrated that the Trp236Arg and
Tyr856His mutations significantly diminish the ability of the NH2 and COOH-termini of sMyBPC, respectively, to bind actin and myosin and regulate the formation of actomyosin cross bridges
(30). Notably, the expression levels of mutant sMyBP-C are significantly reduced in human
biopsies of Abductor Hallucis, but not gastrocnemius muscle (46). This is consistent with the
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selective effects of DA-1 on distal muscles, and the lack of a myopathic phenotype in proximal
muscles. Similarly, the phosphorylation levels of mutant sMyBP-C are significantly decreased in
Abductor Hallucis, varying between 30-70% for individual phospho-sites, but not in
gastrocnemius muscle (46).
Two novel autosomal dominant missense mutations residing in Ig domain C2, Pro319Leu
and Glu359Lys, were also linked to DA-2 (132). DA-2 is a more severe form of DA, which is also
characterized by contractures of the hands and feet but is often accompanied by mild to severe
craniofacial anomalies and/or scoliosis (135, 136). Although the exact effects of the Pro319Leu
and Glu359Lys mutations are still unknown, their location suggests that they may affect binding
to the S2 portion of myosin and/or actin either by inducing an unfavorable conformation
(Pro319Leu) or altering surface electrostatic interactions (Glu359Lys).
More recently, an autosomal recessive missense mutation, Glu186Lys, was identified in
MYBPC1 that is located on the border of Ig domain C1 and the M-motif, and is causatively linked
to the development of arthrogryposis multiplex congenita (AMC) (137). Patients with the
Glu186Lys mutation display phenotypes similar to DA patients along with speech impairment and
seizures (137). Similar to the DA-2 mutations, little is known about the molecular mechanisms
leading to disease development though.
In addition to the aforementioned mutations, a recessive nonsense mutation has been
described in Ig domain C2, Arg318X, resulting in the generation of a premature stop codon and
the development of neonatal Lethal Congenital Contractural Syndrome-4 (LCCS-4) (138). Given
the recessive inheritance of LCCS-4, along with the absence of any phenotypic or functional
abnormalities in the heterozygous carriers, it is highly likely that the Arg318X mutation results in
loss of sMyBP-C rather than a poisonous truncated protein (13, 14, 50).
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1.8 Significance of studies
Our overarching goal in this study was to examine the role of sMyBP-C in normal, healthy
cells, as well as the physiological impact of novel mutations. We hypothesized that sMyBP-C is a
distinctive regulator of actomyosin contractility in skeletal muscles. Using CRISPR knockdown,
we show that sMyBP-C is unique among MyBP-C isoforms with a crucial role in the structural
maintenance of the sarcomere that in turn affects contractility. Additionally, we sought to
determine the effect of NH2-terminal sMyBP-C phosphorylation on actin and myosin binding and
cross bridge regulation. We show that phosphorylation of sMyBP-C differentially affects binding
to actin and the phosphorylatable residue Ser59 is important for myosin binding. Consequently,
phosphorylation increases actomyosin sliding velocity in in vitro motility assays.
Interestingly, four novel mutations within the M-motif of sMyBP-C have been identified
that result in a novel myopathic phenotype accompanied by tremor. We hypothesized that these
mutations cause myopathy and lead to a tremor phenotype as a result of altered actomyosin cross
bridge regulation. Using in vitro biochemical techniques, we show altered myosin binding and/or
protein instability of the M-motif with the four mutations. Using an in vivo mouse model of one
of these novel mutations, E248K, we evaluate the morphological and physiological effects and
elucidate the mechanism of myopathic development. Together, these studies highlight the
importance of sMyBP-C as a unique structural and functional regulator of the sarcomere and its
involvement in disease.
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CHAPTER 2
STRUCTURE BEFORE FUNCTION: MYOSIN BINDING
PROTEIN-C SLOW IS A STRUCTURAL PROTEIN WITH
REGULATORY PROPERTIES
This chapter was published as a research article in the FASEB Journal in 2018. I served as
first author and helped to design the study, perform experiments, analyze data and draft and edit
the manuscript. I am indebted to Drs. Chris Ward and Ramzi Khairallah for their assistance with
the contractility studies and to Dr. Ru-Ching and Mr. John Strong for their help with electron
microscopy preparation and imaging.

2.1 Introduction
Both structural and regulatory roles have been attributed to MyBP-C. Support for a
structural role is evidenced by early work showing that purified sMyBP-C reduces the critical
concentration required for myosin polymerization in vitro (93), and that cMyBP-C is required for
the regular assembly of synthetic myosin filaments in regards to thickness, length, formation of
bare zones, and head distribution (60, 88). Support for a regulatory role comes from evidence
showing that addition of purified skeletal MyBP-C in skinned myofibers slows down the
shortening velocity of actomyosin cross bridges (94), and that recombinant sMyBP-C reduces the
sliding velocity of actin filaments past myosin heads in vitro in a variant-specific manner (30).
Moreover, cMyBP-C has been suggested to act both as a “brake” and an “accelerator” to regulate
the rate of formation of actomyosin cross bridges in response to Ca2+ concentration and depending
on its phosphorylation status (86, 95, 96, 103, 109, 110). Less work has focused on fMyBP-C, but
a structural and functional impact was recently seen in skeletal muscles of zebrafish larvae depleted
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of fMyBP-C that exhibited shorter sarcomeres, wider interfilament space, reduced force
production, and suppressed contraction kinetics (87).
Consistent with its key roles in striated muscle physiology, MyBP-C has been causatively
linked to the pathogenesis of disease with >500 mutations in MYBPC3 linked to HCM and DCM
(60, 108, 139), and an increasing number of mutations in MYBPC1 resulting in severe and lethal
forms of DA. (131, 132, 137, 138, 140). DA is characterized by joint contractures primarily
affecting the muscles of the hands and feet and is often accompanied by moderate to severe
craniofacial anomalies and scoliosis.
Contrary to MYBPC2 and MYBPC3, MYBPC1 is heavily spliced, giving rise to 14 variants
in humans encoding proteins between 126 and 131.5 kDa. The sMyBP-C variants are co-expressed
in variable amounts and combinations in both slow and fast twitch skeletal muscles, where they
may co-exist with fMyBP-C (140). Given the molecular complexity of MYBPC1 (24), its early
expression during fetal development preceding that of MYBPC2 (51), and the neonatal lethality of
patients containing a recessive nonsense mutation (138), it becomes apparent that sMyBP-C is
essential for skeletal muscle structure and function. In agreement with these results, a sMyBP-C
knockout model is postnatally lethal, further highlighting the (patho)physiological importance of
sMyBP-C and distinguishing it from the cardiac and fast isoforms (141).
Herein, we report on our effort to delineate the structural and functional roles of sMyBPC in adult skeletal muscles in vivo. To this end, we employed in vivo gene transfer (IVGT)
combined with electroporation to introduce a CRISPR plasmid that specifically targets sMyBP-C.
We show that depletion of sMyBP-C from both mouse flexor digitorum brevis (FDB) and
lumbricalis muscles resulted in decrease expression and impaired organization of myosin thick
filaments. Consistent with this major structural alteration, sMyBP-C depleted muscles exhibited
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impaired contractile kinetics under no-load conditions and reduced force production and delayed
contractile kinetics following twitch or tetanic stimulation. Taken together, our studies are the first
to demonstrate the crucial role of sMyBP-C in thick filament organization and stability, which
appears to precede its regulatory capability to modulate cross bridge cycling.

2.2 Materials and Methods
Mice
All animal work was conducted under protocols approved by the Institutional Animal Care
and Use Committee of the University of Maryland, School of Medicine using C57Bl/6J mice from
Jackson Laboratories.

In vivo gene transfer (IVGT) via electroporation and CRISPR plasmid injection
Male mice at 2 months of age were anesthetized and 20 µg of hyaluronidase (Sigma, St.
Louis, MO) was injected subcutaneously into each foot pad. After waiting one hour, mice were
anesthetized again and 20 µg of CRISPR/Cas9 plasmid (CRISPR Universal Negative Control or
custom-designed sMyBP-C CRISPR knockdown CGGAGTACTATGTGACAGCTGG gRNA;
Sigma, St. Louis, MO) was injected into the same foot pad. Electrodes (Model No. 531, 2 Needle
Array) were inserted under the skin of the foot below the toes and at the heel. Pulses were
administered at 150 V/cm (1 Hz, 20 ms pulses, 20 sec total) by an ECM 830 Square Wave
Electroporation System (BTX, Holliston, MA). Although CRISPR is a gene editing method, given
that not all myofibers take up the indicated plasmid via IVGT/electroporation, complete knockout
is not achieved. As a result, we refer to our treated muscles as sMyBP-C knockdown, rather than
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sMyBP-C knockout. For all experiments, FDB and lumbricalis muscles were harvested two weeks
after IVGT/electroporation when knockdown was experimentally determined to be optimal.

Antibodies
The antibodies used for Western blotting and immunofluorescence were as follows; rabbit
polyclonal: actin (A2066, Sigma-Adrich, St. Louis, MO, USA), sMyBP-C (SAB3501005, SigmaAldrich, St. Louis, MO, USA), and fMyBP-C (PAB19214, Abnova, Walnut, CA, USA); mouse
monoclonal: myosin (fast skeletal; M1570, Sigma-Aldrich, St. Louis, MO, USA), myosin (slow
skeletal; clone NOQ7.5.4D, Sigma-Aldrich, St. Louis, MO, USA), GAPDH (G7895, SigmaAldrich, St. Louis, MO, USA), α-actinin (A7811, Sigma-Aldrich, St. Louis, MO, USA), and
myomesin (mMac myomesin B4, Developmental Studies Hybridoma Bank, DSHB. The
myomesin antibody was developed by Jean-Claude Perriard and obtained from DSHB under the
auspices of NICHD and maintained by the University of Iowa, Department of Biology, Iowa City,
IA). Phalloidin (A12379, Thermo Fisher, Waltham, MA) was used to stain F-actin only in
immunofluorescence studies.

Generation of protein lysates and Western blotting
Freshly isolated FDB and lumbricalis muscles were collected from mice and flash frozen
in liquid nitrogen. FDB lysates were prepared with Qiagen TissueLyser LT for 2 min at 50 Hz in
modified NP-40 lysis buffer (10 mM NaPO4, pH 7.2, 2 mM EDTA, 10 mM NaN3, 120 mM NaCl,
0.5% deoxycholate, 0.5% NP-40) supplemented with complete protease inhibitors (Roche,
Indianapolis, IN). Lumbricalis lysates were prepared in modified NP-40 lysis buffer that contained
1% NP-40 and 1% deoxycholate. Following addition of Nupage LDS sample buffer and boiling at
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950 for 5 min, 20 µg of FDB lysates or 10 µg of lumbricalis lysates were fractionated by 4-12%
SDS-PAGE, transferred to nitrocellulose and probed with the indicated primary antibodies and the
appropriate alkaline phosphatase-conjugated secondary antibodies (Jackson ImmunoResearch
Laboratories). Immunoreactive bands were visualized with the Tropix chemiluminescence
detection kit (Thermo Fisher, Waltham, MA). Densitometry was performed with ImageJ software
using replica blots of lysates from at least three independent experiments. Statistical significance
was calculated with student’s t-test (*p<0.01, #p<0.05); all values are expressed as mean +/- SD.

Immunofluorescence Staining and Confocal Microscopy
Mice were deeply anesthetized, euthanized by exsanguination, and FDB and lumbricalis
muscles were rapidly harvested. For preparation of cell cultures, FDB muscles were placed into
DMEM containing 4.5 g/L glucose, L-glutamine, sodium pyruvate (Mediatech, Inc., Manassas,
VA), 10% FBS, 1% penicillin-streptomycin and 0.5 mg/mL collagenase A (Roche, Indianapolis,
IN) for overnight digestion. The next day, single fibers were separated by trituration, fixed with
2% paraformaldehyde, permeabilized with 0.1% Triton-X, and blocked for several hours in PBS
containing 1% BSA, 1 mM NaN3 and 1% goat serum at room temperature (RT) before
immunolabeling with the indicated primary antibodies diluted in PBS/BSA/NaN3 overnight at 4o
C. Samples were washed with PBS/BSA/NaN3, counterstained with secondary antibodies
conjugated with Alexa-488 or Alexa-568 in PBS/BSA, mounted with Vectashield (Vector
Laboratories, Burlingame, CA), and analyzed under a 510 confocal laser microscope (Carl Zeiss,
Tarrytown, NY) equipped with a 63x, 1.4 numerical aperture objective (Carl Zeiss) under the same
laser settings.
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Electron microscopy
Muscle specimens were fixed in 2% paraformaldehyde, 2.5% glutaraldehyde, and 0.1 M
PIPES buffer (pH 7.4), washed and post-fixed with 1% osmium tetroxide and 1.5% potassium
ferrocyanide in 0.1M PIPES buffer for 1 hour at 4oC. Specimen were then treated with 1% tannic
acid in H20 for 15 min, followed by en bloc staining with 1% (w/v) uranyl acetate, and dehydration
using 30%, 50%, 70%, 90% and 100% ethanol in series. After dehydration, specimens were
infiltrated and embedded in Araldite-Epoxy resin (Araldite, EMbed 812; Electron Microscopy
Sciences, PA) following the manufacturer’s recommendations. Ultrathin sections at ~70 nm
thickness were cut on a Leica UC6 ultramicrotome (Leica Microsystems, Inc., Bannockburn, IL),
and examined in a FEI Tecnai T12 transmission electron microscope operated at 80 kV. Images
were acquired by using an AMT bottom mount CCD camera and AMT600 software, and exposure
was digitally adjusted. Sarcomere length was quantified with ImageJ software (National Institutes
of Health, Bethesda, MD). Three regions of interest (ROI) were selected within ten random fibers
from three different muscles per group. Distances between adjacent Z-disks (troughs) were used
to generate average sarcomere lengths. Statistical significance was determined by student's t-test
(p<0.01); values expressed as mean +/- SD.

Contractile kinetics in single FDB fibers
Isolated FDB fibers were prepared as above. Following trituration, isolated fibers were
suspended in HEPES-buffered Ringer solution containing 140 NaCl mM, 4 KCl mM, 1 MgSO4
mM, 5 NaHCO3 mM, 10 mM glucose and 10 mM HEPES (pH 7.3) at room temperature in a
custom rotating glass-bottomed perfusion chamber (Four-Hour Day Foundation) and mounted
over an inverted microscope (Olympus IX-70, × 40 H20 1.4NA objective). Twitch contractions
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were elicited with field pulses (0.2 µs square pulse at 1 Hz), under no-load conditions, and
sarcomere length was recorded using a high-speed video sarcomere length system (HSVL 901B,
Aurora Scientific). Shortening and relaxation velocities were calculated as the first-derivative of
recorded SL dynamics (>500Hz) across a 5-sec period of contractions. Significance was
determined by Mann-Whitney test and values are expressed as mean +/- SEM; control fibers, n=44;
knockdown fibers, n=40.

Assay of FDB function in vivo
We developed an assay to assess FDB function in vivo using the Aurora 1300A in vivo
system. In isoflurane-anesthetized mice, the hind-foot was immobilized and the toe was secured
to the force transducer with a loop of 3-0 braided silk suture around the pad of the fourth digit (Fig.
2.5C). Using percutaneous nerve stimulation across the ankle, brief trains (200msec) of pulses
(0.2msec, 30Hz) elicited isometric contractions. The angle of FDB extension was adjusted to
achieve maximal isometric force. Following a demonstration that the prototypic force vs
stimulation frequency relationship (250 msec trains of 0.2 µsec pulses at 1-300 Hz) was achieved
with this preparation (Fig. 2.5D), single twitch (1 Hz) and tetany (150 Hz) were used as our
outcome variables. Statistical significance was determined by paired t-test or Wilcoxon signed
ranked test if normality test failed (*p<0.01 and #p<0.05). Values are expressed as mean +/- SEM.

Assay of lumbricalis function ex vivo
The lumbricals are four small skeletal muscles, deep in the foot, used to study ex vivo
skeletal muscle physiology. All four lumbricalis muscles were dissected, immersed in cold Ringer
solution, and single lumbricalis were dissected from the medial side of digit 2 and 3. Single
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muscles were secured at each tendon with silk suture (6-0) between a fixed post and an Aurora
300C Dual model transducer mounted over an ex vivo perfusion bath (Aurora 1300A).
Experiments were under temperature control (25oC) and constant perfusion with bicarbonate
containing HEPES buffered oxygenated Ringer (95% O2, 5% CO2) at a rate of one exchange per
minute. Muscle activation was achieved by electrical stimulation via platinum plate electrodes
placed parallel to each side of the muscle. Optimal length was determined by iteratively adjusting
muscle length to achieve maximal twitch force (single 0.2 msec pulse) that was verified with a
brief tetany (200 msec 80 Hz). Following a demonstration that the prototypic force vs stimulation
frequency relationship (250 msec trains of 0.2 µsec pulses at 1-150 Hz) was achieved with this
preparation (Fig. 6A), single twitch (1Hz) and tetany (150Hz) were used as our outcome variables.
Statistical significance was determined by paired t-test or Wilcoxon signed rank test if normality
test failed (*p<0.01 and #p<0.05). All values are expressed as +/- SEM.

2.3 Results
2.3.1 Use of IVGT and CRISPR/Cas9 technology to knockdown sMyBP-C in adult murine
skeletal muscles

To study the role(s) of sMyBP-C in adult skeletal muscle, we used IVGT combined with
electroporation and CRISPR/Cas9 technology to knockdown its expression in FDB and
lumbricalis muscles of young adult (~2-months old) mice. The targeting sequence contained in the
CRISPR sMyBP-C knockdown (KD) plasmid is located within Ig domain C2, which is
constitutively expressed among all variants (Fig. 2.1A, red arrowhead). For ease of visualization,
both the control and the sMyBP-C KD plasmids were tagged with GFP to allow identification of
successfully transduced FDB (Fig. 2.1B-B’) and lumbricalis (Fig. 2.1C-C’) muscles and fibers.
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Figure 2.1: Structural organization of sMyBP-C and IVGT of CRISPR/Cas9 plasmids in
mouse skeletal muscles. (A) Schematic representation of variant 1, which is the most complete
mammalian variant of sMyBP-C. Black and gray horizontal rectangles correspond to the Pro/Ala
rich region and the M-motif, while the white and blue boxes represent the Ig and FnIII domains,
respectively. Colored vertical rectangles denote alternatively spliced insertions. The red arrowhead
indicates the constitutively expressed region within Ig domain C2 that is targeted by the sMyBPC knockdown plasmid. The CRISPR/Cas9 plasmids were tagged with GFP for ease of
visualization of transduced FDB (B-B’) and lumbricalis (C-C’) muscles.

2.3.2 Effects of sMyBP-C knockdown on thick and thin filaments
Immunoblot analysis confirmed that the sMyBP-C KD plasmid effectively reduced the
levels of the protein in both FDB (Fig. 2.2A-B, ~70%) and lumbricalis (SFig. 2.1A-B, ~70%)
muscles 2-weeks post-IVGT, whereas control plasmid had no effect. To investigate the possible
structural role of sMyBP-C, we first examined the expression levels of additional myofibrillar
proteins. We observed a consistent and significant reduction in the expression levels of thick
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filament proteins (fast and slow myosin, and myomesin) in FDB (Fig. 2.2A-B) and lumbricalis
(SFig. 2.1A-B). This was not the case however for fMyBP-C as its levels remained unaltered in
FDB (Fig. 2.2A-B), but significantly increased in lumbricalis (SFig. 2.1A-B). The expression of
thin filament proteins, including actin and α-actinin, was not significantly altered in either FDB
(Fig. 2.2A-B) or lumbricalis (SFig. 2.1A-B).

Figure 2.2: Depletion of sMyBP-C from FDB muscle leads to reduced levels of thick filament
proteins. (A) Western blot analysis of protein lysates prepared from FDB muscles expressing
control or sMyBP-C KD CRISPR plasmids 2-weeks post-IVGT; the presence of solid vertical
black lines indicates that lanes were on the same gel, but not continuous. (B) Quantification of the
percent (%) expression of myofibrillar proteins in KD relative to control lysates following
normalization to the expression levels of GAPDH was performed from two replica blots of at least
three independent experiments. Statistical significance was calculated with student’s t-test
(*p<0.01, #p<0.05); all values are expressed as mean +/- SD.

We complemented these studies with assessment of the sarcomeric organization of treated
muscles using immunofluorescence and confocal microscopy. Following sMyBP-C KD in FDB
(Fig. 2.3) and lumbricalis (SFig. 2.2), immunolocalization revealed that residual sMyBP-C was
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diffusely distributed in cytoplasmic puncta, with occasional accumulation in striated-like
structures reminiscent of A-bands (Fig. 2.3A3, B3, C3, D3 & E3 and SFig. 2.2A3, B3, C3, D3 &
E3). On the contrary, sMyBP-C was integrated normally into A-bands in FDB (Fig. 2.3A1, B1,
C1, D1 & E1) and lumbricalis (SFig. 2.2A1, B1, C1, D1 & E1) treated with control plasmid.
Similar to sMyBP-C, both fast (Fig. 2.3A4 and SFig. 2.2A4) and slow (Fig. 2.3B4 and SFig. 2.2B4)
myosin isoforms exhibited minimal staining within the myoplasm and failed to assemble into
periodic A-bands in KD muscles when compared to controls (Fig. 2.3A2, 2.3B2 and SFig. 2.2A2,
2.2B2). Notably, the organization of myomesin in M-bands was mostly unaffected in KD muscles
(Fig. 2.3C4 and SFig. 2.2C4), although its levels appeared consistently reduced compared to
controls (Fig. 2.3C2 and SFig. 2.2C2), in accordance with the immunoblotting experiments (Fig.
2.2 and SFig. 2.1). The distribution of thin actin filaments in I-bands with sMyBP-C KD (Fig.
2.3D4 and SFig. 2.2D4) and α-actinin in Z-disks (Fig. 2.3E4 and SFig. 2.2E4) was
indistinguishable from controls (Fig. 2.3D2, SFig. 2.2D2, Fig. 2.3E2, and SFig. 2.2E2).
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Figure 2.3: sMyBP-C knockdown in FDB muscle results in impaired organization of thick
filaments. Control and KD FDB fibers were co-stained for sMyBP-C (columns A1-E1 and A3E3), the thick filament proteins fast skeletal myosin (A2 and A4), slow skeletal myosin (B2 and
B4) and myomesin (C2 and C4), and the thin filament proteins actin (D2 and D4) and α-actinin
(E2 and E4). All proteins tested assumed their typical distribution in control fibers. In contrast,
thick, but not thin, filament proteins exhibited impaired organization of different extents with fast
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and slow myosin failing to organize in A-bands and myomesin staining being less intense. Of note,
we used three different antibodies to immunostain control fibers for fMyBP-C along with various
fixation, permeabilization, and antigen retrieval techniques, however the resulting staining was
unreliable and inconsistent.

To gain further insight into the structural defects due to sMyBP-C depletion, we examined
sarcomeric organization at the ultrastructural level using electron microscopy. Electron
micrographs of longitudinal sections of FDB (Fig. 2.4A) and lumbricalis (SFig. 2.3A) treated with
control plasmid showed regularly organized sarcomeres and internal membranes. In contrast,
longitudinal sections of FDB (Fig. 2.4B-C) and lumbricalis (SFig. 2.3B) treated with sMyBP-C
KD plasmid showed distorted A-bands containing a sparser distribution of misaligned myosin
filaments and occasionally undefined M-bands. Although I-bands and Z-disks assumed their
typical distribution in KD muscles, significant Z-line streaming was observed in FDB muscles
(Fig. 2.4D), as Z-discs appeared misaligned and extended into the adjacent I-bands (142).
Consistent with these findings, trough to trough measurements corresponding to adjacent Z-disks
showed significantly shorter sarcomere lengths in both FDB (2.15 µm +/- 0.13 vs 1.69 µm +/0.13; Fig. 2.4A-G) and lumbricalis (2.06 µm +/- 0.20 vs 1.86 µm +/- 0.10; SFig. 2.3A-E) KD
muscles compared to controls. Notably, we obtained similar findings when we performed such
measurements in immunofluorescent images of control and KD fibers using α-actinin or
myomesin to mark Z-disks or M-bands, respectively (data not shown). In addition to longitudinal
sections, we also evaluated cross sections of KD muscles by electron microscopy (Fig. 2.4H-I and
SFig. 2.3F-G). In agreement with our results in longitudinal sections, KD muscles contained fibers
that displayed either minimal myosin filament levels (Fig. 2.4I and SFig. 2.3G, single asterisk) or
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sparser and thinner myosin filaments that failed to organize in canonical hexagonal arrays (Fig.
2.4I and SFig. 2.3G, double asterisk). Notably, KD muscles also exhibited altered internal
membranes, which appeared fragmented and enlarged, suggestive of a myopathic phenotype; this
morphological alteration was more pronounced in KD FDB (Fig. 2.4I, arrowheads) than KD
lumbricalis muscle.

Figure 2.4: The ultrastructure of FDB muscle is altered following sMyBP-C knockdown.
Evaluation of longitudinal sections of control (A) and KD (B-C) FDB muscles using electron
microscopy revealed the presence of sparser and disorganized myosin filaments in the latter along
with significant Z-line streaming (D). (E-G) Measurements of average sarcomere length
determined by the distance of successive troughs representing neighboring Z-disks indicated
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significantly shorter sarcomere length in KD FDB muscles. (H-I) Examination of cross sections
showed normal hexagonal arrays of myosin filaments in control (H) but not KD (I) muscles, which
displayed either minimal levels of myosin filaments (single asterisk) or sparse and thin (double
asterisk) myosin filaments. KD muscles also contained fragmented and enlarged internal
membranes (I, arrowheads). Significance was calculated via Student’s t-test (p<0.01); all values
are expressed as mean +/- SD.

2.3.3 Impact of sMyBP-C knockdown on contractility
Given our evidence that sMyBP-C KD significantly impacted the organization of thick
filaments and the expression of several thick filament proteins, we sought the impact of these
changes on function. We used field stimulation (0.2 µsec square pulse) in single isolated FDB
myofibers to elicit contractions by single action potentials under no-load conditions. We found
that sMyBP-C KD significantly decreased both the rate of contraction and relaxation (Fig. 2.5AB). To gain further insight, we developed an assay to assess the functional impact of sMyBP-C
KD in FDB muscles contracting in vivo. We immobilized the hind-foot of an anesthetized mouse
and secured the toe to a force transducer with a loop of 3-0 braided silk suture around the pad of
the fourth digit (Fig. 2.5C). Using percutaneous stimulation across the ankle, we delivered brief
(200 msec) trains of pulses (0.2 µsec, 30Hz) to determine the optimal angle of FDB extension to
generate the maximal isometric force. Following a demonstration that the prototypic force vs
stimulation frequency relationship (250 msec trains of 0.2 µsec pulses at 1-300 Hz) could be
achieved (Fig. 2.5D), we collected a single twitch (1Hz) and tetany (150Hz) as our outcome
variables. sMyBP-C KD significantly decreased the peak isometric force (Fig. 2.5E-F), the peak
rate of contraction (Fig. 2.5E’-F’), and the peak rate of relaxation under twitch stimulation (Fig.
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2.5E”), but the peak rate of relaxation was not significantly affected under tetanic stimulation (Fig.
2.5F”, p=0.604). To benchmark these effects against an established whole muscle contractility
assay, we chose to examine the lumbricalis muscle ex vivo. We observed a qualitatively similar
force vs frequency relationship (250 msec trains of 0.2 µsec pulses at 1-150 Hz; Fig. 2.6A) to that
in the FDB in vivo. Again, using the twitch (1Hz) and tetanic (150Hz) stimulations we show a
significant decrease in the peak force (Fig. 2.6B-C) and the peak rate of contraction (Fig. 2.6B’C’) with no difference in the peak rate of relaxation (Fig. 2.6B”, p=0.375, Fig. 2.6C”, p=0.336) in
sMyBP-C KD muscles vs controls. The qualitative agreement of the in vivo and ex vivo assays
validates our new in vivo functional assay and strengthens the conclusion that sMyBP-C KD
impacts contractility.

Figure 2.5: sMyBP-C knockdown in FDB muscle results in reduced contractile kinetics and
force production in vitro and in vivo. (A-B) Sarcomere shortening of isolated, single FDB fibers
was assayed under single action potential stimulation (1 Hz; field stimulation) under no-load
conditions. (A) Representative raw velocity measures of control (black) and KD (gray) fibers are
shown, as a second derivative of sarcomere length. (B) sMyBP-C knockdown significantly
39

decreased both contraction and relaxation velocities. Statistical significance was determined by
Mann-Whitney test (* p<0.01; n=44 for control and n=40 for KD fibers); values are expressed as
mean +/- SEM. (C-F”) Two weeks post-IVGT, mice were anesthetized, and the hindfoot was
immobilized at the distal tarsometatarsus. The 4th digit was secured by a suture loop (at the distal
phalange) to an Aurora 300A tension transducer (C). Using percutaneous nerve stimulation across
the ankle, a force vs stimulation frequency relationship (250 msec trains at 1-300 Hz) was
generated with representative raw traces for all stimulation frequencies shown in (D). sMyBP-C
KD significantly decreased peak force production at both twitch (E) and tetanic (F) stimulations.
Contraction velocity was also significantly reduced in KD muscles under both twitch (E’) and
tetanic (F’) stimulations, whereas relaxation velocity was only significantly decreased under twitch
(E”) but not tetanic stimulation (F”, p=0.604). Statistical significance was determined by paired ttest or Wilcoxon signed ranked test if normality test failed (*p<0.01 and #p<0.05). Values are
expressed as mean +/- SEM.
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Figure 2.6: sMyBP-C knockdown in lumbricalis muscle results in decreased force production
and contractility kinetics ex vivo. Control and KD lumbricalis muscles were dissected two weeks
post-IVGT and attached through the tendons to a force transducer and length controller to generate
a force vs stimulation frequency relationship (250 msec trains at 1-150 Hz). Representative raw
traces for all stimulation frequencies are shown in (A). KD muscles exhibited significantly
decreased peak force production at both twitch (B) and tetanic (C) stimulations. Contraction
velocity was also significantly reduced in KD muscles at both twitch (B’) and tetanic (C’)
stimulations. Relaxation velocity was unaltered in KD lumbricalis muscles (B”, p=0.375 and C”,
p=0.336) Statistical significance was determined by paired t-test or Wilcoxon signed rank test if
normality test failed (*p<0.01, #p<0.05). All values are expressed as +/- SEM.
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2.4 Discussion
Using IVGT and CRISPR/Cas9 technology, we knocked down all known sMyBP-C
variants in two different adult skeletal muscles. Our findings show that sMyBP-C knockdown has
structural and regulatory effects, manifested as decreased levels of thick filament proteins,
distorted A-bands, reduced sarcomere length, impaired force production, and delayed contractility
kinetics. Our studies are therefore the first to demonstrate that in addition to playing key roles in
regulating cross bridge cycling (30, 143), sMyBP-C is essential in maintaining the regular
organization and levels of thick filaments at maturity, which appears to be a unique property of
the slow isoform not shared by the cardiac (88) and fast skeletal (144) proteins.
Sarcomeric assembly is a complex and highly regulated process relying on the blueprint
properties of template and scaffolding proteins (2, 3). Earlier work has shown that a multi-protein
complex consisting of the COOH-terminus of titin, myomesin, M-protein, and obscurin aids the
integration of myosin filaments into regular A-bands with their rod domains occupying M-bands
(2, 145). sMyBP-C expression is concurrent with the appearance of these proteins, approximately
at gestational day 14 during mouse embryogenesis, preceding the organization of myosin filaments
into A-bands (51, 146). Although the contribution of sMyBP-C in thick filament assembly during
embryogenesis has not been interrogated, its direct binding to titin (81) and obscurin (50) suggests
that it may also assist in the incorporation of myosin into A-bands. This notion is in agreement
with the neonatal lethal phenotype associated with the R318X recessive mutation present in Ig
domain C2 of sMyBP-C that has been causatively linked to Lethal Congenital Contracture
Syndrome type-4 (LCCS-4) (138). Given that heterozygous LCCS-4 carriers are asymptomatic, it
is highly possible that the R318X mutation results in complete lack of sMyBP-C expression in
homozygous patients rather than a truncated (yet stable) poisonous protein. Thus, depletion of
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sMyBP-C from skeletal muscles may be incompatible with life, signifying its crucial role in muscle
development. Consistent with this, deletion of sMyBP-C in a mouse model is postnatally lethal
(141).
sMyBP-C knockdown in adult skeletal muscles led to markedly reduced levels of both the
slow and fast myosin isoforms with residual proteins failing to remain organized in A-bands.
Similar to myosin, the levels of myomesin were also significantly decreased in sMyBP-C depleted
muscles, albeit to a lesser extent. However, contrary to myosin, residual myomesin maintained its
typical distribution at M-bands, which appeared undisturbed. This milder effect is consistent with
the lack of a direct interaction between sMyBP-C and myomesin, and the assembly of M-bands
prior to A-bands (147). Interestingly, examination of the levels of fMyBP-C revealed no alteration
in KD FDB muscle but considerably increased expression in KD lumbricalis muscle, possibly due
to a compensatory response. We were unable to examine the subcellular localization of fMyBP-C
due to technical issues (our unpublished observations), but given the distorted A-bands that we
observed, we presume that the protein might associate with filamentous or striated structures,
which would lack the periodicity of typical A-bands. Our measurements demonstrating reduced
sarcomere length in KD muscles are in agreement with this speculation. Contrary to thick filament
proteins, the expression levels and distribution of thin filament proteins were indistinguishable
between KD and control muscles. Thus, our findings indicate that in addition to its role in the
regulation of actomyosin binding and sliding (30, 143), sMyBP-C contributes to thick, but not thin,
filament stabilization and maintenance at maturity.
Importantly, this structural role appears to be unique to sMyBP-C among the MyBP-C
isoforms. Adult cMyBP-C null hearts from two independent animal models exhibited gross
morphological alterations consistent with the development of hypertrophy, including fibrosis and
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occasionally myocyte disarray (88, 92). Although occasional Z-disk streaming was reported (88),
these changes were independent of any alterations in sarcomeric assembly during embryogenesis
with adult hearts having regularly spaced sarcomeres. Both cMyBP-C null models displayed
diastolic dysfunction characterized by impaired relaxation (88, 92), while one of the two models
exhibited reduced myofilament Ca2+ sensitivity (88). Moreover, skinned myocardium from a third
cMyBP-C null model exhibited accelerated rate of force decay and delayed force transient
compared to WT (148). Thus, in contrast to sMyBP-C, which appears to assume both structural
and regulatory roles, cMyBP-C mainly has a regulatory role in modulation of cross bridge cycling.
In further support of the unique structural role of sMyBP-C in mammals, extensor
digitorum longus (EDL) and soleus muscles from a fMyBP-C knock-out mouse model did not
display any morphological or structural alterations, yet exhibited increased Ca2+ sensitivity of
force development (144). Contrary to the mouse model, however, knockdown of fMyBP-C in
zebrafish led to the development of a myopathic phenotype characterized by shorter sarcomeres
that generated reduced force and slower rates of contraction and relaxation (87). The development
of disparate phenotypes by the two models is surprising, especially given that in the zebrafish
model only the dominating gene, MYBPC-2B, was knocked down by 50%, while in the mouse
model the single MYBPC2 gene was completely ablated. Interestingly, the levels of MYBPC1 were
unaltered in the zebrafish model, indicating the absence of a compensatory response. Although it
is unknown if the levels of MYBPC1 are altered in the fMyBP-C knockout mouse model, it is
possible that MYBPC1 is upregulated, leading to the development of a mild phenotype.
Conversely, it is likely that similar to cMyBP-C, fMyBP-C may primarily play a regulatory role
in mammals. This would be consistent with the delayed appearance of fMyBP-C during mouse
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embryogenesis at gestational day 18 that follows sMyBP-C expression and myosin incorporation
into A-bands (51).
Few studies have previously examined the impact of skeletal MyBP-C on cross bridge
regulation. In the early ‘90s, Hofmann and colleagues reported that addition of purified MyBP-C
from rabbit psoas muscle to skinned myofibers slowed down the shortening velocity of actomyosin
cross bridges in vitro (94). Moreover, our laboratory demonstrated that addition of the NH2terminus of sMyBP-C reduced the sliding velocity of actin filaments past myosin heads in vitro in
a variant-specific manner (30), and Lin et al. showed that sMyBP-C activates thin filament motility
at low [Ca2+ ] (143). Considering that its NH2-terminus undergoes complex phosphorylation (46,
48, 140, 143), it is highly likely that the activities of sMyBP-C are modulated via phosphorylation
similar to cMyBP-C (107, 122).
Our findings show that sMyBP-C KD reduces force production and slows down contractile
kinetics, which contradicts the above in vitro studies with isolated proteins. A major caveat of in
vitro studies is the use of either purified or recombinant proteins outside the context of the cell.
Given the drastic decrease in the levels of fast and slow myosin due to sMyBP-C KD and the
knowledge that alterations in protein stoichiometry and organization are not captured in in vitro
assays, a meaningful comparison of these results in not possible. We therefore postulate that in the
context of our in vitro single cell and in vivo/ex vivo whole muscle studies, the presence of a
significantly smaller number of functional contractile units may underscore the deficiencies in both
force production and contractility in sMyBP-C KD muscles.
Taken together, our studies demonstrate that sMyBP-C may be unique within the MyBPC family not only because of its molecular complexity and multifaceted character, but also because
of its essential structural role in thick filament organization and maintenance, which appears to
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precede its regulatory role in modulating cross bridge cycling. The obvious question is what makes
sMyBP-C unique among the MyBP-C isoforms. Earlier work from our group has shown that
sMyBP-C undergoes extensive exon shuffling within the NH2 and COOH-termini resulting in the
inclusion or exclusion of small amino acid segments (24, 47). It is therefore plausible that the
presence or absence of these inserts may alter the binding affinity of the resulting variants to
myosin and actin, and/or mediate unique binding interactions. Consistent with this, sMyBP-C
variants exhibit differential abilities to bind myosin and actin and to regulate actomyosin sliding
in vitro (30). Moreover, select sMyBP-C variants (v1/v2) preferentially target to the periphery of
the M-band, instead of the C-zone, where they bind obscurin via their COOH-terminus (50).
Interestingly, neither cMyBP-C nor fMyBP-C bind obscurin via their respective COOH termini in
vitro (50). As combinations of sMyBP-C variants are co-expressed within an individual muscle,
myofiber, and possibly sarcomere (24), it is likely that some variants may have structural or
stabilizing roles depending on their location and binding interactions, whereas others may have
regulatory roles. Further work is therefore needed to dissect the functional complexity of the
sMyBP-C subfamily, focusing on the spatiotemporal expression profile, regulation, binding
interactions, and roles of individual variants in both slow and fast-twitch muscles using
sophisticated biochemical, biophysical, and targeted genetic approaches.
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Supplemental Figure 2.1: Knockdown of sMyBP-C in lumbricalis muscle results in
decreased levels of thick filament proteins with the exception of fMyBP-C. Similar to KD FDB
muscles, western blot analysis of protein lysates prepared from KD lumbricalis muscles (A)
followed by relative quantification (B) indicated that the expression levels of fast myosin, slow
myosin, and myomesin were significantly reduced, whereas the levels of actin and α-actinin were
unaltered. Contrary to KD FDB muscles, however, KD lumbricalis muscles contained significantly
increased levels of fMyBP-C (~20%) potentially due to a compensatory response. Significance
was calculated via student’s t-test (*p<0.01, #p<0.05). All values are expressed as mean +/- SD.
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Supplemental Figure 2.2: Depletion of sMyBP-C from lumbricalis muscle results in
disorganized thick filaments. Control and KD lumbricalis fibers were co-labeled for sMyBP-C
(columns A1-E1 and A3-E3), the thick filament proteins fast skeletal myosin (A2 and A4), slow
skeletal myosin (B2 and B4) and myomesin (C2 and C4), and the thin filament proteins actin (D2
and D4) and α-actinin (E2 and E4). All proteins examined displayed normal sarcomeric
distribution in control fibers. On the contrary, thick, but not thin, filament proteins exhibited
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consistently reduced levels of immunostaining in KD compared to control fibers (under the same
confocal settings) with residual proteins concentrating in less defined striated structures or at the
edges of myofibers.

Supplemental Figure 2.3: The ultrastructure of lumbricalis muscle is altered following
sMyBP-C knockdown. Evaluation of longitudinal sections of control (A) and KD (B) lumbricalis
muscles using electron microscopy demonstrated the presence of sparser and disorganized myosin
filaments in the latter. (C-E) Measurements of average sarcomere length, determined by the
distance of successive troughs, which denote adjacent Z-disks, indicated significantly shorter
sarcomere length in KD lumbricalis muscles. Examination of cross sections showed normal
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hexagonal arrays of myosin filaments in control (F) but not KD (G) muscles, which exhibited
either minimal levels (single asterisk) or sparse and misaligned (double asterisk) myosin filaments.
Significance was calculated via student’s t-test (p<0.01); all values are expressed as mean +/- SD.
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CHAPTER 3
MYOSIN BINDING PROTEIN-C SLOW PHOSPHORYLATION
REGULATES BINDING TO ACTIN AND MYOSIN
3.1 Introduction
Significant research has focused on phosphorylation of cMyBP-C both in vitro and in vivo
(33, 103, 109, 110, 112). Phosphorylation of three sites within the cMyBP-C M-motif in humans,
Ser273, Ser282, and Ser302 (60), has been shown to increase contraction by disrupting the binding
of the NH2-terminus to myosin (102). Consistent with this, a transgenic mouse model in which all
phosphorylation sites were mutated to non-phosphorylatable alanines (MyBP-CAllP-) showed
significantly decreased rates of contraction and relaxation and decreased force production (109,
122), solidifying the importance of cMyBP-C phosphorylation for regulation of actomyosin
contractility.
More recently, ultrastuctural and in vitro motility data indicated that calcium antagonizes
the effect of phosphorylation by fine tuning the ability of cMyBP-C to modulate the formation and
rate of actomyosin cross bridges (103). Specifically, phosphorylated NH2-terminal C0-C3
cMyBP-C was shown to adopt a compact conformation that was reversed to an extended
conformation with the addition of peak Ca2+ concentrations, rendering the WT C0-C3 and its
phosphomimetic counterpart functionally indistinguishable in the presence of physiological Ca2+
levels (0.5-1.2 µM) (103).
Contrary to cMyBP-C, sMyBP-C has more phosphorylation sites within the Pro/Ala region
(Ser59, Ser62, and Thr84) and only one in the M-motif (Ser204) (49). Unlike cMyBP-C, because
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of the alternative splicing that can occur in sMyBP-C, not all phosphorylation sites are
constitutively expressed, with Ser59 and Ser204 located in alternatively spliced exons, and present
in only select slow variants (24).
Our laboratory has shown that the phosphorylation profile of sMyBP-C is differentially
regulated depending on the muscle and as a function of stress (46). Nevertheless, there is still very
little known about the role of phosphorylation in sMyBP-C. By generating various
phosphomimetic mutant NH2-terminal sMyBP-C recombinant proteins to model constitutive
phosphorylation, we have begun to study the effect of sMyBP-C phosphorylation on the ability of
the protein to bind actin and myosin and regulate cross bridge sliding velocity in vitro. We show
that phosphorylation differentially regulates sMyBP-C binding to actin, whereas phosphorylation
of Ser59 is a critical residue for binding to myosin minifilaments (MF). Additionally, our studies
are consistent with studies of cMyBP-C, as they show that phosphorylation of sMyBP-C v1/2
increases actin sliding velocity in the absence of Ca2+.

3.2 Material and Methods
Generation and purification of recombinant proteins
DNA encoding the mouse NH2-terminal region of sMyBP-C (containing the Pro/Ala-rich
motif, Ig domain C1, and the M-motif) was introduced into the pGex4T-1 vector (Amersham
Pharmacia, Piscataway, NJ, USA) at EcoRI/XhoI sites to generate GST-fusion proteins. Three
different WT variants were generated: v002, v3/4, and v1/2, which include one, two, or all four of
the potential exons that can be alternatively spliced.
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The phosphomimetic mutations were introduced into the resulting plasmid via site-directed
mutagenesis using the Quickchange mutagenesis kit (Stratagene, La Jolla, CA, USA) with the sets
of primers described in Table 3.1.
Table 3.1 Primers used for mutagenesis reactions.
Variant
v/12

Phosphosite
S59D
S62D
T84D
S204D

v3/4

S37D
S58D
S279D

v002

S23D
S44D
S165D

Forward (sense) primer

Reverse (anti-sense) primer

5’CTGGAGAGAAAAGATGACG
AATGGTCTCTTGGT3’
5’AAAGATTCAGAATGGGATC
TTGGTGAGTCACTT3’
5’TCCCAGCTGTCCGACCTGTT
TGTTGAA3’
5’CAGATCTGCCTTCAAAAGA
GATGGAGAAGGTCAAGAGGA
TGC3’
5’CCAGCAAAAGAATGGGATC
TTGGTGAGTCACCT3’
5’GCCAACTCCCAGCTGGACA
CCCTGTTTGTTGAA3’
5’TCTGCCTTCAAAAGAGATG
GAGAAGGTCAAGAG3’
As listed for v3/4 S37D
As listed for v3/4 S37D
5’CCCCCGGAAGAATGGGATC
TTGGTGAGTCACCT3’

5’ACCAAGAGACCATTCGTCA
TCTTTTCTCTCCAG3’
5’AGGTGACTCACCAAGATCC
CATTCTGAATCTTT3’
5’TTCAACAAACAGGTCGGAC
AGCTGGGA3’
5’GCATCCTCTTGACCTTCTCC
ATCTCTTTTGAAGGCAGATCT
G3’
5’AGGTGACTCACCAAGATCC
CATTCTTTTGCTGG3’
5’TTCAACAAACAGGGTGTCC
AGCTGGGAGTTGGC3’
5’CTCTTGACCTTCTCCATCTC
TTTTGAAGGCAGA3’
As listed for v3/4 S37D
As listed for v3/4 S37D
5’AGGTGACTCACCAAGATCC
CATTCTTCCGGGGG3’

The authenticity of the WT and phosphomimetic constructs was verified by sequence
analysis. Recombinant polypeptides were expressed by induction with 1 mM isopropyl-βthioglycopyranoside (IPTG) overnight at 22oC and purified by affinity chromatography on
glutathione-agarose columns, according to the manufacturer’s instructions (MilliporeSigma,
Bedford, MA, USA).
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Preparation of actin and myosin minifiaments
Purified myosin isolated from rabbit psoas muscle was isolated and underwent a series of
dialysis steps to form minifilaments (MF). First, the myosin was dialyzed against 0.6 M KCl, 10
mM NaPO4, pH 7.0, 0.1 mM NaN3 for a total of 30-36 hours (solution was switched after 3-4
hours twice and 12-16 hours twice). Myosin was removed from the high salt solution and clarified
by centrifugation at 100,00 xg for 2 hours. The supernatant was collected and dialyzed against a
solution of 5 mM sodium pyrophosphate. Dialysis was performed as for the first dialysis step. MF
were removed from 5 mM sodium pyrophosphate solution and clarified by centrifugation for 30
min at 27,000 xg. Clarified solution and dialyzed against 10 mM citrate/36 mM Tris. The solution
was switched after 4 hours of dialysis twice and then 18 hours of dialysis twice. A final clarification
step was performed by centrifugation at 27,000 xg for 15 minutes and the supernatant was
collected, which contained MF.
For cosedimentation assays, F-actin was provided by the laboratory of Dr. James Sellers,
which was prepared from rabbit skeletal muscle acetone powder (Pel-Freeze Biologicals) and
stored in F-actin buffer: in mM (2 MgCl2, 4 MOPS, 3 NaN3, 0.1 EGTA, 1 DTT, pH 7.0).

Cosedimentation assays
Cosedimentation assays were completed for both MF and actin with various
phosphomimetic recombinant sMyBP-C proteins. The MF (0.1 µM final concentration) or actin
(5 µM final) were combined with recombinant sMyBP-C proteins (5 µM final) in the appropriate
assay buffer.
MF assay buffer consisted of (in mM): 20 Tris HCl, pH 7.0, 150 NaCl, 0.75 DTT, and 1
EDTA. The binding reaction was incubated on ice for 30 minutes and then centrifuged at 100,000
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RPM for 20 min. The supernatant was removed, washed with 50 µL 1:1 MF buffer:10 mM
citrate/36 mM Tris, the wash was removed, and then 50 µL 7 M urea was added to the pellet.
Actin assay buffer contained (in mM): 10 Tris HCl pH 8.0, 100 NaCl, 1 EGTA, 2 MgCl2,
and 0.1 DTT. The binding reaction was conducted as described for MF, but washed with 50 µL
actin assay buffer and then 7 M urea was added. For both assays, aliquots (5 µL) of supernatant
and pellet from all reactions were collected to run on a gel and stained with Coomassie blue for
total protein. Significance was calculated via Student’s t-test (#, p<0.05, *,p<0.01).

In vitro motility assay
Motility assays were performed as previously reported (149-152) using purified actin
labeled with rhodamine-phalloidin (Invitrogen) and heavy meromyosin (HMM). Assays were
performed in a buffer containing (in mM): 50 KCl, 20 MOPS (pH 7.4), 4 MgCl2, 0.1 EGTA, 1
ATP, 50 DTT, 25 g/ml glucose oxidase, 45 g/ml catalase, and 2.5 mg/ml glucose, at 30°C with
0.24 mg/ml HMM. Before the addition of the final motility buffer, the HMM-covered surface was
blocked with 1 mg/ml BSA, and unlabeled actin was used to block any inactive myosin heads.
Recombinant sMyBP-C proteins were added at a concentration of 1 µM to the final motility buffer.
The velocity of actin filaments’ movement over the HMM coated surface was analyzed using the
Cell-Trak system (Motion Analysis, Santa Rosa, CA, USA). Values for mean +/- standard
deviation were obtained from at least 3 different experiments following analysis of at least 1000
actin filaments at 10 frames/second. Average velocities were normalized to WT recombinant
sMyBP-C protein conditions and reported as percentage change in velocity. Significance was
calculated via Student’s t-test (*p<0.01).
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3.3 Results
3.3.1 Effect of sMyBP-C phosphorylation on actin and myosin binding ability
To study the role of NH2-terminal sMyBP-C phosphorylation on the ability of the protein
to bind to actin and myosin, we performed cosedimentation assays with our recombinant
phosphomimetic proteins, a routine in vitro assay used to study protein-protein interactions with
F-actin (153), where, after high speed centrifugation, protein bound to actin will sediment in the
pellet and unbound protein remains in the supernatant. Myosin MF can be generated through a
series of dialysis steps to produce 0.3 µM long filaments, 16-18 molecules each, which are stable
at low concentrations of monovalent salt. These MFs behave in a similar fashion to F-actin and
pellet after ultracentrifugation.
After generation of recombinant sMyBP-C proteins (Figure 3.1), and incubation with either
F-actin or MF, high speed ultracentifugation was performed to determine the amount of binding
of sMyBP-C WT or phosphomimetic constructs with these two main known binding partners.
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Figure 3.1: Phosphomimetic mutants produced for use in cosedimentation assays. GSTtagged recombinant proteins of sMyBP-C NH2-termini were generated to include the Pro/Ala
region, Ig domain C1, and the M-motif for three known sMyBP-C mouse variants. (A) v1/2
contains all four potential exons in the Pro/Ala region and up to four phospho-sites, (B) v3/4
contains only two exons and up to three phospho-sites, and (C) v002 contains only one potential
exon with up to three phospho-sites. Phosphomimetic mutants were generated for all variants to
mutate 1) all phosphorylation sites in the Pro/Ala region (P/AAsp/C1/M), 2) the phosphorylation
site in the M-motif (P/A/C1/MAsp), or 3) both the Pro/Ala and M-motifs ((P/AAsp/C1/MAsp).

The distribution of protein bound to actin or MF (pellet) versus the unbound protein
(supernatant) was analyzed by SDS-PAGE followed by Coomassie blue staining. Phosphorylation
of different sMyBP-C variants resulted in distinctive actin binding abilities (Fig. 3.2 and Table
3.2). v1/2 phosphorylation (Fig. 3.2A) significantly decreased binding to actin compared to WT
levels for all combinations of phosphomimetic mutants. Phosphorylation of v3/4 (Fig. 3.2B) in the
Pro/Ala region increased actin binding, while the combination of phosphorylation in both the
Pro/Ala and M-motif regions resulted in decreased binding, and phosphorylation in the M-motif
did not change binding compared to WT levels. Continuing the differential trend, v002
phosphorylation (Fig. 3.2C) increased actin binding in both the Pro/Ala and M-motif region
separately, but in combination, resulted in decreased binding compared to WT levels. Additionally,
v002 WT actin binding levels were decreased compared to v1/2 and v3/4 WT levels and variants
that do not express the Ser59 phosphorylation site (v3/4 and v002 P/AAsp/C1/M) showed increased
actin binding ability compared to the v1/2 P/AAsp/C1/M phosphomimetic. Across all variants,
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phosphorylation of all potential sites (P/AAsp/C1/MAsp phosphomimetics) displayed significantly
decreased binding compared to respective WT levels.

Figure 3.2: Phosphorylation in all three sMyBP-C variants differentially affects binding to
actin. (A) Phosphorylation within v1/2 resulted in significantly decreased binding to actin
compared to WT levels for all phosphomimetic mutants. (B) Phosphorylation of only the Pro/Ala
region (P/AAsp/C1/M) in v3/4 increased actin binding, but phosphorylation in both the Pro/Ala and
M-motif regions (P/AAsp/C1/MAsp) resulted in decreased binding compared to the WT counterpart.
(C) v002 phosphorylation in the Pro/Ala (P/AAsp/C1/M) and M-motif (P/A/C1/MAsp) region
separately increased actin binding, but in combination resulted in decreased binding compared to
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the v002 WT. Values depicted are expressed as mean pellet and supernatant values for each variant
and phosphomimetic mutant from at least three independent experiments. Significance was
calculated via Student’s t-test (#, p<0.05, *, p<0.01).

Following binding and cosedimentation of sMyBP-C recombinant proteins with MF, the
only significant alteration in MF binding ability was seen with v1/2 phosphomimetic mutants that
included the Ser59 residue (Fig. 3.3A and Table 3.2) as decreased binding compared to WT levels.
Phosphomimetics of v3/4 (Fig. 3.3B) or v002 (Fig. 3.3C) did not display significantly altered
binding to MF compared to their WT counterparts. Despite this, both v3/4 and v002 M-motif
phosphomimetics (P/A/C1/MAsp) demonstrated the lowest amount of binding for each variant, at
12 and 15%, respectively. The phosphomimetic with both regions of phosphorylation
(P/AAsp/C1/MAsp) for all variants showed a trend of decreased binding compared to WT levels
(Fig 3.3).
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Figure 3.3: Ser59 significantly decreased MF binding, but binding for all other phosphoresidues were not significantly altered. (A) v1/2 phosphomimetics that include Ser59 (both
P/AAsp/C1/M and P/AAsp/C1/MAsp) significantly decreased binding to MF compared to v1/2 WT.
For both (B) v3/4 and (C) v002 variants, phosphorylation in the Pro/Ala region (P/AAsp/C1/M)
resulted in similar binding to WT, but phosphorylation in the M-motif (both P/A/C1/MAsp and
P/AAsp/C1/MAsp) decreased binding compared to WT levels, although not significantly. Values
depicted are expressed as mean pellet and supernatant values for each variant and phosphomimetic
mutant from at least three independent experiments. Statistical significance was calculated with
Student’s t-test (#p<0.05).
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Table 3.2: sMyBP-C phosphomimetic cosedimentation data summary.
Schematic of WT
variant

Variant/
Phosphomimetic

v1/2 P/AAsp/C1/M

Binding to actin
(compared to WT)
*parameter is significant
- indicates no significant
change
Decreased*

Binding to myosin
(compared to WT)
*parameter is significant
- indicates no significant
change
Decreased*

v1/2 P/A/C1/MAsp

Decreased*

-

v1/2 P/AAsp/C1/MAsp

Decreased*

Decreased*

v3/4 P/AAsp/C1/M

Increased*

-

v3/4 P/A/C1/MAsp

-

-

v3/4 P/AAsp/C1/MAsp

Decreased*

-

v002 P/AAsp/C1/M

Increased*

-

v002 P/A/C1/MAsp
v002
Asp
P/A /C1/MAsp

Increased*

-

Decreased*

-

3.3.2 Impact of v1/2 sMyBP-C phosphorylation on actomyosin regulation
To complement our cosedimentation assays, we began in vitro motility assays on sMyBPC v1/2 WT and phosphomimetic mutants to investigate how the different phosphorylation sites
influence the sliding velocity of actin filaments past myosin heads. Using previously established
protocols from the laboratory of Dr. James Sellers (149, 151, 152, 154-156), we introduced HMM
and rhodamine-phalloidin labeled F-actin in a motility chamber with 1 µM of sMyBP-C v1/2 NH2terminal WT or phosphomimetic mutants. All three phosphomimetic mutants significantly
increased actin sliding velocity compared to WT alone, with P/AAsp/C1/M showing the greatest
increase in sliding and P/A/C1/MAsp the least (Table 3.3).
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Table 3.3: In vitro motility assay data for sMyBP-C v1/2 showed significant increases in
actin sliding velocity with phosphorylation.

These increases in actomyosin sliding velocity correlate well with the decreased binding
to actin and MF seen with v1/2 phosphomimetics compared to WT in cosedimentation assays.
Future experiments should be completed to elucidate the effects of actin sliding velocity in the in
vitro motility assay with v3/4 and v002.

3.4 Discussion
Using cosedimentation and in vitro motility assays, our findings indicate that both
alternative splicing and phosphorylation of sMyBP-C affect the variants’ ability to bind actin and
myosin and modulate actomyosin sliding. Our findings show that phosphorylation of sMyBP-C
greatly affects the ability of all three NH2-terminal mouse variants to bind actin, and Ser59, present
solely in v1/2, is the only residue to significantly decrease binding to MF when phosphorylated.
This decreased binding to MF in the cosedimentation assay corresponds to the most significantly
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increased actomyosin sliding velocity in the in vitro motility assay. Additionally, these results are
consistent with cMyBP-C studies, which show cMyBP-C phosphorylation increases the rate of
force redevelopment (ktr) by disrupting the binding of cMyBP-C to myosin and increasing the
proximity of cross bridges to actin, thereby accelerating cooperative recruitment of additional cross
bridges (102, 119).
In these artificial in vitro systems, we are modeling constitutively active phosphorylation
at specific residues. For the P/AAsp/C1/MAsp mutants, we assume that all four NH2-terminal
residues are in fact phosphorylated at the same time, which may or may not be true in vivo. Despite
this, it is tempting to speculate that phosphorylation of sMyBP-C results in altered electrostatic
interactions and protein folding, which in turn may affect the ability to bind actin and myosin.
Moreover, the M-motif residue, Ser204, can be phosphorylated by both PKA and PKC, doubling
the potential for phosphorylation when compared to the P/A residue sites, which are only
phosphorylated by one kinase each. Furthermore, as previously mentioned, the phosphorylatable
Ser59 and Ser204 are expressed in exons that may be alternatively spliced, adding another level of
complexity.
Future studies may focus on phosphoablation of these potential phosphorylation sites to
study the effects of decreased phosphorylation of sMyBP-C. In a transgenic mouse model,
phosphoablation of cMyBP-C S282 resulted in decreased diastolic function and diminished βadrenergic response (112). Moreover, cMyBP-C dephosphorylation leads to heart failure (109).
For future in vitro motility experiments, it will be crucial to include calcium and regulated
thin filaments from [pCa4-9], as cross bridge kinetics increase with phosphorylation in cMyBP-C
at submaximal Ca2+ levels and there is an inverse relationship between the levels of
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unphosphorylated cMyBP-C and maximal Ca2+ activated force production (26, 118). Additional
experimentation could be completed using ATPase assays with different sMyBP-C variants and
their phosphomimetic mutants to examine the ability of each to regulate the intrinsic and actin
activated enzymatic activity of HMM.
Our in vitro sMyBP-C studies are not sufficient to determine if there is a hierarchical mode
of phosphorylation, as seen in cMyBP-C (112). However, it is clear that sMyBP-C is the most
complex isoform in the MyBP-C family of proteins, with expression of multiple variants and
potential phosphorylation residues within the same muscle, that differentially regulate actomyosin
binding and sliding velocity. Further molecular, cellular, and biochemical in vitro approaches, as
well as appropriate animal models, may be helpful in further elucidating the role of
phosphorylation in the regulation of sMyBP-C.
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CHAPTER 4
INVOLVEMENT OF MYOSIN BINDING PROTEIN-C SLOW IN
THE DEVELOPMENT OF MYOPATHY WITH TREMOR
This chapter was published as two independent research articles in the Annals of Neurology
and Human Mutation journals in 2019. I served as second author for the Annals of Neurology
paper and co-first author for the Human Mutation paper. For both studies, I contributed in the
experimental design, performed experiments, analyzed data, drafted and edited the manuscript. I
am grateful to all collaborating authors for their assistance in putting the manuscripts together.
Particularly, I would like to thank the clinicians who informed our laboratory of these exciting
novel mutations and Janis Stavusis, who worked with me for 8 months on the E248K mouse model
(Chapter 5).

4. 1 Introduction
Mutations in genes that encode sarcomere-associated proteins underlie an increasingly
diverse and growing number of skeletal and cardiac myopathies. Skeletal sarcomeric myopathies
encompass histological manifestations ranging from rods and hyaline bodies to various fiber-type
disproportion patterns (157). Remarkably, different mutations in the same sarcomeric protein can
lead to strikingly distinct clinical manifestations, ranging from congenital to late onset, and
resulting in either weakness or stiffness. These physical symptoms are derived from the molecular
repercussions of specific mutations, such as changes in calcium sensitivity or target binding. In
addition to mutations causing weakness in conjunction with congenital myopathy, stiffnessinducing mutations have also been described in TPM2, TPM3 and ACTA1 (158). In some cases,
patients may present with multiple congenital joint contractures (arthrogryposis multiplex) as a
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result of prenatal restriction of joint movements (159). This diversity in disease manifestation
underscores the central role of the sarcomere in muscle function and disease. It also highlights that
different mutations in sarcomeric proteins may have highly variable pathophysiological
consequences, indicating the importance of elucidating their individual molecular pathogenesis.
Myosin Binding Protein-C (MyBP-C) comprises a family of sarcomeric accessory proteins,
and includes three isoforms: cardiac (c), fast skeletal (f), and slow skeletal (s) (57). The major roles
attributed to the MyBP-C family are stabilization of thick filaments and regulation of cross bridge
cycling (29, 49, 69). sMyBP-C is encoded by MYBPC1, located on chromosome 12 in humans
(23). Alternatively spliced transcripts of the gene give rise to a subfamily of at least fourteen
variants regulated via phosphorylation, which are co-expressed in different combinations and
amounts in both slow and fast-twitch muscles (46, 48, 49, 140, 160).
sMyBP-C is a modular protein composed of Ig and Fn-III repeats, numbered C1-C10. The
NH2-terminal Ig C1 is flanked by unique sequences, the Pro/Ala-rich motif and a MyBP-C specific
motif, termed the M-motif (Fig. 4.1A) (49, 161). The NH2-terminus of sMyBP-C, including the
Pro/Ala-rich motif, C1 and the M-motif, supports binding to actin and myosin subfragment-2 (S2)
in a variant-specific manner (24), whereas the COOH-terminal Ig domain C10 binds directly to
light meromyosin (LMM), and this interaction is further enhanced by the presence of Ig C8 and
Fn-III C9 (13, 14). In addition to binding LMM, the COOH-terminus of sMyBP-C supports
binding to titin, obscurin, four and a half LIM domains 1 (FHL1) protein, and creatine kinase (14,
50, 84, 89).
Earlier reports have linked mutations in MYBPC1 to the development of severe and lethal
forms of DA (132, 137, 162). Here, we report on a distinct clinical phenotype in two independent,
three-generation families and four individuals from three unrelated families, manifesting as mild
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myopathy invariably associated with a persistent, posturally pronounced, high-frequency tremor
in all affected individuals that segregates with four novel, dominant, missense mutations in
MYBPC1. We provide pathophysiological insights into this tremor by showing that altered
myofilament binding of mutant sMyBP-C appears to be the basis of what we refer to as a myogenic
tremor. A comprehensive literature search revealed that unexplained tremor associated with
myopathy is an overlooked feature of the disease involving mutations in genes encoding
sarcomeric proteins.

4.2 Materials and Methods
Patients and clinical evaluation
Mutation set 1: Y247H and E248K
Examination of family 1 (E248K) from Latvia was performed under a protocol approved by
the Central Medical Ethics Committee of Latvia, and all subjects and/or their parents have given
informed consent. The variant NM_002465.3:c.742G>A p.(E248K) has been submitted to ClinVar
database. Clinical evaluation of the patients was performed by a clinical geneticist and a
neurologist. Genetic studies in individuals from family 2 (Y247H) from Germany were performed
with informed consent, in accordance with the Human Genetic Examination Act (Genetic
Diagnosis Act-GenDG).

Mutation set 2: L259P and L263R
Clinical examination and genetic studies for individuals 1 (L263R/Caucasian), 2
(L259P/Caucasian), 3 and 4 (L263R/Korean) were performed under prospectively reviewed and
approved IRB/ethics committees. Specifically, individual 2 was evaluated through the
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Undiagnosed

Diseases

Network

(UDN)

clinical

site

at

Duke

University

(https://undiagnosed.hms.harvard.edu/).

Quantitative tremor analysis
Quantitative tremor analysis was performed in subjects III-2 and IV-1 from family 2
(Y247H) using a Dantec Keypoint Workstation (Natus Medical Inc.). Briefly, accelerometers were
attached to the dorsum of the hands and EMG of forearm flexor and extensor muscles was recorded
via surface electrodes fixed to the extensor carpi ulnaris and flexor carpi ulnaris muscles,
respectively. Power spectra of the accelerometry and EMG data were calculated by Fast Fourier
Transformation of tremor amplitude and frequency time series recordings (163). Tremor analysis
was performed at rest and during posture with outstretched hands, both unloaded and with a weight
of 500g.

Sequencing
Mutation set 1: Y247H and E248K
Family 1 (E248K): Exome sequencing of four members of family 1 from Latvia (Figure
4.1B) was performed using the Illumina HiSeq 2500 platform (Illumina, San Diego, CA, USA)
and the Nextera Rapid Capture Expanded Exome kit (Illumina, San Diego, CA, USA) for best
variant segregation. Raw sequencing reads were aligned and subsequently processed according to
Genome Analysis Toolkit’s (GATK) best practice guidelines using BWA-MEM, Picard-tools and
GATK. Variants were called by GATK Haplotype Caller, and then annotated using Annovar. A
stepwise approach of filtering was used on the obtained data. Only rare (below 1% in all reference
databases, including ExAC, 1000 genomes, ESP6500, and in-house next generation sequencing
database from Tartu University Hospital) non-silent variations in autosomal coding regions and
68

splice sites were considered for further analysis. The pathogenicity of variants was evaluated using
several in silico prognostic tools, including PolyPhen2, Mutation Taster, SIFT and CADD.
Notably, during our analysis we also evaluated close to a 100 previously identified myopathic
genes as potential candidates, but they were all found to be negative.
Variation validation as well as segregation analysis were performed with nested PCR
(initial

synthesis

primer

5’CTCACCTGCGCTCTTCTTCT3’,

set:

5’TCTGGGCTTCAAGTACTCAGG3’
and

Sanger

sequencing

primer

and
set:

5’TACCTCGACCTTCGTGGTCT3’ and 5’GCTTGAGTCGCTTGAGCAT3’) using HOT
FIREPol® polymerase (Solis Biodyne, Tartu, Estonia). In addition to the previously mentioned
four members, samples from six additional family members were used for mutation testing and
extended segregation analysis. Amplicons were sequenced with an ABI Prism 3130XL (Applied
Biosystems, Waltham, MA, USA) using the BigDye® Terminator Cycle Sequencing Kit (Applied
Biosystems, Waltham, MA, USA). Sequencing data were analysed using CLC MainWorkbench
(CLCbio, Aarhus, Denmark). DNA samples from 90 control subjects taken from the Latvian
National Genome database were also directly sequenced for the presence of the MYBPC1 E248K
mutation.
Family 2 (Y247H): Panel sequencing, using a panel specifically for distal and congenital
myopathies, was performed in DNA obtained from the proband III-2 of family 2 from Germany.
Confirmation of the observed sequence change in MYBPC1 was performed by PCR amplification
of the affected exon followed by Sanger sequencing in the forward and reverse direction using the
BigDye terminator v1.1 cycle sequencing kit from Applied Biosystems. DNA isolated from
clinically affected and unaffected family members was also screened for the sequence change
identified in subject III-2 using the same method.
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Mutation set 2: L259P and L263R
Individuals 1-4: Individual 1 underwent trio whole exome sequencing (WES) as part of a
research study at Duke University Medical Center, with previously published methods for
sequencing, data processing, variant calling, and variant annotation (164). Individual 2 had
commercial trio WES and whole genome sequencing (WGS) according to prior published methods
(165, 166) and the data were reanalyzed through the UDN. Individuals 3 and 4 underwent WES at
the Yale Center for Genome Analysis and data processing was performed as described previously
(167).
MYBPC1 variants c.766C>T, p.L259P and c.788T>G, p.L263R were validated by Sanger
sequencing (Applied Biosystems, Foster City, CA) and the de novo origin of each variant was
confirmed by parental segregation studies.

Immunohistochemistry
A biopsy was obtained from the deltoid muscle of the index patient (III-2) from family 2
(Y247H), and histochemical staining (Hematoxylin & Eosin, cytochrome C oxidase, Gomori, van
Gieson, NADH dehydrogenase, ATPase 9.4, PAS, and oil-red O) was performed using standard
procedures.

Generation and purification of recombinant wild type and mutant proteins
For

overlay

assays,

(5’ATGCCAGAACCCACT3’)

human
and

skeletal

muscle

antisense

cDNA

was

used

with

sense

(5’TCAATCAAGAATTTTTGC3’)

oligonucleotides to amplify the NH2-terminal region of sMyBP-C that contained the Pro/Ala-rich
motif, Ig domain C1, and the M-motif (amino acids 1-284, XP_006719468.1). The PCR fragment
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was subcloned into the pGex4T-1 (Amersham Pharmacia, Piscataway, NJ, USA) vector at
EcoRI/XhoI sites to generate a GST-fusion protein. The sMyBP-C point mutations were introduced
into the resulting plasmid with the following sets of primers:
Table 4.1 Primers used for mutagenesis reactions.
Mutation

Forward (sense) primer

Reverse (anti-sense) primer

Y247H

5’GCCAAGCCCAGCGAGCACGAGA
AGATCGCCTTC 3’
5’AAGCCCAGCGAGTACAAGAAG
ATCGCCTTCCAG 3’
5’AATCACCGATCCGCGCGGCATG
C 3’
5’GCGCGGCATGCGCAAGCGACTC
A 3’

5’GAAGGCGATCTTCTCGTGCTCGC
TGGGCTTGGC 3’
5’CTGGAAGGCGATCTTCTTGTACT
CGCTGGGCTT 3’
5’ CCATACTGGAAGGCGATCTTCTC
3’
5’AGATCGGTGATTCCATACTGGAA
GGCG 3’

E248K
L259P
L263R

The authenticity of the WT and mutant constructs was verified by sequence analysis.
Recombinant polypeptides were expressed by induction with 1 mM IPTG overnight at 22oC and
purified by affinity chromatography on glutathione-agarose columns, according to the
manufacturer’s instructions (MilliporeSigma, Bedford, MA, USA).
For

circular

dichroism

experiments,

(5’ACTGGAATTCATGCAGGAGGAGGAGCCC)

the

following
and

set

of

sense
antisense

(5’ACTGCTCGAGTCACTTCTTCTCCTCCCT’) primers was used to amplify the M-motif
region of WT sMyBP-C. The PCR fragment was subcloned into the pET30a+ vector
(MilliporeSigma, Bedford, MA, USA) at EcoRI/XhoI sites to generate a histidine tagged-fusion
protein. The Y247H and E248K mutations were introduced in the WT construct using the same
primers listed above. The authenticity of the WT and mutant constructs was verified by sequence
analysis. Recombinant polypeptides were expressed in BL21(DE3) cells (MilliporeSigma,
Bedford, MA, USA) by induction with 1 mM IPTG overnight at 22oC and purified by affinity
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chromatography on Ni-NTA-agarose columns (MilliporeSigma, Bedford, MA, USA), according
to the manufacturer’s instructions.

Overlay assay and immunoblotting
Actin purified from skeletal muscle was purchased from Cytoskeleton (Cat.AKL99-A).
Equivalent amounts (3 µg) of actin were separated by 4-12% SDS-PAGE and transferred
electrophoretically to nitrocellulose. Equivalent loading and transfer were confirmed by staining
the nitrocellulose membrane with Ponceau Red. Blots were incubated in buffer A (in mM): 50
KCl, 20 MOPS, 4 MgCl2, 0.1 EGTA, 2 DTT, 3% BSA, 10 mM NaN3, 0.5% Tween-20, and 0.5%
Nonidet P-40) for 8 hours at room temperature, followed by incubation with buffer A containing
0.5 µg/mL of the indicated GST-fusion proteins overnight at 4 oC. Blots were washed extensively
with buffer A, followed by PBS, blocked in 5% milk, and subsequently probed with antibodies to
GST (1:10,000; Novagen, Billerica, MA, USA), as described in (30). Immunoreactive bands were
detected with the Tropix Chemiluminescence kit (Applied Biosystems). Experiments were
repeated at least three independent times using different preparations of recombinant proteins, and
quantification of immunoreactive bands was performed using densitometric analysis and ImageJ.
Statistical significance was evaluated with t-test indicating no difference between WT and mutant
proteins.

Modeling of sMyBP-C-myosin interaction
Models of the M-motif of sMyBP-C were generated using Phyre2, RaptorX, and iTASSER,
based on the human cardiac version of this domain (PBD: 2LH4; 80% identical to sMyBP-C) (168170). The model was then allowed to equilibrate using the computer program YASARA for ~90
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ns, as previously described (171, 172). Individual mutations were introduced to the model via the
‘swap’ command in YASARA, and the resulting models were allowed to equilibrate for ~100 ns.
Docking of WT and mutant sMyBP-C to myosin was performed using equilibrated
sMyBP-C models and the S2 fragment of myosin (PDB: 2FXO) with the HADDOCK program
(173). The best models, as judged by low z-scores and low RMSD, were then further refined for
~30 ns.

Circular Dichroism
Circular Dichroism (CD) experiments were conducted in a 1 mm pathlength cuvette with
WT and mutant His-tagged proteins of 15-17 µM in 20 mM phosphate buffer, pH 7.5, and 50 mM
NaCl. Samples were measured in triplicate at temperatures from 20°C to 90°C in 10°C intervals
on a Jasco J-810 spectrophotometer.

Kinetic analysis using surface plasmon resonance
Surface plasmon resonance was performed on a Biacore 3000 instrument, as previously
described (174). Equivalent response units (RU; 110-120) of control GST-protein and recombinant
sMyBP-C proteins (i.e. GST-P/A-C1-M WT, GST-P/A-C1-M L259P, and GST-P/A-C1-M
L263R) serving as ligands were immobilized on a carboxymethyldextran sensor (CM5) chip, while
HMM (Cytoskeleton) was used as analyte at varying concentrations ranging from 0-250 nM in
HEPES buffered saline containing 0.1% Tween. The flow rate for analyte injection was
20 µL/min. For each analyte concentration, association was measured for 180 sec and dissociation
was measured over another 180 sec. Data were evaluated with the 1:1 Langmuir model and the
Heterogeneous Ligand model (BIAevaluation Software 3.1 Biacore). The association (ka, M-1s-1)
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and dissociation (kd, s-1) rate constants as well as dissociation (KD, M) equilibrium constants were
determined.

Trypsin digestion assay
Pancreatic bovine trypsin (Sigma T9201) was added to recombinant WT or L259P Histagged M-motif proteins at an enzyme to substrate ratio of 1:30 in 100 mM sodium phosphate, pH
7.0, 100 mM NaCl, 1 mM EDTA, and 1 mM DTT, as in Wang et al (175). The reactions were
incubated at 250C and stopped at various time points (30 sec, 1, 2, 3, 4, 5, and 10 min) by boiling
for 5 min. Samples were separated on a 12% SDS-PAGE gel and stained with Coomassie Brilliant
Blue-G-250 dye.

4.3 Results
4.3.1 Identification of four novel missense mutations in MYBPC1
Family 1 (E248K) was ascertained in Latvia via examination of a 30-year old male (Fig.
4.1B, proband III-5), who presented with muscle weakness and skeletal deformities (Fig. 4.2A,
and Table 4.2). The index patient from family 2 (Y247H), a 50-year old female (Fig. 4.1C, proband
III-2), was first diagnosed at age 46 with a history of slowly progressive, proximal and axial
weakness and myalgia since childhood (Table 4.2).
Next generation sequencing was performed on a multi-gene panel, revealing a single, novel,
heterozygous c.739T>C p.Y247H sequence change in the MYBPC1 gene. This sequence change
was identified in all affected individuals (III-2, IV-1, V-1 and V-2) but was not found in any of the
unaffected individuals tested (Fig. 4.1C).
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Neither sequence change (p.E248K or p.Y247H) (Fig. 4.1A-C) is listed in the NHLBI ESP
Exome Variant Server (~13,005 alleles; http://evs.gs.washington.edu/EVS/), the 1000 genomes
server (http://browser.1000genomes.org), the Exome Aggregation Consortium, the Genome
Aggregation Database reference databases, nor were they listed in the ClinVar or HGMD
databases of known pathogenic variations prior to our submission of the variants, or in our inhouse database of 90 Latvian samples (176-178). Multiple computational tools, including SIFT
(http://sift.jcvi.org),

PolyPhen2

(http://genetics.bwh.harvard.edu/pph2),

Panther-PSEP

(http://pantherdb.org/tools/csnpScoreForm.jsp), PaPI (http://papi.unipv.it/help.xhtml), PhDSNP
(http://snps.biofold.org/phd-snp/phd-snp.html),

SNP&GO

(http://snps-and-

go.biocomp.unibo.it/snps-and-go) and MutationTaster supported the deleterious effects of both
mutations on the protein, in addition to high phred-scaled Combined Annotation Dependent
Depletion (CADD) scores of 36 for the E248K mutation and 25 for the Y247H mutation (179182).

Mutation set 2: L259P and L253R
Four affected individuals in three unrelated families (Fig. 4.1D, Table 4.3) presented with
an overlapping phenotype consisting of severe congenital hypotonia, tremors at rest, with certain
postures, and on intention in the extremities and tongue, absence of contractures, and normal
cognition. Congenital hypotonia was so severe that spinal muscular atrophy was a diagnostic
consideration for some of the individuals. Remarkably, despite the severe neonatal presentation,
hypotonia improved over time such that individuals 1, 3, and 4 achieved ambulation, albeit
delayed.
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Using trio WES analysis, we found Individual 1 to have a de novo missense variant in
MYBPC1, c.788T>G, p.L263R (Fig. 4.1A and D). This variant is located at a highly conserved site
and predicted to be damaging by in silico predictors (Polyphen2 = 0.996, CADD = 33, GERP++
= 5.53). The same variant was identified via WES in Individuals 3 and 4, and Sanger sequencing
of the parents of Individual 4 confirmed it was a de novo alteration in the father (Individual 4).
Individual 2 underwent trio WES, too, and a separate de novo missense variant in MYBPC1,
c.766C>T, p.L259P (Fig. 4.1A and D), was found at a highly conserved site that was also predicted
to be damaging (Polyphen2 = 0.999, CADD = 32, GERP++ = 5.53). Neither the L263R nor the
L259P variant was present in gnomAD (178), wherein there is substantial coverage of both
MYBPC1 residues in ~122,000 individuals. Similarly, both variants were absent in 13,039 internal
control individuals at the research laboratory database at Columbia University where Individual 1
was sequenced and in 1,016 Korean control individuals. Both variants were confirmed by Sanger
sequencing in all four individuals (Fig. 4.1D). Notably, prior WES and WGS for Individual 2 had
been reported as negative at two separate commercial laboratories, and the c.766C>T, p.L259P
MYBPC1 variant was eventually identified on the reanalysis of the WES and genome data
performed by UDN. Upon further communication, we determined that the commercial laboratories
did not report the variant because they concluded that the phenotypic fit was poor, specifically due
to the lack of arthrogryposis in Individual 2.
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Y247H/E248K

L259P/L263R

D
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Figure 4.1: Identification of four novel missense mutations in MYBPC1 underlying the
development of skeletal myopathy with tremor. (A) Schematic representation of the domain
structure of sMyBP-C encoded by MYBPC1 and depiction of known (in blue) and novel (in red)
pathogenic variants; Ig and FN-III domains are shown as white and grey rectangles, respectively,
the Pro/Ala rich motif and the M-motif are illustrated as dark and light grey, thick, horizontal lines,
and spliced sequences are depicted as colored, perpendicular lines. (B) Pedigree of family 1 and
sequence chromatograms showing the c.742G>A, p.E248K mutation in affected individuals II-3,
III-3 and III-5 after exome sequencing and the WT sequence in the II-2 unaffected individual. (C)
Pedigree of family 2 and sequencing chromatograms showing the c.739T>C, p.Y247H mutation
in affected individuals III-2, IV-1, V-1, and V-2 and WT sequence at this position in an unaffected
individual (II-3). (D) Pedigrees and Sanger traces of the three families containing novel pathogenic
MYBPC1 variants. Individuals 1, 3 and 4 carry the c.788t>G, p.L263R variant, which appeared de
novo in individuals 1 and 4 in two different families, and was inherited by individual 3 (daughter;
proband) from individual 4 (father), while individual 2 belongs to a third unrelated family carries
the de novo c.776T>C, pL259P variant. For all pedigrees, black and white symbols indicate
affected and unaffected individuals, respectively, while index patients are denoted with arrows.

4.3.2 Clinical presentation of affected individuals
Mutation set 1: Y247H and E248K
Proband III-5 with the E248K mutation had hypotonia and a postural hand tremor since
infancy, followed by a delay in gross motor milestone acquisition, with independent walking
achieved at two years of age. His cognitive functions were normal, and his intellectual
development was age appropriate. In early adolescence, the symptoms became more noticeable,
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and the patient developed scoliosis and thoracic asymmetry. Since then, the disease has reached a
phase of stability without further deterioration in strength, although the patient reported frequent
respiratory infections. Current clinical findings include a high-frequency irregular tremor that is
accentuated by posture, most noticeable in the hands and to a lesser extent in the legs. In addition,
the patient presents mild axial muscle weakness, predominantly proximal appendicular weakness,
scoliosis with thoracic/sternal deformity, and rigidity of the spine (Fig. 4.2A). Examination of
additional family members identified three individuals with similar clinical manifestations from
three generations, including the index patient’s mother, brother and daughter (Fig. 4.1B and Fig.
4.2A). All four affected family members display a similar, predominantly postural, irregular, highfrequency, low-amplitude tremor (For all mutations, videos are available with the relevant
publications).
Electromyography (EMG) performed in the proband revealed myopathic changes that were
most pronounced in the arms. The family did not consent to a muscle biopsy.
In addition to reported muscle weakness, proband III-2 for the Y247H mutation reported
myalgia and cramping in the calves at night or following strenuous exercise as well as immediate
postural and tongue tremor following muscle exertion and prolonged tongue protrusion. Her
symptoms have remained stable since her teenage years until the present and activities of daily
living are only mildly affected with minimal impairment. On examination, there was mild facial
dysmorphia with micrognathia, prominent nasolabial folds, microstomia with pouting lips, and a
high-arched palate (Fig. 4.2B, Table 4.2), in addition to mild facial myopathy with bilateral ptosis
(left>right) (Table 4.2). Mild, symmetrical weakness (proximal>distal) of the arms and legs,
marked axial muscle weakness and atrophy, abdominal muscle weakness, calf pseudohypertrophy
and mild bilateral scapular winging were also noted. The patient had mild axial and appendicular
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weakness and atrophy (proximal>distal), as well as mild weakness of foot dorsiflexion resulting
in stepping gait (Table 4.2). There were no cardiac or ocular symptoms and hearing was intact.
EMG showed a myopathic pattern without spontaneous activity and high frequency postural
tremor (10Hz) in the arms and hands. Nerve conduction studies excluded a neuropathy.
Histopathological examination of a muscle biopsy obtained from the deltoid muscle revealed mild
myopathic changes with NADH and ATPase stains that revealed a marked preponderance of type
I fibers, which in general appeared smaller than the few type II fibers (Fig. 4.2B).

Figure 4.2: Phenotypic traits of individuals carrying the Y247H and E248K MYBPC1
mutations. (A) Photographs of proband (III-5) and his brother (III-3) from family 1, who carry
the E248K mutation, indicating the presence of thoracic and sternum deformities, scoliosis, and
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elbow contractures. (B) Photographs of the index patient (III-2) from family 2, who harbors the
Y247H mutation, showing high arched palate, joint hypermobility, contracture of the ankle joint,
and histochemical staining (ATPase, pH 9.4) of a biopsy from the deltoid muscle from III-2
showing type 1 fiber predominance (light fibers are type 1, dark fibers are type 2).

Table 4.2: Clinical characteristics of patients with Y247H and E248K mutations; Cognitive
development, bulbar signs, hearing and vision are not affected. Creatine phosphokinase was
normal in the index patients from both families.
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57 y
Stable since
adolescence

30 y
Stable since
adolescence

Age

Slow symptom
progression

Stable since
adolescence

28 y

Male

Elbows, feet
(mild)

Axial muscle
weakness, distal
muscle groups
weakness

Absent

Not performed

Axial muscle
weakness, distal
muscle groups
weakness

Maxillary
hypoplasia

Generalized
myopathic
changes, primarily
in the arms and to
a lesser extent in
the legs

Muscle
weakness
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Dysmorphic
features

EMG

Not performed

Absent

Axial muscle
weakness, distal
muscle groups
weakness

Elbows

Scoliosis, spinal
Mild scoliosis,
rigidity and
spinal rigidity and
thoracic
thoracic
asymmetry
asymmetry

Elbows, palms,
feet

Scoliosis, spinal
rigidity and
thoracic
asymmetry

Contractures

Skeletal
deformities

Tremor

Female

Male

Patient III-3

Stable since
adolescence

Hypotonia present
since birth, slowly
progressive

Not performed

Absent

Axial muscle
weakness

Feet (very mild)

Absent

Stable since
adolescence

32 y

Male

Patient IV-1

Slowly
progressive

3y

Female

Patient V-1

Feet

Absent

Mild scoliosis and
Lumbar
lumbar
hyperlordosis
hyperlordosis

Myopathic pattern
without spontaneous
activity and high
frequency postural
tremor (10Hz) of the
arms.

Not performed

Not performed

Micrognathia,
prominent nasolabial
High arched
folds, microstomia High-arched palate
palate
with pouting lips,
high-arched palate

Mild, weakness
Mild, weakness
(P>D), marked axial (P>D), marked
muscle weakness,
axial muscle
Scapular
abdominal muscle
weakness,
winging, facial
weakness, scapular abdominal muscle
weakness
winging, facial
weakness, scapular
weakness (asymmetric winging, facial
ptosis)
weakness

Feet

Mild scoliosis and
lumbar hyperlordosis

High frequency
Generalized
postural and tongue
postural tremor Tongue tremor
tremor
and tongue tremor

50 y

Female

Patient III-2

Family 2: c.739T>C p.(Y247H)

5y

Female

Patient IV-3

Posturally
Posturally
Posturally
Posturally
accentuated tremor
pronounced
pronounced
pronounced
irregular fast
irregular fast
primarily in hands
irregular fast
frequency, low
frequency, low
frequency, low
and to a lesser
extent in legs
amplitude tremor amplitude tremor amplitude tremor

Patient II-3

Patient III-5

Characteristics

Family 1: c.742G>A, p.(E248K)

Table 4.2 Continued

Examination of additional family members in family 1 (E248K) revealed the son (IV-1)
and the granddaughter (V-1) of the index patient to be similarly affected, with mild axial and
proximal weakness, high-arched palate, and a similar high-frequency, postural hand tremor (Table
4.2). In all affected adult members, the clinical symptoms progressed slowly until teenage years
and then reached a plateau. Patient V-2, a 6-month-old boy, has proximal muscle weakness with
poor head control, and the family reported witnessing hand tremor in the child. Power spectral
tremor analysis performed in individuals III-2 and IV-1 from family 2 showed no resting tremor
(Fig. 4.3A and D). However, with outstretched hands a narrow frequency peak at 10-11 Hz range
was noted by accelerometry in the left hand of both patients with a corresponding EMG-peak of
flexor and extensor forearm muscles (Fig. 4.3B and E). Recordings with loaded hands showed
identical accelerometric peak frequencies compared to the unloaded recording, again with
synchronous EMG spectral peaks at 10 Hz (Fig. 4.3C and F). In the right hand of patient IV-1,
only a low amplitude peak (10 Hz) was noted with outstretched hands (Fig. 4.3E), but no
discernable peak, neither by accelerometry nor in the EMG, could be identified with loaded hands
(Fig. 4.3F). This corresponds with the clinical findings, where the right-sided tremor appeared less
prominent and more irregular, thus preventing adequate Fourier analysis. In the right hand of
patient III-2, a low-amplitude peak of 13 Hz with corresponding EMG peaks of the same frequency
was identified, both with unloaded and loaded hands (Fig. 4.3B-C). This constellation of findings
essentially excludes the mechanical reflex components of both physiological and enhanced
physiological tremor, which are characterized by peripheral limb oscillations with reduction of
accelerometric and EMG tremor frequencies after weight loading

31

. Instead, the stability of

frequency during loading as seen in our patients would typically be compatible with a centrally
generated component to this tremor. The existence of different tremor frequencies between arms
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in patient III-2 (Fig. 4.3C) implies multiple tremor pacemakers; this is corroborated by dualchannel EMG recordings in patient IV-1, which showed lack of intermuscular tremor
synchronicity between legs (Fig. 4.3G), but retained synchronicity within the same leg (Fig. 4.3H).
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Figure 4.3: Power spectral tremor analysis of individuals III-2 and IV-1 from family 2 at
rest, with outstretched hands, and outstretched and loaded hands. Top panels in A-F show the
EMG in the extensor muscles, the middle panels show the EMG in the flexor muscles, and the
lower panels show the accelerometry recordings. At rest, there is no tremor (A, D); with
outstretched hands (B, E), and with loaded hands (C, F) there is a tremor peak at 10-11 Hz in the
left hand of both patients, synchronous in the EMG and the accelerometry. In the right hand of
patient III-2, there is a low-amplitude peak of 13 Hz with corresponding EMG peaks, both with
unloaded (B) and loaded (C) hands, while no clear peak could be identified with loading in the
right hand of patient IV-1 (F). Dual channel-EMG shows lack of intermuscular tremor
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synchronicity in patient IV-1 between muscles of the left and right legs (G), but retained
synchronicity between muscles of the same leg (H). In panels A-F, the multiple thin individual
traces correspond to single measurements, while the thick line represents the best fit; please note
that the red arrowheads were randomly added by the software. In panels G and H, the subdivisions
correspond to 100 ms.

Mutation set 2: L259P and L263R
Individual 1 is a 9-year old Caucasian female who was diagnosed with profound congenital
hypotonia as a newborn. Tremors of the extremities and tongue were noticed at rest, along with
feeding difficulties. She was discharged to hospice care due to a presumptive diagnosis of spinal
muscular atrophy, but genetic testing was normal. Feeding difficulties resolved at 12-months of
age. Gross motor development was delayed; she sat unsupported at 9-months and walked at 18months. Cognitive development has been normal and she is pursuing advanced academic courses
in school. She continues to make gains in muscle strength but has poor stamina compared to her
peers. On exam at 9 years of age, growth parameters were normal and she had down slanted
palpebral fissure but no other dysmorphic features. Moreover, she had tongue tremors on
protrusion, mild hypotonia, but normal motor strength and normal deep tendon reflexes. A postural
tremor, which persisted on intention, was observed in all extremities (upper > lower). There was
mild dysmetria, no dysdiadokinesis, and tandem and regular gait were normal (Table 4.3). No
contractures were seen. Prior genetic, mitochondrial, and metabolic testing had been normal, and
two brain MRIs have shown nonspecific subcortical foci of white matter abnormality, with a
normal cerebellum. A nerve conduction study and an electromyogram (EMG) have been normal
(Table 4.3).
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Individual 2 is a 23-month old Caucasian male who was evaluated through the UDN
clinical site at Duke University (https://undiagnosed.hms.harvard.edu/). At birth he had marked
hypotonia, hypersomnolence, stridor, poor feeding, tachypnea, and a fine tremor in the face, trunk,
hands and feet at rest and on intention. The stridor and feeding difficulties have gradually
improved. Motor delays have been evident; at 8 months, he was able to roll over but not lift his
head in the prone position, could sit with support and had fair head control with head bobbing, but
could not bear weight on his feet. On examination at that time, growth parameters were normal,
although hypotonic facies (Table 4.3), generalized hypotonia, and a fine tremor of his hands and
feet at rest and on intention as well as tongue tremors were noted. Motor strength was generally
mildly diminished. Deep tendon reflexes were normal. Similar to individual 1, no contractures
were present. Developmental testing revealed age-appropriate receptive language and cognition.
At 23-months of age, he is able to bring himself to a sitting position and scoot on his buttocks;
cognition and fine motor skills are normal, tremors are present at rest and on intention and worsen
with fatigue. An eye exam and a video electroencephalography (vEEG) were normal. Prior genetic
and mitochondrial testing were normal, as was brain imaging.
Individual 3 is a 9-year old Korean female who was noted to have severe hypotonia and
feeding difficulties at birth. Head control was poor the first year of life, and she began rolling over
at 1-year of age. On exam at 2-years of age, lingual tremor upon tongue protrusion, and postural
and intentional hand tremors were noted. She also had dysarthria, and a developmental quotient
was within normal limits. She began walking independently at 24-months of age with a waddling,
lordotic gait due to truncal and proximal weakness of extremities, which has remained stable. At
4-years of age, she began having seizures with electrodiagnostic correlates that were well
controlled with anti-epileptic medication. On examination at 9-years of age, she has grown
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normally, has a thin and long face suggestive of myopathy, fine tremors of her extremities, and lip
and tongue tremor upon tongue protrusion. She still has a waddling gait pattern with in-toeing and
shoulder shrugging posture, but no contractures. Brain imaging has been normal and she performs
well in school (Table 4.3). Molecular testing of the spinal muscular atrophy gene (SMN1) was
normal.
Individual 4, the father of Individual 3, is a 40-year old Korean male who had congenital
hypotonia and motor developmental delays. He sat independently at 1-year of age and had delayed
walking. He had a mild waddling gait pattern during childhood and adolescence, which persists
today in adulthood. On exam, he has myopathic facies, intentional and postural tremor in his
extremities, and lingual tremor upon tongue protrusion (Table 4.3). He also exhibits shoulder and
pelvic girdle weakness as well as mild proximal limb weakness. Deep tendon reflexes are elicited
but depressed. His cognitive function is normal and he has not had seizures. Poor stamina and
tremors affecting his work productivity are ongoing concerns. His parents are asymptomatic (Fig.
4.1D). A brain MRI and nerve conduction study were normal, with myopathic findings on EMG.
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Table 4.3: Salient clinical manifestations in four individuals with heterozygous damaging
MYBPC1 L259P and L263R mutations.

Feature

Individual 1

Individual 2

Individual 3

Individual 4

MYBPC1 variant in
NM_002465.3
Genomic position
(hg 37)
Inheritance

c.788t>G
(p. Leu263Arg)
chr12: g.102036319
T>G
de novo

c.776T>C
(p.Leu259Pro)
chr12: g.102036307
T>C
de novo

c.788t>G
(p. Leu263Arg)
chr12:g.102036319T>
G
Paternally inherited

c.788t>G
(p. Leu263Arg)
chr12:g.102036319T>G
de novo

Protein domain

M motif

M motif

M motif

M motif

Age

9 years

23 months

9 years

Gender

Female

Male

Female

40 years (father of
Individual 3)
Male

Ethnicity

Caucasian/ Northern
European
Profound

Caucasian

Korean

Korean

Profound

Severe

Mild

+

+

n.a.

-

-

Noted at 2 years of
age
-

-

-/+/+

+/+/+

-/+/+

-/+/+

+/+

+/+

+/+

+/+

Severe (markedly
improved)
Moderate

Mild (improved)

Mild (improved)

Muscle weakness

Mild (markedly
improved)
Mild

Moderate

Mild

Easy fatigability

+

+

+

+

Gait

Normal

Not yet ambulatory

Waddling gait

Waddling gait

Skeletal abnormalities

-

-

-

-

Congenital hypotonia
Fine tremor of extremities at
birth
Contractures/ arthrogryposis at
birth
Persistent fine tremor of
extremities at
rest/posture/intention
Persistent lip tremor at
rest/tongue tremor with
protrusion
Persistent hypotonia

4.3.3 Y247H and E248K result in increased myosin binding
The Y247H and E248K neighboring residue mutations are in the unique M-motif of sMyBPC, which is constitutively expressed in all splice variants. Notably, the M-motif along with the
Pro/Ala-rich motif and Ig C1 support the direct interaction of sMyBP-C with actin and myosin S2
and modulate the formation of actomyosin cross bridges in the force generating cycle. To assess
the effects of the individual mutations on the ability of the NH2-terminus of sMyBP-C to bind actin
or myosin, we performed blot overlay assays. We generated GST-tagged recombinant proteins
containing the NH2-terminal Pro/Ala-rich motif, Ig C1, and the M-motif (Pro/Ala-C1-M) in the
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absence and presence of the Y247H or the E248K mutation (Fig. 4.4A), and tested their ability to
bind actin or heavy meromyosin (HMM) immobilized on nitrocellulose membrane. Both mutant
proteins exhibited significantly increased binding to HMM (~2-fold for Y247H and ~3.5 fold for
E248K) compared to WT protein (Fig. 4.4B-C). Binding to actin appeared slightly increased for
both mutations, too, but did not reach statistical significance (Fig. 4.4B-C).

Figure 4.4: Examination of the effects of the Y247H and E248K mutations on the ability of
the NH2-terminus of sMyBP-C to bind actin and myosin in vitro. (A) Coomassie Blue stained
gel showing equivalent amounts (1.5 µg) of control GST, WT GST-P/A-C1-M, or mutant GSTP/A-C1-M proteins used in the overlay assays. Full length GST-P/A-C1-M recombinant proteins
(~58 kDa) are denoted with an arrowhead; a degradation product at ~50 kDa is present in all three
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protein preparations. (B) Equivalent amounts (3 µg) of purified HMM or actin were separated by
SDS-PAGE, transferred to nitrocellulose membrane, and overlaid with 0.5 µg/mL of control GSTprotein, WT GST-P/A-C1-M, or mutant GST-P/A-C1-M carrying the Y247H or E248K mutation.
Nitrocellulose membranes (Ponceau stain) and films (Western blots probed with GST-ab) were
cropped to only include the area of expected signal. (C) Quantification of immunoblots following
the overlay assays indicated that both mutant proteins exhibit significantly increased binding to
HMM (~2 fold for Y247H and ~3.5 fold for E248K) compared to WT protein (n=at least 3
independent repeats; t-test; *p<0.04 and #p<0.015, respectively); control GST-protein did not bind
to either myosin or actin.

4.3.4 The L259P and L263R mutations result in decreased M-motif stability
The L259P and L263R mutations are also located within the NH2-terminal M-motif of
sMyBP-C, just downstream of Y247H and E248K, in the NH2-terminal region that contributes to
myosin S2 and actin binding. We therefore examined if the presence of either variant affects
binding to myosin or actin. GST-tagged recombinant proteins containing the NH2-terminal
Pro/Ala-rich motif, Ig C1, and the M-motif (P/A-C1-M) were generated in the absence (WT) or
presence of the L259P and L263R mutations (Fig. 4.5A). These were subsequently used in realtime kinetic analysis using a Biacore 3000 surface plasmon resonance (SPR) biosensor to monitor
their binding affinity, KD, to HMM (Fig. 4.5B-C). Evaluation of the sensograms using BIA
evaluation 3.1 software, followed by fitting with the 1:1 Langmuir model, yielded a KD of 16.5
nM for WT GST-P/A-C1-M, ~9 nM for GST-P/A-C1-M carrying the L259P mutation, and ~91
nM for GST-P/A-C1-M containing the L263R mutation (Fig. 4.5B-C). Thus, the binding affinity
of GST-P/A-C1-M L259P to HMM was comparable to WT, whereas that of GST-P/A-C1-M
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L263R was considerably decreased (~5.5-fold). We also attempted to perform SPR experiments
to determine the binding affinity of WT and mutant proteins to actin; however, we were unable to
obtain reliable sensograms, likely due to the sticky nature of actin and aggregation during
experimentation. We therefore performed overlay binding assays in which actin was immobilized
on nitrocellulose membrane and overlaid with equivalent amounts of WT and mutant GST-P/AC1-M proteins (Fig. 4.5D). Neither mutation significantly affected binding to actin compared to
WT protein (Fig. 4.5D).
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Figure 4.5: Examination of the effects of the L259P and L263R mutations on the ability of
the NH2-terminus of sMyBP-C to bind actin and myosin in vitro. (A) Coomassie blue stained
gel showing equivalent amounts (1.5 µg) of control GST, WT GST-P/A-C1-M, mutant GST-P/AC1-M L259P, and mutant GST-P/A-C1-M L263R recombinant proteins used in the overlay and
Biacore assays. Full length GST-P/A-C1-M recombinant proteins (~58 kDa) are denoted with an
arrow; the preparations of both mutant proteins contain a very closely migrating degradation
product (56-57 kDa), while a degradation product of ~50 kDa is present in all three protein
preparations; non-continuous lanes are separated by a white line. (B) Real time kinetics evaluation
of the interaction between WT or mutant GST-P/A-C1-M proteins and HMM using a Biacore 3000
SPR biosensor. (C) Kinetic measurements at equilibrium indicated that GST-P/A-C1-M L263R
binding to HMM was decreased by ~5.5-fold compared to WT levels. (D) Purified actin (3 µg)
was separated by SDS-PAGE, transferred to nitrocellulose membrane, and overlaid with 0.5
µg/mL of control GST-protein, WT GST-P/A-C1-M, or mutant GST-P/A-C1-M carrying the
L259P or L263R mutation. Nitrocellulose membranes (Ponceau stain) and films (Western blots
probed with GST-ab) were cropped to only include the area of expected signal. Densitometric
quantification of at least three independent overlay/immunoblotting experiments indicated that
neither mutation significantly affected binding to actin. Control GST-proteins did not bind actin.

4.3.5 Impact of the Y247H, E248K, L259P, and L263R variants on the stability and structure of
the M-motif

We next asked what molecular changes underlie the altered binding of the mutant sMyBPC proteins to HMM, as compared to WT. While there is no high-resolution structure of the sMyBPC M-motif available, the cardiac isoform (80% identical) has been studied extensively (183). Much
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of the cardiac M-motif is highly dynamic, but a ~35-residue region (amino acids 233-268) folds
into a stable 3-helix bundle (Fig. 4.6A). Using this structure as a template, we modeled the WT
and mutant sMyBP-C M-motif and found that neither the Y247H or E248K mutation significantly
changed the overall domain fold (Fig. 4.6B). Further analysis of these models showed that one
face of the 3-helix bundle is enriched in positive charges and both mutation sites expand this basic
patch (Fig. 4.6C). CD spectra of sMyBP-C confirm that this section of the M-domain is mainly
helical, and that the mutations show a similar, predominantly helical structure in agreement with
our molecular dynamics (MD) simulations (Fig. 4.6D).

Figure 4.6: Modeling of the sMyBP-C M-motif and the effects of the Y247H and E248K
mutations. (A) The NH2-terminal half of the M-motif of sMyBP-C (residues 186-233) is predicted
to be partially disordered, while the COOH-terminus (residues 234-268) folds into a well-ordered
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3-helix bundle, based on cardiac MyBP-C (80% identical; 92% similar for the M-motif) (PDB:
2LHU) (183). (B) Structure prediction programs and MD simulations show this 3-helix bundle to
be stable, with similar structures for the mutants (WT in green; Y247H in magenta; E248K in
cyan). (C) The M-motif is highly charged, with extensive positive charges (colored in blue) on one
side of the structure. The mutations are expected to further increase this concentration of positive
charges by replacing a negative charge for a positive charge at the E248 position (pink) or adding
a protonatable imidazole ring at the Y247 position (yellow). (D) These MD simulations agree with
experimental CD data, which show the WT and mutant domains to be predominantly helical over
a wide temperature range (WT in green, Y247H in magenta, E248K in cyan) (inset shows
representative CD spectra over a 20°C to 90°C temperature range).

Given the charge distribution and the location of the Y247H and E248K mutations, we
reasoned that the M-motif likely binds myosin using this basic side of the 3-helix domain (Fig.
4.6C). To test this, we docked this face of WT and both mutant models to acidic patches on the
myosin S2 domain using HADDOCK. Of the four large acidic regions of S2 (Fig. 4.7A, black and
red boxes), productive interactions were successfully modeled for the two middle sites (4.7A, red
boxes). Further MD analysis on these two sites suggested that the more NH2-terminal site,
centering around myosin residue 898, moves extensively and is not well-defined. In contrast, the
more COOH-terminal site, surrounding residue 931, produces a stable complex, driven mostly
through electrostatic interactions (Fig. 4.7B). Both the Y247H and E248K mutated sites (Fig. 4.7B,
spheres) are proximal to this putative binding interface, and both mutant complexes increase the
potential number of favorable electrostatic interactions with myosin. Thus, this model agrees well
with our blot overlay data, presents a reasonable binding site on myosin for sMyBP-C, and
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provides a molecular rationale for why the sMyBP-C Y247H and E248K mutants bind more tightly
to myosin. We surmise that this tighter binding to myosin interferes with normal cross bridge
kinetics, and serves as the primary generator of the tremor, which with subsequent central
transformation results in the clinical phenomenology observed in the patients.

Figure 4.7: Computational modeling supports increased binding to myosin with the Y247H
and E248K mutations. (A) Docking and MD simulations predict that the folded M-motif region
can bind and form stable interactions with human S2 myosin in two locations, centered around
residue 898 and 931 (boxed in red) (PDB: 2FXO) (184). (B) One of these potential binding sites,
around residue 931, forms multiple charge-charge interactions with the M-motif of MyBP-C. Both
the Y247H and E248K mutations (shown as red spheres) are within the binding interface and add
extra positive charges to stabilize this complex.

CD experiments with recombinant L259P reveal that the mutation reduces helicity of the
M-motif by ~10% compared to WT (Fig. 4.8A). MD analysis of this variant protein suggested that
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this is due to the third helix, containing the L259 residue, becoming frayed upon the substitution
to proline. Specifically, the introduction of a sterically constrained residue at the beginning of the
helix ablates several helix-defining hydrogen bonds (Fig. 4.8B). This alteration, however, is local
since the helix containing this variant remains amphipathic, retaining its ability to pack well into
the hydrophobic interior of the 3-helix bundle (Fig. 4.8C). Consistent with this interpretation, the
recombinant M-motif containing the L259P mutation is more susceptible to cleavage following
trypsin digestion compared to WT protein (Fig. 4.8D).
Examination of the L263R variant via CD showed similar spectra to those of WT protein
at room temperature ([Θ]222 of -16,500 for WT, and -16,200 for L263R at 30°C). However, the
WT M-motif unfolds with a midpoint around 650 while the L263R variant unfolds with a midpoint
at 550 (Fig. 4.8E). This decreased stability is likely due to the insertion of a basic residue into the
hydrophobic core of the M-motif. MD simulations suggested that the Arg moiety does not fully
pack in the hydrophobic core as the original Leu moiety does, but instead protrudes to make an
electrostatic interaction with E248 (Fig. 4.8F). Thus, this variant preserves the overall fold of the
M-motif 3-helix bundle through the formation of favorable interactions, but it is clearly less stable
than WT. The L263R variant’s decreased ability to bind myosin could therefore either be due to a
slight loss of stability or a direct disruption of HMM driven by the inclusion of an additional
charged residue on the M-motif surface.
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Examination of the L263R variant via CD showed similar spectra to those of wild-type
protein at room temperature ([Θ]222 of -16,500 for wild-type, and -16,200 for L263R at 30 °C).
However, the wild-type M-motif unfolds with a midpoint around 650 while the L263R variant
unfolds with a midpoint at 550 (Fig. 4.8E). This decreased stability is likely due to the insertion of
a basic residue into the hydrophobic core of the M-motif. MD simulations suggested that the Arg
moiety does not fully pack in the hydrophobic core as the original Leu moiety does, but instead
protrudes to make an electrostatic interaction with E248 (Fig. 4.8F). Thus, this variant preserves
the overall fold of the M-motif 3-helix bundle through the formation of favorable interactions, but
it is clearly less stable than wild-type. The L263R variant’s decreased ability to bind myosin could
therefore either be due to a slight loss of stability or a direct disruption of HMM driven by the
inclusion of an additional charged residue on the M-motif surface.

Figure 4.8: Circular dichroism experiments and computation modeling analysis of the L259P
and L263R mutations. (A) Recombinant WT and mutant His-tagged proteins of the M-motif that
carry the L259P and L263R mutations were used in CD experiments. CD spectra at 30oC showed
that mutant M-motif containing the L259P mutation (hollow diamonds) is ~10% less helical
compared to WT (solid circles). (B) Representative snapshot following MD indicated that WT Mmotif protein (top; magenta) has normal hydrogen bonds (black dashed lines) at the beginning of
the M-domain helix 3 (L259-L263; R260-K264; G261-R265). On the contrary, MD of mutant Mmotif protein containing the L259P variant (bottom; cyan) showed that these hydrogen bonds are
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no longer well-formed (red dashed lines). (C) P259 (purple) still packs well into the hydrophobic
interior (cyan spheres) of the M-motif. (D) Representative SDS-PAGE gel of trypsin digestion
assays for recombinant WT and mutant L259P M-motif proteins stained with Coomassie Brilliant
Blue show increased cleavage products in the presence of the L259P mutation. (E) Normalized
molar ellipticity at 222 nm vs. temperature showed that mutant M-motif carrying the L263R
variant (hollow diamonds) is less stable than WT (solid circles). (F) Representative model of WT
(purple) and mutant M-motif containing the L263R mutation (green) after a 100 ns MD
equilibration. L263R mutant M-motif does not pack as well into the hydrophobic interior as WT,
but does form a previously absent favorable interaction between the R263 and E248 sidechains.
This decrease in stability and alterations in intramolecular hydrogen bonds may be the cause of
decreased binding to myosin seen in the in vitro binding assay.

4.4 Discussion
We describe the clinical, genetic, and molecular findings in two unrelated, three-generation
families and four additional individuals from three unrelated families, each of which harbors a
different novel mutation in MYBPC1 resulting in a mild skeletal myopathy with marked,
unexplained tremor as the most distinguishing feature. Mild dysmorphic features were noted in
some affected members of both families. Based on the familial segregation, absence from the
general population, in silico assessment, and altered target binding conferred by the substituted
amino acids, the c.739T>C p.Y247H, c.742G>A p.E248K, c.776T>C p.L259P, and c.788t>G
p.L263R mutations can be classified as pathogenic according to ACMG guidelines (185). Notably,

a de novo mutation in MYBPC1, c.885T>G p.L295R, has been identified in a calf with weakness,
stiffness, and muscle tremor (186). The L295R mutation also resides in the M-motif of bovine
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MYBPC1 and corresponds to amino acid L263R in exon 11 of the human gene, the same exon
affected in the families studied.
Within mutation set 1 (Y247H and E248K), all affected individuals from both families
presented with early-onset, mild, predominantly axial muscle weakness, contractures, and tremor
of high frequency and irregular amplitude, primarily affecting the hands. Tremor was also noted
to a lesser extent in the legs of some affected members of family 1 and family 2 and in the tongue
of all affected members of family 2. Clinically, the tremor was elicited by muscle usage, such as
in assuming postures and/or activity. It is of note that the presence of the tremor permitted
identification of a newborn child in family 2 as clinically affected even before the development of
myopathy. The weakness and tremor progressed slowly during childhood until adolescence. After
adolescent years, a phase of stability was reached, despite moderate levels of disabilities, with
preserved ambulation. An increased susceptibility for prolonged respiratory infections was
reported by several affected members of family 1.
The joint contractures of the feet and/or elbows in all affected adults were not present at
birth in the patients but developed over the course of the disease and remained mild. This condition
therefore differs from the congenital distal contractures characteristic of MYBPC1 mutations
associated with DA in both time of onset and severity. A muscle biopsy in the index patient from
family 2 revealed type 1 fiber predominance with some smallness of type 1 fibers. This is a fairly
nonspecific histological finding seen in a number of congenital myopathies, including those
resulting from mutations in sarcomeric proteins. It is of interest though that muscle biopsies from
DA-1 patients have also shown type 1 fiber atrophy consistent with fiber-type disproportion (131).
The E248K mutation results in substitution of a negatively charged amino acid (glutamic
acid, E) by a positively charged one (lysine, K). This change would be predicted to affect the
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electrostatic interactions mediated by E248K, which in turn could alter the binding affinity of
mutant sMyBP-C to myosin and actin. Similarly, the Y247H mutation results in substitution of an
amino acid with an uncharged amphipathic phenol side chain (tyrosine, Y) to an amino acid with
a potentially protonatable imidazole ring (histidine, H), again possibly altering the binding affinity
of mutant sMyBP-C to myosin and actin, although likely to a lesser extent. Consistent with this
notion, our in vitro binding assays indicated that both mutations result in markedly increased
binding of the NH2-terminus of the corresponding mutant sMyBP-C to the HMM portion of
myosin, with the E248K mutation eliciting a more pronounced effect.
The clinical manifestations in our individuals with mutation set 2 (L259P and L263R) are
those of a congenital myopathy with lack of contractures and a clinical course of gradual
improvement over time. One potential reason for the early presentation of myopathy and
subsequently improved tone and motor strength may be related to the fact that sMyBP-C is the
first of the three MyBP-C isoforms to be expressed in the embryonic period (51, 187), which could
lead to abnormal skeletal muscle development. With fMyBP-C expression appearing at the end of
gestation (51, 187), further progression of muscle weakness may be mitigated. Consistent with this
downregulation of sMyBP-C in adult lumbricalis skeletal muscle in vivo there is ~20%
upregulation of fMyBP-C (188), suggesting that it may compensate for mutant sMyBP-C in late
development and adulthood to partially alleviate muscle weakness. Obviously, examination of the
levels and distribution of fMyBP-C in patient biopsies would be highly informative in that regard.
sMyBP-C protein modeling demonstrated that the L263R variant slightly destabilizes the
M-motif fold. Additionally, the presence of a charged moiety on the surface of the M-motif could
alter direct myosin binding. This supposition is supported by our kinetics studies, which show that
the L263R mutation, which interestingly corresponds to the L295R mutation reported in the
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affected calf (186), exhibits significantly decreased binding affinity to HMM compared to WT
(~5.5-fold). On the other hand, the L259P variant affects neither target protein binding nor Mmotif stability. However, it does affect the structure of the M-motif, likely due to the ablation of
several helix-defining hydrogen bonds in the beginning of the 3-helix bundle. The most obvious
functional outcome of this decreased helicity is some alteration of target binding that we cannot
detect in vitro using protein fragments. One possible reason for this is that the M-motif may work
in concert with neighboring regions in sMyBP-C to bind actin or myosin, and this mutation alters
some intra-protein interactions. Alternatively, it is possible that the Leu to Pro substitution is
chemically subtle enough to not significantly affect target protein binding, but instead decreases
the half-life of the protein in vivo. Consistent with this, trypsin digestion assays indicated that
recombinant M-motif containing the L259P mutation is more susceptible to cleavage than WT
protein. The region between R260 and K268 is a top candidate for this trypsin cleavage, given 1)
the abundance of arginine and lysine residues around this site, 2) the strong likelihood that this
region is less well packed in the L259P variant and 3) the digested fragments are consistent in size
with a cut site around residue 264. It therefore appears that the different mutations act through
slightly different structural or functional molecular mechanisms, yet both result is similar
abnormalities in muscle function.
All molecular simulations of sMyBP-C binding to myosin are consistent with the notion of
altered binding activity as a result of the mutations. Since sMyBP-C functions as a regulator of
cross bridge formation, it will now be crucial to understand what exactly the consequences of the
enhanced binding of mutant sMyBP-C to myosin would be on cross bridge formation and cycling,
and on myosin ATPase activity. This will require further biochemical and biophysical
investigation along with the generation of the appropriate animal models.
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The most distinctive aspect of this new phenotype associated with specific MYBPC1
mutations is the obligatory tremor in all mutation carriers, which also appeared to be a prominent
feature of the spontaneous animal model of the disease (186). Detailed clinical tremor analysis,
including physiological studies in two patients from family 2 (Y247H), argued against both
physiological and enhanced physiological tremor generated by mechanical reflex oscillations,
although up to 10% of controls and of individuals with enhanced physiological tremor may show
a weight-invariant tremor frequency. The lack of tremor frequency change after weight loading
would typically be compatible with a central pacemaker at the origin of the tremor. Within
mutation set 2 (L259P and L263R), all affected individuals continue to exhibit mild signs of a
myopathy with Individual 4 showing myopathic changes in the EMG, lending further credence to
our proposition that the tremors are myogenic.
In addition, given that the tremor perfectly segregated with the mutation in all affected
individuals so that mutant sMyBP-C can be inferred as the cause of the tremor, and given that
sMyBP-C is not expressed in the central nervous system nor peripheral nerves (Fig. 4.9 and The
Human Protein Atlas), it is unlikely that the originator or primary pacemaker of the tremor is
located centrally.
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Figure 4.9: Examination of sMyBP-C expression in brain and spinal cord. Western blot
analysis of protein lysates (20 µg) prepared from mouse Extensor Digitorum Longus (EDL)
muscle, brain or spinal cord. sMyBP-C is abundantly expressed in EDL muscle lysates, but is
absent from all brain parts tested and the spinal cord.

The lack of contractures in patients with mutation set 2 (L259P and L263R) is intriguing; it
is possible that the timing and nature of the reduced fetal movements may lead to contractures in
some individuals with deleterious MYBPC1 variants and not others (189). The mild myopathy in
our patients is also noteworthy. Given the series of pathogenic variants identified from patients
with varying degrees of clinical severities, one can postulate that the functional dose of MYBPC1
can be directly associated with muscle pathology. Consistent with this, prior reports on MYBPC1associated autosomal dominant DA specifically comment on the lack of muscle weakness in the
affected patients who presented with (relatively mild) congenital contractures (132, 162). On the
contrary, more deleterious loss of function variants in MYBPC1 in a homozygous state likely result
in no protein expression, causing lethality or severe muscular weakness with prominent
contractures possibly due to in utero fetal akinesia (137, 138)
Considering the sub-cellular location of MYBPC1 and based on our molecular and
biochemical results, we postulate that the tremor-initiating event is located at the level of the
sarcomere, which then, via a central loop, leads to synchronization and oscillation of the effector
muscles, resulting in the clinically visible and recordable tremor characteristics. This is not unlike
the hypothesis put forward for tremor generation in Charcot Marie Tooth disease (CMT), where
weight-invariant postural tremors may be present (190). However, even though peripheral, in CMT
disease the initial generator does not originate from the muscle itself, but is a result of its
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denervation, and is hypothesized to lead to an enhancement of the central neurogenic component
of physiological tremor. Since our patients do not have a neuropathy and MYBPC1 is expressed
purely in skeletal muscle, we hypothesize instead that the tremor is sarcomeric and hence
myogenic in origin, but similar to the denervation tremor, is then picked up by stretch receptors
where it undergoes centrally looped propagation and enhancement, thereby rendering it clinically
visible. This hypothesis is consistent with the tremor recordings in our patient and establishes
“myogenic tremor” as a novel tremor class.
We propose that mutant sMyBP-C results in deregulated cross bridge cycling, which, in
addition to causing a mild deficit in force generation, may take on an oscillatory quality upon
contraction, resulting in tremor. This concept of a “myogenic tremor” initiated by deregulation of
binding cycles of sarcomeric proteins is corroborated by an animal model with a de novo MYH7
mutation which also showed a progressive high-frequency postural tremor (191) resembling the
tremor seen in our patients (Table 4.4). Consistent with this, our group has also observed a similar
tremor in a patient with a distinct de-novo MYH7 mutation (unpublished observations). A search
of the literature for mutations in additional sarcomeric proteins associated with myopathy and
tremor revealed further cases of patients with mutations in genes encoding thick (MYH2 and
MYL2) and thin (TNNT1, TPM3, and NEB) filament proteins (Table 4.4) (192-206), suggesting
that cross bridge dysregulation may emerge as a myogenic tremor generator beyond the MYBPC1
mutations reported here.
A notable observation in Individual 2 (L259P) was that the two clinical laboratories that
performed the trio WES and WGS did not report the L259P variant, not even as a variant of
unknown significance. In our conversations with the laboratories, both divulged that the variant
had been called by their variant calling software, but had not been prioritized since the phenotypic
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fit was deemed poor, due to the lack of arthrogryposis in the phenotype provided by the ordering
clinician. This was despite the bioinformatics analysis demonstrating that the L259P variant was
de novo, rare, and predicted to be damaging in a known disease-associated gene. Therefore, the
possibility that there was an expanded phenotype associated with MYBPC1 that did not involve
arthrogryposis went unrecognized (207). While such expanded phenotypes are becoming more
obvious with exome and genome sequencing, this also illustrates a potential limitation, with
laboratories not prioritizing a bioinformatically compelling variant when it does not match the
traditional phenotypic features associated with that gene, leading to missed diagnoses.
Table 4.4: Saromeric proteins associated with skeletal myopathy featuring tremor.
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Table 4.4 Continued

In summary, the identification of the novel Y247H, E248K, L259P, and L263R mutations
in MYBPC1 define a new autosomal dominant syndrome of mild skeletal myopathy with a
distinctive tremor of likely myogenic origin, which we propose to add as a new tremor entity.
Additional studies in transgenic animals to further elucidate the physiology of this novel type of
tremor and to get more insight into tremor-causing mechanisms are in preparation.
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CHAPTER 5
PHENOTYPIC AND FUNCTIONAL EVALUATION OF THE
MYOSIN BINDING PROTEIN-C SLOW E248K MOUSE MODEL
5.1 Introduction
Through our collaborative work with expert clinical geneticists, neurologists, and
neuromuscular physiologists we have begun to identify novel, dominant, missense mutations in
MYBPC1 that co-segregate with the development of a new form of myopathy characterized by
axial muscle weakness, hypotonia, facial/body deformities, and high-frequency, and irregular
tremor that is accentuated by posture and activity (208, 209). Remarkably, all 4 novel mutations
we identified to date (Y247H, E248K, L259P, and L263R), reside within the NH2-terminal Mmotif of sMyBP-C, affecting neighboring amino acids (see Chapter 4). Clinical evaluation of
affected individuals, including nerve conduction studies and/or brain MRI, excluded the presence
of neuropathy, whereas electromyography (EMG) revealed generalized myopathic changes (208,
209).
These observations along with the restricted expression of sMyBP-C in skeletal muscles
(https://www.proteinatlas.org/, (208) implicate this as a new form of sarcomeric myopathy.
Moreover, they suggest that the observed tremor may originate at the level of the sarcomere,
possibly undergoing centrally looped propagation and enhancement via muscle stretch receptors
that render it clinically visible. This is a highly novel and impactful finding for both disease
diagnosis and treatment. Given the similar clinical presentation of the affected individuals across
the four different mutations, we are confident to postulate that this is a new form of sarcomeric
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myopathy characterized by muscle weakness, hypotonia, dysmorphia, skeletal deformities and
myogenic tremor due to MYBPC1 mutations.
To expand upon our in vitro knowledge of these mutations (described in detail in Chapter
4), we used CRISPR technology (Jackson Laboratory) to generate a mouse model carrying the
E248K knock-in (KI) mutation. For our first set of in vivo studies with the model, we show that
heterozygous E248K KI mice are significantly smaller than WT mice with reduced survival and
develop tremor at rest during postnatal life that can also be seen throughout adulthood with activity,
similarly to human patients. Profiling of both fast-twitch EDL, and slow-twitch soleus and
diaphragm muscles in young adult (4-week old) animals revealed significant morphological
alterations in heterozygous E248K KI tissue that led to functional deficits at both the whole muscle
and single fiber levels. Additionally, young adult (4-8 week) heterozygous E248K KI mice show
behavioral and strength deficits, and exhibit kyphosis later in adulthood (tested at 6 month of age).
Our results show that we have successfully generated a pre-clinical model that faithfully
recapitulates both the myopathic and tremor characteristics of the clinical presentation and disease
progression seen in humans. Therefore, this model will be useful to study the mechanism of the
underlying pathogenesis for this novel myopathy accompanied by tremor.

5.2 Materials and Methods
Mice
Generation of the E249K (human E248K) mouse model was completed by Jackson
Laboratory (Bar Harbor, ME). Embryonic stem cells containing the desired mutation (c. 747 G>A)
were generated with CRISPR/Cas9 technology using the following guide RNAs to target MYBPC1
exon

8:

sgRNA1)

GCGATCTTCTCGTATTCGTT

and

sgRNA2)

AGCGATCTTCTCGTATTCGT. Validated clones were confirmed with the following set of
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primers: forward (sense): TACTCTCCGGAAGTTTCCCAAG and reverse (antisense):
TAGGATGCGACCACACACAC, microinjected into blastocysts of C57BL6J-Tyr<c-2J> mice,
and then transferred into pseudopregnant females. Founder animals were identified by coat color
and used for breeding to generate N1 mice as deliverables.
All animal work was conducted under protocols approved by the Institutional Animal Care
and Use Committee (IACUC) of the University of Maryland, School of Medicine using the
heterozygous E248K KI C57Bl/6J line generated with Jackson Laboratories.

Growth curves
Mice were weighed daily from the day of weaning (postnatal day 21) through 12 weeks of
age. After 12 weeks of daily weighing, mice were weighed weekly for 12 more weeks until they
reached 24 weeks of age. Statistical significance was calculated via student’s t-test (n=10 animals
per gender, per genotype; p<0.05 for all points on graph).

Evaluation of tremor intensity/duration in neonatal pups
To establish the link between tremor and pathology in our model, we profiled the duration
and intensity of tremor in a time-sampling manner over 10 minutes with 1-min duration for each
measurement (min 1-2, 3-4, 5-6, 7-8, and 9-10) and 1-min break between measurements, as in
(210). The tremor intensity was evaluated using a 4-point ranked scale, as follows: 0: no tremor,
1: weak tremor in limited areas, such as forelimbs and hind limbs, 2: moderate tremor in extended
areas including limbs, upper body, trunk and head, and 3: intense tremor over the whole body.
Tremor evaluation was performed during postnatal development at postnatal days 1, 3, 5, 7, 10,
and 14. Data were averaged for the 10-min observation period for each genotype (n=14 WT, 9 het)
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on each day of study and reported as mean +/- SEM. Statistical significance was calculated with
Student’s t-test (*p<0.01).

Righting reflex test
Locomotion of neonates was evaluated using the righting reflex test. This assay is suitable
for young (and still immobile) mice by scoring their ability to return to four paws after they are
placed in a supine position. The test was repeated 3 times with at least 2 min intervals between
tests using neonates at postnatal days 4, 6, and 8. The time to right (all four paws on the ground)
was recorded in seconds. If the mouse failed to invert after 60 sec, the test was stopped and a
maximum score of 60 sec was given. Data were averaged for each genotype (n=27 WT, 12
heterozygous E248K KI) on each day of study and reported as mean +/- SEM. Statistical
significance was calculated with Student’s t-test (#p<0.05).

Evaluation of tremor intensity in young adult animals
Tremor in young adult animals (4-weeks old) was assessed using a custom designed tremor
plate. After 90 seconds of light isofluorane exposure, anaesthetized mice were placed into a
GRASS instrument chamber cantilevered to an FT-03 force transducer. As animals recovered,
vibrations were sampled at 1 kHz for 6 minutes using a GRASS A/D interface and GRASSlab
software. Data from individual trials were processed with Fast Fourier Transform (FFT) in
MATLAB software (n=10 WT, 13 heterozygous E248K KI).

Plethysmography
Whole body plethysmography was used to assess respiratory flow in 4-week old
unrestrained, non-anaesthetized mice. Mice were introduced into plethysmography chambers
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(Buxco Research Systems, Wilmington, NC, USA) and following exploration and grooming
behaviors, mice settled and were studied during quiet rest. A 20-minute baseline recording was
collected. Ventilation was determined during steady-state conditions. Measured parameters
included tidal volume (Tv), minute volume (Mv), inspiratory time (Ti), expiratory time (Te),
expiratory flow at the point which 50% of tidal volume is expired (EF50), average, minimum, and
maximum peak inspiratory flow (PIF), and average, minimum, and maximum peak expiratory
flow (PEF), which were normalized for body mass. Statistical significance was calculated with
Student’s t-test; At least 10 animals were assayed per genotype.

Open field
Mice were acclimated to the testing room in their home cage for 60 minutes and then placed
into a voluntary activity enclosure equipped with horizontal and vertical infrared beams and a
tracking camera. Horizontal movement and rearing activity were measured for 30 minutes with
AnyMaze software. This test was repeated on two consecutive days and data were averaged. The
mice were tested every two weeks from 4-8 weeks of age. The enclosure was wiped clean with
70% ethanol between tests. Data were averaged for each genotype for each week of the study,
normalized to distance travelled, and reported as mean +/- SEM. At least 7 animals were tested
per genotype at each age. Statistical significance was calculated with Student’s t-test (#p<0.05).

Parallel rods/“Ataxia box”
Mice were acclimated to the testing room in their home cage for 60 minutes then placed
into a parallel rods testing chamber to test locomotion skills as in (211). The testing chamber was
equipped with parallel stainless steel rods of 1.6mm and 3.2mm diameter and an inter-rod spacing
of 4 or 8 mm from the edge of one rod to the edge of the next rod. A single rod oriented
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perpendicularly on each side connected the parallel rods together. The floor was set on top of an
acrylic plastic frame that separated it from a stainless steel plate set 1 cm below the rod floor. For
testing, the mouse was placed in the center of the parallel rods and allowed to move about the
chamber for 10 minutes and monitored by a tracking camera. Horizontal movement and foot slip
parameters were recorded during each test using AnyMaze software, which was repeated over
three consecutive days to generate an average for each genotype. The mice were tested every two
weeks from 4-8 weeks of age. The enclosure was wiped clean with 70% ethanol between tests.
Data were averaged for each genotype for each week of the study, normalized to distance travelled
and reported as mean +/- SEM. Statistical significance was calculated with Student’s t-test
(#p<0.05) for 8 WT and 15 heterozygous E248K KI mice.

Inverted Hang Test
Overall strength was measured by the inverted hang test (four-limb hanging wire test). The
animal was placed on a wire grid approximately 50 cm above a soft padded surface. The grid was
slowly rotated over 2 seconds until the animal was fully inverted, at which point a timer was started
and time until the animal dropped was recorded. The mouse was returned to its cage and allowed
to rest for at least 3 minutes. The assay was repeated 3 times in one day to calculate an average
value. If the mouse did not fall, the test was stopped after 3 minutes and a maximum time was
recorded. 11-17 mice per genotype were tested at 4, 6 and 8-weeks of age. Data were averaged for
each genotype from each week of the study and reported as mean +/- SEM. Statistical significance
was calculated with student’s t-test (#p<0.05).
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Radiography
Radiographs (X-rays) were performed on 6-month old mice with a digital Faxitron
radiography machine (Faxitron X-Ray, Lincolnshire, IL). Curvature of the spine (kyphotic index)
was determined as in (212) by drawing two lines between the caudal margin of the seventh cervical
vertebra and the caudal margin of the sixth lumbar vertebra. At least six animals were analyzed
per genotype and statistical significance was calculated with Student’s t-test (#p<0.05).

Generation of protein lysates and Western blotting
Freshly isolated diaphragm, EDL, and soleus muscles were collected from 4-week old mice
and flash frozen in liquid nitrogen. Diaphragm lysates were prepared with Qiagen TissueLyser LT
for 2 min at 50 Hz in modified NP-40 lysis buffer (in mM): 10 NaPO4, pH 7.2, 2 EDTA, 10 NaN3,
120 NaCl, 0.5% deoxycholate, and 0.5% NP-40) supplemented with complete protease inhibitors
(Roche, Indianapolis, IN). EDL and soleus lysates were prepared in the same lysis buffer using a
hand homogenizer and vortexing for every 15 minutes for 2 hours. Following addition of Nupage
LDS sample buffer and reducing agent and boiling at 95oC for 5 min, 20 µg of muscle lysates were
separated by 4-12% SDS-PAGE, transferred to nitrocellulose and probed with the indicated
primary antibodies and the appropriate alkaline phosphatase-conjugated secondary antibodies
(Jackson ImmunoResearch Laboratories). Immunoreactive bands were visualized with the Tropix
chemiluminescence detection kit (Thermo Fisher, Waltham, MA). Densitometry was performed
with ImageJ software using at least two replica blots of lysates from at least three independent
experiments. All values are expressed as mean +/- SEM and statistical significance was calculated
with student’s t-test (#p<0.05).
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Immunofluorescence Staining and Confocal Microscopy
Young adult mice (4-weeks old) were deeply anesthetized, euthanized by exsanguination,
and EDL and soleus muscles were rapidly harvested, embedded in OCT (VWR, Radnor, PA), and
frozen. Muscles were cryosectioned (12 µm), permeabilized with 0.1% Triton-X for 20 min, and
blocked in PBS containing 2% BSA, 1 mM NaN3 and 2% goat serum for one hour at room
temperature before immunolabeling with the indicated primary antibodies diluted in
PBS/BSA/NaN3 overnight at 4o C. Samples were washed with PBS containing 0.1% Tween 20,
counterstained with secondary antibodies conjugated with Alexa-488 or Alexa-568 in PBS/BSA,
followed by another wash with PBS/0.1% Tween 20, and mounted with ProLong Diamond
Antifade Mountant (Thermo Fisher, Waltham, MA). Samples were analyzed under a Nikon
Eclipse Ti2 spinning disk confocal microscope equipped with a 60x, 1.49 numerical aperture oil
immersion TIRF objective using the same dual laser settings with 516.5 and 600.5 nm emission
wavelengths, pinhole size of 50.00 µm and 500 ms exposure time.

Antibodies
The antibodies used for Western blotting and immunofluorescence were as follows: rabbit
polyclonal: actin (A2066, Sigma-Adrich, St. Louis, MO, USA), sMyBP-C (SAB3501005, SigmaAldrich, St. Louis, MO, USA), and fMyBP-C (PAB19214, Abnova, Walnut, CA, USA); mouse
monoclonal: myosin (fast skeletal; M1570, Sigma-Aldrich, St. Louis, MO, USA), myosin (slow
skeletal; clone NOQ7.5.4D, Sigma-Aldrich, St. Louis, MO, USA), Hsp90 (4874S, Cell Signaling
Technologies, Danvers, MA, USA).
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Electron microscopy
Diaphragm, EDL, and soleus muscles from 4-week old mice were fixed in 2%
paraformaldehyde, 2.5% glutaraldehyde, and 0.1 M PIPES buffer (pH 7.4), washed and post-fixed
with 1% osmium tetroxide and 1.5% potassium ferrocyanide in 0.1M PIPES buffer for 1 hour at
4oC. Specimen were then treated with 1% tannic acid in H20 for 15 min, followed by en bloc
staining with 1% (w/v) uranyl acetate, and dehydration using 30%, 50%, 70%, 90% and 100%
ethanol in series. After dehydration, specimens were infiltrated and embedded in Araldite-Epoxy
resin (Araldite, EMbed 812; Electron Microscopy Sciences, PA) following the manufacturer’s
recommendations. Ultrathin sections at ~70 nm thickness were cut on a Leica UC6 ultramicrotome
(Leica Microsystems, Inc., Bannockburn, IL), and examined in a FEI Tecnai T12 transmission
electron microscope operated at 80 kV. Images were acquired by using an AMT bottom mount
CCD camera and AMT600 software, and exposure was digitally adjusted.

Ex vivo contraction studies
Muscle performance was assessed in vitro as previously described (213). Briefly, single
EDL muscles were surgically excised with ligatures at each tendon (5-0 silk suture). Muscles were
mounted in an in vitro bath between a fixed post and force transducer (Aurora 300B-LR) operated
in isometric mode. The muscle was maintained in physiological saline solution (pH 7.6) containing
(in mM): 119 NaCl, 5 KCl, 1 MgSO4, 5 NaHCO3, 1.25 CaCl2, 1 KH2PO4, 10, HEPES, 10 dextrose,
and maintained at 30°C under aeration with 95% O2-5% CO2 throughout the experiment. Resting
tension and stimulation current were iteratively adjusted for each muscle to obtain optimal twitch
force. During a 5-min equilibration, single twitches were elicited at every 30 seconds with
electrical pulses (0.2 ms) via platinum electrodes running parallel to the muscle. Optimal resting
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tension was determined, and isometric tension was evaluated by 250-ms trains of pulses delivered
at 1, 10, 20, 40, 60, 80, 100, and 150, 250 and 300 Hz.
After the experimental protocol, the muscle rested for 5 min at which time muscle length
was determined with a digital micrometer and muscle was trimmed proximal to the suture
connections, blotted, and weighed. The cross-sectional area (CSA) for each muscle was
determined by dividing the mass of the muscle (g) by the product of its length (Lo, mm) and the
muscle density [1.06 g/cm3], and expressed as mm2 (214). Muscle output was then expressed as
isometric tension (mN/mm2) determined by dividing the tension (mN) by the CSA. Statistical
comparisons between groups were performed using ANOVA procedures (SigmaStat version 3.1)
for tension (force frequency); *p < 0.05 (n=4 animals per genotype). All values are expressed as
mean +/- SEM.

Skinned skeletal single fiber mechanical measurements
EDL muscles were dissected from 4-week old mice, tied to wood pegs, placed in relaxing
solution (in mM): 10 EGTA (96.5% pure), 100 BES, 6.87 MgCl2, 31 Kprop, 5 NaN3, 10 PEP, 1
DTT, 5.83 ATP (99% pure), KOH added to pH 7, and 50% glycerol for at least two weeks, and
shipped to the University of Missouri-Columbia for mechanical measurements. On the day of
experimentation, single fibers were dissected from a bundle by gently pulling fibers from the end
of the bundle as in (215-217).
Prior to mechanical measurements, the experimental apparatus was mounted on the stage
of an inverted microscope (model IX70; Olympus Instrument Co), which was placed on a
pneumatic vibration isolation table. Mechanical measurements were performed using a
capacitance gauge force transducer (Model 403, sensitivity of 20 mV/mg and resonant frequency
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of 600 Hz; Aurora Scientific). Length changes were presented to one end of the fiber via a DC
torque motor (Model 308C; Aurora Scientific) driven by voltage commands from a personal
computer via a 16-Bit D/A converter (AT-MIO-16E-1; National Instruments Corp). Fibers were
attached between the force transducer and length motor by placing the ends of the fiber into
stainless steel troughs (25 gauge). The fiber ends were secured by overlaying a ∼0.5 mm length of
3-0 monofilament suture (Ethicon). The suture secured the fiber into the troughs by tightening two
loops of 10-0 monofilament (Ethicon) at each end. The attachment procedure was performed under
a stereomicroscope (90× zoom). Force and length signals were digitized at 1 kHz and stored on a
personal computer using Lab-View for Windows (National Instruments Corp). Simultaneous
sarcomere length measurements of force and length were obtained via IonOptix SarcLen system,
which used an FFT algorithm of the video image of the fiber.
All mechanical measurements on skeletal muscle fibers were performed at 15 ± 1°C.
Following attachment, the relaxed preparation was adjusted to a sarcomere length slightly above
slack length by manual manipulation of the length micrometer on fiber mount. For tension-pCa
relationships, the preparation was first transferred into pCa 4.5 solution for maximal activation and
subsequently transferred into a series of sub-maximal activating pCa solutions, ending back in pCa
4.5 maximal activating solution. At each pCa, steady-state tension was allowed to develop and the
cell was rapidly slackened to determine total tension after which the preparation was restretched
to a value slightly greater than the original muscle length for ∼2 ms and then returned to original
muscle length. The fibers underwent approximately three slack-restretch maneuvers at each Ca2+
activation level. Tensions in sub-maximal activating solutions were expressed as a fraction of
tension obtained during maximal Ca2+ activation. The maximal tension value used to normalize
sub-maximal tensions was obtained by average of maximal activation at the beginning and end of
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the protocol. Force development following a slack-restretch maneuver was fit by a single
exponential equation:
=

1−

+

,

where F is force at time t, Fmax is maximal force, ktr is the rate constant of force development, and
Fres represents residual tension immediately after the slack-restretch maneuver.
Force-velocity and power-load measurements were characterized by performing a series of
sub-isometric force clamps as previously described (216) at 15 ± 1°C. Skeletal muscle fibers were
placed in activating solution and once steady-state force developed, a series of sub-isometric force
clamps were performed to determine isotonic shortening velocities. Using a servo-system, force
was maintained constant for a designated period of time (150-250 msec) while the length change
was continuously monitored. Following the force clamp, the fiber was slackened to reduce force
to near zero to allow estimation of the relative load sustained during isotonic shortening. The
muscle fiber preparations were kept in maximal Ca2+ activating solution for 3-4 minutes during
which 10-15 force clamps were performed without significant loss of force. Skeletal muscle fiber
length traces during loaded shortening were fit to a single decaying exponential equation:
=

+ ,

where L is cell length at time t, A and C are constants with dimensions of length, and k is the rate
constant of shortening. Velocity of shortening at any given time t, was determined as the slope of
the tangent to the fitted curve at that time point. Velocities of shortening were calculated by
extrapolation of the fitted curve to the onset of the force clamp (i.e., t = 0). Hyperbolic forcevelocity curves were fit to the relative force-velocity data using the Hill equation:

121

+

+

=

+

,

where P is force during shortening at velocity V, P0 is the peak isometric force, and a and b are
constants with dimensions of force and velocity, respectively. Power-load curves were obtained
by multiplying force x velocity at each load on the force-velocity curve. (n=4 WT fibers, 5 het
fibers).

5.3 Results
5.3.1 Generation and phenotypic characterization of the E248K mouse model
To begin deciphering the molecular, cellular and functional alterations underlying this
novel form of myopathy in vivo, we generated the E248K KI model using CRISPR technology.
Homozygous E248K KI animals present with severe head and body tremor and die within a few
hours after birth. Heterozygous E248K KI animals also exhibit intense head and body tremor
during postnatal development at rest and during movement, and show significantly decreased body
and muscle mass compared to their WT gender-matched littermates throughout their entire lifespan
(Fig. 5.1A-D; p<0.05 for all points on graph); occasionally, heterozygous KI mice died before
weaning at 3 weeks of age (Fig. 5.1E). Throughout our studies, our assessments show that male
and female animals are similarly affected, albeit males to a slightly greater extent, which is in
agreement with the sex-independent manifestation in patients (208, 209). Thus, for ease of
presentation, with the exception of body weight analysis, we present combined male and female
data, unless otherwise noted.
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Figure 5.1: Heterozygous E248K KI mice are smaller than WT littermates and show reduced
survival. Heterozygous E248K KI mice show similar growth trends as WT littermates, but both
(A-B) male and (C-D) female populations remain significantly smaller at all time points through
24 weeks of age. (E) Some heterozygous mice fail to survive through weaning age, but if they do,
they show similar survival trends to WT littermates past three weeks of age. (Student’s t-test,
p<0.05 at all time points, n=at least ten animals per gender per genotype).

Visual scoring of postnatal tremor by at least two blinded scorers revealed a significant
increase in tremor occurrence in resting heterozygous E248K KI neonates through postnatal day
14 (Fig. 5.2A). Additionally, compared to WT littermates, 6-day old heterozygous E248K KI
neonates exhibited a significant latency in righting reflex (Fig. 5.2B).

Figure 5.2: Postnatal tremor analysis and whole body strength. (A) During the first 14 days of
postnatal life, average tremor value was calculated using a 0 (no tremor) to 3 (severe tremor) scale
over a 10-min time period of observation by blinded scorers. Heterozygous E249K KI neonates
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exhibited significantly higher tremor occurrence than WT littermates for all time points. (B) At
postnatal days 4, 6, and 8, time to righting was measured by placing pups on their back and
observing time until all four paws were beneath the body. At postnatal day 6, heterozygous E248K
KI mice took significantly longer to right than WT littermates (student’s t-test, * p<0.01, n=14
WT, 9 Het).

We focused our phenotypic and biochemical evaluation on young adult (4-week old)
animals. As in adult E248K patients where tremor is evident only with voluntary activity, intention
or posture, adult heterozygous E248K KI mice reach a phase of stability with tremor becoming
apparent only during forelimb and hindlimb clasping. Therefore, we postulate that both adult
patients and heterozygous E248K KI mice may develop adaptations from the central nervous
system that mask the tremor. As sMyBP-C is not expressed in the central nervous system (CNS)
(Chapter 4), we tested the hypothesis that by suppressing CNS input (i.e. anesthesia), we would
still observe tremors in adult heterozygous E248K KI mice despite the compensation. Using a
custom designed vibration plate and GRASSlab software (Fig. 5.3A), 4-week old heterozygous
E248K KI mice recovering from light isoflurane sedation showed significant tremor compared to
WT littermates (Fig. 5.3B). Tremor was identified as periodic bursts of vibration with frequency
response of 55-65 Hz (Fig. 5.3C). With this approach 1/10 WT and 12/13 heterozygous E248K KI
mice were identified as having tremor activity (Fig. 5.3D).
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Figure 5.3: Custom designed tremor plate reveals significant tremor in 4-week old
heterozygous E248K KI mice after light sedation. (A) Set-up for custom designed tremor
system. (B) Using the cantilevered chamber on a GRASS lab instrument FT-03 force transducer,
tremor vibrations of 4-week WT and heterozygous E248K KI animals were measured. (C-D) After
FFT analysis, tremors were identified in 12/13 heterozygous E248K KI mice at a frequency of 5565 Hz (n=10 WT, 13 het).

Based on decreased survival rates of homozygous and heterozygous E248K KI mice
presumably due to diaphragm dysfunction, we used whole body plethysmography to quantitatively
measure diaphragm function in 4-week old animals. After measuring ventilation during steadystate conditions and normalizing to body mass, we analyzed parameters including tidal volume
(Tv), minute volume (Mv), inspiratory time (Ti), expiratory time (Te), expiratory flow at the point
which 50% tidal volume is expired (EF50), average, minimum, and maximum peak inspiratory
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flow (PIFb), and average, minimum, and maximum peak expiratory flow (PEFb). After analysis
using Buxco FinePoint Software, significant decreases were observed for both inspiration (i.e PIFb
and PIF_min) (Fig. 5.4A) and expiration (i.e. EF50) (Fig. 5.4B) parameters in heterozygous E248K
KI mice.

Figure 5.4: Whole body plethysmography reveals significantly decreased diaphragm
function in heterozygous E248K KI animals. Unrestrained, unanaesthetized 4-week old mice
were introduced into a whole body plethysmography chamber to quantitatively measure diaphragm
function. Both inspiration (A) and expiration (B) functions were affected in heterozygous E248K
KI animals. (A) Average peak inspiratory flow (PIFb) and minimum PIFb (PIF_min) were
significantly decreased in heterozygous E248K KI mice. (B) Expiratory flow at the point of 50%
tidal volume expired (EF50) was also significantly decreased in heterozygous E248K KI mice.
Statistical significance was determined with student t-test (n=at least 10 animals per group).
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5.3.2 Behavioral analysis and evaluation of whole body muscle strength in young adult
heterozygous E248K KI animals
Given the myopathic phenotype recapitulated in our heterozygous E248K KI mice, we next
used a series of behavioral assays to assess locomotor ability, balancing skills, and muscle grip
strength/endurance of the animals at 4, 6, and 8 weeks of age.
Using open field, parallel rod/“ataxia box”, and inverted hang tests, significant deficits in
balancing, rearing, and muscle strength were observed in heterozygous E248K KI mice (Fig. 5.5).
Specifically, voluntary horizontal and vertical activity of acclimated WT and heterozygous E248K
KI animals was monitored over 30 minutes in an open field assay over the course of two days and
data was averaged. Heterozygous E248K KI mice exhibited a significantly reduced number of
rearing events and spent less time rearing at 4 and 6 weeks of age, and the average longest rearing
activation was significantly reduced at 4, 6, and 8 weeks when data was normalized to distance
travelled over the duration of the experiment (Fig. 5.5A).
The parallel rod assay, aka “ataxia box” assay, is another test that measures general
locomotive activity of a mouse as it moves on stainless steel parallel rods suspended over a metal
conductance plate (211). Horizontal and vertical movement is monitored, as well as foot slips per
meter. Time immobile (65% of body immobile for at least 2 seconds) and time freezing (no
movement for at least 1 second) on rods can also be measured as an indication of motor
incoordination. Parallel rod assays were performed for 10 minutes each day for three consecutive
days and data was averaged. Heterozygous E248K KI mice had significantly more foot slips at 4
weeks of age, and subsequently spent more time freezing and immobile at 6 and 8 weeks compared
to WT littermates when data was normalized to distance travelled (Fig. 5.5B).
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The four limb inverted hang test is a non-invasive way to measure ability of mice to exhibit
sustained

limb

tension

(Treat

NMD:

http://www.treat-nmd.eu/downloads/file/sops/dmd

/MDX/DMD_M.2.1.005.pdf). After placing mice on an inverted wire grid, time on grid was
measured. WT mice were capped at a maximum time of 3 minutes if necessary. Compared to WT
littermates, heterozygous E248K KI displayed significantly decreased overall body and grip
strength across 4, 6, and 8 weeks of age as indicated by less time on the grid (Fig. 5.5C).
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Figure 5.5: Behavioral analysis of young adult (4-8 weeks old) animals reveals significant
deficits in locomotion and overall body strength in heterozygous E248K KI animals. (A)
Compared to WT animals, heterozygous E248K KI mice exhibited a significantly reduced number
of rearing events and less time rearing at 4 and 6 weeks of age, and the average longest rearing
activation was significantly reduced at 4, 6, and 8 weeks in open field assays. (B) In ataxia box
assays, heterozygous E248K KI mice had significantly more foot slips at 4 weeks of age, and
subsequently spent more time freezing and immobile and 6 and 8 weeks than WT littermates. (C)
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During inverted hang tests, heterozygous E248K KI mice displayed significantly decreased overall
body and grip strength across 4, 6, and 8 weeks of age compared to WT animals.

5.3.3 Skeletal system evaluation in adult heterozygous E248K KI animals
We probed further to see if skeletal deformities are present in our adult heterozygous
E248K KI mice, as seen in adult patients, by taking radiograph images. While WT (Fig. 5.6A)
animals have normal skeletal physiology, 6-month old heterozygous E248K KI mice (Fig. 5.6B)
show evidence of significant kyphosis, measured as in (212) (Fig. 5.6C), likely due to back muscle
weakness, increasing the number of ways that the expected human phenotype is recapitulated in
our animals.

Figure 5.6: Six-month old adult heterozygous E248K KI mice have kyphosis. Representative
radiographs showing spinal curvature of 6-month old WT (A) and heterozygous E248K KI (B)
mice. Lines AB and CD are used to demonstrate differences in spine curvature between genotypes.
Line CD is drawn perpendicular from the dorsal edge of the vertebra at the point of greatest
curvature. Length of line CD is quantified in (C) and an increase in the length of the line indicates
an increase in kyphosis. Significance was calculated with student’s t-test. Data is reported as
average +/- SEM. (p<0.05). n=6 animals per genotype.
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5.3.4 Biochemical and morphological analysis of the E248K mouse model
We hypothesize that the E248K mutation leads to structural and/or functional alterations
that result in impaired muscle architecture and contractile performance, ultimately leading to the
observed myopathy with tremor. We therefore benchmarked our phenotypic studies with detailed
biochemical and morphological measurements using slow and fast twitch muscles and isolated,
single fibers in young adult animals (4-week old) of both genders.
Immunoblot analysis of whole muscle lysates in 4-week old animals, indicates differential
expression of sMyBP-C levels depending on the muscle (Fig. 5.7). In the diaphragm, which is a
mixture of slow and fast-twitch fibers, sMyBP-C levels, as well as myosin fast levels, are
significantly decreased in heterozygous E248K KI mice compared to WT animals (Fig. 5.7A-A’).
By contrast, sMyBP-C levels remain unchanged overall in heterozygous E248K KI fast-twitch
EDL muscle, despite a slight trend towards increased levels (Fig. 5.7B-B’), while in the slowtwitch soleus muscle, sMyBP-C protein levels are significantly increased (Fig. 5.7C-C’).
Interestingly, the myosin levels tend to follow the changes in sMyBP-C.
In the fast-twitch EDL muscle, myosin slow levels could not be detected. Depending on
the muscle, two bands were occasionally detected for fMyBP-C. We show the band detected
around ~130 kDa, which is closest in molecular weight to the reported size of fMyBP-C (49, 160),
because we believe the band detected closer to ~145-150 kDa to be non-specific, as the fMyBP-C
antibody is polyclonal. However, we cannot dismiss the possibility that there may be unreported,
larger fMyBP-C variants, as is the case for sMyBP-C.
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Figure 5.7: Immunoblots reveal altered expression levels of sMyBP-C in heterozygous
E248K KI animals depending on muscle type. Western blot analysis of protein lysates prepared
from whole diaphragm (A-A’), EDL (B-B’), and soleus (C-C’) of WT or heterozygous E248K KI
mice. (A) Diaphragm tissue from heterozygous E248K KI mice showed significantly decreased
levels of sMyBP-C and myosin fast while (B) EDL tissue showed a trend of increased sMyBP-C
levels, albeit not significant, and (C) soleus muscle displayed significantly increased sMyBP-C
levels. (A’-C’) Quantification of the percent (%) expression of myofibrillar proteins in
heterozygous E248K KI animals relative to WT lysates following normalization to the expression
levels of HSP90 performed with two replica blots of at least three independent experiments.
Statistical significance was calculated with Student’s t-test (*p<0.01, #p<0.05); all values are
expressed as mean +/- SEM.
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We complemented our immunoblotting experiments with assessment of sarcomeric
organization of 4-week old heterozygous E248K KI muscles by immunofluorescence combined
with confocal microscopy. In EDL (Fig. 5.8A-A’) and soleus (Fig. 5.8B-B’) muscles, we see
regular organization of sMyBP-C in the A-bands of the sarcomere for both WT (Fig. 5.8A and B)
and heterozygous E248K KI (Fig. 5.8A’ and B’) animals. However, despite the normal protein
localization, there are frequently misaligned sarcomeres and split fibers present in the
heterozygous E248K KI tissue (Fig. 5.8A’ and B’). Immunofluorescent studies were also
performed in diaphragm tissue, although staining was unreliable and inconsistent, most likely due
to the nature of the muscle.

Figure 5.8: sMyBP-C localizes properly to the A-band in 4-week old heterozygous E248K KI
tissue. WT (A and B) and heterozygous E248K KI (A’ and B’) EDL and soleus tissue was stained
for sMyBP-C. Within animals of both genotypes, the protein exhibited expected localization and
distribution in the sarcomere in the thick filament A-band. However, some myofibrils appear out
of register in heterozygous E248K KI animals with occasional split fibers.

To gain insights on the ultrastructural organization of the heterozygous E248K KI muscles,
we examined sarcomeric organization using electron microscopy. Electron micrographs of WT
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longitudinal 4-week old EDL (Fig. 5.9A), soleus (Fig. 5.9E), and diaphragm muscles (Fig. 5.9I)
showed regularly organized sarcomeres and internal membranes. In contrast, longitudinal sections
of heterozygous E248K KI EDL (Fig. 5.9B), soleus (Fig. 5.9F), and diaphragm (Fig. 5.9J) muscles
revealed significant structural alterations. For all three muscle types, we consistently observed
altered sarcomere length, smaller myofibers, more mitochondria, breakdown of internal
membranes, and Z-line streaming. In additional to longitudinal sections, we evaluated cross
sections of EDL (Fig. 5.9C-D) and soleus (Fig. 5.9G-H) muscles. In agreement with our
longitudinal sections, WT tissue (Fig. 5.9C and G) displayed canonical arrangement of myosin
hexagonal arrays, but heterozygous E248K KI tissue exhibited altered hexagonal array structures
with increased spacing between filaments (Fig. 5.9D and H).
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Figure 5.9: Ultrastructure of heterozygous E248K KI tissue is significantly altered. Electron
microscopy evaluation of longitudinal sections of 4-week old WT EDL (A), soleus (E), and
diaphragm (I) muscles confirms proper sarcomeric structures and alignment. Longitudinal sections
of heterozygous E248K KI EDL (B), soleus (F), and diaphragm (J) reveal altered sarcomere length,
smaller cells, more mitochondria, breakdown of membranes, and z-line streaming. Examination
of WT EDL (C) and soleus (G) cross sections showed normal hexagonal arrays of myosin
filaments, but heterozygous E248K KI EDL (D) and soleus (H) muscles exhibit abnormal spacing
between myosin filaments and lack of proper hexagonal arrays.
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5.3.5 Functional evaluation of muscle in E248K mouse model
We next examined the functional impact of these changes in EDL muscles ex vivo at 4weeks of age. EDLs were dissected and attached through tendons to a force transducer and length
controller to generate a force vs. frequency curves (500 msec trains of 0.1 msec pulses at 1-300Hz).
Heterozygous E248K KI EDLs exhibited significant deficits in isometric force and rates of
contraction (+dF/dT) and relaxation (-dF/dT) velocity compared to their WT littermates.

Figure 5.10: Ex vivo functional evaluation of whole EDL muscle reveals significant deficits
in heterozygous E248K KI muscles. Whole EDL muscles of 4-week old WT and heterozygous
E248K KI animals were evaluated for muscle performance. Heterozygous E248K KI muscles
exhibited decreased peak isometric force production at higher frequencies (A) and decreased
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velocities of contraction and relaxation at higher frequencies (B-C). Statistical significance was
determined via two-way ANOVA, *<0.05; n=8 animals per group).

Given that these force deficits persisted after normalization to muscle CSA, the mechanism
for the deficit is independent of size and is rather intrinsic to the function of the contractile
apparatus. Furthermore, the decreased contractile kinetics (+/- dF/dT) suggest a deficit in the
kinetics of the cross bridge cycling.
To evaluate cross bridge function in 4-week old animals further, we performed mechanical
experiments in single, skinned EDL fibers (215-217). After EDL fiber bundles were dissected and
stored in a 1:1 ratio of relaxing solution:50% glycerol at -20OC, single fiber experiments were
performed. Simultaneous sarcomere length and force measurements showed significantly longer
slack sarcomere length (Fig 5.11A) and decreased passive force (Fig. 5.11B) in heterozygous
E248K KI EDL fibers, consistent with the structural alterations in heterozygous E248K KI mice
(Figs. 5.8 and 5.9). A trend towards decreased maximal tension was also observed in heterozygous
E248K KI mice (Fig. 5.11C). Tension-pCa measurements were calculated across 8 calibrated Ca2+
concentrations (pCa 9.0-4.5) and revealed slower rates of tension redevelopment (ktr) in
heterozygous E248K KI EDL fibers (Fig. 5.11D-E). After performing a series of sub-isometric
force clamps on the single fibers, force-velocity and power-load measurements were characterized
for WT (Fig. 5.11F) and heterozygous E248K KI mice (Fig. 5.11G). (Fig. 5.11H) By normalizing
to maximum force generated per fiber, peak power output was found to be significantly decreased
in heterozygous E248K KI mice. These single fiber mechanical experiments show slower cross
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bridge cycling in our heterozygous E248K KI mice, and that not only force but also power output
is significantly decreased with the E248K mutation.
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Figure 5.11: Skinned single fiber EDL mechanical experiments show decreased cross bridge
cycling and power output in heterozygous E248K KI mice. (A) Sarcomere slack length was
significantly longer in skinned heterozygous E248K KI single EDL fibers, leading to significantly
decreased passive force at sarcomere length 2.5 µm (B). (C) A trend towards decreased maximal
tension was observed. (D-E) ktr was slower across a range of calcium concentrations for
heterozygous E248K KI fibers. Representative WT (F) and heterozygous E248K KI (G) forcevelocity and power-load relationships at pCa 4.5 revealed both decreased force and power in
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heterozygous E248K KI EDL fibers and significantly decreased peak normalized power output
(H). n=4 WT fibers, 5 het fibers.

5.4 Discussion
With the generation of heterozygous E248K KI mice, our results show that this model
recapitulates the novel human myopathy, with heterozygous E248K KI mice showing reduced
muscle strength as well as intense tremor. Additionally, a similar disease progression is noted,
namely the intense tremor during postnatal development that reaches a phase of stability in young
adulthood. Our phenotypic, biochemical, morphological, and physiological studies all suggest that
the heterozygous E248K KI animals are a valid model to study this novel myopathy accompanied
by tremor, likely of myogenic origin.
Based on biochemical and morphological analysis, it is clear that both slow and fast-twitch
muscles are affected by the E248K mutation as a result of haploinsufficiency. Immunoblots reveal
differential sMyBP-C levels depending on the muscle, which could be explained by different fiber
type composition, sMyBP-C variant expression, and the compromised function of each muscle
(218). In the diaphragm, sMyBP-C and myosin fast levels are decreased in heterozygous E248K
KI mice (Fig. 5.7), potentially as a result of mutant protein degradation. Based on our previous
work in FDB and lumbricalis muscles (188), with sMyBP-C knockdown, we also observed
decreased expression of both fast and slow myosin isoforms, which led to functional deficits.
Similarly, in heterozygous E248K KI diaphragm muscles with decreased sMyBP-C and myosin
fast levels, we observed functional deficits in ex vivo functional studies (Fig. 5.10) and wholebody plethysmography (Fig. 5.4), which may account for the lack of and decreased survival of
homozygous and heterozygous E248K KI animals, respectively. The decreases in inspiration and
expiration in young heterozygous E248K KI mice (Fig. 5.4) are especially significant given the
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profound ability of the diaphragm to adapt even with significant decreases in force production
(219).
In the fast-twitch EDL and slow-twitch soleus skeletal muscles, we observe increases in
sMyBP-C levels in heterozygous E248K KI mice (Fig. 5.7). We cannot fully explain the
mechanism for differential changes in sMyBP-C in these muscles, but propose that they may be
due to differential physical demands placed on the fibers of different muscles (220). The E248K
mutation is located in a constitutively expressed region of sMyBP-C (24, 47), but we do not yet
know how the mutation affects each of the 14 known sMyBP-C variants, which are co-expressed
at different levels depending on the muscle (24, 47). Interestingly, regardless of whether sMyBPC levels increase or decrease by 4 weeks of age, myosin levels appear to follow a similar trend
(Fig. 5.7), further solidifying the structural importance of this isoform in the MyBP-C family.
In all muscles regardless of fiber type, the E248K mutation results in significant structural
alterations, including break down of internal membranes, smaller myofibers, more mitochondria,
Z-line streaming and split fibers, despite proper localization of sMyBP-C (Figs. 5.8 and 5.9).
Furthermore, mechanical experiments on single, skinned EDL fibers indicate that the heterozygous
E248K KI fibers have altered sarcomeric architecture with increased slack sarcomere length and
decreased passive force (Fig. 5.11).
We observed significant functional deficits in heterozygous E248K KI whole muscle,
isolated fibers, and cross bridges (Figs. 5.10 and 5.11). Mechanical single fiber skinned EDL
experiments show slower rates of tension redevelopment (ktr) and decreased power in
heterozygous E248K KI mice (Fig. 5.11). These data, coupled with our in vitro binding studies,
suggest that increased binding of the E248K mutant to myosin (Chapter 4) dysregulates normal
cross bridge cycling.
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We therefore postulate that this novel form of MYBPC1-associated myopathy originates at
the level of the sarcomere, most likely due to compromised cross bridge formation and cycling.
We propose that following the tremor-initiating event in the sarcomere, a central loop propagates
the signal to effector muscles and results in the clinically visible and recordable tremor
characteristics (see also Chapter 4) (208, 209).
Behavioral and whole animal phenotypic studies complement the observed structural and
functional alterations. Even as young as postnatal day 6, our heterozygous E248K KI mice show
decreased ability in the righting reflex test (Fig. 5.2B). Later, in young adult animals (4-8 weeks
old), the open field, parallel rod/”ataxia box”, and inverted hang assays clearly show muscle
weakness in heterozygous E248K KI mice with decreased rearing, increased foot slips, and
decreased time on inverted grid (Fig. 5.5). Although tremor is not visibly recordable in these young
adult mice, the myopathic phenotype is evident by the significant deficits in all three tests.
It will be informative to probe the effect of the mutation further, both biochemically and
physiologically. Given that our animals are heterozygous for the E248K mutation, we assume a
50:50 ratio of WT and E248K expression, but it is possible that the mutation leads to an allelic
imbalance or a disproportion of WT vs. E248K mutant proteins, leading to altered cross bridge
cycling and asynchronous contractions between neighboring fibrils (221). As internal membranes
are disrupted in heterozygous E248K KI tissue, Ca2+ transients may also be irregular, perpetuating
to the tremor phenotype (222). It is also possible that due to the myopathy, the action potential in
a given muscle fiber does not match the fiber type, leading to the tremor (223). Given the observed
decrease in ktr, it will be useful to combine force-pCa and myosin ATPase measures to determine
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whether alterations in the rates of cross bridge attachment (fapp) and/or detachment (gapp)
contribute to the effect (224, 225).
Our heterozygous E248K KI mouse model is therefore a pre-clinical model, which
faithfully recapitulates both the prominent phenotypic characteristics of the clinical presentation
of the disease with muscle deficits, tremor, skeletal deformities, and the progression seen in
humans. While the “myogenic tremor” myopathy linked to mutations in sarcomeric proteins
appears in a number of myopathies (including mutations in MYH7, MYH2, MYL2, TNNT1, NEB,
and TPM3 that result in a similar phenotype (Table 4.4)) (208), to our knowledge, the sMyBP-C
E248K heterozygous KI is the first mouse model of this phenotype to be used to elucidate how the
initiation of tremor can begin at the level of the sarcomere.
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CHAPTER 6
DISCUSSION, PERSPECTIVES, AND FUTURE DIRECTIONS
6.1 Conclusions and perspectives
My research has provided a new understanding of sMyBP-C, not only as a regulator of
cross bridge function, but also as an important structural protein in the sarcomere with novel
disease implications. sMyBP-C appears to be the only isoform in its family with a clear structural
role, as cMyBP-C and fMyBP-C knockout models do not show significant structural defects (88,
92, 144). On the contrary, a constitutive sMyBP-C knockout model is embryonic/perinatal lethal
(141).
More than elucidating normal sMyBP-C functions in healthy skeletal muscles, we have
expanded disease implications of the gene to a phenotype beyond DA (208, 209). With the
generation of the E248K KI mouse model, we have recapitulated nearly all aspects of the observed
myopathy in human patients, which can further be used as a preclinical model of myopathy with
myogenic tremor.

6.2 Future directions
Our in vitro NH2-terminal recombinant sMyBP-C phosphomimetic work proves that
phosphorylation of sMyBP-C regulates actomyosin binding and sliding velocity, as studies have
previously shown for cMyBP-C (102, 119). However, alternative splicing that occurs in the NH2
and COOH-termini of sMyBP-C adds significant complexity to the sMyBP-C subfamily. The
phosphorylatable residues Ser59 and Ser204 are not expressed in all recognized variants. Ser59 is
expressed in only two of the known 14 variants, while Ser204 is expressed in all but one. Given
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that the presence of Ser59 decreases myosin binding in cosedimentation assays and increases
sliding velocity in in vitro motility assays, muscles with lower expression of sMyBP-C variants
that include Ser59 may have slower cross bridge kinetics compared to those with higher expression
of sMyBP-C containing Ser59.
While our in vitro phosphorylation work adds understanding to the field of sMyBP-C
research, there are many additional questions still to be answered, keeping the molecular intricacies
of the protein in mind. These include: 1) How does phosphoablation of these residues alter binding
to actin and myosin? 2) Does Ca2+ antagonize the effects of the phosphorylated residues as seen
with cMyBP-C (103)? 3) How does phosphorylation specifically affect the ATPase activity of
myosin? 4) To what extent are these residues phosphorylated in vivo? 5) Are normal
phosphorylation levels altered in our E248K mice, given the dynamic regulation of sMyBP-C
phosphorylation in Duchenne Muscular Dystrophy and DA (46)? Additionally, while we know
that PKA and PKC are the kinases responsible for phosphorylation of the four sMyBP-C
phosphosites, the phosphatases that act on these specific sites are still unknown. Thus, future work
elucidating the role of sMyBP-C phosphorylation will require systematic and comprehensive
approaches.
Chapter 5 describes our extensive phenotypical, biochemical, morphological, and
functional evaluation of the heterozygous E248K KI mice as a successful model of this novel
myopathy. Despite our visual tremor evaluation in postnatal mice and custom designed tremor
evaluation in 4-week old animals, we have not yet included EMG data in our analysis.
Unfortunately, at these time points, heterozygous E248K KI animals are too small for surface or
implanted EMG readings. Future studies should be completed to obtain this data in older, larger
WT and heterozygous E248K KI mice.
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The similarities between E248K patients and mice include a compensatory mechanism in
which the tremor is attenuated after adolescence but observed with certain postures and fatigue.
Isolated single fibers from diaphragm and FDB in heterozygous E248K KI mice at various ages
do not spontaneously contract, even with stimulation. Thus, while we believe the tremor is initiated
at the level of the sarcomere, input from the central nervous system is required to propagate the
tremor phenotype. While it is unclear currently how this feedback mechanism occurs, both
extrafusal and intrafusal fibers may play a role. It is possible that myofilament oscillations in the
extrafusal fibers are sensed by intrafusal muscle spindles to propagate the signal. Thus, future
studies could be completed to further investigate the mechanism of propagation with a focus on
the role of intrafusal fibers.
Additional in vivo experimentation might include rhizotomy surgical procedures to
evaluate the role of spinal nerve output in propagation of the tremor. This surgery is popular to
selectively sever problematic spinal nerve roots in order to decrease back pain, but has also been
used to decrease spasticity in cerebral palsy patients (226). With appropriately severed nerve roots,
we would expect tremor in heterozygous E248K KI mice to decrease and could perform the
experimental unilaterally to have an internal control.
The attenuation of tremor seen in E248K patients and mice is not unlike adaptations that
are often observed in patients with essential tremor. It is therefore possible that the CNS
neuroplasticity may allow for the development of adaptive or compensatory mechanisms by finetuning and adjusting motor unit control and outcome (227). In Parkinsonian tremor, it has been
suggested that the supplementary motor area may play a role in desynchronizing tremor-related
oscillations transmitted by the primary sensorimotor cortex (228, 229). Patients with the E248K
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mutation do not report any cognitive deficits, but this area of the brain could be evaluated in
heterozygous E248K KI mice to check for any potential alterations.
CRISPR electroporation of WT sMyBP-C in heterozygous E248K KI mice would be
interesting to see if normal muscle physiology can be rescued. Further, in vivo models to study the
other novel mutations identified in sMyBP-C (Y247H, L259P, and L263R) will be useful in the
further characterization of this novel myopathy. In vitro binding studies showed the E248K
mutation increased binding to myosin, while the L263R mutation resulted in decreased myosin
binding. These intriguing findings suggest that individual mutations may oppositely affect myosin
binding, yet similarly result in altered cross bridge function, leading to myopathy with tremor.
Additional understanding of sMyBP-C in this novel form of myopathy will be impactful for both
future disease diagnosis and treatment.
.
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