Edited by

Min Du

Richard J. McCormick
Applied Muscle
Biology and
Meat Science




Applied Muscle
BiOlOgy and
Meat Science






Applied Muscle
Biology and
Meat Science

Edited by

Min Du
Richard J. McCormick

CRC Press
Taylor & Francis Group
Boca Raton London New York

Taylor & Francis Group, an informa business




CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway NW, Suite 300
Boca Raton, FL 33487-2742

© 2009 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works
Version Date: 20110715

International Standard Book Number-13: 978-1-4398-8203-0 (eBook - PDF)

This book contains information obtained from authentic and highly regarded sources. Reasonable efforts have been
made to publish reliable data and information, but the author and publisher cannot assume responsibility for the valid-
ity of all materials or the consequences of their use. The authors and publishers have attempted to trace the copyright
holders of all material reproduced in this publication and apologize to copyright holders if permission to publish in this
form has not been obtained. If any copyright material has not been acknowledged please write and let us know so we may
rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmitted, or uti-
lized in any form by any electronic, mechanical, or other means, now known or hereafter invented, including photocopy-
ing, microfilming, and recording, or in any information storage or retrieval system, without written permission from the
publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.com (http://
www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA 01923,
978-750-8400. CCC is a not-for-profit organization that provides licenses and registration for a variety of users. For
organizations that have been granted a photocopy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for
identification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com



Contents

o (S 211U vii
ADOUL ThE EQITOTS. .. .viiiieeiieiiiieieeiie ettt ettt ettt e et e et esveeaeesebeesaeeesbeessaeesseenseesnseenseesssesnseensnes ix
CONIIIDULOTS .. .vieiieeeiiesiteeteestteesteerteeeteestteebeesseeesseeteeasseesseesssaesseessseesseessseesseeasseenseessseensessssessseensees xi
Chapter 1 Muscle Structure and FUNCHON .........ccveieriieieniieiereee e 1

Darl R. Swartz, Marion L. Greaser, and Marie E. Cantino

Chapter 2 Satellite Cell BiOlOZY.....c..ceuerierierieieieieineeeeeeeene ettt 47
R.P. Rhoads, C.R. Rathbone, and K.L. Flann

Chapter 3  Adipose Tissue Development in Extramuscular and Intramuscular Depots
I Meat ANIMAIS......ccooiiiiiiiiiecceeeeeee ettt 67

G.J. Hausman and S.P. Poulos

Chapter 4 Fetal Programming of Skeletal Muscle Development .............ccceoecveiinnicncncncnenne. 81
Min Du and Meijun Zhu
Chapter 5 Muscle Fiber Characteristics and Their Relation to Meat Quality .........c.ccccecervennenne. 97

Jennifer L. Aalhus, W.M. Robertson, and Jin Ye

Chapter 6 Muscle Protein TUIMOVET .......c.eeiiiiiiierieeiienieeieesteesieesieesteeseesseessseesseesssessseesseeans 115
Margrethe Therkildsen and Niels Oksbjerg

Chapter 7 COlIageN......cc.cccvevuieieriieiecieeteeeete ettt et eebe st e sessaessessaesseessesseessessaessesseensenseenns 129
Richard J. McCormick

Chapter 8 Protein Degradation Postmortem and Tenderization ............coccecevvecvecveneencnencncnnns 149

D.L. Hopkins and G.H. Geesink

Chapter 9 Regulation of Postmortem Glycolysis and Meat Quality........cc.cccceeverienienieniennenne. 175
Qingwu W. Shen, Min Du, and Warrie J. Means

Chapter 10 AMP-Activated Protein Kinase in Muscle Growth, Fat Deposition,
and Meat QUALILY ....ccoeiiiiinieiiieeieeeee ettt sttt et et st es 195

Min Du, Qingwu W. Shen, Keith R. Underwood, Jun F. Tong, and Meijun Zhu



vi

Chapter 11

Chapter 12

Chapter 13

Chapter 14

Chapter 15

Chapter 16

Contents
DY (2 A G0 o) N 217
Richard A. Mancini
Lipid Oxidation and FIavOr ..........ccccoceriiiiniiiiiiiieteeeteeeeeteeee e 227
D.U. Ahn, K.C. Nam, and E.J. Lee
Lipids in Muscle: Structure, Composition, and MetabolisSm...........ccccceveerrieeneennnen. 247
Daniel C. Rule
FISI IMIUSCIE ...t e e e e e e e e e e e e e e e e e e e s essssaraaaenes 275

Peng Zhou and Joe M. Regenstein

Molecular Mapping and Marker-Assisted Breeding for Muscle Growth
and Meat QUALIEY ....c..ooieiiiiieie ettt ettt st 287

Penny K. Riggs and Clare A. Gill

Animal Agriculture and Animal Welfare: An Essay on How They Benefit
Each Other in the Twenty-First Century .........ccccceecveereerieeneeniieenieeieeieesveeseesaeees 311

Joe M. Regenstein



Preface

Skeletal muscle is the single largest organ mass in the vertebrate body. As a source of food, it repre-
sents most of the value in a meat-producing animal. Both the growth characteristics of muscle and
the quality of the resulting meat determine the ultimate worth of a carcass. In recent years, tremen-
dous strides have been made in the field of muscle biology, particularly in our understanding of the
mechanisms controlling skeletal muscle growth and development, and the impact these factors have
on meat production and quality. Many of the past difficulties that meat and animal scientists have
experienced when attempting to address specific problems (e.g., stress susceptibility and poor meat
quality in swine) have been due to a lack of understanding the underlying biological mechanisms
driving muscle growth, metabolism, and its conversion to meat. This book is designed to provide
the advanced reader with state-of-the-art knowledge about skeletal muscle and meat, and also as a
platform for further investigation of specific issues. At the same time, this comprehensive review
provides the newcomer with a sound background in applied muscle biology and meat science.

Chapter 1 provides a detailed analysis of muscle structure with an emphasis on muscle proteins,
microstructure, membrane composition, and contraction. This discussion lays the groundwork for
succeeding chapters.

An understanding of the growth and development of skeletal muscle and some of its components
such as fat and connective tissue is crucial to our ability to manipulate production of the meat ani-
mal and subsequent meat quality characteristics. Chapters 2 through 7 address issues relevant to
muscle growth and development. Accordingly, myogenesis and the biology and nature of satellite
cells are reviewed. Adipogenesis, essential for muscle development and growth and so critical to
meat quality, is discussed in Chapter 3. Chapter 4 reviews current issues related to the fetal stage
of muscle development, with emphasis on the sensitivity of the fetus to maternal nutritional status
and resulting fetal programming of skeletal muscle. The characteristics of muscle fiber types and
mechanisms of in vivo protein degradation are the subjects of Chapters 5 and 6. Finally, a discus-
sion of collagen and other matrix constituents and their contribution to muscle growth and quality
concludes this part of the book.

Chapters 8 through 14 review key aspects of postmortem changes in mammalian and fish muscle
that are responsible for meat quality characteristics. Thus, the first chapters in this middle section
discuss, arguably, the two most important biological changes in postmortem muscle: proteolysis and
glycolysis. A recurrent problem in the production of pork has been superior lean growth coupled
with the development of poor quality “acid meat.” Chapter 10 reviews recent research related to
alterations in protein signaling pathways that are related to development of this genotype in pigs.
Color has been recognized for decades as one of the premier quality traits of meat. Chapter 11 pres-
ents a comprehensive review regarding mechanisms governing meat color. Chapter 12 discusses
multiple factors responsible for lipid oxidation in meat and strategies for its prevention. Recognition
of the beneficial properties of specific fatty acids in meat has prompted interest in components such
as -3 long-chain polyunsaturated fatty acids and conjugated linoleic acids. Chapter 13 reviews
recent progress in nutritional management for enrichment of these meat constituents and the subse-
quent impact on meat quality. This section concludes with Chapter 14, a comprehensive review of
the unique fish myotome and the postmortem changes it undergoes.

The penultimate chapter (Chapter 15) addresses molecular techniques that are increasingly uti-
lized in breeding programs, including molecular mapping and marker-assisted breeding. Finally,
the book concludes with an essay (Chapter 16) dedicated to animal welfare and the ethics of using
animals for food, an especially timely discussion given the concerns of animal rights activists.

vii



viii Preface

In summary, this book focuses on biological changes in skeletal muscle and meat. Given recent
developments in energy costs and distribution, and changes in the commodities markets driven
by the demand for biofuels, the challenges for animal production agriculture will only increase.
Increased appreciation for the underlying biological mechanisms related to animal and meat pro-
duction can only help solve the challenges. Thus, this book is suitable as a text for advanced courses
in applied muscle biology and meat science; it further serves as a reference for scientists and indus-
try personnel involved in meat science, as well as animal growth and development.
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2 Applied Muscle Biology and Meat Science

1.1 INTRODUCTION

Muscle is the tissue that moves us about and transports the liquids within us. There are two general
types of muscle — striated and smooth — with this nomenclature derived from the microscopic
appearance. Striated muscle has striations while smooth does not. Striated muscle can be further
subdivided into skeletal and cardiac. The common feature of the muscle types is that the cells are
enriched in proteins that interact in a cyclic fashion to produce force and/or shorten the cell. These
proteins are myosin in the thick filament and actin in the thin filaments. If the cell is connected to
other muscle cells around a lumen, as in smooth and cardiac muscle, it will decrease the lumen vol-
ume and thus move things about within us. If it is attached to the skeleton, as for skeletal muscle, it
will move the skeleton and thus allow change in our position or location. All three types of muscle
are used in meat products, with smooth and cardiac mostly found in comminuted products and skel-
etal found in intact or near intact meat products as well as comminuted products. Skeletal muscle is
by far the most important in animal agriculture and is the main focus of this chapter.

1.2 HISTOLOGY AND GROSS ANATOMY

Skeletal muscle, as the name implies, is generally attached to the skeleton. It contains the other tis-
sue types (nerve, epithelia, connective tissue) to a much lesser extent than other tissues and organ
systems. The cells of striated muscle are unique in that they are multinucleate, very large, and
extremely elongate, reaching several millimeters to centimeters in length. This cylindrical and
extended length of the cells results in the muscle cell being called a fiber. The parallel organization
of muscle fibers within a group or fascicle gives anisotropy to the tissue or the so-called “grain”
that is observed in a steak. Anisotropy imparts unique mechanical properties to near-intact muscle
foods, as the resistance to breakage (such as when meat is chewed) depends on the angle of shear.
The origins of this anisotropy and the striations are discussed in much greater detail in subsequent
sections. Like other cells, the muscle cell is enveloped in a membrane and contains intracellular
organelles such as the Golgi, mitochondria, nuclei, and an endoplasmic reticulum. The amount of
these elements is much less than in other cell types as the primary function of muscle is to shorten
and thus it contains very large quantities of the contractile proteins actin and myosin. Also, unlike
other cells, striated muscle has an extremely low to no propensity to divide; renewal involves a
myoblast-like cell called the satellite cell.

The individual muscle cells are encased in collagenous connective tissue that can be subdivided
into the portion that is in intimate contact with the cell called the basement membrane and a more
distal portion called the endomysium (Figure 1.1). A group or fascicle of muscle cells is surrounded
by a more robust collagenous connective tissue network called the perimysium. An anatomical
muscle consists of a group of fascicles and is surrounded by the epimysium. It is through the epimy-
sium that the main product of muscle (shortening) is coupled to bone via the myotendinous junction.
The collagen fibers of endo-, peri-, and epimysium intermesh such that contraction at the individual
cell level is transmitted from the endomysium to the epimysium and thus to tendon and bone. The
efferent and afferent nerve fibers and blood vessels penetrate the epimysium and bifurcate through-
out the muscle, primarily within the perimysium. Generally, the nerve fibers and blood vessels are
grouped together and subsequently bifurcate to supply each single muscle fiber with a nerve and the
capillary network that feeds the muscle fibers.

The anatomical names of muscles are related to size, shape, attachments, fiber orientation, loca-
tion, and action. The morphological types of muscle are related to their general form and muscle
fiber orientation/organization. Muscle with fibers oriented mostly along the long axis is termed
“strap” and “fusiform.” Those with the fibers oriented at an oblique angle to the muscle, but mostly
one angle, are termed “pennate.” Those with multiple oblique angles are termed “bipennate,” “mul-
tipennate,” and “circumpennate.” Most anatomy textbooks diagram all muscles as strap when,
indeed, strap muscles are not very common. For intact to near-intact muscle foods, it is important
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FIGURE 1.1 Organization of striated muscle and its collagenous connective tissue layers.

to understand the morphological muscle type as this may impact the tenderness. For example, the
tender psoas major is a strap-type muscle. From a functional perspective, strap muscles develop the
greatest extent and speed of shortening but the lowest force per cross-sectional area of the muscle
(not the fiber per se), while circumpennate muscles develop the least extent and speed of shortening
but the greatest force/cross-sectional area of the muscle. These biomechanical features arise, par-
tially, from the fact that the speed of muscle shortening is related to the number of force-producing
units in series while the force is related to the cross-sectional area of the muscle fibers for a given
myosin isoform (see below). The sum of the fiber cross-sectional area for a strap muscle is equal
to the muscle cross-sectional area, while for the circumpennate muscle, it is the area of a cylinder
through the center of the muscle.

The microscopic appearance of a skeletal muscle cell is primarily determined by its intracellular
components and their organization (Figures 1.2 and 1.3). The cell can be divided into its constitu-
ent elements, which include the outer membrane called the sarcolemma, intracellular membrane
networks that include the T-tubules and sarcoplasmic reticulum, as well as mitochondria, nuclei,
and myofibrils. The myofibril is a string-like structure made of repeating units called sarcomeres.
The sarcomere is delimited by the oi-actinin containing Z-lines to which the actin-containing thin
filaments attach. Myosin-containing thick filaments are in the center of the sarcomere and form the
A-band. In the center of the A-band is the M-line that contains myomesins and part of titin involved
in formation of the A-band and positioning of the thick filaments in the center of the sarcomere.
Thick and thin filaments interdigitate in the overlap region and the extent of overlap increases as
sarcomere length decreases. The I-band includes a dense Z-line at its center and the low-density
non-overlap regions of the thin filaments from the adjacent half sarcomeres on each side. Classically,
the sarcomere is described as having thin-filament-containing I-bands flanking the thick-filament-
containing A-band but this does not convey the functional aspect of the overlap region.

As can be seen in Figures 1.2 and 1.3, the proteins of the sarcomere are organized into a near-
crystalline lattice, and the form of these proteins and their interactions with themselves and other
proteins result in a highly organized structure. The fascinating feature of muscle structure and
function is that one can start with most of the structures of individual proteins, organize them
into their respective polymers as governed by their interprotein interactions, build the individual
filaments (thick and thin) and their attachments (Z-line and M-line), build a sarcomere, and link
these sarcomeres in series to form the myofibril. These myofibrils can be associated and aligned,
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FIGURE 1.2 Vertebrate skeletal muscle fiber, myofibril, and sarcomere organization. Skeletal muscle fiber
and myofibril imaged by phase-contrast microscopy (top) and single myofibril whole mount imaged with
HVEM after positive staining (middle). Cartoon of sarcomeric organization in both longitudinal and cross-
section (bottom).

primarily by extra-sarcomeric proteins, and the muscle cells can be arranged to generate a model of
muscle organization consistent with that observed at the anatomic, light, and electron microscope
(EM) levels. This molecule-to-macroscopic approach will be used for this chapter. The x-ray crys-
tal structures available for many of the major myofibrillar proteins will be combined with electron
micrographs of the ultrastructural organization to illustrate and describe the individual proteins of
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FIGURE 1.3 Filament organization within the sarcomere as seen in electron micrographs of positively
stained sections of rabbit psoas muscle. Different regions of the near-crystalline lattice of the sarcomere
shown in cross-section (top) and in longitudinal section (bottom) are: 1, Z-line; 2, I-band near Z-line; 3,
I-band; 4, overlap region of the A-band; 5, non-overlap region of A-band; 6, bare zone of A-band adjacent to
M-band; 7, M-band. Arrows note the stripes associated with MyBP-C. Bar = 100 nm.

the sarcomere, their interactions with themselves and other proteins, their function, and to build
their respective subsarcomeric structures. We then build the sarcomere, the myofibril, adding some
membrane elements, and describe how all these elements work together to elicit muscle contraction
upon stimulation from the nerve.

1.3 MYOFIBRILLAR PROTEINS

The myofibril is an insoluble (at near-physiological salt levels) protein assembly composed of more
than 30 different proteins. It is isolated by homogenizing muscle (preferably post rigor) in a buffered
0.1 M saline solution followed by cycles of low-speed centrifugation. Most of the membrane ele-
ments and cystosolic proteins remain in the supernatant while the nuclei and myofibrils are in the
pellet. The proteins of the myofibril interact with each other by non-covalent bonds. Many of the
individual protein-protein domain interactions are weak but the number of domains interacting is
large, thus resulting in a very high overall affinity and providing stability to the protein complexes
that maintain the organization of the muscle structures. The major proteins and their approximate
levels in isolated myofibrils are shown in Table 1.1, and an SDS-PAGE gel of fast and slow bovine
myofibrils is shown in Figure 1.4 to aid in visualizing the relative amount of the different proteins
and their approximate monomeric mass. A description of the structure and function of the indi-
vidual myofibrillar proteins follows, with subsequent organization of these proteins into their sub-
sarcomeric structures. We do not focus on the numerous isoforms of the myofibrillar proteins and
use isoforms differences only to highlight the functions of the proteins.

1.3.1 MvosIN

The molecular motor that produces muscle force and contraction is the actin-activated ATPase,
myosin. There are numerous myosin classes within this large protein family (Foth et al. 2006).
The form contained in the contractile apparatus of all muscle types, and contributing nearly half
of the myofibrillar protein content in vertebrate striated muscle, is myosin II. There are several
muscle myosin types, differing in the speed with which they hydrolyze ATP and their regulation.
We describe here some of their common structural features; additional details may be found in other
reviews of muscle, myosin, and myosin filament structure (e.g., Squire 1981; Squire et al. 2005;
Craig and Woodhead 2006). Myosin isoform variations in different fiber types are also described in
more detail elsewhere in this volume.
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TABLE 1
Major Myofibrillar Proteins
Mw % MF protein

Protein Subunits (kDa) (w/w)
Myosin Heterohexamer: 520 43

Heavy chain 220

Essential (proximal) light chain 23

Regulatory (distal) light chain 20
Actin Homopolymer 43 22
Titin Homohexamer? 3,200-3,700 10
Nebulin Monomer 900 5
Troponin Heterotrimer: 73 5

Troponin T 31

Troponin I 23

Troponin C 18
Tropomyosin Homo/heterodimer: 66 5

Alpha-tropomyosin 33

Beta-tropomyosin 33
MyBP-C Monomer 130 2
MyBP-H Monomer 55 <1
Myomesin (1-3) Homodimer 165-185 2
o-actinin Homodimer 100 2
Tropomodulin Monomer 40 <1
CapZ Heterodimer: 68 <1

Alpha-subunit 36

Beta-subunit 32
Creatine kinase Homodimer 43 <1
Adenylate kinase =~ Monomer 22
Desmin Homopolymer 54 <l
Synemin Heteropolymer (w/desmin) 185 <1
Filamin Homodimer 240 <1
Telethonin/T-cap ~ Monomer 19 <1
Myopalladin Monomer 145 <1
T-cap Monomer 19 <<l
Dystrophin Monomer 427 <<l

Myosin II consists of two identical heavy chains and two pairs of light chains (Figure 1.5A and B),
with a combined molecular weight of around 520 kDa. The C-terminal o.-helical portions of each 220-
kDa myosin heavy chain dimerize to form a coiled-coil rod, approximately 150 nm in length. This
region is also involved in the formation of thick filaments and is discussed further below. Toward their
N-terminal ends, the two heavy chains separate and each terminates in a globular region. Enzymatic
digestion divides the molecule within the rod portion into light meromyosin (LMM) and heavy mero-
myosin (HMM). Heavy meromyosin can be further broken down to yield subfragments 1 and 2 (S1
and S2). Each S1 fragment (also referred to as the myosin head or crossbridge) includes the globular
portion of the heavy chain, with sites that bind MgATP and actin, and an o-helical neck that binds
two different types of light chains (Figure 1.5B), ranging from 20 to 23 kDa.

The S1 head alone is sufficient to produce movement of actin filaments in vitro (Toyoshima
et al. 1987), confirming that muscle contraction is a direct result of conformational changes that
occur within this fragment. The vertebrate myosin S1 crystal structure (Figure 1.5B), first solved in
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FIGURE 1.4 SDS-PAGE of myofibrillar proteins and crude myosin. Bovine cutaneous trunci myofibrils
(fast muscle, lane A), bovine masseter myofibrils (slow muscle, lane B), and myosin (lane C) were subjected
to SDS-PAGE.

1993 (Rayment et al. 1993), has helped identify the structural motifs important for transduction of
chemical energy (Geeves et al. 2005). The globular region of S1 is known as the catalytic or motor
domain because it contains the polypeptide sequences most fundamental to energy transduction in
muscle. Two subdomains (upper and lower 50K) are separated by a cleft that is associated with actin
binding. Adjacent to this area is a G-protein-like nucleotide binding pocket with a P-loop that coor-
dinates binding of MgATP. Partial ATP hydrolysis and subsequent release of one or both hydrolysis
products (ADP, inorganic phosphate Pi; see Figure 1.21) is closely associated with a change in the
conformation of the S1 head termed the power stroke. The resulting stable complex of actin and
myosin, free of nucleotide, is called the rigor complex.

The neck region of each Sl is the binding domain for two calmodulin-like light chains. The
essential (or alkali) light chain binds near the N-terminal end of each neck, and is so named
because it is necessary for ATPase activity and actin binding by myosin. The regulatory light chain
(also referred to as lightchain 2 or the DTNB light chain) binds at the C-terminal end of the neck,
nearest to S2. The functions of the light chains are not well understood, especially in vertebrate
striated muscle, although recent studies are beginning to shed light on how they contribute to con-
tractile properties (Moss and Fitzsimons 2006; Hernandez et al. 2007). Because the S1 neck acts
as a lever arm during the crossbridge cycle, its structure plays a role in determining the mechani-
cal properties of the muscle as a whole, with its length limiting the distance actin moves per ATP
hydrolyzed (and therefore, muscle velocity), and its stiffness affecting the load-bearing properties
of each crossbridge. The light chains are thought to not only increase the stiffness of the lever arm,
but also to have important regulatory functions. Vertebrate smooth muscle and many invertebrate
muscles are referred to as “myosin regulated” because their activation requires modification of
the light chains by phosphorylation or calcium binding. Evidence is accumulating that a similar
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FIGURE 1.5 (See color insert following page 148.) Myosin structure in vertebrate striated muscle. The
myosin molecule (A) includes two heavy chains (rendered in light and dark green) and two light chains (magenta
and cyan), and can be divided into three subfragments as shown. The crystal structure of S1 (B) shows loca-
tions of light chains and binding sites for actin and nucleotides. Images were rendered with MacPyMol using
pdb file 2MYS for S1 and 2FXO for S2.

mechanism, while not obligatory, plays an important role in tuning the activation of vertebrate
striated muscle.

1.3.2  MvyosiN BINDING PrOTEIN-C (MYBP-C)

Other proteins besides myosin and titin are present in the crossbridge region of thick filaments.
Myosin binding protein-C (MyBP-C, also called C-protein) and a smaller related protein, myosin
binding protein-H, are members of the immunoglobulin superfamily. For many years these proteins
were known to bind at regular positions along the thick filaments of striated muscle (Craig and Offer
1976; Bennett et al. 1986) (Figure 1.3) but generated limited interest because they were not required
for activation of contraction. The discovery that mutations in the gene for cardiac MyBP-C are
associated with familial hypertrophic cardiomyopathies has stimulated renewed study of how these
proteins contribute to normal muscle function, especially in the heart (De Tombe 2006; Granzier
and Campbell 2006; Oakley et al. 2007).

Three isoforms of MyBP-C have been identified and are encoded by different genes. One form,
MyBP-C3, is found only in cardiac muscle. MyBP-C1 and MyBP-C2 (formerly MyBP-X) are found
mainly in fast and slow skeletal muscle, respectively. Each isoform consists of a single polypeptide
chain (extended length approximately 50 nm), containing at least seven repeating immunoglobulin
I (Ig) type domains and three fibronectin (FN) domains. These are numbered from the N-terminus
as domains CO to C10. Repeats toward the C-terminus (C7 to C10) bind to the LMM portion of
myosin, and also to another myosin binding protein, titin (see below). The N-terminus of MyBP-C
has affinity for the S-2 portion of myosin and for actin (Kulikovskaya et al. 2003). The cardiac iso-
form is larger than the skeletal, due to a proline charge-rich insert near the center of the sequence
and addition of a cardiac-specific Igl domain. It also contains additional phosphorylation sites near
the N-terminus.
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MyBP-C binds at seven to nine locations in each half of the thick filament, separated by gaps of
43 nm, the same as the axial helical repeat of myosin heads on the filament surface (Figures 1.2,
1.3, and 1.17). Two to four molecules of MyBP-C are thought to bind at each axial position. Two
models have been proposed for their arrangement. In the trimeric collar model (Winegrad 1999),
three molecules of MyBP-C consecutively dimerize to form a ring around the myosin filament at
each axial location. The alternative model aligns C-terminal repeats of MyBP-C parallel to the
thick filament axis (Squire et al. 2003). In both models, the N-terminus can extend away from the
backbone to interact with myosin S2, actin, or both. Thus far, high-resolution EM studies have been
unable to rule out either model, and it is possible that the arrangement differs with muscle or fiber
type (Flashman et al. 2008).

It now seems likely that MyBP-C functions in regulation, assembly, and structural stability of
the contractile apparatus. Thick filament assembly and stability are promoted by interactions of the
C-terminus domains of MyBP-C with titin and are impaired by its absence. Regulatory functions are
associated with residues near the MyBP-C N-terminus that bind myosin S2. Studies of both intact
muscle fibers and isolated myosin filaments suggest that in its unphosphorylated state, MyBP-C helps
tether the S2 portion of myosin to the thick filament backbone; in cardiac muscle, phosphorylation
of MyBP-C domains C1-C2 is proposed to decrease their association with myosin S2, allowing S1
to move closer to actin prior to activation (Levine et al. 2001). It is also possible that binding of its
N-terminus to actin creates a strut that maintains the positions of the thin filaments midway between
adjacent thick filaments in the overlap region in relaxed striated muscle (Squire et al. 2003).

1.3.3 MYOMESINS

Three separate genes code for related proteins found in the M line/band (Schoenauer et al. 2008).
Myomesin 1 (185 kDa) is found in all striated muscles; myomesin 2 (165 kDa, also called M-protein)
is found in fast twitch fibers; and myomesin 3 (162 kDa) is restricted to slow and intermediate fiber
types. All three proteins have unique N-terminal regions followed by two immunoglobulin-like (Ig)
domains, 5 fibronectin domain 3 like (FN3) domains, and 5 more Ig domains. BLAST sequence
comparisons, however, indicate only 40% to 50% identity among the myomesins, with the longest
span being less than 15 amino acids. Myomesin 1 has been proposed to be the major thick filament
cross-linking protein, with a function analogous to ot-actinin in the Z-line (Lange et al. 2005). The
protein binds to myosin through its N-terminal domain and to titin via the most C-terminal three FN3
domains. All three myomesins form only homodimers through their carboxyl-terminal regions.

1.3.4 CReATINE KINASE AND ADENYLATE KINASE

Creatine kinase (CK) is also localized at the M-line. This enzyme catalyzes both the forward and
reverse reaction of creatine phosphate + ADP to yield creatine and ATP. CK binds to myomesin
through the latter’s Ig domains 6 to 8 (Hornemann et al. 2003). Only the MM form of creatine
kinase is found in the M-line and its binding affinity for myomesin is pH dependent, being weak at
high pH (>7.5) and strong at lower pH (pH 6.0). Adenylate kinase (formerly called myokinase) inter-
converts 2ADP to AMP + ADP and has been found near the M-band. The interaction of adenylate
kinase at the M-band has been proposed to occur through binding to FhI2/DRAL, which in turn
attaches to the carboxyl-terminal region of titin (Lange et al. 2002). The tethering of creatine kinase
and adenylate kinase near the site of ATP usage appears beneficial for muscle function.

1.3.5 AcTIN

Actin is the most abundant protein of muscle on a molar basis, being near 600 pM within the myo-
filament lattice. It acts as both a structural element of the sarcomere and as a co-factor for activa-
tion of the myosin motor domain ATPase. It polymerizes to form the major component of the thin
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FIGURE 1.6 (See color insert following page 148.) Actin monomer and polymer structure. The crystal
structure of G-actin is shown in a-carbon cartoon view (A) and surface rendered views (B and C). The sub-
domains are noted, as well as the inner and outer domains. Tilting of the structure 90° into the page shows
the bottom (subdomains 1 and 3) and that the molecule is mostly flat (C). The crystal structure of an F-actin
filament containing four monomers is shown (D through F). Each subunit is colored differently and the sub-
domains and domains are noted. The C-terminal three residues for all monomers is colored in black for refer-
ence. View (D) shows the filament from the front, (E) from the side, and (F) from the barbed (+) end of the
filament. A smaller view of a longer filament is shown in (G) with the c-actinin binding sites colored magenta.
The barbed (+) end is to the left and pointed (-) end is to the right. Note the spiral of the binding sites resulting
from the helical nature of the filament. Images were adapted from Pirani et al. (2006) supplemental files.

filament in an ATP-dependent manner. The crystal structure of G-actin was solved several years ago
(Kabsch et al. 1990), and different views of the structure are shown in Figure 1.6A through F. The
general anatomy of the protein is more planar than spherical. It is subdivided into four subdomains
numbered 1 through 4 that are named in a clockwise fashion with subdomain 2 starting in the upper
right and progressing to 1, 3, and then 4 in the upper left. Subdomains 3 and 4 are called the inner
domain of actin, whereas 1 and 2 are called the outer domain (Holmes et al. 1990). MgATP/ADP is
bound in a cleft formed between subdomains 2 and 4. The planar nature is obvious when the struc-
ture is viewed from subdomains 1 and 3 (Figure 1.6C) or 2 and 4. Polymerization of G-actin into
fibrous or F-actin is complex, being dependent on concentrations of salt, divalent cations, G-actin,
and ATP (Carlier 1991). It follows a sequential process in which subdomains 2 and 4 of one mono-
mer interact with 1 and 3 of another (yellow and cyan monomers in Figure 1.6D and E) to form a
dimer. Subdomains 3 and 4 of another monomer, rotated about 170° about its vertical axis, associate
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with subdomain 4 of the lower G-actin and subdomain 3 of the upper G-actin of the dimer (magenta
monomer in Figure 1.6D and E). If the cleft is considered the top of the molecule, dimerization
involves a stacking of one monomer on the other while formation of the trimer involves addition
of a monomer (after rotation of about 170°) to the side of this stack. Subsequent addition of mono-
mers occurs by primarily adding additional monomers onto the existing trimer (green monomer
Figure 1.6D and E). The process is rate limited by dimer and trimer formation. This polymerization
results in the filament having polarity with the clefts all in the same direction. This end of the poly-
mer is termed the minus (=) end of the filament because it grows more slowly than the other plus
(+) end. When the filament is “decorated” with rigor myosin S1, the minus end appears pointed and
is thus called the pointed end while the other end appears barbed and is called the barbed end. For
most illustrations, we will orient the pointed end at the top or right of the figure.

The arrangement of actin monomers in the filament (Figure 1.6G) can be described as either a
left-handed single stranded helix (sometimes referred to as “short pitch”) or as a right-handed double
stranded helix (“long pitch”). In electron micrographs the most prominent features are a 6 nm stria-
tion along the filaments resulting from the turns of the left-handed helix, and a 38 nm periodicity
reflecting the crossover points of the two strands of the right-handed helix. The filament can be
described as a twisted double strand of pearls with the twist of the two strands giving the long pitch
and the twist, in going from pearl to pearl, the short-pitch. The filament, without associated proteins,
is dynamic in that it can grow and shorten, depending on the conditions and G-actin level. In striated
muscle, there are proteins tightly associated with either the plus end (CapZ) or minus end (tropo-
modulin) and along the side (nebulin and tropomyosin) that stabilize the filament.

The diameter of the filament is about 10 nm and its length in muscle is primarily determined by
nebulin (see below). There are a few proteins that bind to the ends of the filament and involve both
the inner and outer domains (McGough 1998). The majority of proteins bind along the filament
and interact primarily with the outer domain. At the sarcomere level, these proteins include myo-
sin, tropomyosin, troponin (TnT and Tnl), o-actinin, nebulin, and possibly MyBP-C. For myosin
and o-actinin, two actin monomers are bound along the long axis of the filament but to different
domains of each monomer. The surface regions on F-actin involved in binding tropomyosin, myo-
sin, and o-actinin are shown in Figure 1.7, and it is apparent that there is overlap of some of these
sites. F-actin’s interactions with other proteins are numerous and are discussed further in sections
on the substructures of the sarcomere.

Tropomyosin Rigor S1 Alpha-actinin
sites (blocked) sites sites

FIGURE 1.7 (See color insert following page 148.) Binding sites on the actin filament. The F-actin
model from Figure 1.6 was modified by coloring the amino acid residues (dark blue) thought to be involved
in the binding of tropomyosin in the blocked state, S1 in rigor, and o-actinin. Note that similar residues are
involved for all three proteins. The residues involved are from McGough (1998) and images were rendered
as in Figure 1.5.
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1.3.6 NEBULIN

Nebulin is also a large protein with a size in the 750 to 850 kDa range that is primarily associated
with the thin filament (McElhinny et al. 2003). The name comes from its nebulous function at the
time of its discovery. Unfortunately, the role of this protein in muscle still remains mysterious. More
than 45 mutations have been detected in the human nebulin gene, and most of these lead to nemaline
myopathy, a muscle disorder where microscopic rods appear in the muscle cells. Nebulin is composed
of a large number of repeating domains and it is alternatively spliced. It contains an SH3 domain at
the C-terminus, and this sequence is proposed to bind to a proline-rich sequence near the N-terminal
end of titin in the Z-line. The proteins ot-actinin, desmin, and CapZ also bind to the nebulin carboxyl
end. A ~35 amino acid repeat occurs 185 times in nebulin. Each of these repeats contains a central
“SDXXYK” amino acid sequence that is believed to anchor the nebulin to each actin monomer along
the filament at 5.5 nm intervals. There is also a “WLKGIGW” sequence at every seventh module
(22 super repeats) in the center of the 185 repeat section, and this corresponds to the 38.5 nm spacing
of the troponin complexes along the thin filament. The repeating structure is thought to be o.-helical.
Nebulin likely follows a helical path on either side of the actin double strand (Figure 1.2, shown in
green). The amino terminus binds to tropomodulin near the free end of the thin filament.

Nebulin has been proposed to function as a molecular ruler to determine the thin filament length.
Support for this idea comes from the observation that the size of the nebulin correlates with the thin fil-
ament lengths when comparing different species. Thus, bovine and human thin filaments, with lengths
of 1.3 microns (um), have larger nebulins than mouse with filament lengths of 1.05 pm. The protein has
also been shown to bind to calmodulin. Nebulin knockout mice have altered calcium regulation and
markedly up-regulated levels of sarcolipin, a protein that alters the activity of the sarcoplasmic reticu-
lum calcium pump. However, direct interaction of the two proteins has not been demonstrated.

1.3.7 TROPOMYOSIN

Tropomyosin is a parallel homo- or heterodimer that is a component of the thin filament (Perry,
2001). Dimerization is via formation of an o-helical coiled coil involving hydrophobic interactions
associated with its amino acid heptad repeat. The non-polar (N) and polar (P) amino acid repeat
(NPPNPPP) results in a non-polar side chain at average intervals of 3.5 amino acids, very similar
to the 3.6 amino acid repeat of the o helix. This results in a hydrophobic strip along one side of the
o helix. Tropomyosin is a stiff, elongate molecule having a length of about 40 nm and a diameter
of about 2.5 nm (Figure 1.8). Under low salt conditions, it polymerizes end-to-end involving an
overlap of about 9 amino acids at both the N- and C-termini. It binds along the long axis of the
actin filament, and the end-to-end interactions between the tropomyosins are such that it is akin to
a linear co-polymer with F-actin. The orientation of the binding of tropomyosin to actin is such that
its sequence is anti-parallel to the polarity of the actin filament (N-terminus of tropomyosin at the
(-) or pointed end). While the overall binding affinity of tropomyosin to F-actin is high, its interac-
tion with individual actin monomers is relatively weak. This allows for some minor movements of
tropomyosin on the surface of F-actin that are important in regulation of contraction. The major
binding sites on F-actin are on the outer domain of the filament, with other sites more toward the
inner domain that are associated with un-blocking of actin for interaction with myosin (Figure 1.8).
The mole ratio of actin monomers to the tropomyosin dimer is 7 to 1. Tropomyosin is involved in
stabilizing the thin filament but its primary function is to regulate myosin’s interaction with actin.
This involves movement of tropomyosin on the surface of the actin filament that is mediated by
troponin (see below). Troponin binds to tropomyosin in the C-terminal third of the molecule and
slightly into the N-terminus of the overlapping tropomyosin. This binding is mostly through the
TnT subunit of troponin, with TnT being anti-parallel with respect to the tropomyosin sequence.
Tropomodulin binds near the N-terminal 14 amino acid residues of tropomyosin and inhibits tropo-
myosin end-to-end interactions.
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FIGURE 1.8 (See color insert following page 148.) Tropomyosin structure. A low-resolution structure
of tropomyosin in o-carbon cartoon view is shown in (A), and a higher-resolution structure of part of the mol-
ecule (B). The high-resolution structure is also shown in surface view in (C). One monomer is colored cyan
and the other green. Note the coiling of the monomers to form the coiled-coil dimer.

1.3.8 TROPONIN

Troponin (Tn) is an additional thin-filament associated protein whose primary function is to control
the location of tropomyosin on the thin filament in a calcium-dependent manner and thus control
contraction (Farah and Reinach 1995). It is a heterotrimeric protein, being made of subunits called
TnT, Tnl, and TnC. Biochemical studies over the past 40 years determined many of the interactions
of the subunits with the thin filament and the subunit interactions within the heterotrimer. Troponin
T primarily binds to tropomyosin (Perry 1998). Troponin T can be divided into two domains called
TnT1 and TnT2. Tropomyosin binding is mainly by TnT1 whereas Tnl and TnC binding is mostly by
TnT?2. Troponin I is inhibitory to actin activation of myosin ATPase activity and interacts primar-
ily with actin (Perry 1999). It too can be subdivided into an N-terminal domain that is involved in
structural interactions with TnC and TnT and a C-terminal domain that is involved in regulatory
interactions with actin and TnC. The switching of this domain between actin and TnC is part of the
molecular switch involved in regulation of contraction. Troponin C binds calcium and is considered
the calcium binding switch for turning on contraction (Grabarek et al. 1992). As with TnI, TnC can
also be sub-divided into a regulatory and a structural domain, but with the opposite polarity. The
C-terminal globular domain is involved in structural interactions with the C-terminal region of TnT
and the far N-terminal region of Tnl. This domain binds two calcium ions with low micromolar
affinity or two magnesium ions with low millimolar affinity. The N-terminal globular domain binds
two calcium ions with micromolar affinity for the fast skeletal isoform but only one calcium for the
slow/cardiac isoform. This “regulatory” calcium binding is associated with structural changes in
the N-domain that result in exposure of a hydrophobic region. This calcium exposed hydrophobic
region is a high affinity site for a part of the regulatory domain of Tnl.

The troponin trimer forms a club-like structure with a length of about 25 nm and a diameter of
about 5 nm (Flicker et al. 1982). The handle is made of the N-terminal region of TnT (TnT1), and
the club part is made of the so-called core-domain of Tn, which includes the C-terminal region of
TnT (TnT2) and all of Tnl and TnC. Crystal structures of the core domain were recently obtained
(Vinogradova et al. 2005) and are shown in Figure 1.9. There are numerous contacts between the
subunits and much of Tnl and TnT are not resolved in the crystal. The structural interactions that are
involved in formation of the trimer are demonstrated by the coiled-coil formed between TnT and Tnl,
as well as the interaction of the C-terminal domain of TnC with the N-terminal domain of Tnl. The
C-terminal domain of TnC is held in the structure like chopsticks, with Tnl being one stick and the
TnlT coiled-coil being the other. In the calcium-saturated structure (Figure 1.9C-F), the N-terminal
domain of TnC has structural differences from the apo state that are associated with the exposure of a
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FIGURE 1.9 (See color insert following page 148.) Structure of the troponin core domain. Most of TnC
(green) and part of TnI (cyan) and TnT (magenta) are shown as o.-carbon cartoon structures (A and C) or sur-
face views (B, D, E, and F) The core domain without regulatory calcium bound is shown (A and B) and with
regulatory calcium bound (C through F). Views (E) and (F) are viewed rotated 90° either out of (E) or into (F)
the page. Note in (A) and (C) the greater amount of structure detected in the calcium-bound state as a result of
calcium-dependent regulatory interactions between TnC and Tnl.

hydrophobic region. Nestled within this region is an o-helical 9 or 10 amino acid region of Tnl. There
is no direct competition of actin for the same amino acid residues in Tnl; rather, the actin binding
regions are thought to flank the TnC binding region (Luo et al. 2002). Troponin binds to the thin fila-
ment primarily via TnT, through TnT1’s interaction with tropomyosin and via TnI’s interaction with
actin. Weaker interactions of TnT2 with actin also may be involved in binding Tn to actin (Pearlstone
and Smillie 1981). There are suggestions that Tnl also binds to tropomyosin at specific sites, further
enhancing its interaction with the thin filament (Geeves et al. 2000; Zhou et al. 2000). The mole ratio
of actin monomers to troponin heterotrimer is about 7:1, while that of the troponin heterotrimer to
tropomyosin is 1:1. The so-called regulated thin filament thus has a stoichiometry of 7:1:1.

1.3.9 TrROPOMODULIN

Tropomodulin is a low copy number protein that binds tropomyosin and actin and thus is a compo-
nent of the thin filament (Fischer and Fowler 2003). It was originally discovered in red blood cells,
and subsequent isoforms were found in skeletal muscle. It has an N-terminal tropomyosin binding
domain and a C-terminal actin binding domain. Tropomodulin’s affinity (in K,) for tropomyosin
is about 1 uM, while its affinity for actin is about 0.3 pM. As noted above, tropomodulin binds to
tropomyosin’s N-terminus. Its interaction with actin is such that it binds to the pointed (-) end of
the actin filament, likely across the end of the filament (Fowler et al. 2003). Tropomodulin binds
to the actin—tropomyosin complex with a very high affinity (K, < 50 pM). Considering its interac-
tions, one would predict a mole ratio of 2 molecules of tropomodulin per thin filament. Because of
its extremely high affinity for actin—tropomyosin, it essentially prevents addition or loss of G-actin
monomers from the pointed (-) end of the filament.

1.3.10 CarZ

Another low copy number protein bound to the thin filament is CapZ (Cooper and Schafer 2000). It is a
heterodimer made of o~ and B-subunits. It binds tightly to the barbed (+) ends of actin filaments with a K,
of about 1 nM. As the name implies, it caps actin filaments and is found at the Z-line of the sarcomere. It
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FIGURE 1.10 (See color insert following page 148.) Structure of CapZ. The o.-subunit is colored green
and B-subunit cyan in carbon cartoon (A) and surface (B) views. Note the similarity in general structure
between the subunits and the C-terminal extension in the B-subunit that is thought to be involved in binding
to the barbed (+) end of actin filaments.

also appears to bind oi-actinin, and this interaction may stabilize its localization to the Z-line. CapZ was
recently crystallized (Yamashita et al. 2003) and this structure is shown in Figure 1.10. The molecule is
elongate, being about 9 nm long and 5 nm wide. There are extensive interactions between the subunits
in the heterodimer, and the structure of the individual subunits is strikingly similar, although there is
limited sequence similarity. Both subunits have a far C-terminal region that likely protrudes from the
main core of the protein. The proposed interactions with the actin filaments involve binding to the
barbed (+) end G-actin monomers, mediated primarily by the far C-terminal regions of CapZ (Narita
et al. 2006). The likely mole ratio of CapZ to thin filaments is 1:1.

1.3.11  o-ACTININ

o-actinin is an anti-parallel homodimer found in the Z-line (Otey and Carpen 2004). It has a length of
about 35 nm and a diameter of about 4 nm. A model structure for o-actinin was developed from the
individual structures of its domains (Tang et al. 2001) and is shown in Figure 1.11. The monomer has
three major domains; near the N-terminus is a globular actin binding domain composed of a pair of
calponin homology domains. This is followed by four triple o-helical, spectrin-like domain repeats.
This is also called the rod domain of o-actinin. Near the C-terminal is a calmodulin-like domain,
which in the muscle isoform does not bind calcium. The anti-parallel nature of the molecule results in
an actin binding domain at each end, with these domains being rotated approximately 180° about the
short axis of the molecule. As the name implies, the actin binding domain binds to actin, and the resi-
dues on actin involved in this binding have some overlap with residues involved in myosin and tropo-
myosin binding (see Figure 1.7). This likely results in competition between o-actinin and these other
proteins for binding to actin, as suggested by biochemical experiments (Zeece et al. 1979). o-actinin
also binds to titin and this involves the C-terminal calmodulin-like domain and spectrin repeats 2 and
3 (Young et al. 1998). Binding to nebulin occurs at the ends (Pappas et al. 2008) and to CapZ in the
rod domain (Papa et al. 1999). These numerous interactions with other sarcomeric proteins result in
very high affinity binding of ot-actinin to the Z-line of the sarcomere. Studies with myofibrils in vitro
demonstrate that o-actinin can readily be exchanged into the Z-line and the apparent dissociation rate
is 0.01 min~!, in accord with its high affinity for the various proteins at the Z-line (Swartz 1999).

1.3.12 TimiN

Titin is a giant protein with a monomer size of over 3 million Daltons (for review, see Granzier and
Labeit 2007). It was so named after the Greek Titans who were giants. It also is sometimes referred
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FIGURE 1.11 (See color insert following page 148.) Model structure and the domain organization of a-actinin
dimer. One monomer is colored green while the other is colored cyan in the o-carbon cartoon (A) and surface (B)
views. The complete domain structure of one of the monomers is shown (C) with the actin-binding domain in red,
spectrin repeats in shades of green, and the calmodulin-like domain in blue. The actin-binding domain of the other
monomer is shown in dark salmon to demonstrate its location opposite the calmodulin domain.

to as connectin. A single titin molecule extends from the Z-line (amino terminus) to the M-line
(carboxyl terminus) in the sarcomere, a length of more than 1 um (Figure 1.2, shown in red). Thus,
the groups of titin molecules have an opposite polarity in each half sarcomere. The arrangement of
titin in the myofibril has been determined based on antibody staining of permeabilized cells with
monoclonal antibodies. An example is shown in Figure 1.12, where the extra mass from the mono-
clonal 9D10 is clearly visible in the middle I-band region and a dense line is found in the middle of
each half A-band using monoclonal 856. Several studies using many different monoclonals show
similar pairs of antibody stripes at equivalent positions in each half sarcomere. Titin filaments are
not visible by electron microscopy in intact myofibrils except after extreme stretch where the thick
and thin filaments are pulled beyond overlap and so-called “gap filaments” can be observed in the
gap between the A- and I-bands. There are also structures referred to as “end filaments” that appear
to be formed by aggregates of several titin molecules emerging from the ends of thick filaments
after the thick filaments are mechanically removed from the sarcomere (Figure 1.13).

The structure of the protein is extremely complex, with large numbers of repeating domains.
Most of the mass consists of 90 to 100 amino acid modules (as many as 280 total) that are 7 stranded
B-sheets. These modules are of two types — those similar to the backbone-folding pattern of Ig and
another set with similarity to the third domain of fibronectin (FN3). The portion of titin that lies in
the A-band has both FN3 and Ig domains but the I-band region contains only the Ig-type domains.

Because titin is linked at both the Z-lines and the M-band, the structure must be elastic in
nature to accommodate changes in sarcomere length during contraction and relaxation. In skeletal
muscle, the elasticity arises from two sources. First, as a muscle is extended from its rest length,



Muscle Structure and Function 17

N
> N
N

e

:
3
‘3
3
$

=

!a-.
-;
.
R:

856

FIGURE 1.12 Titin location within the sarcomeremicron. Two sarcomeres sections of rabbit psoas muscle
treated with two different monoclonal antibodies to titin prior to preparation for transmission EM. Because
the antibody binds at only one position within each titin molecule, a dense band appears at only one location
in each half sarcomere (white arrows). Bar = 1 pm.

FIGURE 1.13 End filaments of the thick filament. Isolated A-band segment (A) and isolated thick filament
(B) from goldfish bodywall muscle. Due to negative staining, protein structures in these electron micro-
graphs appear as light areas on a dark background. End filaments can be seen protruding from the ends of
the myosin filaments in both (A) and (B). Note the fine 4 nm striation in the end filament enlargement (C,
arrow), thought to arise from the intrinsic domain repeat in this region of the titin molecule. Bars = 100 nm
(A and B) or 20 nm (C).

the supercoiled titin molecules are straightened. Recent evidence indicates that this straightening
occurs much like that of a carpenter’s ruler that has both rigid and flexible regions. With greater
extension forces, a specialized amino acid sequence called the PEVK region (positioned near the
middle of the half I-band) lengthens. The PEVK is so named because more than 75% of the amino
acids in this region consist of proline, glutamic acid, valine, and lysine. Most of the PEVK contains
a repeating structure that includes a large number of 26 to 28 amino acid modules and several glu-
tamic-acid-rich regions. While the Ig and FN3 modules are structurally stable in living muscle, the
PEVK region is believed to be intrinsically disordered. Because this region is particularly sensitive
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to protease action (such as during the postmortem period), SDS gel electrophoresis often reveals two
titin bands (see Figure 1.4) — the T1 (corresponding to the full-length protein) and T2 (the A-band
end of the molecule).

As a muscle cell is stretched under resting conditions (i.e., with magnesium and ATP present
and calcium levels less than 10-¢ M), the resisting force gradually increases with an increase in
sarcomere length. The force measured is often referred to as passive tension (see below). The
increased tension with sarcomere extension also allows titin to maintain the A-band in the center
of the sarcomere. Passive tension varies between different muscles, due in part to the presence
of different-sized titins (between 3.2 and 3.7 MDa). There is a single titin gene in higher verte-
brates, and the size differences arise through alternative splicing in the middle I-band and PEVK
sequence regions.

Unlike the I-band portions discussed above, the A-band portion of titin is believed to remain
at fixed length during physiological stretch. The Ig (I) and FN3 (F) domains have 6 super repeats
with the pattern I-F-F-I-F-F in the so-called D (distal) region of the A-band and 11 super repeats
with the pattern I-F-F-I-F-F-F-I-F-F-F in the C-region found in the middle of each half A-band. The
spacing of the start position of the 11 super repeats corresponds to the spacing (43 nm) of MyBP-C
in the sarcomere and is consistent with the length of 11 modules (4 nm length determined by x-ray
and NMR of an isolated expressed titin module). The precise domain patterns of the titin modules
have led to the view that titin serves a ruler function for the assembly of the thick filament. Recent
evidence suggests that titin runs parallel to the long axis of the thick filament on the surface of the
shaft. A-band titin also contains a kinase domain. It has been shown to phosphorylate telethonin
(also know as T-cap) but the kinase and T-cap are half a sarcomere apart in the assembled myofibril.
No other protein substrates have been identified to date.

Titin interacts with a plethora of other proteins. These include telethonin/T-cap, filamin, nebulin,
a-actinin, and small ankrin 1 in the Z-line region; obscurin, actin, a8 crystalline, Fh12/DRAL,
MARP, and calpain-3 in the I-band region; myosin and MyBP-C in the A-band region; and MURFs,
Ca/calmodulin kinase, Nbrl, Fh12/DRAL, lamin, calpain-3, and myomesin in the M-line region.
Some of the listed proteins provide structural anchors for titin. Others have been proposed to func-
tion in signaling and/or protein turnover. However, the functional significance of most of these
interactions is currently unknown.

1.3.13 OBSCURIN

Obscurin is a large myofibrillar protein with a confusing localization pattern (Kontrogianni-
Konstantopoulos, and Bloch 2005). It appears to be bound at the Z-line in developing muscle but
localizes to the M-line in adults. Similar to titin, the myomesins, and MyBP-C, obscurin contains
Ig and FN domains (68 and 2, respectively). In addition, there is a calmodulin domain, a RhoGEF
domain (GEF = GDP/GTP exchange factor) with an associated pleckstin homology (PH) domain,
and 2 serine-threonine kinase domains. The amount of the protein is very small — on the order of
one tenth as much as nebulin. Obscurin has been found to associate with the Z-line region of titin
through two specific Ig domains. It also binds to small ankrin 1 and thus may help tether the sar-
coplasmic reticulum to the myofibril and perhaps the myofibrils to the sarcolemma. The RhoGEF
domain has been suggested to function in G protein coupled signaling.

1.4 SUBSARCOMERIC STRUCTURES

The sarcomere of the myofibril can be divided into several substructures made from the proteins
described above. This includes the thin and thick filaments that make up most of the sarcomere.
There are also structures involved in organization of the thin (Z-line) and thick filaments (M-band)
into their respective I-bands and A-bands. The organization of these subsarcomeric structures are
described below.
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1.4.1  THick FILAMENT

Myosin II molecules associate together to form the myosin or thick filaments found in muscle cells.
Whereas the globular N-terminus of myosin determines its motor activity, the C-terminal rod portion
is essential for filament formation. Each LMM rod associates with rods of neighboring molecules
to form the filament backbone, probably as a result of interactions between charged amino acids at
~4 nm intervals along the rod (McLachlan and Karn 1983; Straussman et al. 2005). Polymerization
of myosin into thick filaments in vitro is salt, pH, and myosin concentration dependent (Davis 1988).
Polymerization starts by formation of longitudinal dimers, association of the dimers to form the
bare zone, and then addition of dimers at the ends of the newly formed bare zone. Filaments formed
in vitro can have highly variable lengths, pointing out the importance of thick-filament associated
proteins (i.e., titin) in determining in vivo filament lengths. In vertebrate skeletal muscle, filament
lengths are quite uniform within each fiber, with around 300 myosin molecules per 1.6 pum fila-
ment. The molecules at each end of the filament face in opposite directions, with their C-terminal
rods pointing toward the center (Figure 1.14). This bipolar anti-parallel arrangement results in a
central bare zone devoid of projecting heads (Figure 1.14B and C). At the center of each filament
are additional proteins that tether adjacent thick filaments together and form the M-band (described
below). Several models of myosin rod packing have been proposed, some with and some without
grouping of monomers into subfilaments (Wray 1979; Chew and Squire 1995). Structural data from
vertebrate striated muscle so far do not clearly favor one particular model but EM features suggest
that the rods lie nearly parallel to the filament and may surround a narrow hollow core (Squire
et al. 1998; Kensler 2005). The organization of myosin in vertebrate smooth muscle filaments has
not been fully characterized but probably is based on anti-parallel packing of tails in a side-polar
arrangement along the filament so that heads emerge on opposite faces or sides of each filament (Xu
et al. 1996). Many invertebrate thick filaments also include the protein paramyosin in their core.
Although the rod portions of the myosin molecules are packed so that some lie buried within
the filament backbone, the S1 heads must all be exposed at the filament surface in order to bind to
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FIGURE 1.14 The filament is formed by association of myosin monomers along their LMM tails, which
point in opposite directions in each half filament (A). The absence of motor domains in the center results in a
bare zone (B). In vertebnrates, sequential polymerization of about 300 molecules gives rise to a bipolar fila-
ment of about 1.6 um in length (C). Images were rendered as described in Figure 1.5 and the myosin filament
arrangement was adapted from the vertebrate cardiac myosin filament structure of Al-Khayat et al. (2006). A
transmission electron micrograph of a negatively stained thick filament from goldfish bodywall shows the full
thick filament length (D) and at higher magnification, projections of motor domains and their apparent spiral
appearance on the surface of the filament. Bar = 50 nm.
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adjacent actin filaments. In relaxed muscle, the S1 heads project off the backbone in regular arrays
(Figure 1.14B, C, D) that have been extensively studied by low angle x-ray diffraction and EM, and
differ by muscle type (smooth vs. striated) and species (Squire et al. 2005; Craig and Woodhead
2006). For example, in insect filaments there are four myosins emerging at each level (crown),
whereas in scallop there are seven. Successive crowns are evenly spaced and rotated, so that the
heads form a helical pattern running along the surface of the filament. In vertebrate striated mus-
cle, three pairs of myosin heads emerge at each crown but the spacing and rotations of successive
crowns vary, with this pattern repeating every three crowns, about 43 nm.

The orientations of the individual myosin S1 heads in relaxed muscle have been the subject
of many studies because they represent a starting point for the contractile event, and their highly
ordered and periodic arrangement makes them accessible to analysis by x-ray diffraction (Huxley
and Brown 1967; Yagi et al. 1977; Squire et al. 2006; Oshima et al. 2007) and EM image process-
ing (Kensler and Stewart 1983; Cantino and Squire 1986; Craig et al. 1992; Al-Khayat et al. 2006;
Zoghbi et al. 2008). Moreover, recent work suggests that in myosin-regulated muscles, this arrange-
ment may help maintain the relaxed state. In smooth muscle, myosins with unphosphorylated regu-
latory light chains have very low ATPase activity and are therefore effectively turned off. Structural
studies of smooth muscle HMM suggest that in the unphosphorylated off state, intramolecular
interactions inhibit actin binding by one head and ATP hydrolysis by the other (Wendt et al. 2001).
This smooth muscle interacting head motif appears consistent with the observed EM structures in
relaxed thick filaments of myosin-regulated tarantula muscle (Woodhead et al. 2005). The argument
is made that this arrangement is a common feature of all thick filaments that are myosin regulated.

But do such head-head interactions also occur in vertebrate striated muscle? In these systems,
activation is initiated by calcium binding to troponin but thick filament protein interactions that
stabilize the resting head configuration could play a secondary role in maintaining the relaxed state.
Due to perturbations in the helical arrangement, the arrangement of heads in thick filaments of
vertebrate striated muscle is more difficult to resolve. Structural studies of myosin filaments from
vertebrate skeletal muscle have supported models with heads from the same molecules closely asso-
ciated but with variations in orientation at different levels within each three-crown repeat (Kensler
2005b; Al-Khayat et al. 2006; Oshima et al. 2007). Most recently, two independent EM studies have
modeled crossbridge orientations in mammalian cardiac thick filaments at 4 nm resolution or better.
Both find that the smooth muscle interacting-head motif fits the observed EM images at two of three
crowns in the myosin helix (Al-Khayat et al. 2008; Zoghbi et al. 2008). In cardiac muscle, it is not
expected that this arrangement would prevent activation (as it may in myosin-regulated systems) but
could lower its probability at low calcium, thus reducing diastolic pressure and optimizing perfor-
mance of the heart. These intramolecular interactions, if shown to be widely conserved, could help
explain the universal occurrence of two-headed myosins in muscle.

As noted above, the LMM portion of the o-helical rod is essential for filament formation and
provides the majority of the mass found in the filament backbone. The S2 domain of the rod is more
soluble, associating only weakly with the filament backbone, and single myosin molecules imaged
using EM often show a bend near the LMM-HMM junction. These and other data suggest that S2
has considerable mobility in situ. During relaxation, it appears to lie close to the filament backbone,
maintaining the ordered array of helical filaments. During activation, release of S2 from the fila-
ment surface would increase the number of target actin binding sites on adjacent filaments where
S1 can bind. This mobility may also help the contractile system adapt to increases in interfilament
distance that occur as the muscle shortens.

1.4.2 THIN FILAMENT

The thin filament of skeletal muscle contains primarily F-actin. Bound along the length of the
F-actin filament are nebulin, tropomyosin, and troponin (Figure 1.15). The barbed (+) end bind-
ing CapZ (Figure 1.15a) and o-actinin is located at the Z-line while the pointed (-) end binding
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FIGURE 1.15 (See color insert following page 148.) Thin filament structure. Cartoons of the thin filament
(A and B) and transmission electron micrographs (C and D) of thin filaments in the non-overlap region from
plaice fin muscle after freeze fracture show the protein organization along the filament. Cartoons of the ends
(Z-line and tip in the overlap region) of the thin filaments (A) show the capping of the filament. For the plus or
Z-line end (leftmost), actin is colored blue and CapZ is colored red. For the minus or tropomodulin end, actin is
blue, Tm is red, Tn is green, and tropomodulin is cyan. Arrows in D denote the troponin bulges. The rotation of
each successive troponin pair around the filament axis has been omitted to simplify the rendering.

tropomodulin is at the opposite end. The interactions of primarily nebulin, CapZ, and tropomodulin
stabilize the F-actin filament from polymerization/depolymerization (Littlefield and Fowler 1998).
There may be transient interactions of MyBP-C with actin but these are not well resolved. Myosin
also interacts with the thin filament in an ATP-dependent transient fashion, moving toward the
barbed (+) end of the thin filament.

Thin filament length in striated mammalian muscle is not the same between muscles within a
species or between species. It ranges from 1.0 to 1.3 um in length. This relatively stable structure
and its anatomy allow one to calculate the mole ratio of proteins within the thin filament. For a
1 um thin filament, there are about 400 actin monomers, 56 troponins and tropomyosins, 2 nebulins,
2 tropomodulins, and 1 CapZ. The amount of ¢i-actinin is dependent on Z-line width, which varies
with fiber type but ranges from 2 to 8.

The azimuthal position (position with respect to the cross-section of the filament) of tropomyosin
on the actin filament can change, depending on calcium level and strong (rigor) crossbridges (Vibert
et al. 1997). This feature was initially inferred from x-ray diffraction studies on muscle and led to
the steric blocking model of thin filament regulation (Squire and Morris 1998). More recent studies
using EM reconstruction of reconstituted thin filaments (actin+tropomyosin+troponin), confirming
this model and adding more detail, are discussed below. The azimuthal location of nebulin is not well
resolved. Early studies suggested that the actin binding domains bind to the inner domain, primarily in
subdomains 3 and 4 (Pfuhl et al. 1994). More recent studies with F-actin and a 3-module actin-binding
fragment of nebulin suggest that it binds in potentially three different locations — the extreme outer
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domain, the outer domain, and the inner domain (Lukoyanova et al. 2002). Some of these sites are
occupied by tropomyosin, so there is potential for steric clashing of these molecules on F-actin.

Some of the change in the location of tropomyosin on actin is mediated by troponin. Troponin is
spaced at about 38 nm intervals along each strand of the two-stranded long-pitch helix. Troponins
on opposite strands are staggered axially by about 2.5 nm (Figure 1.15A-D). The azimuthal loca-
tion of troponin with respect to the actin has been difficult to determine. Recent studies using EM
reconstruction and single-particle analysis have led to two different models for troponin’s location
with respect to actin and tropomyosin. One has troponin bound to actin+tropomyosin with the regu-
latory domain of Tnl interacting with the actin and controlling the location of tropomyosin on the
same long-pitch strand. In this model, the troponin core domain moves with the tropomyosin that it
controls (Narita et al. 2001). The other model has the troponin on the opposite long-pitch strand con-
trolling the position of tropomyosin; that is, the regulatory domain of TnI spans the short-pitch helix
(across the filament) to control the location of tropomyosin (Pirani et al. 2006). This model also sug-
gests that part of TnT spans the short pitch and further influences the location of tropomyosin. With
this model, the troponin structural domain (TnIT coiled-coil and C-terminal of TnC) does not move;
only the regulatory domain of Tnl moves to allow for tropomyosin movement on the surface.

1.4.3 Z-LINe/Z-Disc

The Z-line bisects the I-band and is a critical structural element that links the contractile activity of the
individual thin filaments to contractions at the ends of the muscle cell (Vigoreaux 1994). In cross-sec-
tion, it appears as a circle or disc and is sometimes called the Z-disc. At the EM level, in cross-section
within the Z-disc, it appears as either a square lattice or as a basket-weave lattice (see Figures 1.2 and
1.3). For the square lattice, the corners are the actin filaments and the connections between the cor-
ners are called Z-links that are mostly made of a-actinin. For the basket weave, the “weave” are the
Z-links and their points of intersection are the actin filaments. These two different appearances are
thought to be the result of expanding the basket-weave lattice into the square and thus straightening
out the Z-links (Yamaguchi et al. 1985). In longitudinal-section, the Z-line appears with a zigzag line
connecting the actin filaments (Figure 1.16a—c). The actin filaments from the opposing half sarcom-
eres overlap at the Z-line (Yamaguchi et al. 1983), allowing o-actinin to link two actin filaments of
opposite polarity (Figure 1.16a). The width of the Z-line is fiber type specific with fast muscles having
a narrow (about 50 nm) Z-line and slow/cardiac muscles having a wide (about 140 nm) Z-line. Narrow
Z-lines appear to have two Z-links while slow bovine sternomandibularis has six Z-links (Luther
et al. 2002). The longitudinal spacing between the links is about 18 nm. Independent of fiber type, the
width of the Z-line changes with sarcomere length, being wider at long sarcomere length than short
to accommodate the constant volume nature of the filament lattice. This is readily observed in light
microscopy of isolated myofibrils using phase-contrast. The Z-line is quite visible in sarcomeres at 3
um but barely visible at 2.2 um. However, these apparent changes in width are overestimated because
of the contrast method. Additional structural proteins within the Z-line include titin and nebulin. The
N-terminal of titin penetrates the Z-line and extends across the complete width. It interacts with the
C-terminal, calmodulin-like domains of a-actinin through its Z-repeats. Nebulin interacts with the
Z-line and penetrates to the level of the first Z-bridge (Millevoi et al. 1998).

There is emerging evidence that the Z-line is a potential nexus for several signal transduction path-
ways (Frank et al. 2006) and that there are up to an additional 10 proteins that localize to the Z-line
or its periphery (Faulkner et al. 2001). These proteins typically are present in low copy number, many
bind to o-actinin, and some are involved in various signal transduction processes and potentially
myofibrillogenesis. Additional work needs to be done to document that many of these are bona fide
structural elements of the Z-line and/or that they are transiently associated with the Z-line in a docking
fashion. Some that are well characterized include 7y filamin, telethonin, and myopalladin. Filamin was
localized to the Z-line more than 25 years ago (Gomer and Lazarides 1981). More recent studies sug-
gest that this localization involves both the actin binding domains of filamin and through an indirect
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FIGURE 1.16 (See color insert following page 148.) Structure of the Z-line/Z-disc and M-band. A car-
toon of the Z-line (A) was made using F-actin structures from Figure 1.8 and the oi-actinin structure in Figure
1.13. F-actin is in blue, CapZ in red, and oi-actinin in cyan and green. This zigzag appearance is evident in
electron micrographs from negatively stained sections of frog semitendinosus muscle (B and C). The M-band
as envisioned in cartoon form (D) was made using Fn and Ig domain models for myomesin and the thick
filament cartoons in Figure 1.14. The general organization was interpreted from Lange et al. (2002). Myosin
is colored green, titin blue, Ig domains magenta, Fn domains orange, and myosin binding domain black.
Myomesin bridges are shown more widely spaced than expected for clarity. The M-lines (M4’, M1, and M4)
are noted. Bar in (C) = 100 nm.

interaction with ot-actinin via a protein called myotilin (Van der Ven et al. 2000). Telethonin/T-cap
is localized to the Z-line through its interaction with the N-terminus of titin (see above). Myopalladin
is a recently discovered Z-line 145 kDa protein that links the C-terminal Src homology domains of
nebulin to the C-terminal calmodulin-like domain of o-actinin (Bang et al. 2001).

1.4.4 1-BanD

The I-band was initially so-named because it is isotropic in refractive index when viewed in
the polarizing microscope. In phase contrast and EM images, it is the low-density region of the
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sarcomere bisected by the Z-line (Figure 1.2). As such, a single I-band includes one Z-line and the
region of the thin filaments on each side of the Z-line (longitudinally adjacent half sarcomeres)
that are not in the overlap region. The width of the I-band decreases as the sarcomere shortens and
this feature, with a lack of change in the A-band width, led to the sliding filament hypothesis for
muscle contraction. The thin filaments within a half I-band have the same axial repeat or twist. In
well-aligned sarcomeres in EM longitudinal sections, as shown in Figure 1.16C, this alignment of
adjacent filaments produces perpendicular I-band stripes at 38 nm intervals due to the additional
mass of troponin. In cross-section, the actin filaments have a square lattice near the Z-line (out to
about 100 nm) and a hexagonal lattice near the A-band (see Figures 1.2 and 1.3). The center-to-
center spacing between adjacent thin filaments is about 25 nm in the overlap region but varies with
sarcomere length to maintain a constant volume.

1.4.5 M-BanD

The electron microscopic appearance of the M-band is related to the types and distributions of
myomesins (Agarkova et al. 2003). Five prominent lines spaced 22 nm apart are visible in muscle
sections, and these are labeled M6, M4, M1, M4, and M6’, with M1 at the center. The M4, M4’
lines are present in all muscles (Figure 1.16C and D) but the other lines vary with muscle type and
developmental stage. The M1-band is present in fast muscles containing myomesin 2, and M6,
M6’ occurs in muscles containing myomesin 3. The binding to titin and the near proximity of this
interaction to the titin kinase domain suggests that the myomesins may have some involvement in
titin stretch signaling. Myomesins are also thought to be the mass associated with the M-bridges
observed in cross-section (Figures 1.2 and 1.3). Creatine kinase (MM isoform) also binds to the
M-band to contribute additional mass.

1.4.6 A-BanD

In striated muscle, thick filaments lie parallel to each other in clusters that give rise to the A-bands
seen in the light microscope (Figure 1.2). The separation between thick filaments is around 48 nm
in vertebrate fibers at rest, but decreases as a muscle is stretched. In most species, the filaments are
connected at their centers by the M-bridges, which maintain them in a regular hexagonal array. The
myomesin-dependent M-bridges and M-lines also keep the filaments in vertebrate striated muscle
in close axial register, so that bare zones, myosin crowns, and myosin binding proteins are in nearly
perfect alignment (Figures 1.2, 1.3, 1.16, and 1.17). In minimally disrupted A-bands, this align-
ment creates the appearance of stripes running across each A-band. Weak stripes can be detected

A

FIGURE 1.17 (See color insert following page 148.) Structure of the A-band. A cartoon of the A-band is
shown (A) with thick filaments in green (from Figure 1.14C), M-line forming the M-band in cyan, MyBP-C in
dark blue, and titin in red. A transmission electron micrograph of a negatively stained mechanically isolated
A-band from goldfish bodywall shows the A-band structures noted in the cartoon (B). Bar = 100 nm.



