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ABSTRACT

High resolution information about the three-dimensional (3D) structure of myosin filaments has always

been hard to obtain. Solving the 3D structure of myosin filaments is very important because mutations

in human cardiac muscle myosin and its associated proteins (e.g. titin and myosin binding protein C)

are known to be associated with a number of familial human cardiomyopathies (e.g. hypertrophic

cardiomyopathy and dilated cardiomyopathy). In order to understand how normal heart muscle works

and how it fails, as well as the effects of the known mutations on muscle contractility, it is essential to

properly understand myosin filament 3D structure and properties in both healthy and diseased hearts.

The aim of this review is firstly to provide a general overview of the 3D structure of myosin thick

filaments, as studied so far in both vertebrates and invertebrate striated muscles. Knowledge of this

3D structure is the starting point from which myosin filaments isolated from human cardiomyopathic

samples, with known mutations in either myosin or its associated proteins (titin or C-protein), can be

studied in detail. This should, in turn, enable us to relate the structure of myosin thick filament to its

function and to understanding the disease process. A long term objective of this research would be to

assist the design of possible therapeutic solutions to genetic myosin-related human cardiomyopathies.
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STRUCTURE OF VERTEBRATE STRIATED MUSCLES AND MUSCULAR CONTRACTION

Vertebrate striated muscles, whether skeletal or cardiac, consist of a group of muscle fibres (fascicle),

1–2mm in diameter for each fascicle. Each muscle fibre, approximately 10–100 mm in diameter and

2–50 nm in length, consists of thousands of myofibrils, 1–2 mm in diameter and 2–50mm in length,

extending from one end of the fibre to the other end (Figure 1).

When viewed under a microscope, myofibrils have distinct features of alternating light and dark

bands running along their lengths (Figure 1c). These are termed A-bands (ansitropic) and I-bands

(isotropic). The A-bands are dense and dark as they contain higher concentration of protein, have high

refractive index and are strongly birefringent. In contrast, I-bands are less dense, light areas, have low

refractive index and are weakly birefringent. Under higher magnification, the myofibril is seen to have a

building block that repeats along its length. This is called the sarcomere (Figure 1d) and it represents

the main functional repeating unit of the myofibril.

The sarcomere is approximately 2–3 mm in length, and consists of overlapping parallel arrays of

actin [thin] filaments and myosin [thick] filaments. It is the cyclic interaction between these two sets of

filaments, fuelled by the hydrolysis of adenosine triphosphate (ATP), which generates a mechanical

force to make the actin and myosin filaments slide past each other during muscle contraction,

shortening the sarcomere length without any change in length of either kind of filament. This is the

basis of two important early concepts fundamental to understanding the molecular basis of muscular

contraction: the ‘sliding filament model’,1,2 and the swinging crossbridge model.3 The latter formulates

a hypothesis to explain how the hydrolysis of ATP, and the release of the two hydrolysis products,

adenosine diphosphate (ADP) and inorganic phosphate (Pi) converts chemical energy into mechanical

energy and motion, leading to contraction. This is shown schematically in Figure 2.

The first state (Figure 2: top right), resembles the rigor mortis state of the muscle, the state the

muscle reaches after death, where ATP is no longer produced. In this state, the myosin heads
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Figure 1. Schematic diagram for the structure of vertebrate striated muscle: (a) Vertebrate striated muscle, whether

skeletal or cardiac, consist of a group of muscle fibres (fascicle). (b) Each muscle fibre, approximately 10 to 100 mm

in diameter and 2 to 50 nm in length, consists of thousands of myofibrils. (c) Eachmyofibril is 1 to 2 mm in diameter

and 2 to 50mm in length, extending from one end of the fibre to the other end. When viewed under the light

microscope, the myofibrils have distinct features of alternating light and dark bands running along their lengths.

These are termed the A-bands and I-bands. The Z-bands are where the actin filaments start from and project in two

opposite directions towards the I-bands. (d) Under higher magnification, the myofibril is seen to have a building

block that repeats along its lengths. This is called the sarcomere and it represents the main functional repeating

unit of the myofibril. The sarcomere is approximately 2 to 3 mm in length and it extends between two Z-bands.

It contains overlapping parallel arrays of actin thin filaments and myosin thick filaments.
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[also known as crossbridges or S1’s (Subfragment-1)] projecting out from the myosin filaments, are

tightly attached to the actin filaments in a specific configuration at an angle of 458 relative to the

actin filaments. This forms a strong binding for the actin-myosin, or actomyosin complex (AM). If ATP

is added to this state, the myosin heads get detached from the actin filaments and form the second

state, the M.ATP complex (Figure 2: bottom right), with ATP bound to the myosin heads. Since the

myosin heads are ATPases, i.e. they act as enzymes which hydrolyse the ATP molecules, this

therefore results in the ATP being hydrolysed into its two products, ADP and Pi, with both these two

products staying bound to the myosin heads forming the M.ADP.Pi complex. This hydrolysis event

results in a conformational change of the myosin heads, changing their angles from 458 to 908

relative to the actin filaments. The third state (Figure 2: bottom left) resembles the relaxed state of

the muscle and in this state, the myosin heads like to bind to actin filaments and then convert to the

fourth state (Figure 2: top left) forming the AM.ADP.Pi complex, with the two hydrolysis products still

bound to the myosin heads. The two hydrolysis products are then released from the myosin heads

(Pi released first, then ADP) and this causes a second conformational change of the myosin heads,

changing their angles back from 908 to 458 relative to the actin filaments, thus going back to the first

state (Figure 2: top right) of the rigor actomyosin AM complex. This change of angle of the

myosin heads results in the pulling of the actin filaments towards the centre of the sarcomere and

hence the shortening of the sarcomere length. In summary, there are two conformational changes for

the myosin heads:- one when the ATP is hydrolysed into its two products, while they are still bound

to the myosin heads, and the second when the two hydrolysis products are released from the

myosin heads.

Figure 2. Schematic diagram showing how chemical energy is transformed into mechanical energy and motion.

This describes the force-generating crossbridge cycle during muscular contraction through the hydrolysis of ATP

and the release of the hydrolysis products, ADP and Pi. Top right: this first state resembles the rigor state of the

muscle when there is no ATP. In this state, the myosin heads projecting out from the myosin filaments, are

tightly attached onto the actin filaments in a specific configuration at an angle of 458 relative to the actin

filaments. This forms a strong binding for the actin-myosin or actomyosin complex, referred to as AM (‘A’ refers

to actin and ‘M’ refers to myosin). Bottom right: If ATP is added to this state, the myosin heads get detached from

actin filaments and form the second state, being the M.ATP complex with the ATP bound to the myosin heads.

Bottom left: ATP is hydrolysed into its two products, ADP and Pi, with both these two products staying bound to

the myosin heads forming M.ADP.Pi complex. This hydrolysis event results in a conformational change of the

myosin heads, by them changing their angles from 458 to 908 relative to the actin filaments. This third state

resembles the relaxed state of the muscle and at this state, the myosin heads like to bind to actin filaments and

then convert to the fourth state (Top left) forming the AM.ADP.Pi complex, with the two hydrolysis products still

bound to the myosin heads. Later, the two products are then released (Pi first then ADP) from the myosin heads

and this causes a second conformational change of the myosin heads, by them changing their angles from 908 to

458 relative to the actin filaments and, yet again, going back to the first state (Top right) whereby forming the

rigor actomyosin AM complex. This change of angle of the myosin heads causes the pulling of the actin filaments

towards the centre of the sarcomere and hence the shortening of the sarcomere length and the sliding filament

model.
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THE SARCOMERE: ACTIN AND MYOSIN FILAMENTS

The two main components of vertebrate striated muscle sarcomeres are actin and myosin filaments.

Myosin filament is 1.6 mm in length, approximately 300 Å in diameter and has an axial repeat of 429 Å

along its length (Figure 3b,c). Actin filament is 1.0 mm in length, approximately 100 Å in diameter and

has an axial repeat of 370 Å (Figure 3c,d). As well as different axial repeats, actin and myosin filaments

have different rotational symmetry and helical symmetry.

Rotational symmetry is defined by the number of strands present. Actin filament has two strands and

hence has a 2-fold (C2) rotational symmetry; myosin filament has three strands and hence has a 3-fold

(C3) rotational symmetry. Helical symmetry is defined by the integral number of sub-units contained in

a given number of turns in a single strand. So for example actin filament strands have a 13/6 helix, i.e.

thirteen subunits in six turns of a strand, whereas myosin strands have a 9/1 helix, i.e. nine subunits in

one turn of its strand.

An actin filament consists of three main proteins:- actin monomer, troponin complex (comprising

three proteins, troponin-I, troponin-C and troponin-T) and two strands of tropomyosin molecules

(Figure 3d). Myosin filaments consist of myosin molecules, each having a tail of length 1500 Å and two

elongated globular myosin heads, each with a dimension of 150 Å (Figure 3a). Myosin molecules

comprise two heavy chains and four light chains. The C-terminal parts of the myosin heavy chains

(MHC) twist together to form the 1500 Å-long coiled-coil a-helical rod-shaped tail domain (Figure 3a).

The N-terminal parts of the heavy chains form the two myosin heads (Figure 4a). Each head has the

N-terminal part of that heavy chain as well as two light chains, named the essential light chain (ELC)
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Figure 3. The main components of muscle sarcomere, actin and myosin filaments. (a) The myosin molecule has a

tail of length 1500 Å and two elongated globular myosin heads, referred to S1’s (Subfragment-1) or crossbridges,

each has a dimension of 150 Å. (b) The myosin filament is 1.6 mm in length and approximately 300 Å in diameter

with an axial repeat of 429 Å along its length. It consists of myosin molecules. (c) The sarcomere consists of

overlapping parallel arrays of actin and myosin filaments and extends between two Z-bands (labelled Z). BZ is

the barezone or the M-region where there are no myosin heads at the centre of which (three vertical red stripes)

are the M-band proteins which interconnect the myosin filaments at the centre of the sarcomere. (d) The actin

filament is 1.0 mm in length and approximately 100 Å in diameter with an axial repeat of 370 Å. It consists of three

main proteins: the actin monomer, troponin complex (comprising three protein components:- troponin-I,

troponin-C and troponin-T) and two strands of tropomyosin molecules.
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and the regulatory light chain (RLC) (Figure 4a). The way in which myosin molecules and accessory

proteins associate to form a myosin filament can vary depending on the type of muscle. Generally the

tails pack together, often in a helical arrangement, to form the filament backbone from which the

myosin heads project (Figure 3b).

In vertebrate striated muscles, the assembly of myosin molecules is arranged in such a way as to

form bipolar filaments, with a central bare zone or M-region, where there are no myosin heads,

corresponding to the centre of the sarcomere (Figure 5a). The myosin molecules pack together to form

Figure 4. (a) Structure of the myosin head in the rigor state with no nucleotide bound solved by X-ray

crystallography (4). The head consists of a single heavy chain and two light chains, named the essential light

chain (ELC) and the regulatory light chain (RLC). It has a motor domain and a neck domain or lever arm. The motor

domain is the catalytic domain which has an ATP-binding site and the actin-binding site. The lever arm is a single

a-helical with the two light chains (ELC and RLC) bound to it and it connects to the rod portion of the myosin

molecules forming the backbone. There are two heads connected to the rod which form a myosin molecule

(shown Figure 3a). (b) Comparison of the myosin head structure from various published crystal structures with

different nucleotides bound. All the structures are superimposed at the catalytic motor domain, so that the

differences between the models are expressed by the different positions of their lever arms. Green and pointing

slightly towards the viewer is the 4 chicken skeletal myosin with no nucleotide bound (i.e. rigor-like); dark blue is

the 5 chicken smooth muscle myosin in ADP.AlF4 form; pale blue is the Lethocerus structure in the relaxed

state (6); orange is the 7 scallop myosin in Mg.ADP.VO4 form. The view is in the direction such that the actin

filament axis is vertical and to the right of the myosin head, with theM-band at the top and Z-band at the bottom.

Figure 5.Myosin thick filaments and bi-polar structures. (a) Myosin molecules aggregate in such a way as to form

bi-polar filaments, with a central barezone (no myosin heads) corresponding to the centre of the sarcomere.

(b) The myosin filament pack in a way that forms a cylindrical filament with the rod portions of the myosin

molecules forming the backbone and the myosin heads (crossbridges) arranged in a quasi-helical array on the

surface, forming an approximate three-stranded helix with an axial repeat of 429 Å, arrowed in red.
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a cylindrical filament, with their rod portions as the backbone structure and the myosin heads arranged

in a quasi-helical array on the filament surface, forming an approximate three-stranded helix with an

axial repeat of 429 Å (Figure 5b). The backbone also has on its surface additional non-myosin protein

components including myosin binding protein-C (MyBP-C)8 and the A-band part of titin.9,10

The actin filament structure has already been resolved by several research groups to a high

resolution whether for the whole actin thin filament11,12 or for each of its four main protein components

individually:- the actin monomer (referred to as G-actin; G stands for globular) solved by X-ray

crystallography,13 F-actin (F stand for filamentous),14– 16 tropomyosin17 and troponin complex

(Figure 6).18 However, myosin filament 3D structure is still not yet resolved to a high resolution.

ARRANGEMENT OF MYOSIN HEADS ON THE SURFACE OF MYOSIN FILAMENTS IN

VERTEBRATES AND INVERTEBRATES STRIATED MUSCLES

Several research groups have concentrated on studying the overall 3D arrangements of the myosin

heads on the myosin filaments of various muscles from different species, both from invertebrates to

vertebrates (for reviews, see 19–21). Figure 7 shows a schematic diagram of how the surface helical nets

of myosin filaments from the striated muscles of different species vary. Surface helical nets describe

the way the pairs of myosin heads are arranged on the backbone surface of the myosin filaments, when

viewed from the outside of the filament. For the striated muscles of vertebrates, e.g. fish, rabbit, mouse,

frog and human, the myosin heads are arranged on a three-stranded right-handed helical arrangement

which has perturbation from a true helical symmetry and hence is referred to as a quasi-helical

arrangement, but for simplicity, it is shown as true helices in Figure 7(a).22–29 Each strand possesses

nine subunits (pairs of myosin heads) per full turn of 1287 Å. Since the filament is 3-stranded, the axial

repeat is reduced by one-third, from 1287 Å to 429 Å. The pairs of heads from three myosin molecules

project from the backbone at regular intervals to form a so-called ‘crown’ of heads, with successive

crowns separated axially by roughly 143 Å. Each 429 Å axial repeat contains three such crowns. The

3-stranded vertebrate striated muscle myosin filaments are characterised by a systematic departure

from a true helical symmetry, known as a perturbation. This was originally identified by the presence of

‘forbidden’ meridional reflections (i.e. X-ray meridional reflections seen at orders of the 429 Å repeat

other than multiples of 3) observed in the X-ray diffraction patterns from relaxed vertebrate skeletal

Figure 6. Components of the actin thin filament structure. Actin has four main components. The actin monomer

(referred to as G-actin, G stands for globular) solved by X-ray crystallography (13), F-actin (F stand for

filamentous) (14), tropomyosin (17) and troponin complex (18) comprising three components, troponin-C (TN-C),

troponin-I (TN-I) and troponin-T (TN-T).
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muscles.30 This perturbation could be due to the presence and binding of non-myosin accessory

proteins, for example C-protein or titin, to the myosin filaments, or could be due to the packing of the

myosin rods (Figure 5a).

In general, myosin filaments from both vertebrates and invertebrates muscles share a number of

structural features. The myosin heads in relaxed myosin filaments from different species, vertebrates

and invertebrates, are arranged on the surface of the filament backbone on multi-stranded, parallel

helices and are helically or approximately helically ordered. Myosin filaments in invertebrate

striated muscles have a greater number of strands compared to myosin filaments in vertebrate striated

muscles. For example, the myosin heads arrangement in the striated muscles of an insect flights

thorax muscle (Lethocerus) is four-stranded and has an axial repeat of about 1160 Å (Figure 7b).6,31

The myosin filaments from an insect leg muscle, a tarantula leg muscle, Limulus (horseshoe crab)

telson muscle and scorpion striated muscle are also four-stranded helical structures.6,21,31–35

Myosin filaments from crustacean slow muscle have a five-stranded helical structure with an axial

repeat of about 1700 Å.36,37 However, the myosin filaments of scallop striated adductor muscles are

seven-stranded helical structures with an axial repeat of 1440 Å (Figure 7c).38–41 The interesting thing is

that the axial separation between the myosin heads crown levels in the myosin filaments in each of

these different vertebrate and invertebrate species is about 143–145 Å (Figure 7a-c). This implies that

this value of axial spacing is important within the context of the full sarcomere, where there are a

number of actin filaments surrounding each myosin filament. Since the actin filament is a more-or-less

a conserved structure within all species and has similar axial repeat (370 Å), it implies that the value of

axial separation between the crown levels of myosin heads within the myosin filaments (regardless of

the number of strands or the diameter of the myosin filaments) has to be a similar value within all

species, so as to allow a matching of the axial repeats of both sets of actin and myosin filaments in all

the different species. It follows that the value of the axial spacing within the myosin filaments is

important for optimum interactions and force generation between the actin and myosin filaments

within each of these species.

The number of myosin molecules that contribute myosin heads to each crown level defines the

rotational symmetry of the filament. In vertebrate striated muscle myosin filaments, there are three

myosin molecules that contribute three pairs of myosin heads to each crown level and hence has

Figure 7. Surface helical nets of myosin filaments from striated muscles from different species, vertebrates and

invertebrate, all having a 143–145 Å axial separation between the crown levels. (a) Myosin filaments from

vertebrate striated muscles from fish, rabbit, mouse, frog and human are all three-stranded and have an axial

helical repeat of 429 Å. (b) Myosin filaments from insect flight muscle are four-stranded and with axial repeat of

1160 Å. (c) Myosin filaments in scallop pecten muscle are seven-stranded and have an axial repeat of 1440 Å.

(d-f) Schematic drawing of a cross-section through the myosin and actin filament lattices within the A-band

regions in different muscles. (b) fish skeletal muscle. (e) insect fibrillar flight muscle (f) scallop pecten muscle.

The dotted lines in (d) and (e) outline the repeating unit cell within the lattice arrangement.
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a three-fold rotational symmetry (Figure 7d). By comparison, myosin filaments from invertebrate

striated muscles of insect flight (Figure 7e), Limulus, tarantula and scorpion have four myosin

molecules contributing to each crown level, hence there are four pairs of myosin heads on each level

and the structure therefore has an overall four-fold rotational symmetry.6,19,21,31–35,42,43 In contrast,

myosin filaments in scallop striated muscles have seven pairs of myosin heads on each crown level,

originating from a total of seven myosin molecules, thus have seven-fold rotational symmetry

(Figure 7f).39–41 This implies that in a scallop muscle, the myosin heads can exert more tension per

myosin filament compared to vertebrate striated muscle myosin filament. It is also found that, in a

transverse cross-section down the long axis of the A-band region of the sarcomere, each myosin

filament from scallop striated muscle is surrounded by seven actin filaments (Figure 7f), compared to

vertebrate striated muscles where each myosin filament is surrounded by six actin filaments

(Figure 7d). This implies that there are more actin target areas available for the seven pairs of myosin

heads on each crown level in scallop striated muscle so that, at any moment in time, all the seven

myosin head pairs could be bound to all the surrounding seven actin filaments, compared to

vertebrate myosin filaments where the maximum number of attachments could be three pairs of

myosin heads with three surrounding actin filaments. Hence more force is produced in the scallop

compared to that in vertebrate striated muscles.

In summary, the number of strands in the myosin filaments is related to the function of the muscle

and the amount of force they needed to produce during their interactions with their surrounding actin

filaments. For example, myosin filaments from scallop adductor muscle are required to produce a high

force in order to keep their shells closed.

Both the diameter and the length of the myosin filaments increase systematically with increasing the

number of helical strands of myosin molecules. For the three-stranded vertebrates myosin filaments,

the diameter is between 300 and 350 Å and the length is about 1.6 mm, whereas for the four-stranded

insect, Limulus, tarantula and scorpion, the diameter is between 350 to 450 Å and the length is about

1.8 mm and for scallop adductor muscle myosin filaments, they are about 500 Å in diameter and their

length can go up to 2.1 mm.

Structure of myosin heads

The myosin head structure from various species has been revealed by X-ray crystallography in different

conformations with different nucleotides bound.4,5,7,44,45 Figure 4(a) shows the atomic structure of

myosin head from chicken skeletal muscle with no nucleotide bound and therefore representing the

rigor state of the head structure.4 It has one single heavy chain and two light chains. The myosin head

has a motor domain and a neck domain, which is also called the lever arm. The motor domain is the

catalytic domain which has an ATP-binding site and the actin-binding site. The lever arm is a single

a-helical with the two light chains (ELC and RLC) bound to it and it connects to the rod portion of the

myosin molecules forming the backbone. There are two heads connected to the rod which form a

myosin molecule (Figure 3a).

When comparing the crystal structures of the myosin head from different species and in different

conformations resulting from the different nucleotides bound, e.g. ATP, ADP, ADP.Pi, Mg.ATP etc.,

it was found that they all have similar structures for the motor domains parts, when they are

superimposed together. The only difference is in the conformation of the lever arms, which were

found to move/swing axially relative to the motor domain (Figure 4b). This enabled muscle

researchers to propose a model for the changes of the head structure during muscle contraction and

to relate each crystal structure with the swinging crossbridge model (Figure 2) during the hydrolysis

of ATP and the release of its products. They later revised the swinging crossbridge model and

explained the conformational changes of the whole myosin heads to be actually due to the swinging

of the lever arm rather than the whole of the myosin head, with the motor domain interacting

relatively rigidly with the actin filaments during both the hydrolysis of ATP and, later, the release of

the products.46–49 The motor domain of the head remaining in the same configuration, but the

overall conformation change of the lever arm still gives rise to the same pulling of the actin filaments

past the myosin filaments and towards the centre of the sarcomere, as explained by the original

model (Figure 2). Therefore and as a result of studying the crystal structures of myosin head,

understanding of muscle contraction evolved from the swinging crossbridge model to a swinging

lever arm hypothesis.48
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ELECTRON MICROSCOPY OF MYOSIN FILAMENTS FROM VERTEBRATE STRIATED MUSCLES

One of the main methods to study the structure of myosin filaments from vertebrate striated muscles is

transmission electron microscopy (TEM) and image analysis. To date this has included the analysis of

images of negatively stained myosin filaments from fish, frog, chicken, mouse and rabbit skeletal

muscles.26,27,29,50–54 These studies have shown the presence of the perturbation in 3-stranded

crossbridge arrangement in all these species, consistent with the perturbation first described by Huxley

and Brown30. However, they could not definitively demonstrate the nature of the perturbation, nor

produced a detailed 3D structure of the myosin filaments in vertebrate striated muscles. Single particle

image analysis of EM images been successfully used on myosin filaments isolated from fish skeletal

muscle,22,55,56 rabbit heart muscle,23 mouse heart muscles25 and most recently myosin filaments from

human heart muscles.24,57

WHY STUDY 3D STRUCTURE OF MYOSIN FILAMENT FROM HUMAN HEART MUSCLE

Mutations in cardiac muscle myosin filaments, whether in the myosin heavy chains (MHC), ELC or RLC,

or in its associated proteins (e.g. MyBP-C and titin) are known to be associated with a number of

cardiomyopathies, including hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy (DCM),

which change the proteins involved in producing and regulating heart muscle contraction. If we are to

understand how muscle works, and also how it fails, it is essential to properly understand the myosin

filament 3D structure in both the diseased and undiseased state of the heart muscle. This then allows

us to understand how these mutations cause the change in the 3D structure of myosin filaments, by

direct comparison of the structure from a normal undiseased heart with the one obtained from a

diseased heart. We can then relate the myosin filament 3D structure to its function, as well as to the

disease state and process. This therefore has the potential to enable researchers to design possible

treatments for such diseases.

Table 1 shows the different mutations in nine contractile/sarcomeric protein genes that cause HCM.

It can be seen that the majority are in the MHC and in MyBP-C, which together, represent a total of over

80% of the HCM cases.58–66 This therefore makes them important types of genes to be studied

using the method of isolating myosin filaments, followed by electron microscopy and single particle

image analysis.

ISOLATING MYOSIN FILAMENTS FROM HUMAN HEART MUSCLE AND

TWO-DIMENSIONAL EM ANALYSIS

Isolation of the myosin filaments from human heart samples was done for the first time by AL-Khayat

et al.24 In summary, it was performed biochemically as carefully as possible in order to preserve the

filaments in their native state and to produce stable filaments under relaxing conditions throughout

the procedure by homogenizing them in a relaxing solution with a high concentration of ATP

(to help dissociate myosin from actin), creatine phosphate and a cocktail of five protease inhibitors

[N-p-tosyl-L-phenylalanine chloromethyl ketone (TPCK), leupeptin, aprotinin, pepstatin A and trypsin

inhibitor]. This inhibited the cleavage of myosin filaments into their constituent proteins.

Table 1. Hypertrophic cardiomyopathy is caused by mutations in nine
contractile/sarcomeric protein genes of which the majority are in the myosin
heavy chain and in MyBP-C forming a total of about 82% of the cases
(shown in italic).

% of cases

Thick filament:
b-myosin heavy chain (bMyHC) 40
Myosin regulatory light chain (RLC) ,5
Myosin essential light chain (ELC) ,1
Thick filament-associated:
Cardiac myosin binding protein-C (MyBP-C) 42
Titin ,5
Thin filament:
Cardiac actin (cActin) ,5
a-tropomyosin (aTM) ,5
Cardiac troponin T (cTnT) ,5
Cardiac troponin I (cTnl) ,5
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Ethylene glycol bis(b-aminoethyl ether) N,N,N0,N0-tetraacetic acid (EGTA) was also used to chelate

calcium so that to prevent the attachment of the myosin heads to the actin filaments resulting in

muscle contraction. Myosin filaments were then released from the heart samples by incubation

in elastase solution to remove all the outer muscle membranes, and the resulting sample was then

transferred to relaxing solution and centrifuged at 3000 rpm (equivalent to 735 £ g) for 3 minutes in

order to pellet out the debris. The resulting supernatant suspension, containing a combination of

released actin and myosin filaments, was then used to make EM grids, after staining them with uranyl

acetate at 2% w/v concentration, followed by performing transmission electron microscopy on these

grids at room temperature. Figure 8 shows examples of two EM images of human heart myosin

filaments as well as surrounding actin filaments collected at a magnification of 29,000 x. The bare

zones are clearly identified (labelled in Figure 8) as well as the central M-band region of the bare zone

region (red vertical stripes in the centre of the myosin filaments in Figure 3c). This gives confidence in

how preserved the myosin filaments are to their native relaxed state, when they were within the muscle

sarcomeres. The M-band proteins represent proteins in the centre of the myosin filament and the

barezone region and they form connecting proteins linking the myosin filaments at the centre of the

sarcomere.56 Small patches on the surface of the myosin filaments were also observed (arrowed in

Figure 9a) which actually correspond to the myosin heads projecting out from the myosin backbone

structure with an axial repeat of 429 Å. Knowledge of the pixel spacing of the 4k £ 4k CCD camera used

in the EM, calibrated to be 5.935 Å/pixels, enables the measurement of the spacing for the axial repeat

of the myosin filament on the EM images (arrows in Figure 9a) to be 429 Å, corresponding to the axial

repeat of the myosin filaments (Figure 7a).

The filament images were first assessed in two-dimensions (2D) using not only the recorded EM

images, but also by computing their Fourier transforms, which correspond to the diffraction patterns of

the filaments. This was done by first selecting whole full-length myosin filaments with identified bare

zones within their centres, as well as assessing their degree of order and preservation. The full-length

filaments were then divided into half-filaments, which were then oriented vertically with their bare

zones at the bottom, to ensure that the polarity is preserved across all the half-filaments selected for

image processing and further 3D analysis. Then, for each of the individual half-filaments, the Fourier

transforms were computed in order to assess the degree of structural order as well as the amount of

detail/resolution of the information within them. An example of this is given in Figure 9(b), showing

information up to the 15th order meridional reflection of the 429 Å repeat, corresponding to 28 Å

(zoomed area shown in Figure 9c). The 11th order of the 429 Å repeat, corresponding to 39 Å, the titin

sub-domain repeat, is also visible. The appearance of the 11th order gives confidence that should the

half-filaments giving rise to these transforms be later subjected to 3D image analysis, then the

densities corresponding to titin would eventually be resolved in the final 3D structure obtained.

Bare-zone

A

M

Figure 8. Electron microscopy images of myosin filaments isolated from human heart muscles in the normal

undiseased state and under relaxing conditions (24) taken at a magnification of 29,000x. This shows intact

myosin filaments (M) with identified barezone regions with their centres. It also shows actin filaments (A) in the

background. Scale bar is 2000 Å.
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Another method to assess the preservation of the filaments, as well as to localise the positions of

the myosin heads and their associated non-myosin proteins along the half-filaments, was to calculate

the one-dimensional (1D) density profiles which correspond to the 1D projections of the filament images.

This gives information about the variation of density, i.e. protein along the length of the filaments. An

example is shown in Figure 10, which shows the 1D density profile for a total of 36 half-filaments aligned

together and summed. Well-resolved peaks at a spacing of 429 Å are observed within the three main

regions of the myosin filaments known as the M-region, P-zone (P stands for the proximal zone of

myosin filament to the centre of the sarcomere) and the C-zone, which represents the region of the

myosin filament where the MyBP-C is known to bind at seven stripes along the myosin half-filament and

separated by 429 Å.8,19,67 Extra densities are also observed within the 429 Å repeats and these represent

the densities attributed to the myosin heads as well as the non-myosin proteins associated with the

myosin filaments, e.g. titin that is known to run along the myosin filament from the centre of the myosin

filaments at the M-band where titin has its C-terminal region then through the I-band where myosin

filaments are absent and to the Z-band where titin has its N-terminal region.10,68–70 Titin (also called

connectin) is known to be an important non-myosin protein, a giant elastic polypeptide chain (,3 MDa)

that functions as a template for the assembly of the sarcomere during development and as a molecular

spring responsible for key aspects of the mechanical behaviour of muscle.

Having assessed the selected individual half-filaments, particles/segments were then selected along

the vertically-oriented half-filaments (Figure 11a). These were subjected to single particle analysis (SPA)

in order to determine the relative angles of views between them and calculate the overall 3D

reconstruction of the myosin thick filament. This in turn allowed us to study the arrangement of

the myosin heads (composed of MHC, ELC, RLC), tails [also known as Subfragment-2 (S2)] as well as

the accessory proteins, titin and C-protein.

THEORY OF 3D RECONSTRUCTION AND SINGLE PARTICLE IMAGE ANALYSIS

The procedure of analysing TEM data by the method of single particles using a software named IMAGIC,

was originally formulated by van Heel et al.71 It was initially developed to solve the 3D structure of

globular macromolecules, e.g. ribosomes, mitochondria, viruses, but not for filamentous structures.

The method, summarised in the left panel of Figure 12, is based on collecting EM images of these

Figure 9. Computed Fourier transform of a single myosin filament from normal human heart muscle (24). (a) One

single half-length myosin filaments oriented vertically with the barezone towards the bottom, showing the axial

repeat of 429 Å along its length. (b) The computed Fourier transform of the half-filament shown in (a). This

represents the diffraction pattern of the half-filament. The 11th order of the 429 Å repeat corresponding to 39 Å

which comes from the titin sub-domain repeat, is also visible. The appearance of this reflection gives confidence

in that the densities corresponding to titin would be resolved in the final 3D structure studied (see Figure 17).

(c) Enlarged version for the area selected in (b) to show that there is information up to the 15th order meridional

reflection of the 429 Å repeat, corresponding to 28 Å.
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Figure 10. Sum of the 1D density profiles of a total of 36 half-myosin filaments from normal human cardiac

muscle, aligned together and then summed, showing peaks separated by 429 Å. The different regions within the

half-myosin filament are resolved. These are the barezone (M-region), the P-zone (P stands for proximal) and

C-zone (which is the region where the MyBP-C is located).

Bare zone

429 Å

M-band

(a)                                            (b)

Figure 11. Application of single particle analysis on myosin thick filaments from human cardiac muscle. (a) Half-

myosin filaments were first selected and oriented vertically with the barezone region towards the bottom, so

that to preserve the polarity of all the particles selected from all the different myosin half-filaments. Particles

were selected as going along the filaments and at a spacing of 429 Å. They were placed in square boxes, each of

size 950 Å and were then rotationally and translationally aligned. Aligned particles were then classified into

groups of similar appearance. Segments that belong to each class were then added together to produce class-

averages so that to increase the signal-to-noise ratio. Each class-average is basically the same structure, but

viewed in a different direction. (b) A montage of a total of 48 class-averages with each containing about 15–20

particles added together. It can be seen that the features within each class-average is different due to the

different angles of views. These class-averages were then taken into the method of angular reconstitution

(Figure 12) in order to calculate their corresponding angles of views.
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macromolecular globular proteins, selecting particles (individual protein images), putting them within

boxes of similar size to the object studied and then rotationally and translationally aligning all the

particles that have similar features, and hence correspond to similar 2D views of the original protein,

studied under the EM. The aligned images/views were then added together in order to enhance the

signal-to-noise ratio and to later produce class-averages which correspond to the averaged sum of

similar views. These class-averages were then subjected to a method called angular reconstitution,

which determines the angles of views of the individual class-averages (right panel in Figure 12) using

the methodology of cross-common lines and sinogram functions. Knowledge of the angles of views of

each of the class-averages would then allow the user to put the class-averages back into a 3D

reconstruction which represents the 3D structure of the original protein studied. Further 2D projections

of the calculated 3D reconstruction are calculated in order to generate new 2D projections which are

used as reference projections in order to perform more rounds of alignment of the original raw particle

images and to improve their alignment, hence improving the resulting class-averages (Figure 11b). New

angles of views for the new set of class-averages are then calculated, and a new 3D reconstruction is

produced. In summary, this refinement procedure is repeated on average twenty to thirty times until the

final calculated angles for the class-averages remain constant as well as the final calculated 3D

reconstruction remaining the same.

Figure 12. Theory of single particle image analysis using IMAGIC software for 3D image processing (71).

Left panel:- EM images are collected for particles, each in different random orientation relative to the electron

beam, followed by selecting the individual particles and putting them within boxes of similar size, followed by

rotational and translational alignments, classification of the aligned particles into groups of similar orientations

using the multivariate statistical analysis procedure, adding up the particles which have similar features in order

to produce class-averages, followed by the angular reconstitution procedure which calculates the angles of

views for each of the class-averages using the theory of cross-common lines and the sinogram procedure (right

panel in the Figure) and finally calculating the 3D structure by combining the class-averages and their calculated

angles. New 2D re-projections are then calculated using the calculated 3D structure. These 2D-reprojections are

used as a new set of reference projections in order to repeat the alignment against the original raw selected

particles by the method of multiple reference alignment. Classification is then repeated in order to produce new

better class-averages and a new round of angle assignment via the method of angular reconstitution is then

initiated in order to improve the calculated angles of views of the class-averages followed by the calculation of a

new 3D structure is calculated. This procedure is repeated a total of thirty to forty cycles until both the calculated

angles remain constant as well as the 3D structure does not change in its features. This gives confidence that the

correct 3D structure is finally solved. (Figure depicted from 71).
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The calculation of the 3D reconstruction uses the theory of computing a 3D structure from different

2D projections.72 If we imagine we view a 3D object from different directions, we collect different 2D

projections (Figure 13). Each 2D projection has a 2D Fourier transform or diffraction pattern, which

essentially is a central section in the 3D Fourier transform. If we know the angle for view of each 2D

projection, this therefore gives the angle for each corresponding 2D Fourier transform within the overall

3D Fourier transform in reciprocal space. By the application of Fourier synthesis on the overall 3D

Fourier transform, this yields the original 3D structure. The greater the amount of 2D views/projections,

the greater the number of 2D Fourier transform slices within the 3D Fourier transform and hence the

higher the resolution of the 3D structure finally obtained.

SPA uses the same principle, but instead of the 3D object being fixed and viewed from different

directions, the electron beam is fixed in the electron microscope, and many copies of the same 3D

object are randomly oriented on the EM grids. Similarly therefore, we are still collecting different 2D

projections of the original 3D structure, with each projection related to each other by their angles of

Direction of view

3D structure

Reconstruction by
Fourier synthesis
using all sections

Fourier transformation
of a projection gives
coefficients in a section
of Fourier space

Transmission images
in a projection

Figure 13. The theory of 3D reconstruction of a 3D structure using 2D projections collected by transmission

electron microscopy images and as formulated by DeRosier and Klug (72). Viewing a 3D structure from different

directions creates a series of different 2D projections (in real space). Each 2D projection is related to the other by

the direction or the angle of view and has a corresponding 2D Fourier transform (diffraction pattern in reciprocal

space) which basically is a central section within the full 3D Fourier transform of the original whole 3D structure.

Collecting a number of 2D projections at different view angles gives the same corresponding number of 2D

Fourier transforms/slices that are also related to each other by the same angles/directions of original views.

Applying Fourier synthesis on these Fourier slices in the reciprocal 3D Fourier transform and back-transform

would eventually result in obtaining a 3D reconstruction of the original 3D structure in real space.
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views, being the angle of the object relative to the electron beam. Each 2D projection has its own

2D Fourier transform and the different 2D transforms also are related to each other by the

corresponding angles of view. The more of the different 2D projections we have at different angles

and hence the more 2D transforms we have, the more we fill out the full 3D Fourier transform and this

then increases the resolution by which we determine the final 3D reconstruction.

This method of SPA was previously applied on EM images of virus particles (Figure 14a) formed from

Ty retrotransposons and resulted in a heterogeneous preparation of particles of different sizes

(diameters 150 Å, 200 Å and 250 Å).73 It was powerful enough to produce separate class-averages

corresponding to the three different sizes and led to a total of three 3D reconstructions, one for each

size of virus-like particle (Figure 14b).

Application of single particle analysis and 3D reconstruction on myosin filaments from

human heart muscles

The method recently applied by AL-Khayat et al.24 on myosin filaments isolated from human heart

muscles relies on selecting segments from the vertically oriented half-filaments (Figure 11a) which can

then be treated as individual particles. Particles were selected as going along the half-filaments and

spaced by 429 Å. The length of each particle was just over 2 £ 429 Å so that it included just over two

axial repeats. Selected particles were aligned both rotationally and translationally. The final aligned

particles were then classified into groups of similar appearance/feature in order to produce

class-averages (Figure 11b). Each class-average is the same structure, but viewed from a different

direction. The angles of views for the classes were then calculated and the classes were then put

together back into a 3D reconstruction.

The 3D map obtained from human heart muscle (Figure 15) allowed us to interpret the structure of the

myosin heads, tails, titin as well as the three C-terminal domains (C8, C9 and C10) of MyBP-C.

Diameter 200 ÅDiameter 150 Å Diameter 250 Å

(b)

(a)

Figure 14. Application of single particle image analysis on TEM images of virus structures from yeast Ty

retrotransposons (73). (a) TEM image of these virus particles showing three different sizes (scale bar 200 Å).

These particles are assembled from capsid proteins with different C-terminal lengths. The small-sized capsid

proteins form small-sized particles and the larger-sized capsid proteins form larger particles. (b) 3D

reconstruction of the three different groups of particles with diameters 150 Å, 200 Å and 250 Å depending on

the C-terminal length of the capsid protein. Each structure has an icosahedral symmetry with 5-3-2-fold

rotational symmetry.
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2D projections of the 3D reconstructions showed a total of eleven horizontal densities/stripes within

the 429 Å repeat (Figure 16). This represents the densities due to the eleven domains of titin within

the 429 Å repeat.

The final 3D map showed the domain structures of both C-protein and titin. Three domains of

C-protein next tomyosin heads of level 1 (labelled green in the fourth panel in Figure 15). These represent

the C-terminus part of C-protein (domains C8 to C10). To the left side of C-protein domain, another set of

domain densities are observed which represent titin (labelled red in the first panel in Figure 15). The axial

separation between the domains is about 40 Å and it is therefore these domains that gave rise to the

horizontal eleven stripes within the 429 Å repeat, which were also observed in the sum of the aligned

particles as well as both in the class-averages (Figure 11b) and in the 2D reprojections of the 3D

reconstruction (yellow horizontal lines in Figure 16). Titin is known to run all the way from Z-band

(N-terminus) to M-band (C-terminus).69 Sequence analysis of titin has also shown that it has eleven

copies, of eleven domains each. Each of these eleven domains are observed within a 429 Å repeat.70

Therefore, the eleven stripes within the 429 Å repeat that were observed in the 3D reconstruction,

actually come from titin and they represent the eleven domains of titin within the 429 Å repeat (yellow in

Figure 17).24 There are six longitudinal strands/molecules of titin running along the surface of each half

of a myosin filament with two titin strands/molecules associated with one molecule of C-protein, per

2

3

1

2

3

1

1

M-band

429 Å

Figure 15. 3D reconstruction of myosin filament from normal un-diseased human heart muscle under relaxing

conditions (from 24), rotated by 308 around the filament long axis so that to show the different features on the

surface of the filament corresponding to the myosin heads, titin and MyBP-C. Three C-terminal domains of

C-protein (domains C8 to C10) next to myosin heads of level 1 (labelled by green circles in the fourth panel).

To the left side of C-protein domain, another set of domain densities are observed which represent titin (five of

which are labelled by red circles in the first panel). The crown level numbers are labelled. The direction of the

barezone region is towards the bottom.

1
2

3

1

3

429 Å

2
1

Figure 16. 2D projections of the 3D map shown in Figure 15 in steps of 30̊ around the filament long axis.

The yellow horizontal lines show the eleven horizontal bands within the 429 Å repeat. These correspond to the

densities of the eleven domains of titin known to be located within the 429 Å repeat. The crown level numbers

are labelled.
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429 Å axial repeat. The 3D reconstruction (Figure 17) showed domains densities which are double the

width of C-protein domains and therefore these domains actually represent the domains of the two titin

strands (see Movie 2 of supplementary information of AL-Khayat et al.24).

Analysis of individual slices through the 3D reconstruction (Figure 18) viewed perpendicular to the

filament axis at every 5.935 Å spacing and looking towards M-band showed how the angles varies

between the individual slices as well as showing the details in both the regions where the outer myosin

heads are, and within the central backbone regions (for more information, see AL-Khayat et al.24).

Future work – structural implications of mutations that cause human cardiomyopathies

Studying the 3D structure of myosin thick filaments in the relaxed state of any muscle is essential,

as it represents the first state in the crossbridge force-generating cycle of muscle contraction, which

allows us to understand how muscle contraction is initiated. Moreover, studying the myosin thick

filament 3D structure from human cardiac muscle in the normal undiseased state and under relaxing

conditions, is an essential starting point from which to understand the molecular mechanisms of the

1

3

2

429 Å 

Figure 17. The final 3D reconstruction of the human heart muscle myosin filament for one full 429 Å repeat

(Figure 15) along with the fitted myosin heads (shown in green, orange, yellow, cyan, magenta, beige), S2

(shown in red), the two strands of titin (shown in yellow) and the MyBP-C (shown in purple). This represents the

atomic model for the myosin thick filament from normal un-diseased human heart muscle in the relaxed state.

The crown level numbers are labelled.

Direction of M-band

Figure 18. 2D cross-sectional slices through one 429 Å repeat of the 3D map shown in Figure 15, each viewed

toward the M-band barezone region, at every 5.935 Å spacing along the length of the map. Top left slice is

towards the bottom part of 3D map (i.e. towards the M-band). Red line corresponds to slices for crown level 1;

yellow line: slices for level 2; green line: slices for level 3.

Page 296 of 302

AL-Khayat. Global Cardiology Science and Practice 2013:36



diseased system. Of particular interest is the effect of mutations in myosin heavy chains, myosin light

chains, the accessory proteins, such as titin and MyBP-C and their association with different human

cardiomyopathies, as well as how these mutations affect muscle function and contraction.

Recently AL-Khayat et al.24 determined, for the first time, the 3D reconstruction of relaxed myosin

filaments from human heart muscle by isolating the myosin filaments under relaxing conditions,

performing negatively stained TEM and then applying single particle 3D image analysis (Figures 15, 17

& 19). It was found that the myosin heads densities on the reconstructed crown levels could be fitted

quite well using the atomic models of the myosin heads crystal structures (Figure 19).34,74 It was also

possible to define densities attributed to the domains of both titin and MyBP-C (Figure 17). This

structure represented the highest resolution 3D reconstruction from any vertebrate striated myosin

thick filament structure in the relaxed state of the muscle, and more importantly it was the first time that

a 3D reconstruction for myosin filament was solved from a medically relevant specimen of normal

human heart muscle. It therefore serves as an important starting point from which to understand the

effects of the mutations in myosin, titin and C-protein (MyBP-C) associated with different human

cardiomyopathies.

Until now, no 3D structure of a cardiac muscle myosin filament from human cardiomyopathic

samples has been published. Future work will therefore concentrate on the application of isolating

myosin filaments from human cardiomyopathic samples with known mutations in myosin filaments

and performing transmission electron microscopy, followed by single particle 3D image analysis

procedures in order to reconstruct for the first time the 3D structure of a mutated myosin filament.

There a several types of mutations; some are mis-sense mutations that cause single amino acid

substitutions, some are insertions or deletions causing reading frame shifts, nonsense mutations

introducing premature termination codons (ter), splices site donor/acceptor mutations and finally

in-frame insertions or deletions. It is postulated that each of these mutations would cause a change in

the surface charge of the mutated amino acid(s) and this in turn will change the interactions of the

mutated amino acid(s) with the rest of the neighbouring amino acids within the head structure as well

as with the surrounding heads on the filament backbone surface, or even with the surrounding actin,

tropomyosin, troponin complexes within the A-band region of the sarcomere. The effect of the

mutations would also change the overall conformation of the local region of the head structure close to

the mutated amino acid(s), and might induce some weaker interactions with the surrounding amino

acids, leading to flexibility within the overall structure of the head, and hence more possible

interactions with the surrounding actin filaments. This could explain why some of the observed

mutations have been shown to lead to enhanced contractility giving rise to disease symptoms that

1
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A B

429 Å 

Figure 19. Fitting the atomic crystal structures for the myosin heads and S2 into the final 3D reconstruction of

myosin filament from normal human heart muscle for one full 429 Å repeat (Figure 15). The crown level numbers

are labelled. Red is the S2; green, orange and yellow are the myosin heavy chain, essential and regulatory light

chains for the blocked head, respectively; cyan, magenta and beige are the myosin heavy chain, essential and

regulatory light chains for the free head, respectively. The docking of the atomic crystal structures allows us to

study the intra- and inter-molecular interactions between the myosin molecules on the different crown levels.
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involve energy compromise in HCM. In contrary, there could be some mutations that would do the

opposite and lead to stronger interactions and possibly tight binding of proteins together.

Figure 20 shows a selection of known mis-sense mutations in the ELC, RLC and the MHC of the

myosin heads that cause HCM (shown in red letters in Figure 20) or DCM (showed in blue letters in

Figure 20). Each of these mutations could cause a different structural confirmation in the myosin head

and this would have an impact on the way that the head will interact with the surrounding actin

filaments, which possibly affect the force produced and ultimately the observed effect of the disease.

It is anticipated that mutations in the C-terminal part of the MHC within the myosin head, next to the

point where it contacts the rod part of the myosin molecules (labelled A in Figure 20), could have an

effect on the hinging flexibility of the whole head (i.e. motor domain and lever arm) about the rod.

Mutations in the N-terminal part of the MHC, within the motor domain of the myosin head (circled in red

in Figure 20), could have a direct effect on the interaction with the surrounding actin filaments, due to

the fact that the main actin binding sites lie in that part of the head. However, mutations within the

amino acids linking the motor domain to the lever arm of the myosin head (labelled B in Figure 20)

could have a direct impact on the way the motor domain will move relative to the lever arm upon

binding to actin. Since the ELC and RLC are bound to the lever arm part of the head, it is expected that

mutations within both the ELC and RLC would affect this binding and hence would have an impact on

the hinging action of the lever arm during muscle contraction. Moreover, the RLC has a phosphorylation

site, being the serine amino acid number 15 in the human RLC (labelled S in Figure 20) and any

mutation within this site will affect the phosphorylation by Protein kinase A (PKA) as well as the

mechanism of regulation. Some mutations within the phosphorylation sites could result in the up or

down regulation of muscle contraction, depending on what amino acid mutations they are.

Certain mutations affect the rod part of the myosin molecule and this could have crucial implications

on the packing arrangement of the rods within the filament backbone. Since the myosin heads project

from the tip of the rods and arrange in a three-stranded quasi-helical fashion around the filament

backbone, any miss-arrangement of the rods would ultimately have an effect on the overall way the

myosin heads are arranged on the surface of the backbone and in return this will have an effect on the

interaction of the heads with the surrounding actin filaments within the sarcomere. Mutations within

the myosin rods could also have implications on the stability of the filament overall and its interaction

ATP binding 
pocket
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Figure 20. A selection of known missense mutations in the ELC, RLC and the MHC of the myosin heads that cause

HCM or DCM (66, Harris et al. 2011). The colour scheme for the ELC, RLC and the MHC is as shown in Figure 4a.

Mutations causing HCM are shown in red letters whereas those causing DCM are showed in blue letters.

The C-terminal part of the MHC within the myosin head next to the point where it contacts the rod part of the

myosin molecules is labelled A. The amino acids involved in binding to actin lie in the N-terminal part of the MHC

within the motor domain of the myosin head and are circled in red. The amino acids linking the motor domain to

the lever arm of the myosin head are near the region labelled B. The phosphorylation site in the RLC at serine

amino acid number 15 is labelled S. The ATP binding site where myosin activators might bind is labelled.
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with the backbone proteins, titin and MyBP-C. It is also likely that they will have an effect on the overall

transmission of the force along the myosin filament itself.

With regards to mutations within MyBP-C, it has been reported that there are many types of

mutations in any of the eleven domains (C0-C10) of cardiac MyBP-C that could cause either HCM or

DCM. Surely, each of these will have an effect on the structure of the overall MyBP-C, and mutations

within its phosphorylation site between domains C1 and C2 will have an effect on the binding of PKA,

affecting the way that MyPB-C regulates the myosin-actin interaction.

It is therefore important that when cardiomyopathic mutations within the ELC, RLC, MHC, MyBP-C,

titin or the rod part of the myosin molecule are studied, that each mutation is considered one at a time

in detail after the corresponding overall 3D structure of the mutated myosin filament is determined. It is

also essential to relate the final structural findings with the known normal 3D structure24 as well as with

the function of the mutated muscle and patient’s symptoms. This would eventually lead to more

accurate postulations as to how the change in structure can cause the disease process and the

observed patients’ symptoms.

Recently there has been interest in the use of pharmacologic agents, cardiac myosin activators, as

a treatment in the left ventricular systolic heart failure, e.g. Omecamtiv mecarbil. These have been

shown to target the kinetics of the myosin heads by activating the myocardial ATPase. In vitro studies

have demonstrated that these agents increase the rate of effective myosin interaction with actin and

increase the duration and amount of myocyte contraction, as well as inhibit non-productive

consumption of ATP. They therefore potentially improve the myocyte energy utilization and myocardial

efficiency.75,76 It is anticipated that these drugs bind to the ATP binding site (labelled as ATP

binding pocket in Figure 20) and possibly have an effect on the speed with which the cleft of ATP

binding site is closed when ATP is bound to the myosin heads and then hydrolysed into ADP and Pi

(Figure 2), followed by the release of the products and the transition from weak to strong binding. Of

course, precise structural answers can only be obtained when the 3D structure of these myosin

activators while bound to the myosin heads is solved by the method of 3D EM and single particle

analysis. This would definitely have a direct impact on future drug design.

The application of 4D electron microscopy77–79 can also be utilized to study the dynamics of

myosin filaments by capturing EM images of isolated myosin filaments from normal undiseased human

heart samples in order to determine how the structure changes as a function of time. Of particular

interest is the time after it is isolated from the muscle fibres and the ATP then begins to be depleted

from the muscle sample. This would allow us to study how the 3D structure of myosin filament changes

as the ATP concentration is reduced with time, as the two sets of myosin and actin filaments start to

bind together.

Repeating the same type of analysis of 4D EM on isolated mutated myosin thick filaments would

further allow us to perform a direct comparison with the results obtained from the normal myosin

filaments. This would definitely be a breakthrough in understanding not only how myosin thick

filaments are switched on in order to reach the activation stage and go through the cycle from

the relaxed state to the active state and binding to the neighbouring actin filaments, but also to

understand how the different mutations in myosin filaments could affect the crossbridge cycle

of muscle contraction. This would also lead us to understand the molecular changes in the

cardiomyopathic samples and the effects of the mutations on the function of the muscle contraction.

In addition, we can understand the disease process by directly correlating the EM structural results

with both the observed symptoms from patients and their clinical cardiac outputs.

The field of muscle research would definitely enter an exciting phase upon the application of 4D EM

and studying the variation of the myosin filament 3D structure as a function of time during muscle

contraction. This approach could also help in understanding how certain mutations alter the function of

the filaments and how this leads to disease and to the symptoms observed. Of course, it is envisaged

that this type of work would require very significant EM and computing power. This is certainly

achievable, given the huge advances currently taking place in both the efficiency of EM machines and

in the use of supercomputers.

Understanding both the molecular and the atomic basis of human cardiomyopathies would make a

tremendous contribution towards designing future therapeutic interventions for heart patients and

relieving their pain and symptoms, which ultimately is the aim of any medical research; to focus on the

development of knowledge which can translate to improved patients treatments, and relief of suffering

and disease.
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