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keletal muscle is often called ‘voluntary’ muscle,
because we have voluntary control over its
action. It is also known as ‘striated” muscle
since, under a microscope, the muscle fibres
have a characteristic banded or striated appearance
(see Figure 1A). When we see the banded appear-
ance of the muscle fibre, we are looking at actin
and myosin molecules packed together in a regular
repeating pattern in the muscle cell (see Figure 1B).
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Figure 1 (A) Structure of a

muscle. Muscles are made from
bundles of fibres, each of which
contains many myofibrils made from thick
and thin myofilaments. (B) High-power light

micrograph of a thin longitudinal section of ™ Samo{emma Thin Thick
human muscle showing fibres stained with Vs Supporting Myofilaments

toluidine blue. x175 p connective tissue
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Figure 2 The arrangement of actin and myosin into filaments. (A)
Actin monomers joining to form the thin filaments. (B) Two myosin
molecules with their tails intertwined. (C) Myosin molecules
joining together to form a thick filament. The heads and flexible
neck regions project out from the backbone of the filament. (D)
The overlapping arrangement of thick and thin filaments in the
fibre. ’

Actin molecules are small globular proteins that
aggregate to form long sticky filaments known as thin
filaments. In skeletal muscle these thin filaments are
attached to the Z-line, which runs across the fibre, and
is composed of a number of proteins of which a-actinin
is the major component (see Figures 2-4). Myosin has
about ten times the molecular mass of actin. Myosin
molecules can also aggregate to form thick filaments.
The individual myosin molecules have a globular
region at one end, a flexible neck region, and a long
tail at the other. The long tails combine to form the
thick filament with the heads and necks sticking out
from this backbone. Importantly, the head portions
of the thick filament point away from the centre so
that they face opposite ways in the two halves of the
filament. The thick and thin filaments are organised in
a regular fashion so that the actin filaments can slide
in and out as the muscle contracts or lengthens (see
Figures 2 and 3).

The region between two Z lines is known as a
sarcomere (Greek sdrx = flesh, meros = part). It is about
2.5pm long in a resting muscle. Muscle fibres are made
up of thousands of these sarcomeres arranged in series
(see Figure 4). In 1 millimetre of fibre there are about
400 sarcomeres. In some of the longest fibres, such as
in human thigh muscles, there are about 40 000. When
they all contract together, the ends of the muscle are
pulled towards the centre and your arm, or leg, moves.

What causes the movement?

What causes the actin filaments to slide between the
myosin filaments to produce this movement? The key
to this process is the fact that, given half a chance, the
head portion of myosin will bind strongly with the
actin. Having done so, the flexible neck region rotates,
pulling the actin filament towards the centre. However,
the amount of movement that can be generated by
flexing one portion of a single molecule is very small.
Consequently, to obtain a continuous movement the
myosin molecule has to let go once it has made its
small contribution and another myosin molecule takes

APRIL 2010

Sarcomere

e

Q9Q9R Y

Tt

Z line

Figure 3 The structure of the sarcomere from Z line to Z line, and how the sarcomere
shortens as the thin actin filaments slide between the thick myosin filaments. The

Z lines anchor the actin filaments and run across the fibres (see Figure 4) keeping the
sarcomeres in register.
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Figure 4 Coloured transmission electron micrograph of a segment of a muscle fibre

showing how sarcomeres (S) running from Z line to Z line are arranged in series along the

length of the fibre. x10000
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BOX 1 How movement takes place

The diagram shows the sequence
of events pulling the actin filament
towards the centre of the sarcomere.
Only the globular head of the myosin
molecule and the flexible neck region
are shown here. The myosin head has
two binding sites, one that attaches
to the actin filament and another
that binds ATP. In the initial resting
state the ATP is hydrolysed to ADP
and inorganic phosphate (Pi) and is
primed and ready to attach to the actin
binding site (the green monomer, B).
The Pi is then released (C) allowing
the neck region to bend, pulling the
actin filament to the left (D). The
remaining ADP is then released (E)
and a new ATP enters the binding site
(F). Only then does the myosin head
dissociate from the actin filament (G).
The last step in the cycle is for the
ATP to be hydrolysed. The liberation
of chemical energy is converted into
potential energy stored by straight-
ening the neck region (H) and the
myosin head is ready again to attach
to the actin filament but further to the
right than the previous time.

@ ATP @2 ADP
o Inorganic phosphate
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over, rather like pulling in a rope, hand over hand (see
Box 1). The rope in this case is the actin filament, the
hand is the globular binding portion of the myosin,
while the arm is the flexible neck region that bends.

Taking the analogy of pulling in a rope a step
further, you can probably appreciate that when one
arm has bent as far as it will go it is important that
the hand then lets go of the rope because, if not, it
becomes a nuisance, adding a resistance that works
against the efforts of all the other arms trying to pull
the rope in. The same is true of a myosin molecule. At
the end of its useful working stroke, it is important that
the myosin head detaches from the actin filament. The
total force that is exerted is the sum of all the tiny forces
generated by the individual attached myosin molecules
(known as cross bridges) minus any resistive force
caused by cross bridges that have failed to detach soon
enough. However, muscle not only has to generate
force, it also has to shorten, and sometimes very fast
when required for sprinting, jumping or throwing.
The speed at which a muscle shortens depends on the
speed with which the cross bridges can go through
the cycle of attachment, movement and detachment.
This speed varies, between different animals such as a
greyhound and a sloth, between different muscles in
the same animal, and even between individual fibres
in the same muscle.

Figure 5 Different types of fibres in human quadriceps (thigh)
muscle. The muscle has been cut in cross section and is stained
to show the different types of myosin. The light stain shows
type 1 fibres, which contain the slow myosin; the dark stain
indicates type 2 fibres with fast myosin. The stain used to show
the different types of myosin is not the colour of the natural

fibres. x160
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Different types of muscle

As with nearly all proteins, myosin comes in a variety
of forms. One difference between them is that some
detach at the end of the working stroke much faster
than others. Because of this individual muscle fibres
can differ by as much as three- or four-fold in their
maximum speed of shortening. This makes a major
difference to the power that the fibre can generate,
since power is work done in unit time and can be calcu-
lated as force x speed. Thus the bigger and stronger a
muscle and the faster it can shorten, the more powerful
it is. Most muscles contain a mixture of fibres that have
the fast or slow forms of myosin. The slow form is
known as type 1 and the faster as type 2 (see Figure 5).

In human muscles there are roughly equal numbers
of type 1 and type 2 fibres but the proportions differ
between people. For power athletes such as sprinters,
jumpers and throwers, a greater proportion of type
2 fibres is better. Elite power athletes have a high
proportion of type 2 fibres in their muscle. It is debated
whether they were born that way or their muscle
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The extremes of athletic performance. Left, a world class marathon runner (Deena Kastor)
with comparatively small muscles composed mainly of the slower, fatigue-resistant type 1
fibres. On the right, Usain Bolt with large muscles made up of mainly fast type 2 fibres,

excellent for sprinting but prone to fatigue rapidly.

composition is a consequence of their training. The
argument is not settled but the evidence suggests that
the presence of increased amounts of the fast forms
of myosin is a consequence of an athlete’s genetic
make-up. What they may have done with training is
to increase the size of their muscles and perfect their
technique and coordination.

If the type 2 fibres are so powerful, why do we have
the slower and apparently inferior type 1 fibres? The
first reason is that the type 2 fibres have an unfortunate
tendency to fatigue rapidly. The decathlon is an event
that consists mainly of sprinting, jumping and throwing
and the best decathletes approach world class in each
of these events. However, the decathlon also includes
a 1500m run and, although this would not normally
be classed as an endurance event, decathletes find it
difficult and their performance is way below world
class. So, for endurance events where running speeds
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and thus power output is low, but the duration is much
longer, type 1 fibres have the edge. For this reason top
marathon runners have a predominance of the slower
type 1 fibres. Most of our lives are spent moving rela-
tively slowly. Using fast fibres for slow movements
would have them working well below their optimum
speed for power and efficiency. Consequently, type 1
fibres are used most of the time for maintaining and
adjusting posture, for walking and general movements
involved in everyday activities. The fast type 2 fibres are
used for the occasional jump or sprint — out of the way
of a bus or, for an impala on the African savannas, out
of the reach of a hungry lion.

In nearly all mammals, including humans, the soleus
muscle, the deepest of the calf muscles attaching to
the Achilles tendon, is made up mostly of the slow,
fatigue-resistant type 1 fibres. This is because it is used
mainly to maintain posture or, in our case, balance, and
is continually active over long periods making small
adjustments to the position of the foot in relation to the
lower leg. Small mammals also have individual muscles
that are almost entirely composed of the fast type 2
fibres. However, in humans this specialisation is not so
evident and, for instance, the large thigh muscles that
supply much of the power for running and jumping
contain, in most people, similar proportions of fast and
slow fibres.

One reason that type 1 fibres are more fatigue-
resistant is that they have a greater ability to use oxygen
and generate energy from the oxidation of fats and
carbohydrates. To do this they have more blood capil-
laries and thus a better supply of oxygenated blood.
They also have more myoglobin. This is a protein that
stores oxygen in the muscle cell in a similar way to
haemoglobin in red blood cells. Type 1 fibres also have
more mitochondria where oxidation takes place. Both
the mitochondria and myoglobin are a reddish brown
colour, so slow muscles look darker and redder than
fast muscles.

Where does the energy come from?

So far we have talked about muscle as we might about
a car engine, describing how the engine is assembled.
But what about the fuel? Muscle will not function
without fuel. Indeed, when fuel runs out completely,
as after death, muscle becomes rigid and difficult to
manipulate. This is known as ‘rigor mortis’ and is
why bodies in 1950s gangster movies are referred to
as ‘stiffs’. In the first instance, the energy comes from
adenosine triphosphate (ATP) and it is the binding of
ATP to the myosin that allows it to detach from the
actin filament. The energy liberated by the subsequent
hydrolysis of the ATP causes the neck region of the

myosin to extend, so it is ready again to attach to the
thin filament and repeat the cycle (see step C in Box 1).

All the workings of our body stem from the interac-
tions of individual molecules, but it is often difficult
to visualise this. However, with skeletal muscle we
can see the result. Every time our arm bends, it moves
because millions of myosin molecules are pulling on
the actin filaments, and when we change gear on a
bicycle we are doing it to keep those myosin heads
working at their optimum speeds.

Things to think abhout

» Compare chicken leg and breast muscles. What does
their appearance tell you about the way they are used?
How could you tell apart the flight muscles of a chicken
and a pigeon? i
» Although there are some differences in the way it
is controlled, cardiac muscle works in much the same
way as skeletal muscle. Do you think it is similar to fast
or to slow skeletal muscle, and what evidence could
you obtain just by looking at it?

» A sarcomere, and thus a muscle, can shorten to
about half its resting length. So, in terms of the range
of movement of the hand, why is it an advantage to
have the biceps attach near to the elbow?

David Jones is Professor of Muscle Physiology at
Manchester Metropolitan University and of Sport and
Exercise Sciences at Birmingham University. He has
a broad interest in all aspects of muscle growth,
development, function and diseases.

KEY points

@ Muscles are composed of long, thin fibres with
a characteristic striated appearance due to the
regular arrangement of the proteins actin and
myosin in the sarcomeres.

© Actin monomers form the ‘thin’ filaments that slide
between the ‘thick’ myosin filaments generating
force and movement.

® The globular head of the myosin molecule attaches
to the actin filament and the neck region rotates,
pulling the actin filament towards the centre of the
sarcomere.

© Each cycle of attachment, rotation and detachment
of the myosin molecule involves the splitting of
one ATP, which is where the energy for movement
comes from.

® There are fast and slow forms of myosin that
develop force and shorten at different speeds.

@ Powerful movements such as sprinting and jumping
use muscle fibres containing mainly the fast type of
myosin, but these fibres fatigue rapidly.

@ Slow, lower forces such as are required for balance
and endurance sports are produced by fibres
containing the slow myosin forms.
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