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Whilst muscular contraction as a ge-
neral phenomenon is familiar through
everyday experience, relatively few peo-
ple are aware that it depends on complex
interactions between highly ordered
polymers of very large molecules (pro-
teins) organized into regular arrays of
filaments which slide past each other. It
may also come as a surprise to many
that the detailed molecular changes that
occur during contraction have still not
been fully elucidated, although a great
deal is now known about many aspects
of the process.

All muscles are believed to contract by
the same basic mechanism, which may
also be involved in movement, shape
change and internal transport in non-
muscle cells. The muscles which have
been studied most extensively are the
voluntary, skeletal muscles of verte-
brates. These can generate forces up to
3 kg/cm? of their cross-section, can
shorten by up to a third of their length or
more at velocities equivalent to several
times their own length per second, and
can be switched fully on or fully off in a
small fraction of a second, or even
within a few milliseconds in some cases.
Frogs have been a favourite source of
preparations for physiologists, whilst
rabbits and chickens have provided
most of the material for biochemists.

Studies by X-ray diffraction and elec-
tron-microscopy have shown that in
these muscles the two principal protein
molecules involved in contraction, actin
and myosin, are ordered into separate
but overlapping arrays of filaments of
fixed length (Fig. 1). The myosin fila-
ments form a hexagonal array about 400
A apart, and where overlap occurs, the
actin filaments are located symmetrical-
ly between each set of three neighbour-
ing myosin filaments. The space bet-
ween the filaments is occupied by a
dilute solution of salts, metabolites and
some soluble proteins. Filaments in each
array are held in register by cross-con-
necting structures at their mid-points,
which form lateral bands known as Z-
lines (for the actin filaments) and M-lines
(for the myosin filaments). The myosin
filaments are about 1.5 pum long and
have a diameter of 100-150 A, while the
actin filaments are somewhat less than
100 A in diameter and extend about 1

um on either side of the Z-lines. Thus
although the filaments themselves are
too thin to be resolved in the light
microscope, the arrays that they form
are readily visible, and the pattern
resulting from their partial overlap gives
the muscle its characteristic striated ap-
pearance which also shows up par-
ticularly well in electron-micrographs
(Fig. 2).

Changes in the striation pattern dur-
ing contraction, and the behaviour of the
filaments themselves have shown that
active shortening of the muscle is
brought about by a process in which the
actin and myosin filaments slide past
each other at essentially constant
length. The sliding force is believed to be
generated by the action of so-called
“crossbridges”, which project out side-
ways from the backbone of the myosin
filaments and make repetitive attach-
ments to the actin filaments. The cross-
bridges represent the enzymatically ac-
tive part of the myosin molecules, i.e. the
part that catalyses the chemical reac-
tion (hydrolysis of adenosine triphos-
phate-(ATP)) which provides the energy
for contraction. Another part of each
myosin molecule is built into the back-
bone of the thick filaments, holding the
inner ends of the crossbridges in place.
Each myosin molecule has a molecular
weight of about 500000, and the cross-
bridges occur in groups of three at inter-
vals of about 143 A along the thick fila-
ments.
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A plausible model for the contractile
process supposes that upon activation
of the muscle (when the arrival of nerve
impulses leads to the rapid release of
calcium ions throughout the fibres) a
crossbridge attaches to actin, under-
goes some structural rearrangement so
that it pulls the actin filament along in
the appropriate direction for a distance
of the order of 40-120 A, and then
releases again, returning to its original
configuration so that it is ready to begin
another cycle. Similar cycles of action
are taking place asynchronously at all
the other crossbridges within the region
of overlap of the actin and myosin fila-
ments and their combined action results
in the steady force and shortening gene-
rated by the muscle as a whole. When
activation ceases, the crossbridges all
detach from actin and the muscle re-
laxes; it can be stretched out to its origi-
nal length by a very small force.

This general model accounts very well
for virtually all the characteristic proper-
ties of muscle and also seems to be
perfectly feasible in terms of the proper-
ties of the constituent protein molecu-
les. The wide range of characteristic
shortening velocities of different types
of muscle can be correlated with diffe-
rent cycling rates of the enzymatic cycle,
and the fact that most muscles develop
very similar maximum tensions (at zero
shortening velocity) follows from the
fact that sarcomere structures are vir-
tually identical so that similar numbers
of crossbridges will contribute their ten-
sions in parallel. (The maximum force
generated by each crossbridge will de-
pend on the energy derived from split-
ting one molecule of ATP and the length
of the force-generating stroke; it is not
likely to be a sharp function of the maxi-
mum possible enzymatic cycling rate in
that species of muscle.)
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Fig. 1 — Diagrammatic representation of the structure of a myofibril in striated muscle,
showing overlapping arrays of actin- and myosin- containing filaments. For convenience of
representation, the structure is presented with considerable longitudinal foreshortening:
with the filament diameters and side-spacings as shown, the filament lengths should be

about five times longer than in the diagram.



Fig. 2 — Electron micrographs of a longitudinal section of vertebrate striated muscle (from
rabbit). Within the repeating pattern of sarcomeres, one can see the denser A-bands formed
from the in-register arrays of myosin filaments, partially overlapped by the arrays of actin
filaments whose ends are attached to the narrow dense structures (Z-lines). Between the
Z-lines and the ends of the A-bands the actin filaments form the lighter bands of the sarco-

mere (see Fig. 1).

The central problem in understanding
the contraction mechanism has been,
for some vyears now, to establish
whether in fact the crossbridges do
undergo the kind of cyclical behaviour
which has been postulated, and to eluci-
date the details of the structural and
biochemical changes taking place with-
in them if indeed this general type of
model is correct. Unless such direct ex-
perimental evidence is available, it al-
ways remains possible in principle for a
different mechanism to exist.

Structural evidence about cross-
bridge behaviour during contraction has
been obtained from low angle X-ray dif-
fraction diagrams from muscle (Fig. 3).
These arise from the very regular arran-
gement of the actin and myosin fila-
ments in a hexagonal lattice in the over-
lap region and from the regular arrange-
ment of the protein molecules within
their respective filaments (Fig. 4). The
patterns are relatively weak when ob-
tained using normal laboratory X-ray
tubes, but the recent development of
facilities where the intense synchrotron
radiation from electron storage rings can
be used as an X-ray source has increas-
ed the available flux by a factor of 1000
or more and has made it possible, using
electronic X-ray detectors, to carry out
time resolved X-ray diffraction measure-
ments during different phases of muscle
activity.

These show substantial changes in
the equatorial pattern, taking place
slightly ahead of tension development
and reversing during relaxation, which
could be accounted for if the cross-
bridges hinged outwards from the myo-
sin filament backbone and became
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closely applied to the actin filaments
when the muscle was in the active state.
Changes in other parts of the X-ray pat-
tern, and the behaviour of the reflections
when rapid mechanical transients (eg.
small sudden length changes) are ap-
plied to a contracting muscle, support
the general idea of a repetitive attach-
ment-detachment crossbridge cycle
taking place in a contracting muscle,
with a crossbridge remaining attached
to a particular site on an actin filament as
the filament slides along past the myosin
filament for about 100 A. The cross-
bridge then rapidly detaches and reatta-
ches again, further out along the actin
filament.

However, what the X-ray results have
not been able to do so far is to provide a
definite model for the structural beha-
viour of the actin-crossbridge complex
which enables the myosin head to re-
main attached to the actin over the 100
A sliding distance, and which allows an
active force to be developed over some
part at least of the range of attachment.
Moreover, no other experimental techni-
que has so far provided the necessary in-
formation. This is in considerable part
because of the technical difficulty of ex-
tracting information about dynamic be-
haviour involving complicated submi-
croscopic structural changes, some of
which may be very rapid (i.e. taking place
in < 102 s). Although we understand
many basic phenomena, the actual phy-
sical details of the various mechanisms
involved are in most cases quite un-
known, and this ignorance is a particu-
larly serious drawback when the es-
sence of the process is a structural
change rather than a particular combi-

nation of chemical events. Whereas
there is a good deal of evidence for flexi-
bility and relative movement in several
parts of the molecules involved in energy
transduction in muscle, we have no clear
picture at present of how the ensemble
of molecules and their interactions will
be affected by Brownian motion and by
the electrical charges that they carry,
and how these effects will overlay the
production of directed force and move-
ment. We are dealing with physical and
chemical phenomena at levels of size
and of energies at which the basic laws
of classical physics will in general apply
but where the actual behaviour of such
systems is not known properly either ex-
perimentally or theoretically.

Thus the study of such a system as
muscle, which despite the inherent dif-
ficulties | have mentioned does offer
many experimental advantages, is par-
ticularly fascinating at the present time,
and many very interesting techniques
are being applied to learn more about it.
Some of these involve the measurement
of relatively simple parameters such as
the tension generated by a muscle, but
using preparations in which the fluid
medium surrounding the filaments in a
normal intact muscle is replaced by one
whose composition can be varied. In
some recent experiments this has been
done using an intense laser flash to
release ATP photochemically from anin-
active precursor, so that the whole
population of crossbridges can be ac-
tivated almost simultaneously. In other
experiments electron paramagnetic re-
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Fig. 3 — Low-angle X-ray diffraction dia-
gram from live frog sartorius muscle, show-
ing pattern of layer-lines corresponding to
429 A helical repeat of myosin crossbridges
on thick filaments. The sampling of the pat-
tern produced by the lateral register of
crossbridges in the filament array can be
seen, together with prominent 143 A meri-
dional reflection from the axial repeat of
groups of crossbridges.
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organelle, the microtubules, which are
capable of effecting movement of cell
organelles over long distances (eg.
down nerve fibres) as well as participa-
ting in the relative sliding movement bet-
ween neighbours which gives rise to
ciliary motion.

Thus the study of muscle contraction
provides an entry not only to a fascina-
ting new range of physical phenomena
involved in the biochemical energy
transduction processes, but also helps
to advance our understanding of the
movements within cells, and between
one cell and another, which are equally
necessary for life.
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Fig. 4 — Diagrammatic representation of
some aspects of filament and crossbridge
structure in muscle. The globular heads (S,)
of the myosin molecules are attached to the
backbone of the myosin filaments by a-heli-
cal rod portions of the molecule (S ,), allow-
ing interaction with actin to take place over a
range of sidespacings and of positions on
the actin helix. A possible mechanism for
contraction involves changes in shape or
angle of attachment of the myosin heads,
coupled to repetitive cycles of attachment
to and detachment from actin, so that pro-
gressive relative sliding movement of the
actin filaments takes place.

sonance measurements are used to fol-
low the orientation and mobility of spin
labels attached to specific sites on the
myosin head. Nuclear magnetic reso-
nance experiments have detected par-
ticularly mobile regions in some of the
muscle proteins and the technique is be-
ing used to explore their behaviour dur-
ing ATP hydrolysis by the actin-myosin
complex and to attempt to identify some
of the amino-acids involved. Attempts
are also being made to freeze contrac-
ting muscles within a millisecond or less
by slamming them against liquid helium
cooled copper blocks, and then examine
their crossbridge structure by electron
microscopy.

Another recent development is the
direct visualization in the light micro-
scope of the movement of tiny plastic
beads (as small as 0.5 um in diameter),
to which myosin molecules have been
attached, along oriented bundles of ac-
tin filaments in the presence of ATP. This
preparation is the synthetic analogue of
a type of movement used to transport
organelles in a number of cells and pro-
vides a particularly clear demonstration
of sliding movement as the basic inter-
action between myosin and actin evenin
the absence of an organized sarcomere
structure. The same sliding principle has
also been demonstrated in motility phe-
nomena involving another type of cell
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