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Abstract

Muscle is a very adaptable tissue in which gene expression is to a large extent influenced by physical signals. Adaptation to a
different work regime is brought about by changes in fibre type and fibre cross-sectional area. We have shown both mass and
phenotype are markedly altered by stretch and force production within a period as short as 4 days. This is associated with
quantitative as well as qualitative changes in gene expression. The latter involves the expression of myosin heavy chain isogenes
which encode different types of molecular motors. Some species of fish have exploited this and they are able to rebuild their
myofibrillar systems for warm and cold temperature swimming by selective myosin gene expression. To understand how the
different myosin isoform confer different contractile properties methods have been developed for cloning, sequencing and
visualizing the structure of the ATPase site to explain how the molecular motors are designed. With regard to the chemical link
between the physical signal and the upregulation of certain muscle genes we have cloned a new growth factor that is only
expressed in muscles subjected to stretch and/or exercise and which is designed for autocrine/paracrine action. Experiments
indicate that the expression of a local growth factor which induces repair, remodelling and hypertrophy is one of the ways cells
respond to mechanical strain. © 1998 Elsevier Science Inc. All rights reserved.
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1. Introduction

In this era of molecular biology many people think in
terms of genetic programming. However, a prerequisite
for the survival of animal species is adaptability. Mus-
cle is one of the best examples of a tissue that has an
inherent adaptability. It provides the power not only
for locomotion but a number of life sustaining pro-
cesses. Therefore its ability to function efficiently and
economically over a range of conditions is crucial.
Genetic programming is important during embryologi-
cal development. After this, tissue mass and phenotype
are to a large extent determined by environmental

signals. With the exception of red blood cells, all cell
types have a complete set of genes and physical as well
as chemical signals influence which genes are expressed.
Optimization of tissue design and function are impor-
tant but one must ask optimization ‘for what’. Physiol-
ogists are well aware that conditions such as physical
activity and environmental temperature change during
the life time of the animal. It is interesting therefore to
find that contractile function can be changed by switch-
ing on one subset and repressing another subset of
genes. In this way the tissue can be optimized for power
output for rapid movement or fatigue resistance. These
contractile characteristics are determined by the type of
myosin crossbridge and the molecular motors that pro-
duce force. Different molecular motors are coded for by* Tel.: +44 171 7940500; fax: +44 171 8302917.
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Fig. 1. Transverse sections of biopsies taken from the quadriceps (vastus intermedius) stained for myofibrillar ATPase. With this method the fast
(type II) fibres which have a high ATPase, stain darkly and the slow (type I) fibres stain only lightly. (Left) a biopsy from an international class
high jumper and (right) a biopsy from the same anatomical region from a marathon runner. Note that most of the fibres in the marathon runner
are of the slow oxidative type. These biopsy sections were taken and prepared by Professor Archie Young of the Royal Free Hospital School of
Medicine.

different myosin heavy chain (hc) isogenes which in the
vertebrates comprise a family of separate genes. It is the
regulation and switching of expression of the different
myosin heavy chain isoform genes that we have studied
in response to physical signals during growth and adap-
tation in both mammals and fish.

Muscle mass as well as muscle phenotype determine
muscle contractile performance as the maximum power
output is directly related to the cross-sectional area of
the fibres as well as the speed of shortening. However,
there has to be a ‘trade off’ between the desirability of
having a greater cross-sectional area of muscle and the
energy cost of carrying that extra mass. This is less of a
problem in a buoyant aqueous environment than on
land or in the air. Muscle has other functions as well as
producing movement, in particular it acts as a store of
metabolites. As well as being a major provider of blood
glucose to fuel muscle contraction, it provides amino
acids, e.g. glutamine that is required for the synthesis of
a neurotransmitter and for acid base balance. In mi-
grating animals and animals that experience a period of
inanition, e.g. low food supply during the winter
months, muscle is the major long term supplier of
metabolites. It is now appreciated, that in man, a
marked loss of muscle mass during disease or ageing is
a major cause of death as the individual is unable to
survive a traumatic experience which requires the in-
creased provision of metabolites such as glutamate. We
have studied the regulation of muscle mass and pheno-
type concomitantly to see if these two processes involve
similar transduction mechanisms whereby physical sig-
nals result in upregulation of expression of specific
genes.

2. The diversity of myosin heavy chain genes
(molecular motors) in mammalian muscle

It is now widely know that vertebrate muscle is
composed of different population of muscle fibres. In
mammals, these form a mosaic within individual
anatomical muscles. However, some muscles have a
predominance of fast fibres, others of slow fibres. In
man, different individuals have different proportions of
fibre types as shown from the ATPase staining of
biopsy sections from an elite high jumper and a
marathon runner in Fig. 1. In fish myotomal muscle the
different fibre types are separated anatomically into
discrete layers with the red, slow contracting, oxidative
muscle fibres being located in a relatively thin layer just
under the skin near the lateral line. In mammalian
muscle, the muscle fibres can be divided into two main
types. This includes the slow oxidative, type I fibres
that express a form of myosin which hydrolyses ATP
only slowly and is associated with a slow crossbridge
force generation cycle. This makes these fibres more
efficient and more economical for producing slow repet-
itive movements and sustaining isometric force but not
for high power output [9,10]. Type I fibres are particu-
larly numerous in postural muscle such as the soleus,
which is a muscle that is activated virtually all the time
during standing, walking and running [19]. The others
are the type II or fast fibres which is adapted for a high
power output. These exist as several subtypes that
include type IIb (fast, glycolytic) which is very fast
contracting but which fatigues quickly and the type IIa
(fast, oxidative, glycolytic) which is somewhat slower
and adapted for a high power output over a longer
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period of time. More recently discovered is a fibre type
that is intermediate in Vmax between the IIa and IIb
that is called the IIx [42] or IId [47]. During any
activity, it seems that the slow fibres are recruited first
and when the power requirements increase, the fast
type II fibres are then recruited to provide the necessary
speed and power. With the exception of bird flight
muscles, most of the musculature of vertebrates consists
of different types of fibres and therefore represents ‘two
or three geared’ systems. In this way muscles can
generate force over a range of shortening speeds with a
reasonably high mechanical and thermodynamic
efficiency.

Most histochemical and immunochemical studies on
muscle fibre type have been carried out on rat muscle.
The laboratory rat is rather a specialised animal and
extrapolation of data derived from this animal to other
animals, particularly large animals, is sometimes mis-
leading. Indeed, it is interesting to compare the differ-
ences between the species and to relate these to their
size and mode of life. In the cat there is an ‘ultra fast’
muscle fibre type in the masseter muscles which ex-
presses an ‘ultra fast’ myosin in these and other jaw
muscles [21]. To further illustrate the difference between
species a new approach was developed in the author’s
laboratory (Fig. 2). This involved taking biopsy sam-
ples from normal, healthy human subjects which were
freeze dried. Fragments of single fibres were dissected
out, a third of which were used for histochemical
staining and a third for protein electrophoresis. In the
remaining third (a few mm of a single fibre fragment),
the mRNA of the primary myosin hc genes expressed

was amplified by the reverse transcriptase polymerase
chain method (RT-PCR). In order to determine which
genes were expressed it was necessary to know the
sequence of the 3%-end of the human genes which differs
considerably between the different myosin isoforms but
shows high homology between the same isoform be-
tween different mammalian species. This showed that
the main fast gene expressed in human muscle was the
type IIx and not the IIb as in the rat [4]. A similar
conclusion was concurrently arrived at by Smerdu [44]
who carried out in situ hybridization studies on postop-
erative human muscle samples although the problem in
this study was the muscle might have been considered
to be somewhat abnormal as it was taken from patients
requiring surgery. We and others have found that the
conversion of the IIX to the slower but more oxidative
IIA takes place relatively rapidly during exercise train-
ing (stretch and stimulation). This presumably explains
why a good number of the single fibres were found to
be coexpressing IIA and IIX. The conversion to the
very slow type I (b-cardiac) myosin has a much longer
time window. However, there is evidence that this is
speeded up when the fibres are overloaded to the extent
that there is microdamage.

We believe the expression of a different fast myosin
hc fast gene in the human as compared to the rat is
related to size scaling. It was pointed out by A.V, Hill
in 1954 [19] that the intrinsic velocity of shortening of
the longer muscles of larger animals with a large num-
ber of sarcomeres in series must be considerably lower
than in smaller animals. Otherwise the rate of develop-
ment of mechanical strain would be too great. Hence
the main fibre types are the IIX and the IIA which are
considerable slower than the IIb fibres. It is important
that the fibres from different species are correctly
defined although it should also be appreciated that
there is often coexpression of two or more myosin hc
genes within a given muscle fibre which results in a
whole spectrum of hybrid fibre types [35,43,4]. A ques-
tion that remains unanswered is; are the main myosin
hc isoforms the same in the different mammalian spe-
cies or have they already evolved in such a way as to
result in slightly different contractile characteristics? We
have evidence from cloning and sequencing studies that
the type IIA gene in the pig has a slightly different
sequence in the ATPase region to that of the rat IIA
gene which may be related to the locomotory require-
ments of the pig or more likely that these changes may
have occurred as this animal has been subjected to
intensive breeding for high meat production.

Muscle fibre types differ phenotypically in that they
express different subsets of myofibrillar isoform genes
with different specific ATPase activities as well as dif-
ferent types and levels of metabolic enzymes. In skeletal
muscle but not in cardiac muscle there are embryonic
and neonatal myosin heavy chain isoforms expressed

Fig. 2. Shows the approach to characterising the skeletal muscle fibre
types in human and large animal muscles. Biopsy samples were freeze
dried and single fibres dissected out. A third of the fibre was used for
conventional histo- and immuno-chemical staining, a third was used
for SDS protein separation of the myosins and the remaining third
was used to amplify the predominantly expressed myosin hc in that
fibre. The work showed that the fast fibres in human muscle were the
IIA and IIX. The IIB is not expressed as it is probably too fast for
the much longer muscles (with many sarcomeres in series) of the
larger animals [4].
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before birth and around birth, respectively. The reason
these myosin hc genes are needed may be due the
inability of embryonic cells to express the adult genes as
the cellular environment is different to that in mature
muscle fibre. Also it is likely that there has to be
different controls for gene expression before and after
birth i.e. the regulatory elements in these genes are not
designed to respond to stretch and overload as they
appear to do in the adult myosin genes. Certainly, in
utero when the initial infrastructure of the myofibrils is
being laid down the control of gene expression would
be expected to be different to that when the animal is
walking and running around. In the latter case it seems
that the embryonic myosins are exchanged for the adult
myosin on the law of mass action basis. The inherent
ability of mature skeletal muscle to adapt to mechanical
signals relates to their ability to induce or repress
transcription of different fast and slow isoform genes
and to alter the general levels of expression of different
subsets of genes, e.g. mitochondrial genes. The fact that
there are several adult myosin hc isoforms means that
muscle fibres possess the ability to alter their contractile
properties during post-natal development and in re-
sponse to exercise by rebuilding their myofibrils using
myosin hcs with the necessary slow or fast crossbridge
cycling rate (see below). Since the advent of molecular
biology we have been able to isolate and characterize
many of the isoform genes. This has enabled us to
design and use unique cDNA sequences as specific gene
probes to study changes in their expression in relation
to physical signals. We are also able to study the 5% and
3% flanking sequences to see what regulatory elements
are present and how the physical signals are transduced
into chemical signals which in turn induce or repress
specific genes.

3. Mechanical factors that influence myosin heavy
chain gene expression in mammalian muscle

Every mammalian cell contains about 100000 genes
but at any one time only a fraction of them are actively
transcribing messenger RNA. Most genes are repressed
but others are selectively induced (de-repressed) at dif-
ferent developmental stages or in response to changes
in the cellular environment and signals including hor-
mones and growth factors. There are two ways in which
the contractile properties and hence efficiency and econ-
omy of energy usage of a muscle can be altered during
training. These include the interconversion of fibres, for
example fast into slow, and the selective hypertrophy of
a given fibre type. As mentioned, the inherent ability of
skeletal muscle to adapt to mechanical signals is related
to its ability to switch on or switch off different isoform
genes and to alter the general levels of expression of
different subsets of genes. The fact that there are sev-

eral myosin hc isoforms means that a muscle fibre can
alter its contractile properties by rebuilding its my-
ofibrils using myosin hcs with the required slow or fast
crossbridge cycling rate and by changing its intrinsic
velocity of contraction (Vmax). We have focused our
attention on the myosin hc genes because of the strong
correlation between the Vmax of the muscle fibres and
their fast and slow myosin hc content [38]. The expres-
sion of the different myosin hc isoform genes has been
shown to be tightly regulated in a developmental stage
and tissue specific manner [3,29,52]. It is also influenced
by hormones [25,17], the type of innervation, electrical
stimulation [34], lack of gravity [31], stretch and over-
load. However, the influence of physical activity at the
gene level was unclear. We have therefore paid particu-
lar attention to the influence of physical signals (stretch
and power generation) in determining the expression of
the fast and slow myosin hc genes [12,13].

Stretch has been shown to be a very powerful stimu-
lant of muscle growth and muscle protein synthesis.
During post-natal growth, skeletal muscles fibres elon-
gate by adding new sarcomeres serially to the ends of
existing myofibrils [8,16]. Even mature muscles have
been shown to be capable of adapting to a new func-
tional length by adding or removing sarcomeres in
series [54]. In this way sarcomere length is adjusted
back to the optimum for force generation, velocity and
hence power output. The stretch effect and the adapta-
tion to an increased functional length is known to be
associated with increased protein synthesis [7]. We stud-
ied the way gene expression in muscle is influenced by
stretch by casting the limb with the muscle either in the
shortened or lengthened position [27]. Several interest-
ing findings emerged from this study including the fact
that a slow soleus muscle in rodent muscle which does
not normally express fast type IIb myosin hc genes,
begins to transcribe the fast myosin hc gene after only
a day if its muscle fibres are not subjected to stretch or
are not producing force. Stretch combined with electri-
cal stimulation was also found to induce very rapid
hypertrophy of the tibialis anterior in the adult animal.
Both force generation and stretch are major factors in
activating protein synthesis and the combination of
these stimuli apparently has a pronounced additive
effect. Associated with this very significant increase in
muscle size (over 30% in 4 days) there was a marked
increase in the RNA content of the muscles (up to
250%) which was found to peak after 2 days of the
commencement of stretch. This rapid increase in total
RNA, which is mainly ribosomal RNA, indicates that
muscle fibre hypertrophy may be controlled mainly at
the level of translation and that the rapid increase in
the number of ribosomes means that more message can
be translated into protein. There are situations when an
abundant message is present but the fibres are still
undergoing atrophy, e.g. lack of stretch (with and
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without stimulation). This again indicates that muscle
size, unlike muscle phenotype, may be regulated mainly
at the level of translation. When both stretch and
electrical stimulation are combined the fast tibialis ante-
rior of the rabbit apparently becomes completely repro-
grammed for the transcription of slow myosin hc. This
includes the repression of the fast myosin hc gene as
well as the action of expression of the slow myosins
within only 4 days [12,13].

When muscle fibres are induced to change from the
fast (type II) to the slow (type I) embryonic or neonatal
isoform slow gene are transiently expressed. This has
also been confirmed in work we are doing with ortho-
paedic surgeons at Oxford who are carrying out surgi-
cal limb lengthening and with Dr Pamela Williams who
used a neonatal myosin hc antibody to stain sections of
muscles that have been subjected to stretch way beyond
the normal physiological limits. Under these conditions
the neonatal isoform was shown to be heavily expressed
prior to the slow myosin hc when the muscle is sub-
jected to stretch. Thus it seems that when damaged
muscle cells recapitulates the developmental process by
first re-expressing the embryonic and neonatal myosin
hc genes before rebuilding the myofibrillar infrastruc-
ture using a different adult myosin.

Although it is generally accepted that the different
fibre types in mammalian muscle are interconvertable
there is some dispute concerning the nature of the
physical signal. At one stage it was thought that the
frequency of stimulation was the important factor in
determining fibre type transition. However, it was
shown that higher stimulation frequencies were just as
effective in producing the fast to slow switch [45].
Stretch produced by plaster cast limb immobilization
alone was found to induce fast fibres to lay down slow
type sarcomeres [55] and under these conditions virtu-
ally no EMG signal can be detected [20]. Therefore it is
not likely that stimulation frequency is the primary
determinant of muscle phenotype. Instead it appears to
be the mechanical strain that the electrical stimulation
induces rather than the electrical stimulation per se. In
our experiments more complete reprogramming of the
muscle was obtained when stretch was combined with
high frequency stimulation which indicates that the
signal for the fast to slow change is mechanical strain.
This makes physiological sense as it can be argued that
the muscle cells by responding to isometric overload in
this way are adapting to an increased postural role [11].

Protein studies have indicated that there is sequential
myosin hc gene expression during muscle development
[3] and that the predominant protein isoforms change
from embryonic, to neonatal, to adult fast or adult
slow. It seems that all muscle fibres stay phenotypically
fast unless they are subjected to stretch and isometric
force development. As shown by the soleus muscle,
when immobilized in the shortened position [27] sub-

jected to surgical overload [15] or subjected to hypo-
gravity the fibres revert to expressing fast myosin genes.
When the muscle is not subjected to stretch or force
generation the fast myosin genes are expressed by de-
fault, which was essentially the same conclusion drawn
by Swynghedauw [46]. He reviewed the conditions un-
der which the fast myosin hc gene is expressed and
refers to the fast type gene as the endogenous gene but
we prefer the term the ‘default gene’. Certainly, the
main regulation in the expression of the slow phenotype
seems to depend on the repression of the fast type as
much as the activation of the slow type genes. As
indicated muscle fibre hypertrophy apparently involves
a different regulatory mechanism with the rate limiting
step and hence the control being at the level of transla-
tion rather than transcription. The induction of hyper-
trophy seems to have a shorter time window than the
induction of the slow genes. Recent research carried out
in Bengt Saltin’s laboratory in Copenhagen on exercise
training in humans in which the major switch is from
the IIX to the IIA has shown for sprint events a rest of
a few days before the race is critical. During resistance
or running exercise IIX fibres are converted to the
slower but more oxidative fibres. However during the
rest period the reverse occurs and there is an overshoot
so that the sprinters muscle have more IIX and are
therefore faster than before commencing exercise train-
ing. For middle distance training a higher percentage of
IIA will be required therefore the rest (overshoot) pe-
riod have to be somewhat shorter.

Other subsets of genes may be controlled in a similar
fashion including mitochondrial and cytoplasmic en-
zyme genes when a muscle fibre is converted to the slow
type although the physical cues may be different. The
changes in gene expression may not be coordinated and
the signals involved in the activation of the myosin
isoform genes as compared to say mitochondrial genes
or sarcoplasmic enzyme genes just happen to coincide
under most training. For instance during endurance
training there is increased expression of slow myosin
and also in mitochondrial genes. The former apparently
response to mechanical strain whilst the latter may be
induced by anoxia. There may be a minimum time
required to activate some genes and others may have a
shorter time window. It is known from EMG studies
that postural muscle fibres, such as those of the soleus,
are activated about 90% of the time during standing or
walking whilst the fibres in other skeletal muscles are
activated only 5% of the time [20]. Therefore slow
postural muscles are subjected to stretch and are acti-
vated for periods long enough for the full transitional
to the slow type I phenotype to be achieved.

The details of the molecular mechanism (s) involved
in isoform gene switching are not known. The possible
cellular mechanisms that spring to mind include tran-
sient changes in internal calcium levels and metabolic
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signals such as the depletion of ATP. Experiments
involving stretching cardiac myocytes in culture sug-
gested another mechanism that involves the production
of autocrine growth factors [41]. Evidence that this
system operates in skeletal muscle is presented below.

4. Switches in myosin gene expression in temperature
acclimation in fish

One of the best examples of adaptation at the gene
levels is provided by fish. Some species of fish have the
ability to rebuild their myofibrillar system [22] by ex-
pressing a different set of contractile myosin genes at
low temperature to that expressed at warm environ-
mental temperatures [6]. This enables fish acclimated to
low environmental temperatures to develop more force
[18] and power output [39] than those acclimated to
warm environmental temperatures which have greater
thermal stability. The myofibrils of Antarctic fish have
been shown to have a greater specific ATPase at low
temperatures than tropical or temperate water fish but
this is lost much more rapidly when the temperature is
raised [23]. Thus there seems to have been ‘a trade off’
between catalytic activity and thermal stability. How-
ever in the case of pond fish such as the carp they are
able to undergo a seasonal adaptation to changed
environmental temperature by changing the activity
and thermal stability of their myofibrillar ATPase.

To elucidate the mechanism we made a carp genomic
library and screened this for myosin hc genes using
mammalian cDNA sequences under moderate strin-
gency conditions. The clones were restriction mapped
which resulted in 28 non-overlapping sequences. This
indicated that the carp had a reasonably large family of
myosin heavy chain genes that is about twice the size of
that in mammals [6]. Rather fortuitously the first se-
quence to be identified was from the gene that is
predominantly expressed in white muscle at warm tem-
peratures. This was done by extracting the RNA from
red and white muscle of fish adapted to 25, 18 or 8°C
and carrying out a Northern analysis using the gene
fragments as the probe. When carp maintained at a low
temperature were acclimated to a warm temperature
the time course for the expression of this gene was
slightly in advance of change in myofibrillar ATPase
which suggested that this type of adaptation is regu-
lated at the transcriptional level [49]. Hence these spe-
cies of fish can adapt to seasonal changes in
temperature by expressing different myosin heavy chain
isoform genes at low as compared to warm tempera-
ture. As well as different myosin hc genes for red, white
and pink muscle we have identified quite a number of
developmental myosin genes. Here again there is a
scaling problem because as the as the fish increases in
size the tail beat frequency decreases and therefore

different genes have to be expressed at different in ovo
and post hatching stages. The species of fish studied are
tetraploid and therefore they are expected to have at
least twice the number of myosin isoform genes as
compared to a mammal and thus evolutionary experi-
ments have resulted in some being adapted for warm
and cold temperature swimming as well as for the
different developmental stages and muscle types.

We have recently partly characterized the 5’-regula-
tory (promoter) sequence of carp FG2 myosin gene to
see how a temperature switch may operate. Using engi-
neered genes which consisted of the gene promoter
attached to a reporter cDNA we introduced these into
cells in culture and into muscle in vivo by direct injec-
tion and looked at the effect of temperature. In this
way we were able to determine which upstream regula-
tory sequences were necessary for the temperature ef-
fect [5]. Also we have used the myosin hc promoter for
producing transgenic fish. Mammalian type gene con-
structs under the control of mammalian promoters are
not expressed or are weakly expressed in fish. However,
the carp FG2 myosin hc promoter works well in zebra
fish, cat fish as well as in carp.

5. Molecular motors

The existence of a family of myosin hc genes which
encode the molecular motors that produce the contrac-
tile force raises the question as to how these differ. One
way of understanding how the molecular motors are
designed is to compare the myosin hc genes that are
expressed in fast and slow fibres from different species
in different animals and to relate this to their physio-
logical properties. The myosin hc gene is large and
therefore it is necessary to know where the strategic
sites are located. It is possible to chemically remove the
crossbridge heads (S1 fragments of the myosin heavy
chains) and coat these onto microscope slides and show
that these have the ability to move actin filaments if
ATP is available in the medium. This shows that the S1
region of the myosin heavy chain is the molecular
motor that generates the contractile force for muscular
contraction. The ATPase activity (cross bridge cycle
time) and hence the velocity of contraction are deter-
mined by the type of myosin heavy chain expressed
[38]. Although the light chains which bind to the neck
of the myosin heavy chain S1 are involved in force
transduction, they are not determinants of the specific
ATPase [28] and hence velocity of contraction. It is
therefore appropriate to study the regions of the
myosin heavy chain genes that encode the molecular
motors to see how the differ between different isoforms,
e.g. fast and slow myosins.

A major advance in muscle biology was made when
the crystallographic structure of the myosin S1 (myosin
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Fig. 3. A. shows the ATPase site of the myosin crossbridge with the hypervariable loop 1 (in green) projecting above the cleft. This was modelled
using the Rasmol Molecular Visualization programme (Glaxo Research and Development) and based on the chicken S1 X-ray diffraction model
[37] B,C and D. show the conformation of the hypervariable loop different isoforms of myosin. These were derived from cloning and sequencing
and visualizing using Alchemy software. The positively charged residues are shown in green and the negatively charged ones shown in red. B
shows the short hypervariable loop of a non characterized myosin in muscle. C is the slow or type I myosin which has a shorter loop length and
an overall charge of +2 as compared with that in D which gives the loop of the fast myosin which is longer and has an overall charge of +1.
The way the loops are believed to act as an electromagnetic latch are illustrated in Fig. 4. [29]

crossbridge head) for avian pectoralis muscle myosin was
published [37]. The possibility now exists for elucidating
the mechanism of force development and of understand-
ing the structure and function of the different types of
myosin. A comparison of the S1 sequence of four
molluscan muscles with have quite different ATPase
activities showed that the loop 1 that is part of the
ATPase site, was the only region showed hypervariability
[24,32]. Also divergence at this site was also previously
noted when the two smooth muscle myosin genes were
sequenced and compared [53]. Although the two cardiac
myosin heavy chain genes were the first to be sequenced
much of the recent work on sequence analysis and
mechanism of force production have been carried out
using the non muscle myosins. At present twelve different
classes of myosins have been defined of which only class
II are represented by those involved in the contractile

systems of skeletal, cardiac and smooth muscle. These all
tend to have a very low ATPase and hence it does not
shed light on the way the molecular motor is adapted for
different modes of locomotion. Interestingly, experi-
ments by the Spuddich group [50] in which a region of
the myosin S1 of the slime mould dictostellium was
replaced by those from a fast rabbit myosin resulted in
an increase in ATPase activity and velocity of force
development. This indicated that there are regions in the
S1 which determine the contractile characteristics Fig. 3.
Although mutagenesis is a useful tool there is always a
problem that substitutions even those quite distant may
alter the 3D configuration of the molecule and thus alter
the active site. It is therefore important to study directly
the way evolution has adapted the molecular motors for
different kinds of contractile activity using a comparative
biology approach.



G. Goldspink / Comparati6e Biochemistry and Physiology, Part B 120 (1998) 5–1512

In order to study the molecular motors of different
mammalian fibre types we cloned the ATPase region of
different myosin hc genes from the dog using RT-PCR.
These were then sequenced and compared [29,30]. Al-
though the ATP binding site is highly conserved there is
a part of the ATPase pocket that differs between the
different myosin hc isoforms. Part of this forms a loop,
called the hypervariable loop, that projects over the
enzymic pocket. This differs in length, charge and
distribution of charge and we believe that it acts as an
electrostatic latch. The rate determining step in the
myosin crossbridge cycle is the release of ADP. The
longer this is delayed the longer the myosin attachment
time. The length of time the latch covers the ATPase
pocket will be determined by the charge difference
between the loop and the body of the S1. The length
and therefore presumably the flexibility also differs
between the myosin hc isoforms.

Once the amino acid sequences for the canine hyper-
variable loop 1 regions for different isoforms were
aligned it was apparent that there was a recognized
distribution of charge. A common charge motif (− +
+ + −) was identified that was shared between all
isoforms. When the charges alone are aligned, it is
apparent that there exists positional conservation of
three residues; 205 (-ve), 208 (+ve) and 215 (+ve)
between the fast, slow and embryonic isoforms. There is
also conservation of two ‘spacer’ residues which have
no charge but remain in the same position between
(Thr-211 in fast and slow and Ser-211 for embryonic;
Gly-2134 for fast and slow and Met-213 for embry-
onic). It has been shown that the substitution of a
lysine residue at position 130 for leucine results in
reduced affinity of myosin for ATP. The location of
charged amino acids around these positionally con-
served charged and neutral residues may be important
in relating isoform-specific properties to each type of
binding pocket and more specifically, the rates at which
ATP enters the pocket and ADP is removed. The fast
type II canine loop 1 has a positive charge of +1; the
slow type 1 loop has an overall charge of +2 and the
embryonic +2.5. These net charge ratios have impor-
tant implications for our proposal that loop 1 acts as an
electrostatic latch and thus these differences confer
isoform-specific properties.

During the course of this study, a myosin heavy
chain clone was isolated from Greyhound head and
limb muscles. This isoform possessed a completely dif-
ferent hypervariable loop which has not been identified
or described elsewhere. The loop is much shorter than
those of the other canine isoforms and notably, the
amino acids missing are those which are charged. Fig. 3
shows the structure of this new loop. Characterization
of this isoform will be presented elsewhere following
measurements of contractile properties in single muscle
fibres. In this way structure function relationship can be

established using this comparative approach albeit it is
now at the molecular level.

Using Alchemy computer software it was possible to
substitute amino acids into the Rayment et al [37]
model of the 3D structure of the chicken pectoralis
model of the myosin S1. This we have done for myosin
hc genes of canine type I and type II and antarctic and
tropical fish Fig. 4.

6. Local control of muscle mass and phenotype

For some time it has been appreciated that there is
local as well as the systemic control of tissue growth.
The post-natal growth spurt which occurs early in life is
believed to be regulated to a large extent by growth
hormone produced by the pituitary and which causes
the release of IGF-1s from the liver and probably other
tissues including muscle. However, it is well known that
there are a good number of cell types which respond to
mechanical signals and posses a mechanism for local
control of growth, remodelling and repair. As early as
1917 D’Arcy Thompson [48] discussed how tension and
pressure could interact to determine the shape by bio-
logical structures. As mentioned, tissue size and shape
is not apparently strictly pre-programmed but regulated
to a large extent by mechanical factors. Cells that have
an inherent ability to respond to mechanical factors
have been termed mechanocytes and include fibroblasts,
keratinocytes, osteoblasts, skeletal, cardiac and smooth

Fig. 4. The expulsion of ADP at the end of the power stroke is
necessary for detachment of the crossbridge. It is proposed that the
longer, more flexible loop of the fast Type II myosin and its number
of +ve charges, allows the ATPase cleft to open more readily when
the S1 flexes at the end of the power stroke as compared with the
Type 1 myosin loop. In the latter case, the shorter loop and the extra
+ve charges holds it closed more tightly, resulting in a longer
crossbridge attachment time.
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Fig. 5. Contrasts the structure of MGF growth factor which is expressed in muscles subjected to stretch and overload with liver type IGF-1
isoforms. Although MGF is derived from the IGF-1 gene by alternate splicing it has different exons including a different E domain which is
apparently not glycosylated and thus MGF is smaller and probably has a shorter half life than the liver type IGF-1s. It appears to be designed
for an autocrine /paracrione action in contrast with the liver IGF-1 isoforms which have a systemic (endocrine) action. ([56])

muscle cells. It has been hypothesized that even neurons
in the central nervous respond to mechanical tensions
during development and this contributes to the com-
pactness of neural circuitry throughout the adult brain
[51] Muscle offers one of the best examples of studying
the way cells detect and respond as the mechanical
activity that is generated by and imposed upon muscle
tissue can be accurately controlled and measured in
both in vitro [33] and in vivo systems.

We have recently identified and cloned a growth
factor which is expressed in muscle only when it is
subjected to activity [56]. This we have termed
Mechano Growth Factor (MGF). Both the rabbit and
human cDNA for MGF have now been sequenced and
it is apparent that this is derived from the IGF-1 gene
by alternative splicing. The structure of the cDNA of
this isoform indicates that it has different exons to the
liver types and that it is not glycosylated. Therefore it is
expected to smaller and have a shorter half-life than the
liver IGF-1s. It is thus designed to act in an autocrine/
paracrine rather than in a systemic fashion. Examina-
tion of its structure reveals a 52 base insert in the E
domain and this results in a reading frame shift thus the
3’-end of the mRNA and the Carboxy end of the
peptide is different to that of the liver type IGF-1
isoforms. Therefore, it might be expected that MGF
has a different binding protein and possibly a different
receptor to the systemic IGF-1s. This may also deter-
mine its autocrine mode action. Also from a physiolog-
ical standpoint MGF is interesting as it is probably the
MGF is the end product of mechanotransduction sig-
nalling pathways in muscle and other cell types. Ques-
tions such as whether MGF is upregulated before
membrane damage occurs or whether membrane dam-
age initiates the production of the growth factor can be
answered. Experiments are currently being performed
to determine the mechanisms via which cells respond to
mechanical stimuli and the link between the mechanical

stimulus and gene expression as this represents a new
and important area of physiology [12]. As far as skele-
tal muscle is concerned, it has long been appreciated
that there is local control growth because if a muscle is
exercised it is only that muscle which undergoes hyper-
trophy and not all the muscles of the limb. It has been
shown that stretch is the major mechanical signal for
the addition of new sarcomeres [16,54] upregulating
protein synthesis [7,26] and changing gene transcription
[12,13,56,57]. The discovery of this growth factor pro-
vides a link between the mechanical stimulus and gene
expression.

Preliminary experiments have shown that in mdx and
the dydy dystrophic mice the mechanotransduction sys-
tem is defective as MGF is not upregulated as it is in
normal mice when the muscle is stretched [14]. Dys-
trophin is associated with the membrane in normal
muscle but it is absent in human Duchenne dystrophy
and in the mdx mouse. In autosomal dystrophies and in
the dydy mouse it is the one of the proteins that
connect the dystrophin to the membrane and to the
extracellular matrix that is missing. This suggests that
the dystrophin, dystrophin associated glycoproteins and
extracellular proteins are part of a mechanotransduc-
tion system. Also nNOS in muscle has been shown to
be associated with dystrophin [2] which therefore seems
to have a more important role than just stabilizing the
membrane Fig. 5. Recombinant (basic) IGF-1 has been
shown to have a beneficial effect on the muscles of the
dystrophic dydy mouse [58,40] but the IGF-1 used is
probably an inappropriate form for maximum effective-
ness. In IGF-1 gene knockout experiments the trans-
genic offspring did not survive long after birth and
examination of their muscles revealed that they were
dystrophic [36,1]. Hence it appears that inadequate
IGF-1 and the inability of muscle to repair and adapt is
a causal mechanism dystrophies.
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Using primers for MGF and the liver type IGF-1 (L
IGF-1) that is also expressed in muscle, we have devel-
oped a semi-quantitative PCR method that enables us
to assess the level of expression in human muscle using
a simple syringe needle aspiration procedure. We be-
lieve this can be used to monitor exercise regimes in
larger animals as well as man in other to monitor the
effectiveness of the regime for producing MGF and
therefore muscle mass and phenotype adaptation. How-
ever, the next step is to characterize this growth factor
and determine its physiological modus operandi and the
signalling mechanisms involved in its upregulation.
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