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Myoglobin in Primary Muscular Disease
I. Duchenne Muscular Dystrophy

and

II. Muscular Dystrophy of Distal Type
A. E. ROMERO-HERRERA,* H. LEHMANN,* B. E. TOMLINSON,t and

J. N. WALTONt

Summary. Skeletal myoglobin from two cases of muscular dystrophy, one of
Duchenne muscular dystrophy, and one of muscular dystrophy of distal type, have
been examined and no differences from normal human myoglobin were found. The
opportunity has been taken to discuss the nature of minor fractions of myoglobin-
like material which are found when human skeletal myoglobin is isolated. Those
which have been observed in the present study have been artefacts and it was pos-
sible to demonstrate that they were due to deamidation of certain glutamine and
asparagine residues.

In recent years we have purified and analysed the
skeletal myoglobin of man to complete its amino-
acid sequence (Romero-Herrera and Lehmann,
1971a and b; 1972a), where it had not already been
described by Hill et al (1969).

This knowledge has supported: (1) The identifi-
cation of mutants of human skeletal myoglobin
found by Huntsman and Boulton in an electro-
phoretic survey of 10,000 human muscle samples
(Boulton et al, 1969; Boulton et al, 1971a, b, and c)
of which the second is presumably identical with
one described by Boyer, Fainer, and Naughton
(1963). (2) The comparison of man's skeletal and
cardiac myoglobin and to show that they were
identical (Romero-Herrera and Lehmann, 1971a).
(3) An evolutionary study of primate myoglobins
(Romero-Herrera and Lehmann, 1971b, 1972a and
b; 1973a, b, and c). (4) An investigation in detail
of the myoglobin of two patients who had died of
primary muscular disease, which is the subject of
this paper.
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This last quest followed logically from the experi-
ence with abnormal haemoglobin. Nearly 200
haemoglobin variants are known (Lehmann, 1972).
Most of them are compatible with the normal func-
tion of the erythrocytes. An increasing number,
however, are found to be, associated with some
change in the function of the haemoglobin molecule
which causes a haematological disorder. The most
important abnormal variant is sickle-cell haemoglo-
bin whose solubility is abnormally low in the deoxy-
genated state; other abnormal haemoglobins are
permanent methaemoglobin, others show ab-
normally high or abnormally low oxygen affinities,
and still others cause haemolytic anaemia by their
tendency to denature easily into Heinz bodies
which affect the life span unfavourably (Morimoto,
Lehmann, and Perutz, 1971). The rate of synthesis
is below normal in a number of variants (White,
1972). Most of these pathological haemoglobins
show more than one of the abnormalities listed.
The importance of myoglobin for the function of

the muscle is not as obvious as that of haemoglobin
for the red blood cell. There can, however, be no
doubt of its physiological role as a short and long
term oxygen store and its help in facilitating the
diffusion of oxygen (Wittenberg, 1959 and 1965;
Scholander, 1960a and b, and 1965); the first is
indisputable when one considers the metabolism of
diving mammals (Scholander, 1961/1962).
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The myoglobin concentration increases with age
and exercise (Whipple, 1926; Lawrie, 1953) and its
level is twice as high in hunting than in domestic
dogs. Altitude favours a rise in myoglobin con-
centration (Hurtado et al, 1937; Poel, 1949; Clark,
Criscuolo, and Coulson, 1952; Vaughn and Pace,
1956; Tappan and Reynafarje, 1957; Anthony,
Ackerman, and Strother, 1959; Reynafarje and
Morrison, 1962), but it has been suggested that this
mostly represents a change in muscle hydration
(Anthony et al, 1959), and even a decrease of myo-
globin at high altitude is explained by the low
muscular activity (Poel, 1949); the opposite hap-
pens if the animals are exercised during acclimatiza-
tion (Clark et al, 1952). One might expect that
hibernation might cause the myoglobin to fall; how-
ever, it has been reported to rise in the snowshoe
hare (Rosenmann and Morrison, 1965), and the
northern red-backed vole (Morrison, Rosenmann,
and Sealander, 1966). At present, it is difficult to
interpret a report that the myoglobin of rats kept
for one to three months at an altitude of 6000 m,
changes its equilibrium constant by a factor of two
(Strother et al, 1959), however, not so long ago,
so would such an observation on haemoglobin
which would now be understood more easily
(Benesch and Benesch, 1969; Perutz, 1970; Arnone,
1972).
The myoglobin of some molluscs has been re-

ported to form dimers and to exhibit slight haem-
haem interaction (Manwell, 1960) and to contain
cysteine which combined into dimers linked by
disulphide bonds (Terwilliger and Read, 1970).
Mammalian myoglobins, most of which do not con-
tain cysteine, have nevertheless been shown to form
dimers in vitro (van der Oord et al, 1969).
Perhaps a powerful argument for the physiological

need for normal myoglobin is that no case has ever
been seen of an obvious myoglobin deficiency. Also,
no permanent methaemoglobin caused by a globin
abnormality has been described, although new
observations of human 'haemoglobin M' regularly
occur, with a proportion of these being almost
certainly new mutations (Farmer, Lehmann and
Raine, 1969). Mutations of myoglobin likely to
cause primary muscular disease would have to
cause subtle changes which would not be expected
to alter the myoglobin molecule too obviously and,
whilst impairing its normal efficiency, would yet
permit some residual function. These changes
would resemble those that are found in some
haemoglobins with high or low oxygen affinity and/
or mild instability. They are mutations which
affect amino-acid side chains in the interior of the
molecule, but the resulting difference from the

normal molecule is not very obvious and would
perhaps merely be an alteration in the size of a side
chain but not in its polarity or charge. Such a
difference would not be easily detected by routine
surveys using electrophoresis and chromatography.
The identification of such mutants would therefore
require a detailed determination of the amino-acid
composition of the molecule broken up into frag-
ments not larger than about 20 residues.

Case Reports
Case 1. J.L., a male born on 23 November 1955, was

first seen by one of us (J.N.W.) on 11 July 1960. He
was the second child of healthy, unrelated parents and
there was no family history of muscle disease. An elder
sister, then aged 8 years, was perfectly normal. The
parents said that ever since this boy had walked at the
age of 15 months, he had been unable to run and could
not climb stairs properly. When he was seen at the age
of 4 he still climbed stairs on his hands and knees and
his parents said that he tried to run like a long-distance
walker walking at speed. He frequently fell and had
difficulty in rising from the floor. His parents had not
been aware of any weakness of the arms. He had,
however, shown some delay in the development of
speech.
On examination there was evidence suggesting some

degree of mild mental retardation, but this was not con-
firmed by later psychological testing which gave an IQ of
100. The patient walked with a markedly accentuated
lumbar lordosis and with a waddling gait. There was
enlargement of the calves. In the upper limbs there was
bilateral winging of the scapulae with weakness of the
pectorals and biceps. In the lower limbs the quadriceps,
hip flexors and anterior tibial muscles were particularly
weak. The knee jerks were diminished, the ankle jerks
were brisk, and the plantar responses were flexor.

Estimation of the serum aldolase at that stage gave a
result of 110 units/ml. Electromyography and muscle
biopsy were refused. In 1964 the patient was included
in a series of cases receiving a trial of treatment with
Laevadosin but obtained no benefit from this. By 1965
he required a wheelchair as he was then unable to walk.
In 1963 two estimations of the serum creatine kinase
gave results of, 230 and 172 units/ml, respectively; a
firm diagnosis ofDuchenne type muscular dystrophy was
made. In 1968, because of increasing scoliosis, he was
provided with a spinal support. In 1970 he developed a
moderately severe endogenous depression which re-
sponded to treatment with phenelzine. Despite the pro-
vision of a brace, he went on to develop a severe kypho-
scoliosis. In June 1971 he was seen to be deteriorating
rapidly and by September ofthe same year had developed
severe respiratory insufficiency. On 11 October 1971 he
died suddenly while being transferred from an ambulance
to a wheelchair on his way to attend hospital clinic.
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Necropsy showed extreme wasting (total body weight
36 kg) of all the musculature, marked contractures of
limbs, and extreme kyphoscoliosis with the anterior pelvic
brim as high as the lower ribs anteriorly.
A little clear frothy fluid was present in the trachea and

main bronchi accompanied by a small amount of oedema
of both lungs. The heart was considerably enlarged,
weighing 380 g. The pericardial cavity contained
approximately 20 ml of clear, slightly yellow fluid and
the surface of the left and right ventricles showed marked
fibrous striations, these running in the lines of the super-
ficial cardiac fibres, an appearance which we have come
to regard as typical of the so-called cardiomyopathy
which commonly terminates long surviving cases of
Duchenne muscular dystrophy. All parts of the left
and right ventricles and the interventricular septum were
involved by fibrosis, this being particularly severe in the
sub-epicardial layers of the left side. The papillary
muscles of the mitral valve were both somewhat thinned
and showed small patches of fibrosis. The other heart
valves and the atria and auricles showed no abnormality.
The coronary arteries were thin walled, entirely patent
vessels showing only minimal traces of subintimal
atheroma.
No abnormalities were present in the peritoneal cavity

apart from the very gross distortion produced by the
kyphoscoliosis.
The scalp, skull, and brain appeared normal, the latter

both to the naked eye and in sample sections. Skeletal
muscles varied greatly in appearance; the lumbar, the
anterior, and posterior muscles of the neck were pale but
otherwise not grossly abnormal. The muscles of both
pelvic and shoulder girdles and, to the naked eye,the distal
limb muscles were reduced largely to small masses of fat,
delineated by muscle sheaths.

Histologically all the numerous limb muscles examined
showed severe dystrophic changes. There was massive
replacement of the majority of muscles by fat with con-

siderable production of fibrous tissue often enclosing or
separating surviving islands of individual muscle fibres.
Marked variation in muscle fibre size was present, many
giant fibres showing central nuclei as well as extremely
small atrophic muscle fibres. Very occasional baso-
philic muscle fibres were present and occasional foci
where degenerating fibres appeared to be associated with
active phagocytosis. No suggestion of grouped fibre
atrophy was seen in any section from any muscle.
The myocardium showed extensive patchy fibrosis,

particularly severe throughout the left ventricle.
The spinal cord was examined at all levels, and the

entire lumbosacral cord in great detail. The motor
neurones throughout the lumbosacral enlargement were
counted in serial sections in the manner described by
Tomlinson, Irving, and Rebeiz (1973), thus establishing
that limb motor neurones were present in normal num-

bers.

Case 2. (D.W.) This man, who was born in 1927,
was well until the age of 25 years when he began to suffer
from progressive weakness of the distal muscles of both
the upper and lower limbs. Weakness first affected the

anterior tibial and calf muscles in the legs, giving initi-
ally a moderate degree of footdrop, and some two or
three years later the patient noted weakness of the long
finger flexor and extensor muscles in the upper limbs. His
father suffered from a similar progressive neuromuscular
disease beginning at approximately the age of 25 years,
but suffered an attack of subarachnoid haemorrhage at
the age of 34 years and died after a further attack at the
age of 39 years. The patient's patemal grandfather had
also been similarly affected and had died while in his
fifties from a condition then diagnosed as progressive
muscular atrophy; at this age he had still been able to
walk, though with some difficulty. There was no
evidence that any other members of the family had been
affected.
When first seen by one of us (J.N.W.) in 1958, there

was evidence of distal weakness of muscles in both the
upper and lower limbs involving the long flexors and
extensors ofthe fingers in the upper limbs but sparing the
small hand muscles. In the lower limbs the anterior
tibial muscles and those of the calves were selectively
involved, but there was some evidence of weakness
extending to involve quadriceps and hamstrings in the
lower limbs and biceps and triceps in the upper limbs.
The clinical picture was thought tobe one suggestive ofan
atypical form of peroneal muscular atrophy, though the
proximal muscle involvement was not compatible with
this diagnosis. At that time an electromyogram showed
evidence of many short-duration and polyphasic poten-
tials in the distal muscles of both the upper and lower
limbs, and nerve conduction velocity measurement was
normal. No sensory loss was evident and the diagnosis
was revised to one of muscular dystrophy of the distal
variety.

Subsequently the patient's condition showed slow but
intermittent deterioration; despite his disability he con-
tinued to work as a land agent for the National Coal
Board. In 1963 he became unable to walk and was con-
fined to a wheelchair. On admission to hospital on 23
October 1967 he was an intelligent and energetic man.
The facial and bulbar musculature was entirely normal.
The stemomastoids were, however, weak and wasted and
there was generalized proximal and distal weakness of all
the upper limb muscles, involving particularly deltoids,
infraspinati and the flexors and extensors of the fingers.
The tendon reflexes in the upper limbs were, however,
present. In the lower limbs there was generalized
weakness of all muscle groups with some minimal pre-
servation of toe movement, but all tendon reflexes and
the plantar responses were absent. Again there was no
sensory loss. The heart was normal on examination.

Investigations at that time showed Hb 15-9 g/100 ml,
PCV 50%, leucocytes 7200/mm3, ESR 8 mm/i hr,
serum electrolytes normal, SGOT 31 units/ml, SGPT
32 units/ml, serum aldolase 2-8 milli-units/ml, serum
creatine kinase 75 IU/l; the blood uric acid, alkaline
phosphatase, calcium phosphate, and total protein were
all normal. An electrocardiogram showed a slightly
increased PR interval with some ST segment depression
and therewere episodes of sinoatrial block. A repeat elec-
tromyogram showed evidence of myopathy in proximal
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limb muscles, together with fibrillation potentials,
pseudomyotonic discharges and occasional possible
fasciculation potentials. In the distal muscles there
was some evidence of large motor units with a reduced
interference pattern suggesting neurogenic atrophy. An
intravenous pyelogram on this admission showed a
calculus at the lower end of the left ureter with normal
renal function and structure, and this was subsequently
removed on cystoscopy.
A muscle biopsy on 30 October 1967 was taken from

the right extensor digitorum brevis muscle and was re-
ported upon by Dr P. Hudgson. The fascicular archi-
tecture of the muscle was generally well preserved and
the individual fibres, though showing very marked vari-
ation in diameter, showed no necrosis or phagocytosis.
There was a gross increase in the amount of both peri-
mysial and endomysial fibrous connective tissue, so that
the surviving fibres were embedded in a sea of connective
tissue. There was no evidence of fatty infiltration. A
few fibrotic muscle spindles were seen and there were
numerous intramuscular nerves in the transverse sec-
tions, but these appeared to be normal histologically.
The only abnormality therefore was the widespread
perimysial and endomysial fibrosis. The variation in
muscle fibre diameter was regarded as being probably
significant. Dr Hudgson commented that the changes
were undoubtedly myopathic, but at this late stage it was
impossible to determine whether the primary disease
was a myopathy or whether one was dealing with a long-
standing neurogenic atrophy with secondary myopathic
change.

In the light of the somewhat equivocal findings on
investigation in this case, the diagnosis at this stage was
revised to one of spinal muscular atrophy showing some
resemblance to the scapuloperoneal variety.
The patient was re-admitted to hospital in February

1968 because of an attack of left lower lobe pneumonia
but made a good recovery. In 1970 he became no
longer able to drive his car and was provided with an
electrically-operated wheelchair. In 1971 for the first
time he was showing some evidence of mild bilateral
facial weakness, and in March of that year was beginning
to show evidence of respiratory insufficiency with ortho-
pnoea. He was provided with POSSUM equipment.
In September of that year he had an episode of profound
hypotension with transient loss of consciousness after
drinking two glasses of gin. A repeat electrocardiogram
showed frank ST depression in lead 2 and AVF with
deeply inverted T waves, but there was no evidence of
recent myocardial ischaemia. In October 1971 it was
found that the patient was waking at night with frequent
episodes of CO2 retention and breathlessness. His
haemoglobin was found to be 17-3 g/100 ml with a PCV
of 51-6%. A repeat electrocardiogram in late October
1971 showed an intermittently wandering pacemaker
with prolonged atrioventricular conduction and occa-
sional ventricular ectopic beats. The P wave was broad
and bifid, indicating left hypertrophy, and there was
widespread ST segment depression and T wave changes
all compatible with cardiac ischaemia, but many of the
features were also regarded as being compatible with a

cardiomyopathy. The blood was normal, but the bi-
carbonate was elevated to 34 mEq/l, which was thought
to be a reflection of the respiratory alkalosis. At this
stage the possibility ofassisted respiration was considered,
but the patient preferred to try to manage at home with-
out such help for the time being. However, he died
suddenly at home during the night on 9 November 1971,
presumably as a result of respiratory insufficiency.
At necropsy he appeared a well nourished man, 178 cm

tall and weighing 76 kg, with marked rounding of the
limbs through which actual muscle shape could not be
discerned. Apart from the diseased muscles the major
abnormality at necropsy was in his heart. This weighed
370 g and throughout all parts of the left ventricle (which
averaged 1-6 cm in thickness) and the left side of the
interventricular septum, small foci of fibrosis, poorly
delineated but present in very large numbers and measur-
ing up to 5 mm across could be seen. The valves,
atria, and right ventricle appeared normal and no massive
scarring was present. The coronary arteries were patent,
thin walled vessels showing only minute flecks of athe-
roma and the rest of the major arteries and the aorta,
except in the lower abdomen, were strikingly free of
atheroma.
To the naked eye, voluntary muscles were largely

replaced by fat; only the major muscles of the neck and
the temporalis appearing normal. The trunk and proxi-
mal limb muscles were unrecognizable as muscle tissue,
and the distal limb muscles only slightly better preserved.
Multiple muscle sections showed extensive myopathic
changes with severe fat replacement and in some muscles
considerable fibrosis; many muscles, however, showed
changes entirely consistent with a primary dystrophy.
Marked variation of fibre size with many minute fibres
and numerous hypertrophied, rounded fibres with cen-
tral nuclei constituted the most prominent features;
occasional vacuolated or basophilic fibres and some areas
of macrophage accumulation were present. Only in a
section from sternomastoid were there clusters of atro-
phic fibres which might have raised the possibility of an
element of neuronal atrophy.
The spinal cord, which appeared normal to the naked

eye was again extensively examined, and the numbers of
limb motor neurones in the lumbosacral enlargement
counted, and established as being at the lower limit of
normal compared with a small group of controls. This
finding entirely eliminated the possibility that this case
was one ofmotor neurone disease.

Conclusion
The first case was therefore one of Duchenne

dystrophy both clinically and pathologically. The
second, though presenting a difficult diagnostic
clinical problem, was established at necropsy to be a
case of muscular dystrophy of distal type. These
cases are included in an account of the spinal cord in
muscular dystrophy to be published by Tomlinson,
Walton, and Irving (1974).
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Methods
The identification of the myoglobin followed tech-

nically the method described briefly in our first publica-
tion on the amino-acid sequence of parts of human myo-
globin (Romero-Herrera and Lehmann, 1971a), which
was extended in our reports of some primate myoglobin,
notably those of Old World monkeys (Romero-Herrera
and Lehmann, 1972b). To summarize: the muscle was
homogenized in a blender with 1-5 mM KCN at 4° C.
After filtering through muslin the residue was extracted
twice more and the combined filtrates mixed at room
temperature with 1-5 v/v saturated ammonium sulphate;
after one hour the precipitate was filtered off through
Whatman paper No. 1. The filtrate was concentrated
and the ammonium sulphate removed by pressure filtra-
tion through an Amicon PM30 membrane and applied to
a Sephadex G25 column, eluted with 0 05 M TRIS HC1
buffer, pH 8-5, followed by the separation of myoglobin
by chromatography on a DEAE Sephadex A50 column
with a linear gradient, pH 8-5-6-0; the buffer used was
0 05 M TRIS-HCI (Huisman and Dozy, 1965), with the
starting buffer containing 2mM KCN. The myoglobin
fraction was collected, concentrated under vacuum, and
submitted to repeated discontinuous paper electro-
phoresis (Graham and Grunbaum, 1963), until there
was no other protein seen after staining the paper with
'light green'. The purified myoglobin was then eluted
with 1-5 mM KCN, concentrated in vacuo in a sartorious
collodion bag until it was approximately 10%. The
haem was removed, and the globin precipitated (Ingram
and Stretton, 1962). The two globin samples were then
investigated differently.

Case 1. The globin was first treated with cyanogen
bromide (CNBr) following the method of Gross and
Witkop (1962) and thereby split into four fragments at
the three methionine residues. These were then submit-
ted to.chymotryptic digestion (Sick et al, 1967), and the

resulting peptides were separated by two-dimensional,
high voltage paper electrophoresis and chromatography
(fingerprinted). Small amounts of globin (1-4 mg) were
used to prepared 'diagnostic' fingerprints. They were
first examined under ultraviolet light to locate trypto-
phan containing peptides and stained with 0 2% nin-
hydrin in acetone (v/v) to visualize all peptides present,
they were then stained specifically for methionine, argi-
nine, histidine, tyrosine, andtryptophan (Romero-Herrera
and Lehmann, 1972b). This made it possible to ascer-
tain that only peptides belonging to myoglobin were
present. Preparative fingerprints, from which these
peptides were to be used for analysis, were made from
5 mg of globin, examined under the ultraviolet light, and
stained lightly with 0-02% ninhydrin in acetone (v/v)
to indicate the location of the peptides which were then
cut out and eluted with 6N HC1. The eluates were
hydrolysed in sealed tubes heated at 1080 C for 24 hours.
For one peptide which contains an Ile-Ile sequence
hydrolysis was also carried out for 72 hours. The
hydrolysates were dried in a vacuum desiccator, and their
composition determined in an automatic amino-acid
analyser.

Case 2. The globin was aminoethylated (Clegg,
Naughton, and Weatherall, 1966), digested with trypsin
(Sick et al, 1967), and those tryptic peptides which were
insoluble were treated with pepsin. Both tryptic and
peptic peptides were fingerprinted and analysed as
described above for case 1.

Results
Figs. 1 and 2 show the DEAE Sephadex elution

pattern of the preparation from which most of the
non-haem proteins had been removed by ammonium
sulphate precipitation, followed by the removal of
this salt by pressure filtration.

OD (280 nm) pHL
-8-5

0 - -- - - - - - .5

X- --- -= 7-0
0-5 - 6.5

0-4-

0.3

0-2

0
0 20 40 60 80 100 120 140 160 180 200 220 240
Froction number

FIG. 1. Elution pattern (DEAE Sephadex, pH 8 8-7-5) of an extract of normal human
skeletal muscle from which a large amount of non-haem proteins have been removed
previously by treatment with saturated ammonium sulphate 6:4 v/v. Fraction 1 is
myoglobin. (For other details see text.)
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FIG. 2. Elution pattern as in Fig. 1 of material from skeletal muscle
of case 1. A = myoglobin; D = haemoglobin A; E = haemoglobin
Koellicker. (For details see text.)

Minor Fractions. Fig. 1 shows the pattern
obtained from normal muscle, and Fig. 2 that from
the muscle of patient 1. (The DEAE Sephadex
elution pattern from patient 2 had the same

characteristics.) Fractions 2 and 3 in Fig. 1 and B
in Fig. 2 represent small amounts of contaminating
non-haem proteins. Fractions 1 and A, respectively,
are the major myoglobin fractions, 5 and D are

haemoglobin A, and 6 and E haemoglobin Koellicker
(Marti, Beale, and Lehmann, 1967). This is a

degradation product derived from normal haemo-
globin on post-mortem haemolysis, by the removal
of the C-terminal arginine of the a-chain by the
enzyme carboxy-peptidase B of the plasma.
Fractions 4 and C, though red in colour, contain
some non-haem protein plus some deamindated
myoglobin which is an artefact. There is present
yet another artefact from deamidation of myoglobin
which by this method (but not others) is eluted with
haemoglobin Koellicker.
To complete the purification of the myoglobin, a

non-haem protein has to be removed which elutes
together with myoglobin by DEAE Sephadex chro-
matography. This is done by concentrating the
eluate and submitting it to discontinuous paper
electrophoresis at pH 8-6 cathode-9 1 anode. By
this method the non-myoglobin protein moves

behind the myoglobin towards the positive pole.
At the same time small amounts of deamidated
myoglobin appear as minor fractions (Fig. 3),
and for their chemical characterization repeated
elution of the main fraction from paper, followed by

FIG. 3. Paper electrophoresis of the myoglobin band isolated by
DEAE Sephadex chromatography (see Fig. 2) of case 1. Two
electrophoreses are shown.

(1) First electrophoresis, on the left the unstained myoglobin, on

the right part of the same strip stained for proteins. In addition to

the myoglobin other proteins are present. (A indicates the most im-
portant of these.)

(2) Re-electrophoresis of the myoglobin band of strip 1. In
addition to the original myoglobin (B) a new red coloured fraction (C)
has been formed on elution and concentration of band (B) from strip
1. It now moves faster towards the anode than normal myoglobin,
and was not present in the original specimen.

concentration and re-electrophoresis was required to
obtain enough artefactual material.
From the retention time of the DEAE Sephadex

deamidated myoglobin which elutes with haemo-
globin Koellicker, it can be concluded that it has
acquired additional negative charges. One of these
was identified, but the other was in the insoluble
precipitate left after tryptic digestion. This material
could only be obtained in adequate amounts by re-

peated electrophoresis.

Minor Fractions arising as Artefacts from
Deamidations.

Sequential No. Deamidation

12 Asn-+Asp
91 Gln-*Glu
116 Gln->Glu
152 Gln-->Glu

O r qIn-q
A

B B

+
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Myoglobin in Primary Muscular Disease: I and II

Not all deamidations were found in all prepara-
tions. The artefact with the change 152 Gln-÷Glu,
only appeared on DEAE Sephadex chromatography.
As mentioned above, on chromatography, another
artefact was obtained. It was at very low concen-
tration, and its retention time indicated the
presence of two deamidations. One of these was
91 Gln-+Glu, the other had to be the insoluble pre-
cipitate left after tryptic digestion, presumably at
residues 12 or 116, but not enough material was
obtained for identification.
On paper, one of the deamidations was at residue

91 Gln--Glu (see Fig. 3, band C). In fact another
band more negatively charged than band C, and at
verylowconcentration,which from its electrophoretic
migration should have contained two deamidations
showed, on fingerprinting, three 91 Gln- Glu,
and two in the insoluble core: 12 Asn->Asp and
116 Gin--Glu. Presumably this minor fraction was

NOWtAL

79-96 80-96
DEAtDATED
91OLN-GLU

a mixture of two degradations 91 Gln-+Gly plus
12 Asn--Asp, and 91 Gln->Glu plus 116 Gln-+Glu.
This was substantiated by the complete absence of
the tryptic peptide containing 91 Gln, and the partial
absence of the peptic peptide containing 12 Asn and
116 Gln in this fraction. Hence although there
were three deamidations found in this fast myoglo-
bin band, only two positions 91 and 12 and 91 and
116 respectively were affected in one molecule at one
time (see Figs. 4a and 4b).

Main Myoglobin Fractions. Fig. 5 shows the
fingerprint of the chymotryptic peptides of the
myoglobin previously treated with CNBr, from the
present case 1. By this method all myoglobin
peptides including those from the insoluble core
remaining after tryptic digestion are present, be-
cause partial conversion of the cysteine at position
110 into cystic acid during CNBr treatment allows

NORMAL
148-153

pH 6.5 +

DEAMIATED
1L8-153

152 GLN-vGLU

-Y
0

FIG. 4a. Composite chromatogram (fingerprint) of tryptic peptides showing the exact position of the new
artefactual peptides which contain deamidated residues at positions 91 and 152.

NORMAL
12-16

NORMAL
114-118\ -

NORMAL
116-11 '-

.

o
O

0

DEAMDATED
12-16aH12ASN-ASPO

DEAMIDATED
114 118 O

116 GLN-GW DEADT
( 116-118

116GLN-vGLU

pH 6.5 +

FIG. 4b. Composite fingerprint of the peptic peptides made from insoluble material left after tryptic digestion.
The position of peptic peptides which arose as a result of deamidation at residues 12 and 116 are shown. (For
details see text.)
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TABLE
AMINO-ACID ANALYSIS OF THE 'CNBr CHYMOTRYPTIG'

Amino Acid 1-7* 8-11 12-14* 15-29 30-33 34-43 44-46 47-55 56-69

Aspartic acid 1-04 (1)t 0.93 (1) 1.09 (1) 0-95 (1) 1-08 (1) 091

Threonine 14()0-96 (1)

Serine 0-95 (1) 0.99 () 1.00 (1)

Gliutarnicacd104(1) 0-90 (1) I2-98 (3) I1-97 (2) 1-92 (2) 1-07 (1)

Proline 0-93 (1) 0-96(1)_ _-_

Glycine i1-85 (2) I2-72 (3) 0-94 (1) 1-08 (1)

Alanine 11 1 9 2

Valine 7 1-08 (1) 1-07 (1) 2-12 (2) 0-97 (1)

Methionine )_

Isoleucine 0-96 (1) 0-98 (1)

Leucine 1-12 (1) 2-02 (2) 1-13 (1) 1-06 (1) 1.09 (1) 1.05 (1) 2-01 (2)

TFyrosine

Phenylalanine I0-96 (1) 1.00 (1) 11()

Histidine - I 0.99 (1) 1-04 (1) 0.94 (1) 1 110 (1)

Lysine I0-97 (1) 1-96 (2) 0-94 (2) 2-02 (2) 2-86 (3)

Arginine 1.00 (1)

residue) pe ~ 0-240 0-231 0-175 0-337 0-357 0-203 0-320 0-052 0-105

*Peptides fluoresced under ultraviolet light and stained with Ehrlich reagent. t The expected number of residues are in parentheses.

TABLE
AMINO-ACID ANALYSIS OF THE SOLUBLE TRYPTIC PEPTIDES

Amino Acid 17-31 32-34 35-42 43-45 46-47 48-50 51-56 57-63

Aspartic acid 1.02 (l)* 1.00 (1) I0-94 (1) 1-08 (1)

Threonine 0-93 (1)

Serine 1-00 (1) 101i (1)

Glutamic acid 2-82 (3) 2-03 (2) 2-16 (2) 1.10 (1)

Proline 1-03 (1) 0.99 (1)

Glycine 2-05 (2) 1.10 (1)

Alanine 1-02 (1) I 0-92 (1)

Valine 2-01(2)I
Methionine 0-82 (1)

Isoleucine 2-06 (2)

Leucine 1-13 (1) 0-98 (1) 1-00 (1) i1-28 (1) 1-01 (1)

Tyrosine

Phenylalanine 1-06 (1) 1.00 (1) 0.90 (1)

Histidine 0.93 (1) 0 96 (1) 0-76 (1)

Lysine 0-96 (1) 0.99 (1) 1.00 (1) 1.10 (1) 0-96 (1) 0.90 (1) 1-88 (2)

Arginine 0-93 (1) I_____

Cysteine__

Yield (gmoles per residue) 0-058 0-042 0-090 0-080 0-043 0-045 0-065 0-059

316

t Methionine and tyrosine are partly destroyed on acid hydrolysis.* The expected number of residues are in parentheses.
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PEPTIDES FROM HUMAN MYOGLOBIN (CASE 1)

70-76 77-89 90-97 98-103 104-115 116-131 132-138 139-142 143-146 147-153

_____________________-
2-00 (2) 0-87 (1) 0-97 (1) 1-07 (1)

0-91 (1) 1-03 (1)

0 99 (1) 0-92 (1) 0-88 (1) 0-93 (1)

2 06 (2) 0 97 (1) 3 06 (3) 1 80 (2) 0-97 (1) 1193 (2)

0-94 (1) 1-00 (1) 0-96 (1)

1-91 (2) -10 (1) 3 04 (3) 199 (2)

1-05 (1) l1-10 (1) 1 95 (2) 320 (3) 1-03 (1) 103 (1)

116 (1) 1-08 (1)

**(1) **(1)
0-97 (1) 1 05(l) 1 06 (1) 2 82 (3)

2 16 (2) 1-05 (1) 220 (2) 2-20 (2) 1-10 (1)

0-93 (1) _ [ 0-97 (1)

0-85 (1) 1-07 (1) 1-06 (1) 1-09 (1)

2-00 (2) 1-95 (2) 1-07 (1) __

370 (4) 1 11 (1) 1-85 (2) 0-98 (1) 0-87 (1) 1-01 (1) 089 (1)

1-02 (1)
1-07 (1)

0314 0345 0-120 0200 0060 0-074 0-152 0127 0241 0183

t Cysteine converted to cysteic acid. ** Methionine converted to homoserine lactone.

II
FROM AMINOETHYLATED HUMAN MYOGLOBIN (CASE 2)

64-77 (78) (140) 79-96 97-102 103-110 111-118 119-133 134-139 141-147 148-153

2-80 (3) 1-81 (2)

1-93 (2) 1-10(1) _-

1-10 (1) 1-05 (1) 0-80 (1) 1-06 (1)

2-88 (3) 1-81 (2) 1-84 (2) 1-00 (1) 1-01 (1) 1-95 (2)

1-13 (1) 0-94 (1) 1-12 (1)

3-17 (3) 1-08 (1) 3-25 (3) 2-04 (2)

2-15 (2) 3 28 (3) 2-98 (3) 1-02 (1) 1-15 (1)

1-06 (1) __

t1057 (1) t1065 (1)

1-09 (1) 0 97 (1) I 1-05 (1) 1-04 (1) 1-92 (2)

3-00 (3) 0-99 (1) 1-11 (1) I 1-16 (1) 2-07 (2) 1-02 (1)

jtO-70 (1) 0-91 (1)

0.99 (1) 0-97 (1) 0-95 (1)

070 (1) 2-65 (3) 0-87 (1) 0-84 (1)

0-90 (1) 1-00 (1) 2-82 (3) 2-12 (2) 1-09(1) 1-04(1) 1-06(1)

0-95 (1)

0-50t (1)

0-030 0-040 0-025 0-054 0-032 0-061 0-044 0-090 0-061 0-082

t Cysteine converted to aminoethylcysteine.
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O- 70-76

30-33

116- 131

IS

HIS

56-69 4 7 - 55
34-43

1041- 115

1- 7

0
pH 6.5 +

FIG. 5. Fingerprint of the chymotryptic peptides from the myoglobin from case 1, which had previously been
treated with CNBr. The specific staining reactions are indicated. * is the point of application.

17-31
ARG

515-56

oQ
78
140

HIS
MET
- \119-133

FIG. 6. Fingerprint of the tryptic peptides of the myoglobin from case 2 which had previously been anino-
ethylated. The specific staining reactions are indicated. * is the point of application.

the peptide residues 104-115 to be soluble. The
fingerprint pattern and the staining reactions were

the same as those found for normal myoglobin.
Nineteen selected peptides accounting for the 153
residues of the whole myoglobin molecule, were

eluted, hydrolysed, and their amino-acid composi-
tion determined. The results are shown in Table I.

No differences from normal myoglobin in their
amino-acid composition were found.

Fig. 6 shows the fingerprint of the soluble tryptic
peptides of myoglobin from case 2, which had been
previously modified by aminoethylation. The pep-
tide chromatogram pattern and staining reactions
were indistinguishable from those of normal myo-
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9 -11

8 - 11-6D
TRP

-,~(_)TYR

(R-1-7GE31 12 -16

pH 6.5 +

FIG. 7. Fingerprint of the peptic peptides from the insoluble core

left after tryptic digestion from case 2 of muscular dystrophy. The
specific staining reactions are indicated. * is the point of application.

globin. Amino-acid analysis of these peptides
accounted for residues 17 to 153. Their amino-
acid composition is shown in Table II. The N-
terminal tryptic peptide (residues 1-16) remained
insoluble. Its amino-acid composition was de-
termined after peptic digestion and the fingerprint
of the soluble peptic peptides and their respective
amino-acid analyses are shown in Fig. 7 and Table
III. No differences were found when the results
were compared with those from normal myoglobin.
Fig. 8 shows the amino-acid sequence of normal
human skeletal myoglobin and, constructed by
homology, the sequence of the myoglobins from
cases 1 and 2 of muscular dystrophy. The arrows

indicate the peptide bonds hydrolysed after enzy-
matic digestion.

Discussion
Table IV summarizes from the literature the com-

parison of myoglobin from normal muscle and from
muscle of patients or animals with muscular dys-
trophy. It will be seen that several workers found
no difference, and that when differences are re-

ported, artefacts of the kind we have encountered in
our myoglobin work have not been excluded; these
artefacts include the presence of degraded haemo-
globin, the binding of myoglobin to proteins of small
molecular weight, and deamidation of amide groups

in various concentrations. Furthermore, as it was
not known that human myoglobin contains cysteine
it could not be considered that the normally non-

reactive SH group at position 110 (Gll) could on

partial denaturation become available and form di-
sulphide bridges with SH groups of other myoglobin
molecules. However, in our experience deamida-
tions are the most important cause of artefactural
minor fractions and their amount varies from sample
to sample and are difficult to standardize. Child-
hood muscular dystrophy is a group of diseases, and
the most severe ones are sex-linked and because of
the myoglobin variants it is clear that the structural
gene for myoglobin is not sex-linked but autosomal.
However, the possibility that the sex-linked gene

may require an autosomal gene to find expression in
some of these conditions has been discussed
by Kloepfer and Emery (1969) and certainly
group V of the childhood muscular dystrophies is
inherited as if it was caused by an autosomal gene.

Thus, we consider it important to continue the
investigation of myoglobin in primary muscular
disease in both man and animals, as it remains pos-

sible that some ofthem are caused by an abnormality
of myoglobin.

TABLE III
AMINO-ACID ANALYSIS OF Tpl FROM HUMAN MYOGLOBIN DIGESTED BY PEPSIN

(CASE 2)

Amino Acid 1-6 1-7* 8-11 9-11 12-16*

Aspartic acid 1110 (l)t 102 (1) 0-79 (1)

Serine 101 (1) 1-16 (1)

Glutamic acid 1-14 (1) 1-08 (1) 0 70 (1)

Glycine 1-79 (2) 1-73 (2) 1-17 (1)

Valine 1-30 (1) 1-23 (1) 1-08 (1)

Leucine 0-96 (1) 1-01 (1) 2 00 (2) 1 77 (2)

Lysine 0-96 (1)

Yield (timoles per residue) 0-007 0 011 0 010 0-008 0-016

* Peptides fluoresced under ultraviolet light and stained with Ehrlich reagent.
t The expected number of residues are in parentheses.
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TABLE IV
MYOGLOBIN IN DUCHENNE MUSCULAR DYSTROPHY

Authors Technique Results

Whorton et al, 1961 and 1963 Visible absorption spectra Skeletal metmyoglobin different from normal
adult fetal metmyoglobin

Cardiac metmyoglobin similar to normal fetal
metmyoglobin

Miyoshi et al, 1963 and 1968 Ultraviolet absorption spectra; electrophoresis Skeletal metmyoglobin different from normal
skeletal metmyoglobin. Decrease of the
Mb 1 component, increase of the Mb 3
component

Perkoff, 1964 Peptide mapping, absorption spectra, Cardiac myoglobin A same as normal skeletal
chromatography and electrophoresis jmyoglobin A, decrease of the skeletal Mb A,

increase of the Mb 3 component.
Component Mb 3 similar to fetal myoglobin

Kossman et al, 1964 Peptide mapping Same as normal adult myoglobin

Rowland et al, 1968 Electrophoresis immunodiffusion and Same as normal adult myoglobin
immunoelectrophoresis

MYOGLOBIN IN DYSTROPHIC ANIMAL MUSCLE

Perkoff and Tyler, 1958 Electrophoresis Myoglobin from the dystrophic mice (Strain
129 BAR HARBOUR) had the same
properties as myoglobins from controls

Ashmore et al, 1966 Spectrophotometry 35"% increase of reduced Mb, and 17%O
decrease of metmyoglobin in dystrophic
muscle from hereditary dystrophic chickens
when compared with normal controls. This
may reflect a disruption of intracellular
oxygen supply and demand

Goldbloom and Brown, 1971 Cellulose chromatography, acrylamide gel No Mb difference was found between control
electrophoresis, sedimentation velocities, and dystrophic chicken muscle
spectra, isoelectric points, and total amino-
acid analysis

A.E.R.-H. would like to acknowledge a scholarship
from the Instituto Nacional de Energia Nuclear (Mexico)
and the British Council.
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