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The sera from patients with human Duchenne (X-lnked) progressive muscular dystrophy contan elevated
adenylate kinase (ATP AMP phosphotransferase, EC 2 7 4 3) activities, 1n addition to their charactenstically high
creatine kimnase (ATP creatine N-phosphotransferase, EC 2 7 3 2) activities By agarose gel electrophoresis of
human Duchenne dystrophic serum, the presence of an apparently normal human serum adenylate kinase
together with a vanant species of adenylate kiase was detected The latter enzyme species appeared, 1n 1ts
mobility, to be similar to that of the normal human liver-type adenylate kinase The presence of this aberrant
liver-type adenylate kimnase could also be demonstrated by charactenstic (for the hver type) mhibition patterns
with P! P5-di{adenosine-5)pentaphosphate, 5,5"-dithiobis(2-nitrobenzoate) and phosphoenolpyruvate On the
other hand, by inhibition titrations with an anti-muscle-type adenylate kinase, hemolysates from the erythrocytes
of several Duchenne and Becker’s dystrophics were found to contain approx 96% muscle-type adenylate kinase
and therr serum approx 97% muscle-type adenylate kinase These same patients contained approx 89% M-M type
creatine kmase in thewr serum (by mhibition agamst anti-human muscle-type creatine kinase) mdicative of the
presence also of M-B plus B-B type active isoenzymes All of these data can best be explamned by the presence of a
varnant or mutant adenylate kmase isoenzyme in the dystrophic serum This 1soenzyme appears to resemble the
liver type mn its inhibition patterns with P! P°-di(adenosme-5')pentaphosphate, 5,5'dithiobis(2-nitrobenzoate)
and phosphoenolpyruvate, and 1n 1ts heat stability (compare also the agarose gel electrophoresis pattern), but
structurally, 1t is a muscle type, or derived from a muscle type, as shown immunologically by inhibition reactions
with anti-muscle-type adenylate kinase Whether this 1s a fetal-type 1soenzyme of adenylate kinase will require
further investigation

Introduction In the atrophied dystrophic muscle tissue, three
1soenzymes of creatine kinase were found the
muscle, hybrid and brain types The isoenzyme

pattern was remarkably similar to that obtained

By direct 1solation studies, a remarkable observa-
tton was made on the tissues from terminal male

patients with dystrophy (X-linked, Duchenne) [1]

* To whom reprint requests should be sent
Abbreviations ApsA, P1,PS-di(adenosine-5)pentaphosphate,
DTNB, §,5'-dithiobis(2-nitrobenzoate)

from human fetal muscle On the other hand, in the
normal male adult, only one 1soenzyme appears to
be present in the skeletal muscle (the muscle type)
and only one i1soenzyme (the brain type) in the
brain Kuby et al [2] recently reported that the
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polypeptide chain of the dystrophic brain-type
creatine kinase contamned small but significant dif-
ferences in 1ts primary structure as compared to that
of the normal brain-type isoenzyme, this was 1n
contrast to the normal and dystrophic muscle types
which appeared to be very similar physically, chemi-
cally and kinetically [3]

The suggestion was made [1] that X-linked
progressive muscular dystrophy (Duchenne) mught be
an mborn error in the final development of the
muscle tissue in the human male, such that 1t lacks
the abihty to switch off the synthesis of fetal-like
protemns (e g, the bran-type creatine kinase) Thus,
in turn, might lead to a fetal-like complement of pro-
tems m the skeletal muscle, 1n the membrane of the
muscle, or even within the membrane of, for
example, the red cell

Our prebminary studies, coupled with those
reported (e g, Refs 4—10), had led us to the hypo-
thesis [11] that, at least in mammals, there may be
two mayor forms of 1s0enzymes of adenylate kinase
the cytoplasmic type, present largely in the skeletal
muscle, and the mitochondrial type as represented
by the liver This 1dea had prompted us to 1solate
mn crystalline form the muscle type and the liver type
from the same organism, viz , the calf [11] These
two 1soenzymes differed, for example, 1n their molec-
ular weights, in thetr 1soelectric points, 1n thetr inhibi-
tion by ApsA (with thewr K, values almost 2 orders
of magmitude larger for the liver type), and most
sigmficantly, in their immunological behavior towards
a rabbit antr-muscle-type globulin {11] Thus, the
anti-enzyme 1s unreactive as an inhibitor towards the
calf liver-type enzyme, but is a powerful inhibitor of
the calf muscle type (or the human muscle type) In
addition, the hver type showed a unique mhibition by
phosphoenolpyruvate and several other distinguishing
steady-state kinetic features from the calf muscle
1soenzyme [12]

Recently, the muscle-type adenylate kinase and
hiver-type adenylate kinase have also been punfied
from the rat [13] and a study made of the
ontogenesis of these two rat adenylate kinase 1so-
enzymes {14] Fnally, mention should be made of
the genetically determined polymorphism described
in human erythrocytes [15-24], one species of
which, designated adenylate kinasej, was sequenced
[25] Schirmer and Thuma [26] postulated, on the

basis of the SH-group reactvity and inhibition of
the muscle-type adenylate kinase by DTNB, and the
poor reactivity with the liver type by DTNB (cf
Ref 8). that a liver-type 1soenzyme of adenylate
kinase was also present in dystrophic muscle 1n con-
trast to the normal human muscle which contained
only muscle type

Within this report, we have confirmed the observa-
tions of Schirmer and Thuma [26], but are led to the
conclusion that in the serum of patients with
Duchenne dystrophy there 1s a muscle-type adenylate
kinase, the DTNB-reactive groups of which have been
altered to resemble those of the liver type, or in
effect that an aberrant adenylate kinase has resulted,
possibly due to a mutational event or events

Matenals and Methods

Preparation of dystrophic sera and hemolysates and
sources of various normal human tissues

For the anti-enzyme assays (see below) of the
dystrophic serum and erythrocytes, samples of blood
from patients with Duchenne dystrophy and Becker’s
dystrophy were obtamed through the University of
Utah Muscle Clinic The blood samples were collected
in chilled silicone-treated tubes without anticoagulant
and rapidly centrifuged at 3°C After washing the
blood cells three times with 02 (I'/2), Tris-NaCl
buffer (50 mM Tns, 37 mM HCl, 163 mM NaCl, pH
74) contaming 1 mM dithioerythritol and | mM
EDTA, they were hemolyzed in 3—5 vol of 1 mM
EDTA, pH 74, at 0°C The plasma was allowed to
stand 1n an 1ce bath for several hours until coagulated
and was then recentrifuged at 3°C to remove the
fibrin clot

Aliquots of erther serum or hemolysates were
adjusted to 2 mM dithioerythritol by the addition of
01 vol of freshly prepared 22 mM dithioerythritol in
22 mM EDTA (pH 7 4) and allowed to stand i an 1ce
bath for at least 3h for adenylate kinase activity
assays and 12h for creatine kmase assays Total
creatine kinase and adenylate kinase assays in the
serum, and total adenylate kinase assays in the
hemolysates, as well as anti-enzyme assays for the
human muscle-type creatine kinase (M-M type) and
for the muscle-type adenylate kinase in the serum, and
muscle-type adenylate kinase activity in the hemoly-
sates were conducted as described below Protein of



the sera was determined by the biuret procedure [27]
and hemoglobin by the cyanomethemoglobin proce-
dure as described in Ref 28

For the agarose gel electrophoresis studies and the
mhibition tests (see below), heparinized blood was
obtained from those patients with muscular
dystrophy under clinical investigation at the Ehime
University Muscle Clinic and Prefecture  Serum
adenylate kinase activitity was measured after reduc-
tion for at least 60 min at 0°C with 4 mM dithio-
erythritol (01 mM EDTA), pH 74 Normal human
blood was obtamned from the blood bank (outdated
samples) and normal skeletal muscle and liver tissues
were obtamned through Ehime University Depart-
ments of Pathology at autopsy within a few hours
after death

Other matenals

Tns, dithioerythritol, NADP, NADH, the sodium
salts of 5-AMP, ADP and ATP, the lithum salt of
ApsA, hexokinase, lactate dehydrogenase, pyruvate
kinase and glucose-6-phosphate dehydrogenase were
obtained from Sigma and crystalline bovine serum
albumin from Armour (Reheis Chemical Co) All
other reagents were the best available or analytical
grade Twice-distilled deiomzed water, degassed (by
boiling), was used for the preparation of all reagents

Methods

Measurements of enzymatic actiities Spectro-
photometric (coupled-enzyme assays [29]) proce-
dures were employed for the assays of either total
creatmne kmase or total adenylate kinase activity
For adenylate kinase, the imtial velocity of the
reverse direction [12] was measured with the fol-
lowing final concentrations in a 3 0 ml reaction mix-
ture [11] 21 mM ADP, 21 mM Mg(OAc),, 67
mM glucose, 067 mM NADP, 4 U of hexokinase,
2U of glucose-6-phosphate dehydrogenase, 50 mM
Trs (OAc™), pH 8 1, 30°C Dilutions of the enzyme,
where necessary, were made 1n 1ce-<cold 1 mM dithio-
erythntol, 1 mM EDTA, pH 74, with 1 mg/mi
albumin In some cases, the forward direction [12]
mitial velocity was measured with the pyruvate
kinase and lactate dehydrogenase coupled-enzyme
assay for ADP, employing the reaction mixture as
given in Ref 12

For creatine kinase, the coupled-enzyme assay for
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the reverse direction was followed as described by
Okabe et al [30], with the 3 0 ml reaction mixture
described by Kuby et al [1] 21 mM ADP, 4 3 mM
Mg(OAc),, 33 mM creatine phosphate, 6 7 mM glu-
cose, 067 mM NADP, 2 U of glucose-6-phosphate
dehydrogenase, 4 U of hexokinase, 50 mM Tris (OAc™),
pH 74, 30°C After a preliminary temperature
equilibration of the reaction mixture (minus creatine
phosphate), durmg which time the trace ATP con-
tammation (found in commercial samples of ADP)
was converted to ADP, the enzyme-containing sample
(eg, from serum) was added and any adenylate
kinase activity in the sample measured, this was fol-
lowed by the addition of creatine phosphate (usually
mn a 100 pl aliquot) to determine the apparent
creatine kinase activity After subtraction of the
mitial adenylate kinase activity, the true creatine
kinase activity was obtamned For dystrophic serum
samples, this technique was found to be supenor to
the conventional method of including approx 1 mM
AMP to inhibit adenylate kmase activity, since
mnvariably the addition of the AMP resulted in inhibi-
tion of both the serum creatine kinase activity and
the serum adenylate kinase activity

Antienzyme assays

Erythrocyte adenylate kinase Aliquots (5—15 pl)
of the hemolysate (reduced with 2 0 mM dithioery-
thritol, see above) containing 0 1-02 U of activity
were added to two 10X 75 mm tubes contaming
1100 pl (total volume) of 020 (I'/2) Tns-NaCl,
buffer, pH 7 4 (see above), 1 mg/ml bovine serum
albumin, 2 mM dithioerythritol, 2 mM EDTA, and
in one tube, 25 anti-enzyme U of purified rabbit
anti-calf muscle adenylate kinase were present (see
Ref 11), the second tube (the control) was without
anti-enzyme activity After a miumum of 3 h at
25°C, an ahquot (100-200 ul) from each tube was
added to each of two adenylate kinase assay cuvettes,
and the percent inhibition of the erythrocyte
adenylate kinase by the anti-muscle type was cal-
culated from the relative activities to yield the
percent muscle-type adenylate kinase

Serum adenylate kinase Since the rate of reaction
of the anti-muscle-type adenylate kinase with the
muscle-type adenylate kinase was exceedingly rapid
(see Ref 11), the inhibition of the muscle type in the
serum could be determined directly, without a prein-
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cubation period, in the ascay cuvette After an mnitial
velocity was established with approx 50 mU of
activity at 30°C, 2 5 anti-enzyme (in approx 15 ul)
were added rapidly, and the decrease in velocity
measured after several minutes of reaction to estab-
lish a new steady state The percent inhibition could
then readily be calculated from the two slopes and
was related to the percentage of the muscle type in
the serum

Serum creatine kingse The procedure was 1den-
tical to that employed for the erythrocyte adenylate
kinase 1 two 10X75 mm tubes, an aliquot of
reduced serum (reduced with 2 mM dithicerythritol,
2mM EDTA, pH 74, for 12-24h), contamnmng
approx 01U, was added to 02 (T'/2) Trs (OAc™)-
NaCl buffer, pH 74, with 1 mg/ml albumin and
2 mM dithioerythrnitol, 2mM EDTA To one tube,
purified rabbit anti-human muscle-type (M-M type)
creatine kimase (24 anti-enzyme U) was added,
with the second tube acting as a control After 18h
at 25°C, aliquots were removed from both tubes for
determination of creatine kinase activity (see above)
and the percent mhibition calculated, which 1n turn
was related to the presence of M-M (plus a fraction of
M-B) type present in the serum, but not to B-B type

Agarose gel electrophoresis Electrophoresis of the
adenylate kinase 1soenzymes was conducted on 1%
(w/v) agarose gel film (Corning, containing 5% (w/v)
sucrose, 0035% (w/v) EDTA and 65 mM barbital
buffer, pH 8 6) in a Corning cassette electrophoresis
cell at 90V for 45 mm, at room temperature The
electrophoresis buffer employed was Corning’s 50
mM barbital, pH 8 6, contamning 0 035% EDTA, and
the coupled-enzyme dye stain for ATP, as described
by Shaw and Koen [31], was used to visualize the
bands of adenylate kinase activity

Results and Discussion

Human serum adenylate kinase actiity wn normal
and diseased states

In Fig 1 and Table I, the results obtained on the
measured total adenylate kinase activity 1n the sera
of normal human individuals are compared with those
obtamned on the sera from a variety of patients
with several types of dystrophy, including the
Duchenne type of muscular dystrophy, the facio-
scapulohumeral (FSH) type and spmnal muscular

Serum adenylate kinase (muU/ml per min)
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Fig 1 The distribution of adenylate kinase activity 1n
individual human sera Open circles indicate the activity
(mU/ml) of the forward direction (vg), solid circles show the
activity of the reverse direction (vf) (Two high-activity
cases in the Kugelberg-Welander disease were assayed i
hemolyzed serum) In TableI are listed the mean values,
standard deviations, and the number of cases measured for
each disease (and normal) given here Rows 1, normal, 2,
Duchenne type, 3, L-G type, 4, FSH type, 5, congenital
type, 6, myotonic type, 7, spinal muscle type, 8, Charcot-
Marie tooth disease, 9, Kugelberg-Welander disease 10,
amyotrophic lateral sclerosis, 11, cervical spondylosis, 12,
rheumatoid arthrnitis, 13, dermatomyositis, 14, cerebral
palsy, 15, quadriceps contracture, 16, Perthe’s disease, 17,
Rousey-Levy disease, 18, generalized hypotony, 14, lver
curhosis

dystrophy In the case of the Duchenne muscular
dystrophic patients (2—27-year-old males), the con-
trol blood measured was age matched to those of the
patients, and the total serum adenylate kinase activity
in both directions was measured at least 60 min after
reduction at 0°C with 4 mM dithioerythritol (0 1 mM



TABLE I

A COMPARISON OF THE SERUM ADENYLATE KINASE ACTIVITY IN NORMAL AND DISEASED STATES

v{), reverse reaction, v{), forward reaction Activities are expressed in mU/ml per min, and are given as the mean + SD
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r

f

Number Vo Vo
of cases

Normal 18 2754 920 28471395
Type of muscular dystrophy

Duchenne 24 73103714 9177 +59402

Limb-girdle 8 456512252 4228+ 2368

Fasciocapulohumeral 2 3344+ 364 4416+ 425

Congenital 1 35137 27 65

Myotonic 1 36 01 47 59

Spinal 12 4257+ 1545 4223+1560
Charcot-Marie tooth disease 6 1878+ 538 1583+ 622
Kugelberg-Welander disease 3 2215+ 1859 27972516
Amyotrophic lateral sclerosis 1 2569 26 94
Cervical spondylosis 1 14 79 1158
Rheumatoid arthritis 1 1222 1029
Dermatomyositis 1 1351 23 66
Cerebral palsy 1 29 74 21 95
Quadriceps contracture 2 3392+1523 1386+ 430
Perthe’s disease 1 25 69 2117
Rousey-Levy disease 2 4062t 743 3473:1001
Generalized hypotony 1 14 79 16 40
Laver cirrhosis 1 5141 73 95

a The activities tn the Duchenne type were confirmed to be significantly increased by Student’s z-test (P < 0 005)

EDTA), pH 75, to achieve full actiity The total
activity was very significantly enhanced 1n the
Duchenne muscular dystrophic sera, whereas, in the
neuronal type of dystrophy such an increase was not

* The mean values of vfand vghsted 1n Table I 1n the case of
the Duchenne dystrophic group of data included the entire
set of 24 values measured These values ranged over the
entwre age span and course of the disease of these dystro-
phics At a relatively early age (e g, approx 10 years old)
the highest activities of adenylate kinase were observed
and these values then decreased with age (until approx 20
years old) The minimum and maximum values observed
for 24 Duchenne dystrophics were V=28 80 — 19310,
v{)= 29 58 — 249 40, and those for the set of 16 normal
males were vh=14 79 — 45 66, v%= 8 040 — 46 62 Such
a range of values was not observed 1n other cases, except in
the hemolyzed serum from the Kugelberg-Welander
disease The mean values for the dystrophics 1s therefore a
calculated value which tends to underestimate the rela-
tively large differences observed between the Duchenne
dystrophics and age-matched normal males Nevertheless,
application of the Student’s ¢-test (with P < 0 005) shows
these mean values of v} or vS for Duchenne dystrophics
to be very significantly higher than those for the normals

observed (see Fig 1 and Table I) Furthermore, in the
FSH type, limb-girdle (L-G) type and spinal muscular
dystrophy, this enhancement was not observed Thus,
an enhanced total activity of adenylate Kinase appears
to be specific to Duchenne muscular dystrophic
patients (compare also patients with a variety of
other diseases, including rheumatoid arthntis, liver
cirrhosis, cerebral palsy), and moreover, this increase
in the serum adenylate kinase activity of Duchenne
muscular dystrophics correlated very well with their
dramatic increase in total creatine kinase activity
{over the controls)

Electrophoresis on thin films of agarose gel of
extracts from human tissues

As shown 1n Fig 2A and B, m the case of the
normal human tissue extracts, electrophoretically
distinguishable patterns of active enzyme species of
adenylate kimnase seem to be charactenstic of the
serum, muscle, liver and the erythrocyte, and this
observation of tissue-specific patterns 1s in agreement
with those previously reported (e g , Refs 9 and 10)
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Fig 2 Thinfilm agarose (1%) gel electrophoretic patterns of adenylate kinase activities from human tissues The gel buftfer was 65
mM barbiturate-NaOH, pH 8 6, contaiming 0 35% Na, EDTA, 5% sucrose (Corming), and the bridge buffer was 50 mM bar-
biturate, pH 8 6 Electrophoresis was carried out at 90 V, 5 mA and 25°C for 45 mun, and gels were stained for adenylate kinase
activity [31] (A) Onginal photographs of the gels stained for activity (B) A composite drawing of a number of gels stained for

activity

Curiously, the sera from the Duchenne muscular
dystrophic patients contain an additional variant
electrophoretic band compared to the normal serum
pattern which appears to correspond to the liver type
The normal adult muscle extract appears to contan
two electrophoretic bands, a major and a minor com-
ponent, which might correspond to the so-called
adenylate kinase; and adenylate kinase;, species,
respectively, of Fildes and Harris [15] The electro-
phoretic position of the normal erythrocyte enzyme,
of the individual shown in Fig 2, appears to be
located between that of the liver type and the minor
electrophoretic component of the muscle type

Interestingly, the additional serum electrophoretic
component found in the case of the X-linked reces-
sive Duchenne muscular dystrophic patients was not
observed 1n the sera of the female carriers, nor in
autosomal dominant dystrophics, such as FSH
dystrophy and myotomc dystrophy Finally, normal
human infants, of the same age as the Duchenne
dystrophics, show only one electrophoretic band 1n
therr sera

Studies on the effect of phosphoenolpyruvate, DTNB
and ApsA on the mitial velocity of adenylate kinase
from extracts of normal human and Duchenne
dystrophic tissues

Effect of phosphoenolpyruvate As described by
Kuby et al [11}, in contrast to the crystalline calf
muscle adenylate kinase, the crystalline liver
adenylate kinase was sensittve to the presence of
phosphoenolpyruvate in the assay mixture for the
forward direction and this led to a study of the
inhtbition by phosphoenolpyruvate of the liver type
(K,~12-56mM)

In Fig 3, the normal human adenylate kinase
activities from extracts of the muscle, hemolysates of
the erythrocyte, and the serum appear to be unaf-
fected by the presence of phosphoenolpyruvate,
whereas the normal human liver enzyme and the
Duchenne dystrophic serum enzyme appear to be
mnhibited n a stmilar manner over the same range of
phosphoenolpyruvate concentrations

Effect of DTNB Schirmer and Thuma [26]
reported that the adenylate kinase activity of extracts
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Fig 3 Inhibition by phesphoenolpyruvate of the adenylate
kinase activity (forward direction measured) in extracts of
normal human hver, muscle and Duchenne type dystrophic
serum The tissue extracts (200 mU of adenylate kinase/ml
ot 10 mM Tris-OAc, pH 8 1) were preincubated for 20 min at
30°C with varnous concentrations of phosphoenolpyruvate
For each sample, a control without phosphoenolpyruvate was
prepared and the samples were tested for adenylate kinase by
the coupled-enzyme assay It should be noted that 100%
enzyme activity 1s different for each tissue, the absolute
values (expressed as mU/mg of protein) were 059 (normal
serum), 83 6 (normal erythrocyte) 2710 (normal muscle),
340 (normal liver) and 0 97 (dystrophic serum) o——0,
normal erythrocyte, o———o, normal muscle, &————4,
normal serum, A————a, normal liver, e————e, Duchenne
type serum

of Duchenne dystrophic muscle was inhibited only
40—60% after treatment with 0 5 mM DTNB, and
that in contrast to the muscle enzyme, the liver
enzyme was insensitive to the reaction of DTNB
(cf Ref 8) As shown in Fig 4, the adenylate kinase
activity of extracts from normal human muscle, 1n
contrast to that from normal human liver, was essen-
tially mnactivated after 20 min at 0°C with 05 mM
DTNB Similarly, the enzyme activity from normal
human serum and the normal erythrocyte, as well as
that from the Duchenne type erythrocyte was mac-
tivated at approx 05 mM DTNB, whereas the
Duchenne type serum was 50% mhibited with 0 25
mM DTNB, and approx % of the activity still
remained after treatment with 0 5 mM DTNB
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% Remaining activity of adenylate kinase

DTNB (MXx10*)

Fig 4 Inhibition by DTNB (in the absence of dithioery-
thitol) of adenylate kinase activities (reverse direction
measured) n extracts of human muscle and liver, hemolyzed
erythrocytes and sera The tissue extracts (approx 200 mU
of adenylate kinase/ml of 10 mM Trns-OAc, pH 8 1) were
premcubated for 20 min at 0°C with various concentrations
of DTNB o——o, normal muscle, e———¢, normal
serum, o———a, normal erythrocyte, o——=, normal
liver, a———a, Duchenne type erythrocyte, e——e,
Duchenne type serum

Effect of ApsA Kuby et al [11] had found ApsA
to be a potent mhibitor of the crystalline rabbit and
calf muscle adenylate kinases (K, =~ 1078 M) (cf Refs
33 and 34), whereas 1t proved to be only {5 to 135 as
effective an mhibitor for the crystalline calf liver-
type

In Table II, the inhibition of ApsA of the
adenylate kinase enzyme activity from extracts of
several human tissues 1s compared At 5 10°M
ApsA, the normal human muscle enzyme was inhib-
ited by 73%, compared to only 25% nhibition of the
normal liver enzyme by ApsAat S 107 M Both the
normal serum and erythrocyte enzymes were mnhib-
ited to the extent of 60 and 47%, respectively, by
5 1078 M ApsA

In comparison, the dystrophic serum enzyme was
inhibited only 41%, whereas the corresponding red
cell enzyme was 65% mhibited by 5 1078 M ApsA

Curiously, the female carrier serum adenylate
activity was intermediate n 1ts behavior to the ApsA
(cf 49% inhibition vs 60% for the normal), but this
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TABLE 11
EFTLCT OF ApsA ON ADENYLATE KINASE ACTIVITY

Activity expressed as mumol/min per mg (umol/min per mg for normal muscle and liver)

ApsA Normal

Dystrophic Carrier Normal
Serum Erythrocyte Serum Erythrocyte Serum Erythrocyte Muscle Liver
- 059 8363 097 452 8 075 83 56 271 034
544 1078 M 025 4391 057 1592 038 36 80 056 0264
Cc mhibition 60 30 47 49 41 11 64 83 49 23 5596 7296 24 56

4 ApsA present at 5 44 1076 M

should be repeated on a larger number of cases to
evaluate 1its statistical significance

Heat stabuity 1In Table III, the heat stabilities of
partially purified enzymes from several human tissues
are compared Samples of the various enzymes, which
were treated at 30, 55 or 60°C for 10 min, were
immediately chilled and assayed

It 1s evident that the normal human liver type 1s
thermally more stable than the normal muscle type
The normal serum enzyme resembles the muscle type
in that 1t 15 quite heat labile But the dystrophic
serum enzyme appears to be more thermally stable
than its normal human counterpart, and at 55°C, the
female carrier serum enzyme lies intermediate 1n heat

TABLE III
HEAT STABILITY OF ADENYLATE KINASE

All data are expressed as relative percent recovery of activity,
with the 30°C data set at 100%

Tissue Recovery of activity
55°C 60°C
Normal
Serum 195 16 0
Erythrocyte 52 14
Dystrophic
Serum 286 240
Erythrocyte 88 56
Carrier
Serum 242 116
Erythrocyte 192 158
Normal
Muscle 201 170
Liwver 523 223

lability between the normal and the dystrophic
serum Curiously, the female carrier erythrocyte
enzyme proved to be more stable than the normal
erythrocyte enzyme, which was extraordinarly heat
labile, with the heat lability of the dystrophic
erythrocyte enzyme lying in an intermediate position

Antienzyme assays In Table IV, data are
presented on five Duchenne dystrophics and two
Becker’s dystrophics The five Duchenne dystrophics
show the typically huge values of creatine kinase in
the serum, huge compared to normal males of the
same age group (approx 005-03 U/ml with our
assays), and except for patient RN, the Duchenne
dystrophics also show the typical inverse age-related
value of creatine kinase in their serum In addition,
their percent inhibition by anti-human muscle-type
creatine kinase averages 89%  (86—93% range),
indicative of at least 11% of the other active 1so-
enzymes (M-B (hybrid type) + B-B (brain type)) n
their serum These data are in agreement with the
findings of Kuby etal [1], who had found, by direct
1solation, all three isoenzymes, M-M, M-B and B-B
types in the autopsy samples of the atrophying
muscle of terminal Duchenne dystrophics The two
patients with Becker’s dystrophy (brothers) also
show 8-9 U/ml of creatine kinase, which also 1s
inhibited only by approx 90% (89-90% range) by
anti-M-M type human creatine kinase

However, as can be seen, erythrocyte adenylate
kinase of these dystrophics (Table IV) 1s inhibited to
the extent of 94-99% by anti-muscle-type adenylate
kinase and their serum adenylate kinase 95—-98% by
anti-muscle adenylate kinase Therefore, by this
assay, there 1s less than 1—6% liver-type adenylate
kinase 1n their red cells and less than 3—5% liver-type
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ANTI-ENZYME ASSAYS OF DYSTROPHIC SERUM CREATINE KINASE AND OF DYSTROPHIC ERYTHROCYTE AND

SERUM ADENYLATE KINASE

nd, not determined

Patient (male) Age (years) Diagnosis Creatine kinase 1n serum
Creatine kinase % mhibition of creatine kinase by
(U/mi) ant-M-M type creatine kinase
ES T2 Duchenne dystrophy 32 90 7
RN 7 Duchenne dystrophy 87 869
WS 5 Duchenne dystrophy 48 926
EC 2 Duchenne dystrophy 70 861
GR 4 Duchenne dystrophy 78 920
BC 3 Becker’s dystrophy 87 89 4
cC 5 Becker’s dystrophy 80 900
Controls 0 104 U of human M-M-type creatine kinase 1n test 1000
0 096 U of human B-B-type creatine kinase 1n test 00
0 031 U of M-M-type + 0 052 U of B-B-type in test 394

Patient Adenylate kinase n red cell Adenylate kinase 1 serum
Adenylate % 1nhibition by Adenylate kinase % mhibition by
kinase antr-muscle-type antrmuscle-type
(U/mg Hb) adenylate kinase U/ml U/mg protein adenylate kinase

serum

ES 0171 985 0062 11 1073 951

RN 0193 96 0 0169 22 1073 96 9

WS 0133 985 0078 11 1073 96 1

EC nd nd 0115 23 1078 977

GR 0170 940 0122 18 1073 96 7

BC nd nd 0051 79 1079 9590

ccC 0190 984 nd nd nd

Controls 0090 U of muscle typeintest 1000
0 23 U of hiver type 1n test 00

adenylate kinase 1n the serum of these dystrophics

In summary, therefore, the inhbition patterns
observed for the dystrophic serum adenylate kinase
by DTNB, phosphoenolpyruvate and ApsA, as well as
the relative heat stability of both the dystrophic
serum and erythrocyte adenylate kinase, all point to
be presence of a hiver type in the dystrophic serum
(and possibly m the red cell), and the agarose gel
electrophoresis patterns stained for adenylate kinase
activity show the presence of an apparently normal
serum adenylate kinase active enzyme, but also of a
species which appears to correspond to the normal
liver-type active enzyme

However, thewr kinetics (Hamada, M , unpublished
observations) reveal the presence of an apparently
abnormal adenylate kmase enzyme 1n the dystrophic
erythrocyte, and possibly in the serum, with a
relatively high value of Kappa- and an unusually
high Vf/Hb (but with a ¥/ 1'?: 1 1), certainly more
like the normal muscle type than the hiver type [12]

Finally, by immunological anti-adenylate kinase
inhibition titrations, there 1s no more than 1-6%
livertype adenylate kinase i1n the dystrophic
(Duchenne or Becker’s) red cells, and less than 3—5%
liver-type adenylate kinase 1n their serum, .

A logical conclusion which may be drawn from
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these seemingly contradictory sets of data 1s that
there 1s a variant or mutant adenylate kinase in the
serum {(and possibly 1 the erythocyte) of these
dystrophics  (Duchenne and Becker’s) which
resembles the liver type 1n 1ts inhubition patterns, and
possibly electrophoretically, but which immunologi-
cally reacts as 1f 1t were the muscle type

It 1s also likely that the Duchenne dystrophic
serum adenylate kinase has leaked out of the atro-
phying muscle, either as a result of muscle fiber
damage or as a consequence of a relatively leaky
muscle membrane, a charactenisitic of these
Duchenne dystrophics Moreover, the red cell mem-
brane of these Duchenne dystrophics appears to be
more permeable to the diffusion of 1ts adenylate
kinase compared to normal males when placed 1n a
hypotonic environment (Nesset, C , Manshup, M and
Kuby, S A, unpublished observations) Whether this
1s the result of an aberrant adenylate kinase with an
abnormal net charge or an abnormal red cell mem-
brane, or both, 1s the subject of future investigations
Only by direct 1solation and determunation of the
covalent structures of the adenylate kinases from the
tissues of the Duchenne dystrophic will the final
answer be provided to the postulate made here viz ,
that the Duchenne dystrophic serum contains an
aberrant adenylate kinase enzyme, which might
reflect a mutational event (or events) linked to
human Duchenne progressive muscular dystrophy
Whether or not this aberrant adenylate kinase enzyme
1s a fetal type will have to be answered by onto-
genetic studies

Finally, mention should be made of the interesting
work of Thomson and Smith [32], who have drawn
attention to the severe deficiency of total muscle
adenine nucleotides (ATP, ADP and AMP) m
Duchenne muscular dystrophics, and the possibility
that the underlymng cause of muscular dystrophy may
lie in this deficiency Aberrant adenylate kinases of
unusual kinetic properties would, of course, con-
tribute to this unusual deficiency Work 1s currently
in progress to isolate the several types of adenylate
kinases 1n normal and dystrophic man to establish the
effects which atypical adenylate kinases might have
when placed in the muscle milieu of the dystrophic
mndividual
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