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Alterations of Membrane Phosphorylation in Erythrocyte 
Membranes from Patients with Duchenne Muscular Dystrophy 

J.D.V1CKERS, A.J.McCOMAS, AND M.P.RATHBONE 

SUMMARY: The phosphorylation of 
spectrin, hand 3 protein, and the phos
pholipids of erythrocyte membranes 
(ghosts) was examined in 10 patients with 
Duchenne muscular dystrophy (DMD) 
and in healthy age- and sex-matched 
controls. The rales of phosphorylation of 
spectrin and band 3 protein were signifi
cantly higher in ghosts prepared from 
patient blood than from control blood at 
both 30° C and 37° C. However, the mean 
increases in the rate of phosphorylation of 

RESUME: La phosphorylation de la 
spectrine, de la proteine de la 3ieme bande, 
el des phospholipides des membranes 
e'rythrocyiaires furent etudies chez 10 
patients souffrant de dystrophic mus-
culaire de Duchenne (DMD) el chez des 
controles normaux apparilles pour age el 
sexe. Le taux de phosphorylation de la 
spectrine el de la proteine de la 3ieme 
bande e'laient signifuaiivement plus hauls 
dans les membranes des patients que celles 
des controles, et ce a 30° C ou 37° C. 
Cependant /'augmentation dans le taux de 
phosphorylation en reponse a un change-
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both spectrin and band 3 protein in response 
to a temperature change from 30° Cto37°C 
were identical in gliosis from patient and 
controls. Phosphorylation of phospho
lipid and its temperature response did not 
differ between patients and controls. These 
results complement previous observations 
of differences in erythrocytes from patients 
with DMD. The similarity of the changes 
in phosphorylation of both spectrin and 
band 3 protein indicates a common cause, 
possibly their lipid environment. 

mem de temperature de 30° C a 37° C e'tail 
idenlique dans les membranes des deux 
groupes. La phosphorylation des phos
pholipides el sa reponse a la temperature 
ne differaient pas entre les deux groupes. 
Ces resullals confirment les differences 
prealablement notees dans les erythrocytes 
provenant de patients souffrant de DMD. 
La similarite des modifications de la 
phosphorylation de la spectrine et de la 
proteine de la 3ieme bande indique une 
cause commune, probablement I'environ-
nement lipidique. 

INTRODUCTION 
Although Duchenne muscular 

dystrophy (DMD) has long been 
considered a primary myopathy, 
recently there have been reports of 
alterations in extramuscular tissues 
such as motoneurons (McComas et 
al., 1971) and the vascular supply to 
the muscles (Engel, 1974) in patients 
with this disease. Considerable 
attention has also focused upon 
reported alterations in muscle and 
erythrocyte membranes from patients 
with DMD. For example, the 
stimulation of sarcolemmal adenylate 
cyclase by epinephrine or sodium 
fluoride is reduced both in fresh 
muscle (Mawatari et al., 1974) and 
cultured muscle (Mawatari et al., 
1976) while the sarcolemmal Mg:+ 

ATPase and Ca2+ ATPase have 
increased activities (Dhalla et al., 
1973). Since erythrocyte membranes 
show similar alterations and are more 
easily obtained than sarcolemma, they 
have been more extensively studied. 
Differences have been reported in the 
lipid composition of erythrocyte 
membranes (Kunze et al., 1973; 
Howland and Iyer, 1977; Kalofoutiset 
al., 1977), in erythrocyte membrane 
deformability (Percy and Miller, 1975; 
Missirlis et al., 1977), in membrane 
protein conformation and/or organiz
ation (Butterfield, 1977), and in ion 
transport (Sha'afi et al., 1975). 
Furthermore, the activities of 
membrane-bound enzymes such as the 
(Na++ K+)Mg2+ ATPase (Brown et al., 
1967; Peter et al., 1969; Mawatari et 
al., 1976; Niebroj-Dobosz, 1976), the 
Ca2+/Mg2+ ATPase (Hodson and 
Pleasure, 1977), and phospholipase A 
(Iyer et al., 1976) are abnormal in 
patients with DMD. The activities of 
the endogenous membrane protein 
kinases (PKase) that phosphorylate 
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spectrin and band 3 protein have also 
been shown to be elevated in both 
patients and carriers of DMD (Appel 
and Roses, 1976; Roses and Appel, 
1976; Roses et al., 1975, 1976a). 

Abbreviations SDS-PAGE: sodium dodecly 
sulphate-polyacrylamide gel electrophoresis. PKase: 
protein kinase. ATP: adenosine triphosphate. DMD: 
Duchcnne muscular dystrophy. 

The lipids of erythrocyte mem
branes contribute little to the 
deformability of the membranes 
compared to the protein components 
(Evans, 1973). However, even small 
alterations in lipid composition of 
membranes alter the activity of many 
membrane-bound enzymes (Farias et 
al., 1973; Coleman, 1973; DeKruyffet 
al., 1973; Puchwein et al., 1974; 
Warren et al., 1975). In particular, the 
activity of the membrane-bound 
protein kinase is sensitive to changes in 
membrane lipid composition (Vickers 
and Rathbone, 1977). Therefore, 
alterations in the lipid composition of 
the erythrocyte membranes from 
DMD patients may be responsible for 
the changes in the activity of several 
membrane enzymes, including the 
protein kinase which phosphorylates 
spectrin. Since spectrin is a major 
component of the sub-membrane 
network and its role in the network is 
affected by the extent of its 
phosphorylation (Sheetz and Singer, 
1977; Birchmeier and Singer, 1977; 
Hosey and Tao, 1977; Pinder et al., 
1977), the change in spectrin 
phosphorylation could mediate the 
effect of a lipid change upon the 
mechanical properties (deformability) 
of the membrane. Alternatively, it has 
been proposed that the spectrin 
substrate of the protein kinase is itself 
abnormal in patients with DMD 
(Roses et al., 1976b). Therefore, 
although several explanations are 
possible for the increased spectrin 
phosphorylation, it is probable that 
spectrin phosphorylation affects 
membrane deformability (Hosey and 
Tao, 1977). 

To study the causes of the 
erythrocyte alterations further, we 
have examined the protein kinase 
activity that phosphorylates spectrin 
in erythrocyte ghost membranes from 
DMD patients and age- and sex-
matched controls. We have compared 
it with the phosphorylation of band 3 

protein and phospholipids. Since their 
membane lipid environment influences 
the response of the activities of many 
membrane-bound enzymes to tem
perature change (Raison et al., 1971; 
Kumamoto et al., 1971; Kreiner et al., 
1973; De Kruyff et al., 1973; 
Kimelberg, 1975; Hesketh et al., 1976) 
we have assayed these enzymes at 
30°C and at 37°C to examine their 
temperature response. 

MATERIALS AND METHODS 
[y32P]ATP (Specific activity > 10 

Ci/mmole) was obtained from New 
England Nuclear Canada (Dorval, 
Quebec) and diluted to a specific 
activity of approximately 2 Ci/mmole 
with unlabelled ATP from the Sigma 
Chemical Co. (St. Louis, Missouri). 
Chemicals for SDS-PAGE were 
obtained from the BioRad Corpor
ation (Mississauga, Ontario), except 
the Amido Black 10B which was 
obtained from Canlab (Toronto, 
Ontario). 

Patients studied fulfilled the clinical 
criteria for the disease (McComas, 
1977). Blood was collected from a 
forearm vein of healthy donors and 
patients and mixed with acid citrate 
dextrose anticoagulant (1 part 
anticoagulant to 6 parts whole blood 
(Aster and Jandl, 1964) by the staff of 
Clinical Neurosciences, coded and 
immediately analyzed blind for PKase 
activity. The code was broken only 
when the entire series of patients was 
completed. 

Red blood cells were washed and 
converted to ghosts as described by 
Fairbanks et al. (1971). PKase activity 
was determined immediately after pre
paration of ghosts. Approximately 
75)ug of ghost were incubated in a 
100/jl incubation mixture containing 
5/xM [y32P] ATP, 20mM MgCl2, 
0.005%saponinand20mM Imidazole-
HCL buffer pH 7.4 for 5 min. at 30°C 
or 37°C (±0.3°C). The reaction was 
terminated by addition of 10/xl of 11% 
SDS solution containing 5 mM EDTA 
and 6mM 2-mercaptoethanol and 
cooling on ice after which 10/jl of 50% 
sucrose and 2.5/nl of pyronin Y 
(lmg/ml) were added. A 100/nl 
portion of this mixture was fraction
ated on SDS-PAGE gels (6% 
acrylamide) prepared as described by 

Weber and Osborne (1969). The gels 
were then stained with Amido Black 
10B in 7.5% acetic acid (v/v), 
destained in 7.5% acetic acid, and the 
label incorporated into portions of gel 
containing spectrin, band 3 protein 
and phospholipid determined by 
counting Cerenkov radiation in a 
Beckman scintillation counter. Phos
pholipid was identified as the peak of 
label immediately behind the tracking 
dye (Avruch and Fairbanks, 1974). 
Gel destaining was sufficient to 
remove any unreacted [y32P]ATP 
and free [32P] phosphate from the 
gels. Radioactive decay was accounted 
for by counting samples of the [y32P] 
ATP solution used for each assay 
(which contained a known amount of 
ATP) at the same time as the experi
mental samples. Kinase activity was 
expressed as pmoles of [32P] 
phosphate incorporated per minute of 
incubation per mg of ghost protein 
(abbreviated pmole/min/mg in text). 

Membrane cholesterol and total 
phosphate were determined on 2-
propanol extracts of ghosts (50^1 of 
ghost in 950 /xl of 2-propanol) as 
described previously (Stewart et al., 
1977). Protein was determined by the 
method of Lowry et al. (1951). 
Statistical analyses were done by the 
student's t-test for paired samples 
since the PKase assays of each patient 
sample and its age- and sex-matched 
control were performed together 
(Runyon and Haber, 1972) and by 
linear regression analysis (Edwards, 
1976). 

RESULTS 
Preliminary studies of erythrocyte 

ghost PKase activities indicated that 
using an incubation mixture described 
by Avruch and Fairbanks (1974) re
sulted in higher activities for both the 
spectrin and band 3 protein kinases at 
25° C than the incubation mixture 
used by Roses et al. (1975). Increasing 
the incubation temperature further 
increased the activities. However, the 
increased rate of the phosphorylations 
due to the pH and temperature 
changes did not result in earlier 
reduction in the reaction velocities, 
and the reactions were essentially 
linear up to 5 minutes of incubation. 
We have thus used these more 
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favourable conditions with a 5 minute 
incubation period for determination 
of PKase activities in this study. 

PROTEIN KINASE ACTIVITY 
The phosphorylation of both 

spectrin and band 3 protein was 
greater in patients* than in controls at 
both temperatures studied (Figure 1). 
The rate of spectrin phosphorylation 
of patient ghosts was 10.25 ± 0.36 
pmole/min/mg and 15.94 ± 0.48 
pmole/min/mg at 30°C and 37°C re
spectively compared to 9.01 ± 0.40 
pmole/min/mg and 14.02 ± 0.70 
pmole/min/mg for the control ghosts. 
The differences were significant at 
both 30°C and 37°C (p<0.01 and 
p<0.05 respectively). The PKase 
activities of ghosts from patients were 
increased identically to 114 ± 5.7% of 
the activities of control ghosts at both 
temperatures. 

The rate of phosphorylation of the 
band 3 protein was 4.19 ± 0.17 pmole/ 
min/mg and 6.51 ± 0.22 pmole/min/ 
mg at 30° C and 37° C in ghosts from 
patients compared to 3.76 ± 0.17 
pmole/min/mg and 5.86 ± 0.30 
pmole /min/mg in ghosts from 
controls. The PKase activities of 
patient ghosts were significantly 
greater than those of control ghosts at 

both 30°C (p<0.01) and 37°C 
(p<0.05). As was observed in the case 
of spectrin phosphorylation, band 3 
Pkase activities of patient ghosts were 
increased identically to 111 ± 6.1 % of 
the activities of control ghosts at both 
temperatures. 

The mean phosphorylation of 
phospholipid was found to be reduced 
in patient ghosts although the 
difference was not statistically 
significant. The rate of phosphoryla
tion of phospholipid in patient ghosts 
was 10.81 ± 0.93 pmole/min/mg and 
9.79 ± 0.90 pmole/min/mg at 30°C 
and 37° C respectively compared to 
12.84±2.09pmole/min/mgand 11.33 
± 1.65 pmole/min/mg in the controls. 

TEMPERATURE RESPONSE 
There was no difference between the 

patients and controls in the change of 
the three kinase activities in response 
to the temperature change from 30° C 
to 37° C. Temperature response of 
each enzyme activity was assessed by 
expressing the activity determined at 
37° C as a percentage of the activity at 

*A total of 10 patients were studied. However, agc-
and sex-matched controls were available for only 8. 
Thus, although the activities of the two unmatched 
patients were comparable to the rest of the patients and 
included in the means, they could not be included in the 
paired statistical analysis. 

30° C. Thus the phosphorylation of 
spectrin in ghosts from patients at 
37° C is 156.0 ± 3.9% of that at 30° C 
while the activity of control ghosts at 
37°Cis 155.9 ±4 .5% of that at 30°C. 
Similarly, band 3 phosphorylation in 
ghosts from patients at 37°C is 156.2± 
3.4% of that at 30° C and activity of 
control ghosts at 37° C is 155.8 ±3.4% 
that at 30° C. 

The temperature response of 
phosphorylation of the phospholipid 
fraction is also the same in patients 
and controls. In both cases the activity 
at 37° C is 90 ± 3.1% of the activity at 
30° C. 

EFFECT OF AGE ON PKase ACTIVITY 
The effect of age on the protein and 

phospholipid kinases was examined in 
a group of 13 normal males (up to 30 
years of age), including the 8 controls 
for the DMD patients. Over this age 
range, the activity of all three kinases 
increased with increasing age. Using 
the least-squares estimate of the 
relationship between kinase activity 
and age, the activity was found to 
increase 49% for spectrin, 43% for 
band 3 and 110% for phospholipid 
phosphorylation from 10 years to 30 
years. Linear regression analysis 
showed that the increase in kinase 
activity was significantly correlated 
with increasing age (p<0.01) in all 
three cases. 

MEMBRANE CHOLESTEROL TO 
TOTAL PHOSPHATE RATIO(C/Pratio) 

The cholesterol content of mem
branes determined as a molar 
cholesterol to total membrane 
phosphate ratio was not different 
between ghosts from patients or 
controls (Table I). Furthermore, dif
ferences in the PKase activity between 
the patients and the controls were not 
correlated with the differences in C/ P 
ratio(p>0.2). 

DISCUSSION 
Our data demonstrate that the rate 

of phosphorylation of spectrin and 
band 3 protein is higher in erythrocyte 
ghosts from patients with Duchenne 
muscular dystrophy than from normal 
controls when assayed using optimiz
ed incubation conditions. They thus 
corroborate the reports by Roses et al. 

20 

KINASE 
ACTIVITY 

(pmole/min/mg) IQ 

8 

• ; * 
t 

* : ' 4 

SPECTRIN 

20 
1 

; i 
• 

• 

-"$• + io 

1 

BAND 3 
PROTEIN 

L 

-

PHOSP 

rt 

TEMPERATURE CO 
TYPE 

30 37 30 37 
DMD N 

30 37 30 37 
DMD N 

30 37 30 37 
DMD N 

Figure I —Comparisons of DMD patient and control erythrocyte ghost kinase activities 
determined at 30° C and 37° C with two membrane-bound protein substrates (spectrin 
and band 3 protein) and phospholipids. The heavy horizontal bar is the mean of a group 
of samples, the others represent the standard error of the mean difference. Each dot is 
the mean of duplicate determinations of activity in one individual. 
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(1975) and Roses and Appel (1976) 
which were obtained using less 
favorable conditions of pH and 
temperature. 

Since the phosphorylation of both 
the spectrin and band 3 proteins is 
altered, any explanation of alterations 
in the erythrocyte membrane must 
account for both changes. 

Alterations of the amino acid 
sequence of spectrin or band 3 protein 
might be suggested to cause the 
observed changes in the phosphoryla
tion of the other substrate. This effect 
could be mediated by alteration of the 
organization or interactions of the 
proteins in the membrane. However, it 
seems unlikely that such a change 
would alter the phosphorylation of 
both spectrin and band 3 protein to the 
same extent. 

Alternatively, the site of the 
alteration might be one of the kinase 
enzymes. However, Roses and Appel 
(1976) have reported that they find no 
difference in the ability of PKase 
extracted from patient ghosts to 
phosphorylate an exogenous substrate 
compared to that from control ghosts. 

The most likely alternative for a 
common effector is the lipid 
component of the membrane, which 
provides the environment of the 
enzymes and substrates. The failure to 
detect any alteration in the membrane 
lipid organization using physical 
techniques (Butterfield et al., 1976), 
which can only detect general changes, 
does not eliminate the possibility of 
changes occuring in the lipids 
immediately associated with the 
enzymes and/or substrates. These 
lipids in fact, have been shown to be 
critical in determining the function of 
other membrane enzymes (Hesketh et 
al., 1976; Jain and White, 1977). Other 
components of the membrane 
environment, for example, metal ions, 
might also be altered in quantity, 
giving rise to the observed changes, 
although little information is available 
at present to assess such a possibility. 

The phospholipid phosphorylation 
activities show more variability than 
do the protein kinase activities. Thus, 
although the mean activity of 
phospholipid phosphorylation at both 
30°C and 37° C is less in membranes 
from patients than from controls, the 
differences are not statistically 

significant. One factor that might 
account for the increased variability of 
the phospholipid phosphorylation 
data is that the assay conditions were 
optimized for the protein phos
phorylation reactions and under these 
conditions the ATP concentration (5 
luM) is not saturating for the 
phospholipid reaction (Sampara, 
Vickers and Rathbone, unpublished 
observations): Therefore, further 
experiments are required to examine 
phospholipid phosphorylation under 
optimal conditions, to determine 
whether the observed trends represent 
real differences. 

This study confirms the difference 
reported by Roses et al. (1975) and 
Roses and Appel (1976) in the rate of 
phosphorylation of spectrin and band 
3 protein in ghosts from patients with 
DMD and controls. Furthermore, the 
results show that the elevation of both 
protein phosphorylations (spectrin 
and band 3) in patients compared to 
controls are very similar as are the 
temperature responses. This indicates 
that the changes of both enzyme 
activities may be due to the same 
membrane alteration, with the 
membrane lipid component being the 
prime candidate for the site of this 
alteration although an alteration of a 
protein (the substrates or Pkases) is 
not eliminated. This interpretation is 
in agreement with the hypothesis that 

there is a general alteration of 
membrane composition in erythro
cytes from patients with DMD. This 
erythrocyte alteration may then reflect 
widespread changes in membranes in a 
variety of tissues and which may 
account for many or all of the changes 
observed in muscles or nerves of DMD 
patients. 
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