
neurophysin has a role in anterior 
pituitary function. Its presence in high 
concentration in plasma from long 
portal vessels supports the concept that 
the contents of secretory granules con- 
taining neurophysin and vasopressin are 
secreted in the median eminence. Since 
oxytocin also has an intragranular asso- 
ciation with neurophysin (21), it too 
may be secreted into the portal circula- 
tion. 

These data provide evidence that 
vasopressin and neurophysin reach the 
anterior pituitary gland via the portal 
circulation. Collection of blood from 
individual portal vessels in primates and 
radioimmunoassay estimates of neuro- 
hypophyseal peptides in portal blood 
have not been previously reported. On 
the basis of our-studies and those of 
others, we propose two distinct secre- 
tory pathways and two hormonal func- 
tions for vasopressin: One, the well- 
established secretion into the general 
circulation from the posterior pituitary 
gland for antidiuretic action in the kid- 
ney; and the other, secretion into the 
hypophyseal portal circulation to in- 
fluence the secretion of tropic hor- 
mones. 
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Soluble protein kinases in various 
eukaryotic tissues participate in the 
regulation of cellular metabolism (1). 
Isolated membranes from various tis- 
sues contain endogenous protein kinases 
that phosphorylate membrane proteins 
and may participate in the regulation 
of membrane ion-binding and permea- 
bility (2-5). While such membrane 
phosphorylation may be of significance 
in many excitable tissues, only the 
membrane-bound protein kinase of 
brain has been studied (2, 3, 6, 7). We 
now report on a particulate protein 
kinase not previously described in skele- 
tal muscle. 

Our study of muscle membrane pro- 
tein kinase is a result of our demon- 
stration (8) of altered activity of mem- 
brane-bound protein kinase of frozen 
aged erythrocytes from patients with 
myotonic dystrophy, a systemic dis- 
order that involves the membranes of 
many excitable tissues including skele- 
tal muscle. The membrane-bound pro- 
tein kinase reported here in skeletal 
muscle phosphorylates three membrane 
proteins whose molecular weights are 
less than 30,000. This phosphorylation 
in vitro occurs only in a muscle mem- 
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brane subfraction that has several char- 
acteristics of surface membrane. 

Muscle membrane isolation and sub- 
fractionation were performed as de- 
scribed (9, 10). Rat hind limb muscles 
were homogenized; the nuclei and 
mitochondria were removed by centrifu- 
gation. The resulting supernatant was 
centrifuged at 100,000g, and the sedi- 
ment was extracted sequentially with 
lithium bromide, potassium chloride, 
and deionized water and then centri- 
fuged on continuous density sucrose 
gradients that ranged from 15 to 35 
percent sucrose. The lighter density 
membranes which failed to penetrate 
19 percent sucrose contained three 
markers for surface membranes. These 
were a Na,K-stimulated, Mg-dependent 
adenosine triphosphatase, sialic acid- 
containing macromolecules, and com- 
ponents of the intact tissue which could 
be iodinated by extracellular lacto- 
peroxidase and 125I. Higher density 
membranes which penetrated 19 per- 
cent sucrose contained peak specific ac- 
tivities of Ca- or Mg-dependent adeno- 
sine triphosphatase, the membrane 
marker for cytoplasmic membranes, 
or sarcoplasmic reticulum (9). 
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Phosphorylation of Muscle Membranes: 

Identification of a Membrane-Bound Protein Kinase 

Abstract. A membrane-bound protein kinase occurs in membranes derived from 
rat skeletal muscle and appears limited to a surface membrane fraction. The 
enzyme is magnesium dependent, is only minimally stimulated by cyclic nucleo- 
tides, and phosphorylates serine and to a lesser extent threonine residues of three 
membrane proteins with molecular weights of less than 30,000. 
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Muscle membrane subfractions were 
examined for endogenous protein kinase 
activity by two techniques. After brief 
incubation with [y-32Pladenosine tri- 
phosphate (ATP) under the appropriate 
ionic and pH conditions the phosphoryl- 
ated proteins were separated from free 
[y-32P]ATP either by repetitive wash- 
ing with trichloroacetic acid and hy- 
droxylamine (6) or by solubilization 
in 1 percent sodium dodecyl sulfate 
(SDS) and subsequent electrophoresis 
in 7.5 percent polyacrylamide gels. No 
significant endogenous protein kinase 
could be demonstrated in the water 
washings before the gradient centrifuga- 
tion, or in the membranes derived from 
the nuclear or mitochondrial fractions. 
The endogenous protein kinase was 
present only in membranes derived 
from the supernatant from which the 
mitochondria had been removed. 

The peak specific activity of mem- 
brane phosphorylation (353 pmole per 
milligram of membrane protein per 
minute) occurred in the light mem- 
branes with the aforementioned charac- 
teristics of surface membrane. 

The degree of phosphorylation in 
several controls (zero time, no mag- 
nesium, no membrane, or boiled con- 
trol) was insignificant (Table 1). Incor- 
poration of phosphate into endogenous 
substrate under appropriate conditions 
increased linearly with membrane pro- 
tein concentration. The amount of 
phosphate incorporated increased linear- 
ly with time for less than 15 seconds 
and leveled off after 2 minutes. Mag- 
nesium was required for phosphoryla- 
tion. Millimolar concentrations of cal- 
cium inhibited the reaction although 
the marked inhibition by ethylenebis- 
(oxyethylenenitrilo) tetraacetate which 
binds calcium suggests that calcium 
may be required in micromolar con- 
centrations. The pH optimum was 
higher than that described for various 
soluble kinases. Both cyclic adenosine 
monophosphate (cyclic AMP) and cyc- 
lic guanosine monophosphate (cyclic 
GMP) gave only minimal, although re- 
producible, stimulation. The lack of 
significant activation by cyclic AMP 
may be related to the extensive ex- 
posure of the membrane subfraction to 
0.3M lithium bromide and 0.6M KCI. 
Alternatively the endogenous protein 
kinase may be unresponsive to cyclic 
nucleotide stimulation. 

The phosphorylated product was par- 
ticulate and nondializable and it could 
be solubilized by detergents such as 
sodium octyl sulfate or SDS. It was 
precipitated by trichloroacetic acid and 
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Fig. 1. (a) Absorbance scan of SDS poly- 
acrylamide gel electrophoresis of 100 Aug 
of the light density membrane subfraction. 
(b) Corresponding radioactivity of 32p 
phosphorylated product. The endogenous 
protein kinase was from 100 A/g of muscle 
membrane. Reaction conditions are as in 
Table 1; mtw, molecular weight. 

was insoluble in ether. When extracted 
with an acidified mixture of chloro- 
form and methanol, it was found at the 
chloroform and methanol interface. The 
phosphate bond was stable to acidified 
hydroxylamine and hot acetic acid, but 
was effectively cleaved by brief expo- 

Table 1. Conditions that affect the endoge- 
nous muscle membrane protein kinase and its 
phosphorylated product. Numbers represent 
the mean of three assays (standard errors of 
the mean are at most 5 percent). The 
phosphorylated proteins are separated from 
free [s-]ATP by washing with trichloroacetic 
acid and hydroxylamine. EGTA, ethylenebis- 
(oxyethylenenitrilo) tetraacetate. 

Specific 
activity 

Assay condition (pmole/min 
per mg of 
protein) 

Complete reaction* 353 
Zero time 0 
Boiled before reaction 8 
Without MgCI2 16 
Sodium acetate buffer 

(10 mM), pH 6.5 123 
With EGTA (5 mM) 139 
With CaCI, (6 mM) 285 
With cyclic AMP (10-6M) 383 
With cyclic GMP (10-6M) 393 
NaOH after reaction 

(2N, 95?C, 3 minutes) 0 

* Membrane protein (100 Aog of the light density 
subfraction) was incubated for 20 seconds at 
25?C, in the presence of 12 mM MgCl, 24 mM 
tris(hydroxymethyl)aminomethane-HCl, pH 7.5, 
10-5M ATP (1500 to 2000 count/min per pico- 
mole). 

sure to hot alkali (Table 1). Limited 
acid hydrolysis followed by high volt- 
age electrophoresis (11) indicated that 
the 32p was present in phosphoserine 
(90 percent of radioactivity) and phos- 
phothreonine (10 percent). 

These data provide cogent evidence 
for identity of the phosphorylated prod- 
uct as membrane phosphoprotein, a 
conclusion confirmed by SDS gel elec- 
trophoresis. The gel profile of the sur- 
face membrane fraction revealed 16 
membrane polypeptides ranging in 
molecular weight from a few thousand 
to several hundred thousand (Fig. 1). 
The highest molecular weight 32p- 
phosphorylated product migrated as a 
single band which absorbed at 280 nm 
in the ultraviolet, and could be stained 
with the protein stain Coomassie blue. 
Its relative mobility of 0.67 corresponds 
to a molecular weight of 30,000. 
Control gels (zero time or no magnesi- 
um) were devoid of radioactivity in 
this band. The endogenous muscle mem- 
brane protein kinase did not phosphoryl- 
ate any membrane polypeptides with 
molecular weights higher than 30,000. 
In contrast, the endogenous protein 
kinase of red cell membranes (5) and 
the soluble protein kinase of muscle 
(12) both phosphorylate higher molec- 
ular weight proteins. 

The functional significance of this 
muscle surface membrane protein phos- 
phorylation is unknown. The experi- 
ments of Greengard and colleagues 
(13), plus our observations in synapto- 
somes of rats subjected to electrocon- 
vulsive shock (14), would suggest a 
role for this reaction in ion permeabil- 
ity. Whether the same reactions are 
specifically involved in ion conductances 
of muscle membranes in normal states, 
after denervation, or in myotonic mus- 
cular dystrophy remains to be deter- 
mined. 
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In 1970 Engel et al. (1) described 
a pair of identical twin girls, 18 years 
old, with intermittent "cramps" and 
myoglobinuria, frequently but not al- 
ways related to exercise. The symp- 
toms were also induced by fasting or 
a high fat diet. On the basis of meta- 
bolic studies, they suggested a defect 
in the utilization of long-chain fatty 
acids by skeletal muscle. Long-chain 
fatty acyl coenzyme A (CoA) syn- 
thetase was present in the muscle of 
these patients, but the activity of carni- 
tine palmityltransferase was not inves- 
tigated. We now report a defect of 
carnitine palmityltransferase in muscle 
of a patient with similar symptoms. 

A 29-year old man had episodic 
muscle "cramps" and pigmenturia for 
16 years. The symptoms were often, 
but not always, related to physical ex- 
ertion and generally followed the exer- 
cise by several hours. Prolonged rather 
than strenuous exercise appeared to 
cause symptoms. The urinary pigment 
was identified as myoglobin on several 
occasions, and one attack was accom- 
panied by renal shutdown. The pa- 
tient's only brother had identical symp- 
toms. Between attacks examination 
was normal. Ischemic work was fol- 
lowed by a normal rise of venous 
lactate, and contracture was not in- 
duced. Ultrastructural study of muscle 
showed no remarkable abnormality; 
there was no accumulation of lipid or 
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glycogen. The clinical and morpho- 
logical investigations have been de- 
scribed (2). 

To exclude glycogen storage diseases 
causing myoglobinuria, glycogen me- 
tabolism was investigated in a muscle 
biopsy. The glycogen content was 1.15 
percent [1.08 ? 0.04 (S.E.) in 33 con- 
trols]; phosphorylase and phospho- 
fructokinase activities were normal. 

Carnitine content, measured in 
frozen muscle (3), was 3.25 /umole 
per gram of tissue. In 13 controls, 
carnitine concentration was 1.92 ? 
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0.18 /umole per gram of tissue. The 
activity of the long-chain fatty acid 
activating enzyme, palmityl-CoA syn- 
thetase, measured in homogenates of 
frozen muscle (4), was normal (Table 
1). 

The short-chain fatty acyl carnitine 
transferase, or acetylcarnitine transfer- 
ase, was determined in muscle extracts 
by a spectrophotometric method (5). 
Protein concentration was measured 
by the procedure of Lowry et al. (6). 
Acetylcarnitine transferase was about 
40 percent less active in the patient's 
muscle than in six controls (Table 1). 
Carnitine palmityltransferase was mea- 
sured by three different methods: (i) 
in the direction of palmityl-CoA for- 
mation (hydroxamate method) (7); 
(ii) by the "isotope exchange" method 
(8); and (iii) by a "forward reaction," 
in the direction of palmitylcarnitine 
formation, with DL-[14C]carnitine and 
palmityl-CoA as substrates (9). 

Carnitine palmityltransferase was 
studied in both crude muscle extracts 
and in mitochondrial fractions isolated 
from frozen muscle (10). In view of 
the predominant or exclusive mito- 
chondrial localization of carnitine 
palmityltransferase (11), we isolated 
mitochondrial fractions to increase the 
sensitivity of the assay. Mitochondrial 
preparations from frozen muscle were 
considered satisfactory for this pur- 
pose, because the specific activity of 
the enzyme was about six times higher 
than that in whole homogenates and 
about ten times higher than in super- 
natants of the homogenates (Table 1). 
The mean values obtained for each 
assay were comparable in preparations 
from fresh and frozen muscles. 
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Table 1. Activities of palmityl CoA synthetase, carnitine acetyltransferase and carnitine 
palmityltransferase in human muscle. The activities are expressed as nanomoles of product 
formed per minute per milligram of protein (? S.E.). Control muscles were from six normal 
volunteers (vastus lateralis) and from non-weak patients undergoing operations (pectoral and 
gastrocnemius). Number of controls is in brackets. The values for the patient refer to two 
biopsies (right and left vastus lateralis). 

Enzyme activities 
Enzyme Preparation Enzyme activities 

Controls Patient 

Palmityl CoA synthetase Homogenate 2.77 ? 0.17 [9] 2.21 
(2.4-3.9) 

Carnitine acetyltransferase 10OOg supernatant 20.9 ? 1.6 [6] 12.0 
(16.0-27.2) 

Carnitine palmityltransferase 
Hydroxamate Homogenate 2.3 ? 0.2 [14] 0; 0; 0 

(1.2-3.8) 
Mitochondria 13.6 ? 1.0 [13] 0.98; 1.20; 2.66 

(8.6-19.0) 
Isotope exchange lOOOg supernatant 0.72 [3] 0; 0.17 

Mitochondria 6.8 ? 1.21 [8] 0.64; 1.07 
(3.6-12.5) 

"Forward" radioactive Mitochondria 16.6 ? 2.4 [5] 3.3 
(11.3-23.7) 
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Muscle Carnitine Palmityltransferase Deficiency and 

Myoglobinuria 

Abstract. Muscle carnitine palmityltransferase activity, measured by three dif- 
ferent methods, was very low (0 to 20 percent of controls) in a patient with a 
familial syndrome of recurrent myoglobinuria. Long-chain fatty acyl CoA syn- 
thetase activity was normal; acetylcarnitine transferase activity was decreased 
by 40 percent, and carnitine content was 1.7 times higher than the mean control 
value. Utilization of palmitate by isolated mitochondria was more impaired than 
utilization of palmitylcarnitine, suggesting a more severe defect of carnitine 
palmityltransferase I than transferase H1. Thus, myoglobinuria may be due to a 
genetic defect of lipid metabolism in skeletal muscle. 
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