
possible, the conformational variation 
between two base-pair doublets of the 
same base sequence is similar to or 
sometimes greater than the variation be- 
tween those with different base se- 
quences. As an example (see Fig. 2, a 
and b), a base-pair doublet, G . C  fol- 
lowed by A . U ,  has been observed twice 
in the crystal structure of yeast phenylal- 
mine transfer RNA. The base-pair on- 
plane rotation angle in these two cases 
differs by about 6" and the on-plane 
sliding distance by 0.9 A. Both are of the 
same order of magnitude as the total 
average values of all the base-pair se- 
quences found in known crystal struc- 
lures of double helical RNA, the average 
values being 7" and 0.8 A respectively. In 
some cases, such as A . U followed by 
G . C, on-plane rotation angles of three 
base-pair doublets are very similar, sug- 
gesting a strong apparent correlation 
(Fig. 2a), but the on-plane sliding dis- 
tances for the same three base-pair dou- 
blets vary widely (Fig. 2b). 

Despite such wide variation in on- 
plane rotation angles and sliding dis- 
lances of base-pair doublets, there has 
never been a drastic conformational dif- 
j'erence such as was found in dsDNA 
crystal structures, where the purine-py- 
rimidine sequence appears to have a 
tendency toward mixed sugar conforma- 
tions and, in one case, alternating glyco- 
lsyl bond conformation as well. 

In summary, the examination of 21 
base-pair doublets found in crystal struc- 
tures reveals that local conformations in 
general are not directly correlated to the 
base-pair sequence in dsRNA (of course 
we cannot claim this for the cases with 
only one example, such as A.UIA.U). 
'This observation is in contrast to the 
finding that dsDNA appears to be signifi- 
cantly dependent on both the base-pair 
sequence and solution conditions. These 
analyses further suggest that (i) the back- 
bone conformation of dsRNA is less 
flexible than that of dsDNA, (ii) although 
there is a large restricted variation of 
backbone conformation of dsRNA, all of 
these may be described as belonging to 
the A form (11); and (iii) the base-pair 
sequence, thus the base-base interaction 
and base-solvent interaction, can induce 
drastic conformational changes of the 
dsDNA backbone but not of the dsRNA 
backbone. This restricted conformation- 
a1 variability of dsRNA within the over- 
all frame of the dsRNA-A form is proba- 
bly one of the reasons that RNA, but not 
DNA, is used to build structural mole- 
cules such as transfer RNA and ribosom- 
al RNA by all living cells. From a physi- 
cal point of view, the 02'-hydroxyl 
group of RNA is probably playing double 
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roles of sterically restricting the varia- 
tion of backbone conformation and pro- 
viding additional potential for hydrogen 
bond formation for structural rigidity, 
as was observed in the tertiary structure 
of yeast phenylalanine transfer RNA 
(12). 
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Human Muscle Phosphoglycerate Mutase Deficiency: 

Newly Discovered Metabolic Myopathy 

Abstract. Muscle phosphoglycerate mutase activity was decreazd (5.7percent of 
the lowest control value) in a 52-year-old man with intolerance for strenuous exercise 
and recurrent pigmenturia since adolescence. A11 of the other enzymes of glycolysis 
had normal activities, and glycogen concentration was normal. Electrophoretic, 
heat lability, and mercury inhibition studies showed that the small residual activity in 
the patient's muscle was represented by the brain (BB) isoenzyme of phosphoglycer- 
ate mutase, suggesting a genetic defect of the M subunit which predominates in 
normal muscle. The prevalence of the BB isoenzyme in other tissues, including 
muscle culture, may explain why symptoms were conjined to muscle. 

Cramps, myoglobinuria, and intoler- 
ance for strenuous exercise characterize 
the clinical picture of muscle phospho- 
rylase and phosphofructokinase defi- 
ciencies (I). Phosphofructokinase defi- 
ciency is the only known genetic defect 
of the glycolytic pathway in human mus- 
cle. We now report a defect of muscle 
phosphoglycerate mutase (PGAM) (E.C. 
2.7.5.3) in a patient with symptoms simi- 
lar to those of phosphofructokinase defi- 
ciency. Starting in adolescence, this man 
noted muscle pain, "stiffness," and 
weakness after 15 to 30 minutes of in- 
tense exercise. The episodes were often 
followed by pigmenturia, but the urine 
was never examined for myoglobin. De- 
spite these problems, he led a relatively 
normal life, served in the army, then 
worked as a security guard. At age 52, 
results of a physical examination were 
normal except for gouty tophi at the 
wrists and elbows; strength was normal. 
Severe atherosclerosis of the coronary 
arteries was present. On two occasions, 
ischemic exercise of the forearm was 

followed by an abnormally small rise of 
venous lactate; histochemical and ultra- 
structural studies of a muscle biopsy 
indicated a mild increase of glycogen (2).  

The clinical syndrome and the minimal 
increase of lactate after ischemic exer- 
cise suggested muscle phosphorylase or 
phosphofructokinase deficiency, but 
both of these enzyme activities (3) were 
normal in a muscle extract (Table 1). 
Studies of anaerobic glycolysis in vitro 
(3) showed decreased lactate production 
by the patient's muscle, with glycogen or 
hexose-phosphate glycolytic intermedi- 
ates from glucose 1-phosphate to fruc- 
tose 1,6-diphosphate. This suggested a 
defect below the phosphofructokinase 
reaction (Fig. I), which was confirmed 
by measurement of individual enzymes 
of glycolysis (4) (Table 1). All enzyme 
activities were normal except that of 
PGAM, which had a mean value of 3.6 
percent of the normal mean. Although 
the range of PGAM activity in normal 
human muscle is wide (253 to 588 pmoles 
of 3-phosphoglycerate converted per 
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Glycogen G l P  G6P F6P F1,6P 

Fig. 1. Anaerobic glycolysis in vitro. (Open 
bars) control muscles ( N  = 16); (solid bars) 
patient's muscle. Standard deviations are in- 
dicated. 

minute per gram in 27 controls), the pa- 
tient's activity (14.1, 14.5, 14.5 in three 
different determinations) was less than 
6 percent of the lowest normal value. 
Glycogen concentration (5) was not in- 
creased in the patient's muscle (12.5 mglg 
compared with a mean ? standard devi- 
ation (S.D.) of 10.4 r 1.8 for 91 con- 
trols), and the concentrations of glucose 
&phosphate (138 nmolelg) and fructose 6- 
phosphate (15 nmolelg) were also normal 
(3). The activities of several enzymes of 
lipid metabolism, including carnitine pal- 
mityl transferase, were also normal (6). 

Starch-gel electrophoresis of human 
PGAM indicates that PGAM is a dimer 
containing, in different tissues, different 
proportions of a slow-migrating muscle 
(MM) isoenzyme, a fast-migrating brain 
(BB) isoenzyme, and an intermediate 
hybrid (MB) form. The electrophoretic 
pattern of normal, mature human muscle 
PGAM showed an overwhelming pre- 
dominance of the MM band, with only 
faint BB and MB bands (7). To under- 
stand the nature of the residual PGAM 
activity in our patient's muscle, we com- 
pared the electrophoretic pattern (8) with 
that of normal muscle enzyme (Fig. 2). 
Normal muscle extracts (diluted 1 : 50 to 

prevent overloading) showed an intense 
MM band (Fig. 2, lane 6); faint BB and 
MB bands were seen in overloaded prep- 
arations. In contrast, undiluted prepara- 
tions of the patient's muscle showed a 
distinct BB band, with barely discernible 
MM or MB bands (Fig. 2, lane 5). These 
data suggested a biochemical error result- 
ing from a genetic defect of the M sub- 
unit of PGAM, with the small residual ac- 
tivity due mostly to the BB isoenzyme. 

Additional evidence that the residual 
PGAM activity in the patient's muscle 
was represented by the BB isoenzyme 
was provided by studies of heat lability 
and inhibition by mercury. Because the 
MM form of PGAM is more heat-stable 
than the BB isoenzyme, we found that 
incubation of normal muscle extract at 
60°C for 20 minutes caused only 30 per- 
cent inhibition of PGAM activity ( 3 ,  as 
contrasted with 80 percent inhibition in 
our patient's muscle extract. Converse- 
ly, exposure of normal muscle extracts 
to 1 mM HgC12 (9) caused 92 to 97 
percent inhibition of PGAM activity, but 
only 9 percent inhibition in the patient's 
muscle extract. The small amount of 
PGAM activity (3 to 6 percent of the 
total) that was not inhibited by mercury 
in normal muscle (presumably BB) was 
similar to the amount of residual PGAM 
activity in our patient's muscle. 

The different proportions of MM and 
BB isoenzymes in various tissues may 
also explain why the clinical manifesta- 
tions of a genetic defect of the M subunit 
were confined to the skeletal muscle. 
The electrophoretic pattern of PGAM in 
normal erythrocytes, leukocytes, and 
cultured skin fibroblasts resembled that 
of the brain enzyme, with an absolute 
predominance of the BB band (7). Ac- 
cordingly, PGAM activity was normal in 
red and white blood cells from our pa- 

Table l .  Activities of phosphorylase and glycolytic enzymes in human muscle. Phosphorylase 
activity is expressed as micromoles of glucose I-phosphate liberated per minute per gram of 
fresh tissue + standard deviation (S.D.). All other enzyme activities are expressed as micro- 
moles of substrate converted per minute per gram of fresh tissue (+ S.D.). N is the number of 
controls. Control muscles were obtained by diagnostic biopsy from patients who were 
ultimately deemed to be free of muscle disease. All biopsies were taken from the quadriceps 
(vastus lateralis) muscle. 

Enzyme activities 
Enzyme 

Controls N Patient 

Phosphorylase 21.9 + 5.5 44 21 .O 
Phosphoglucomutase 41.8 ? 11.0 12 50.9 
Phosphohexoisomerase 133.5 + 25.0 7 125.8 
Phosphofructokinase 23.9 + 4.7 16 31.5 
Aldolase 51.6 + 8.4 9 48.4 
Glyceraldehyde phosphate dehydrogenase 69.3 + 12.4 8 65.0 
Phosphoglycerate kinase 133.5 + 38.4 8 137.5 
Phosphoglycerate mutase 401.7 + 114.7 27 14.4 
Enolase 150.4 + 21.3 7 148.7 
Pyruvate kinase 122.5 + 41.9 10 159.7 
Lactate dehydrogenase 311.0 + 91.7 7 425.8 

1278 

Fig. 2. Cellulose acetate electrophoresis of 
PGAM in human tissues (8): lane 1, culture of 
patient's muscle; lanes 2 and 3, control mus- 
cle cultures; lane 4, fetal muscle (16 weeks 
gestational age); lane 5, extract of patient's 
muscle (undiluted); lane 6, control muscle 
extract (1 : 50). 

tient. Normal human heart, like fetal 
heart ( 3 ,  showed all three bands (MM, 
BB, and MB), with a prevalence of the 
MM band in the adult heart (data not 
shown). Therefore, a partial defect of 
PGAM was to be expected in the heart of 
our patient; although he did have signs of 
heart disease in recent years, these were 
attributed to coronary insufficiency. The 
residual activity of BB may be enough to 
support adequate glycolysis in the heart. 
In contrast to the marked decrease of 
PGAM activity in the muscle biopsy, the 
enzyme activity was normal in fused 
noninnervated muscle cultures (10) from 
the patient (594 nmole of 3-phosphoglyc- 
erate converted per minute per milligram 
of protein in the patient and 559 and 573 
in two controls). This was not surprising, 
because the isoenzyme pattern of 
PGAM, like that of other enzymes that 
exist in multiple tissue-specific isoen- 
zyme forms (8), changes during muscle 
development (7, 9). The pattern of the 
muscle cultures (Fig. 2, lanes 1 to 3) was 
similar to that of immature (gestational 
age, 9 to 11 weeks) fetal muscle (7) and 
consisted almost exclusively of the BB 
isoenzyme. This finding explains the 
normal activity in the patient's muscle 
culture. In more mature (gestational age, 
16 weeks) fetal muscle (Fig. 2, lane 4), 
the M subunit was also expressed, re- 
sulting in a three-banded pattern similar 
to that of the normal cardiac enzyme. 

In strenuous exercise (at work intensi- 
ties close to the maximal oxygen uptake) 
energy is derived almost exclusively 
from the breakdown of muscle glycogen 
and glycolysis, and glycogen depletion 
appears to coincide with exhaustion (11). 
In phosphorylase or phosphofmctoki- 
nase deficiency, exercise intolerance and 
myoglobinuria have been attributed to 
impairment of this energy pathway, and 
the same pathogenetic mechanism is 
probably operative in PGAM deficiency. 
Although the severe bottleneck at the 
level of the PGAM reaction may cause 
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insufficient anaerobic energy production 
during strenuous exercise, PGAM is the 
glycolytic enzyme with highest activity 
m normal human muscle (Table 1). 
'Therefore, the small residual activity of 
the BB isoenzyme found in the patient 
was still approximately half that of phos- 
lphofructokinase, the rate-limiting en- 
zyme of glycolysis. This incomplete 
block of the glycolytic pathway may 
explain the modest rise of venous lactate 
after ischemic exercise, the decreased 
lbut not absent formation of lactate by 
muscle extracts in anaerobic conditions, 
and the normal concentration of glyco- 
gen and glycolytic intermediates in mus- 
cle. The frequency of this enzyme defect 
remains to be determined, but muscle 
PGAM deficiency is now added to phos- 
~phorylase, phosphofructokinase, and 
~carnitine palmityl transferase deficien- 
cies in the differential diagnosis of hu- 
]man recurrent myoglobinuria. 

Note added in proof: A genetic defect 
of the M subunit of lactate dehydrogen- 
ase has been recently reported in an 18- 
:year-old man with recurrent myoglobin- 
uria induced by intense exercise (12). 
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Somatomedin-C Mediates Growth Hormone Negative Feedback 
by Effects on Both the Hypothalamus and the Pituitary 

Abstract. Somatomedin-C stimulates somatostatin release to a maximum of 390 
percent of basal release during short-term (20-minute) incubation of rat hypothala- 
mus. It has no effect on basal or stimulated growth hormone release from primary 
cultures of rat adenohypophyseal cells during a 4-hour incubation, but inhibits 
stimulated release by more than 90 percent after 24 hours. These jndings suggest 
that somatomedin-Cparticipates in the growth hormone negative feedback loop with 
an immediate effect on hypothalamic somatostatin and a delayed effect on the 
anterior pituitary. 

Homeostasis of the hypothalamic-pi- 
tuitary-thyroid, -adrenal, and -gonadal 
axes is maintained largely by a feedback 
control. This control is exerted at multi- 
ple levels by the target gland hormones 
at the pituitary and hypothalamus and by 
the pituitary trophic hormones at the 
hypothalamus (I). 

Central nervous system regulation of 
pituitary growth hormone (GH) secre- 
tion is mediated by the balance between 
a hypothalamic inhibiting factor-soma- 
tostatin-and an as yet uncharacterized 
releasing factor (2). We have previously 
demonstrated that GH acts at the hypo- 
thalamus to stimulate synthesis and re- 
lease of somatostatin (3), suggesting 
a negative feedback control of this pi- 
tuitary hormone at the hypothalamic lev- 
el. 

Although no distinct endocrine target 
organ for GH action is known, many of 
its peripheral effects, especially on tissue 
growth and anabolism, are mediated by 
the somatomedins (4). The somatome- 
dins constitute a family of peptide hor- 
mones that includes insulin-like growth 
factors 1 and 2, with structures similar to 
that of proinsulin (9, and somatomedins 
SM-A (6), and SM-C (7). A feedback 
effect of these GH-dependent peptides 
on the regulation of GH might therefore 
be expected, but has not, to our knowl- 
edge, been described. To explore this 

possibility we have studied the effect of 
highly purified SM-C in vitro on the 
release of somatostatin by rat hypothala- 
mus and of GH by dispersed rat adeno- 
hypophyseal cells in primary monolayer 
culture. The results indicate that SM-C 
stimulates hypothalamic somatostatin 
release during a 20-minute incubation in 
a dose-related manner and inhibits stim- 
ulated pituitary GH release after pro- 
longed (24-hour) but not short-term (4- 
hour) exposure. These findings suggest 
that the acute SM-C feedback is exerted 
at the hypothalamic level and mediated 
by the release of somatostatin, whereas 
delayed effects occur at the anterior pitu- 
itary by direct inhibition of GH secre- 
tion. 

Intact rat medial-basal hypothalamus 
(MBH) and septum and preoptic area 
(SPO) tissue blocks (8) were individually 
incubated in Krebs-Ringer bicarbonate 
buffer containing glucose (14 mM) and 
bacitracin (0.5 mgiml) in an atmosphere 
of 95 percent O2 : 5 percent C02. After a 
60-minute equilibration period to achieve 
stable somatostatin release, a 20-minute 
basal incubation was performed in buffer 
alone (for MBH, 72 k 5 pg of somato- 
statin, N = 83; for SPO, 129 k 5 pg of 
somatostatin, N = 104). This was fol- 
lowed by a 20-minute incubation in buff- 
er containing highly purified (9) SM-C (5 
to 50 ngiml) or control materials includ- 
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