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Summary on the 3rd day of life with marked hypotonia, intermittent apnea, 

The glycine cleavage system was investigated in the livers and 
brains of two patients with typical nonketotic hyperglycinemia 
who died in the neonatal period. The overall activity of the glycine 
cleavage system was found to be extremely low in both the liver 
and brain of each patient. In one patient, the disturbance of the 
glycine cleavage system was due to absence of activity of the P- 
protein. Immunochemical analysis indicated that this resulted 
from an absence of the enzyme protein. In the other patient, the 
activity of the T-protein was undetectable in the brain and was 
extremely low in the liver. Clinically classic nonketotic hypergly- 
cinemia resulted from molecular defects in two different protein 
components of the glycine cleavage system. 

The glycine cleavage system is the major pathway for the 
catabolism of glycine in vertebrates (5, 17). The enzyme system 
(Fig. I), which is confined to the mitochondria, is composed of 
four protein components: P-protein (a pyridoxal phosphate- 
dependent glycine decarboxylase), H-protein (a lipoic acid-con- 
taining protein), T-protein (a tetrahydrofolate-requiring en- 
zyme), and L-protein (a lipoamide dehydrogenase) (7, 8). The 
glycine cleavage reaction is reversible. 

Hyperglycinemia is associated with decreased catabolism of 
glycine caused by reduction in the activity of the glycine cleavage 
system (1 6, 18). Patients with hyperglycinemia have been classi- 
fied as belonging to two types: ketotic and nonketotic. Ketotic 
hyperglycinemia is a syndrome that accompanies a number of 
disorders in which organic acidemia results from the deficiency 
ofenzymes involved in the metabolism of branched chain amino 
acids (1 3). In nonketotic hyperglycinemia there is no accumula- 
tion of organic acids in body fluids ( 15). In 198 1, Hiraga et al. 
(4), investigated the molecular nature of the glycine cleavage 
system in the liver and brain of a patient with nonketotic 
hyperglycinemia, in whom the clinical picture was that of a 
progressive neurodegenerative disorder quite different from the 
typical form of nonketotic hyperglycinemia. Low activities were 
found for P-protein and H-protein, and there was a structural 
abnormality of H-protein, making it devoid of lipoic acid. We 
conclude that the primary lesion in the patient was in a structural 
abnormality of H-protein. We recently had the opportunity to 
investigate the glycine cleavage system in the liver and brain 
obtained at autopsy from two patients with the typical form of 
nonketotic hyperglycinemia. Molecular defects were established 
in both, in one in the P-protein and in the other in the T-protein. 

and poor responsiveness to s t imul i . -~e  was born to a 26-year- 
old GI1 PI A 0  healthy mother and a 27-year-old healthy father 
at 42 wk gestation. Pregnancy was uneventful and delivery was 
normal, vertex. Birth weight was 3891 g. Family history was 
negative for similar problems and there was no consanguinity. 

Apgar scores were 9 at both 1 and 5 min. The infant was 
lethargic and had a poor suck from birth; these symptoms 
gradually worsened until the time of admission. On admission, 
the weight was 3695 g, head circumference 35 cm, temperature 
96.2"F., pulse 112/min, and respiratory rate 50/min. Periodic 
breathing was present with intermittent apnea requiring intuba- 
tion and ventilatory support. The pupils were constricted but 
reactive. The child was hypotonic, nearly areflexic, and there 
was minimal response to painful stimuli. The liver was palpable 
at 1 cm. The suck, grasp, and Moro reflexes were poor. Sepsis 
was suspected and treatment with antibiotics was begun; cultures 
were negative. Complete blood count, electrolytes, calcium, glu- 
cose, serum glutamic oxaloacetic transaminase, and urinalysis 
were normal. No ketones were detected in the urine. The blood 
concentration of ammonia was 64 pmole/liter (normal, 11-35). 
pH was 7.30, Pc02 was 49, Po2 was 56, and bicarbonate 23 mEq/ 
liter. An EEG showed a burst suppression pattern. Urinary amino 
acid screen showed an elevated amount of glycine. The concen- 
tration of glycine in plasma was 2250 pmole/liter and in cerebro- 
spinal fluid 337 pmole/liter. These data led to a diagnosis of 
nonketotic hyperglycinemia. 

At the request of the parents ventilator support was withdrawn, 
and the infant died on the 12th day of life. Autopsy revealed a 
subarachnoid hemorrhage of the spinal cord, spinal cord hydro- 
myelia, and agenesis of the corpus callosum. 

Patient 2. B.M. (19) was admitted to the Newborn Intensive 
Care Unit of the Children's Hospital of San Francisco on the 3rd 
day of life because of lethargy, bordering on coma. He had been 
born at term to a young, healthy primigravida after a normal 
pregnancy, labor, and delivery. Apgar score was 9. Birth weight 
was 3280 g. He appeared well at birth and nursed well the first 
day, but became lethargic on the second day and began to feed 
poorly. On admission the weight was 3210 g. He was very 
lethargic, and he had minimal suck, poor tone and Moro, and 
decreased deep tendon reflexes. Physical examination was other- 
wise unrevealing. Antibiotic therapy was started but his condition 
worsened and cultures were negative. A complete blood count 
and platelet count were normal. The pH was 7.42 and the blood 
gases and electrolytes were normal. The concentration of am- 

CASE REPORTS monia was 66 pmole/liter. By day 4 coma was deep and he 
developed periods of apnea; he required intubation and a venti- 

Patient 1. J.L. (1 9) was admitted to the Pediatric Intensive lator on day 5. 
Care Unit of Valley Children's Hospital in Fresno, California, High voltage electrophoresis of the urine revealed a gross 
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Fig. 1. The glycine cleavage system. The circled P, H, L, and T 
represent the four protein components of the system. 

elevation of the concentration of glycine. Quantitative analysis 
gave a value of 604 pmole of glycine per mg creatinine. The 
concentration of glycine in the plasma was 121 pmole/liter. The 
concentration of glycine in the cerebrospinal fluid was deter- 
mined on two occasions; the values were 25 and 28 pmole/liter. 
The respective cerebral spinal fluid to plasma ratios were 0.21 
and 0.39. 

Seven exchange transfusions lowered the plasma concentration 
of glycine as low as 73 pmole/liter, but his coma did not improve. 
Similarly, treatment with sodium benzoate and strychnine were 
without defect. Ventilator support was discontinued on the 20th 
day of life and the infant died. 

MATERIALS AND METHODS 

Chemicals. [I4C]Bicarbonate and [I-'4C]glycine were pur- 
chased from New England Nuclear, Boston; NAD', NADH, 
dithiothreitol, lipoamide, and D,L-tetrahydrofolate from Sigma 
Chemical Company, St. Louis; pyridoxal phosphate from Kyowa 
Hakko-Kogyo, Tokyo; and leupeptin (a microbial protease in- 
hibitor) from the Peptide Institute, Osaka. 

Methylene tetrahydrofolate was prepared chemically from tet- 
rahydrofolate and formaldehyde (1 I). 

Preparation of homogenates and sonic extracts of tissues. The 
specimens of the liver and brain were obtained at autopsy from 
patient 1 within 0.5 h and patient 2 within 24 h after death and 
immediately stored at -80°C until analyzed. Control samples of 
livers and brains were obtained at autopsy from a 5-year-old 
female who died of congenital heart disease (Control l), from a 
55-year-old male who died of pulmonary edema (Control 2), and 
from a 38-year-old male who died of idiopathic hypertrophic 
subaortic stenosis (Control 3). These specimens were also frozen 
within 2-6 h after death and stored until studied. Frozen tissues 
were thawed and homogenized with 4 volumes of 20 mM potas- 
sium phosphate buffer (pH 7.0) containing 1 mM dithiothreitol, 
1 mM pyridoxal phosphate, and 10 pg/ml leupeptin. The ho- 
mogenates were passed through four layers of gauze and used for 
the assay of the activities of the glycine cleavage system and 
lipoamide dehydrogenase. For the assay of the activities of P- 
protein H-protein and T-protein, the homogenates were sub- 
jected to sonic treatment at 140 W for 5 rnin and centrifuged at 
105,000 x g for 50 rnin and the supernatant fluids were used 
after gel filtration on Sephadex G-25. For the assay of H-protein 
activity, the supernatant fluids, after centrifugation, were di- 
alyzed overnight against 20 mM potassium phosphate buffer (pH 
7.0) and subjected to heat treatment at 100°C for 1 min (9). 

P-protein and H-protein from chicken liver. These proteins 
were purified from chicken liver mitochondria by the method of 
Hiraga and Kikuchi (3). 

Preparation ~f antibody against chicken liver P-protein. P- 
protein purified to homogeneity from chicken liver mitochondria 
was used to immunize white rabbits using the standard procedure 
(1). Antisera were collected and purified as IgG as described 
previously (4). The antibody against chicken liver P-protein 
reacted with P-protein of human liver in a manner similar to the 
P-protein of chicken liver. 

Assay of enzyme activities. The activity of the glycine cleavage 
reaction was determined essentially by the method of Sato et al. 
(13). The reaction mixture contained, in a final volume of I ml, 
100 pmole of potassium phosphate buffer (pH 7.4), 0.4 Krnole 
of pyridoxal phosphate, 1 pmole of NAD+, 1 pmole of D,L- 
tetrahydrofolate, 10 pmole of [I-'4C]glycine (specific activity, 
0.05 Ci/mole), and homogenate. The reaction was initiated by 
the addition of the labeled substrate and canied out for 20 min 
at 37°C in a Warburg-type flask. The reaction was terminated by 
the addition of 0.1 ml of 50% trichloroacetic acid, and the [I4CO2] 
produced was measured as described previously (6). 

Activities of P-protein and H-protein were assayed by the 
glycine-['4C02] exchange reaction according to the method of 
Motokawa and Kikuchi (9) except that the final volume was 0.5 
ml. For the assay of P-protein activity, the assay mixture was 
supplemented with 50 pg of chicken liver H-protein, and for the 
assay of H-protein activity, with 8 pg of chicken liver P-protein. 
Glycine was omitted in the control systems. 

Activity of T-protein was determined by measuring glycine 
cleavage activity in the reaction system supplemented with 32 
pg of chicken liver P-protein and 48 pg of chicken liver H- 
protein. In the control assay, boiled enzyme solution was used. 
The activity of T-protein was also assayed by measuring the 
synthesis of glycine from methylene-tetrahydrofolate, NH4CI and 
['4C]bicarbonate in the reaction system supplemented with 
chicken liver P-protein and chicken liver H-protein, essentially 
according to the method of Okamura-Ikeda et al. (10). The 
reaction mixture contained, in a final volume of 0.5 ml, 25 
pmole of Tris-HCI buffer (pH 8.0), 0.75 pmole of D,L-methylene- 
tetrahydrofolate, 5 pmole of NH4CI, 10 pmole of [l4C]bicarbon- 
ate (0.1 Ci/mole), 0.125 pmole of pyridoxal phosphate, 5 pmole 
of dithiothreitol, 16 pg of chicken liver P-protein, 60 pg of 
chicken liver H-protein, 20 pg of diaphorase, and the enzyme 
preparation. In the control assay D,L-methylene-tetrahydrofolate 
was omitted. The reaction was carried out for 30 rnin at 37°C 
and the radioactivity of the [14C]glycine formed was determined 
as described (6). 

The activity of lipoamide dehydrogenase was determined spec- 
trophotometrically by measuring the lipoamide-dependent oxi- 
dation of NADH as described previously (4). 

RESULTS 

Activities of the gl-vcine cleavage system and its individual 
components. The overall activities of the glycine cleavage system 
in the livers of the patients with nonketotic hyperglycinemia were 
found to be extremely low (Table 1). The level of activity in the 
liver of each patient was similar and approximately 7% of the 
control mean. The activities in the brains were even lower than 
in liver and were also lower than those of controls. 

Examination of the activities of the individual components 
revealed that in the liver and brain of patient 1, the activity of 
the P-protein was undetectable (Table 1). The activities of the 
other components and of lipoamide dehydrogenase (Table 2) 
were not significantly different from those of controls. 

In patient 2, the activity of T-protein was not detected in the 
brain and was extremely low in the liver. The activity detected 
in the liver was 0.1-0.2% of those of controls when assayed by 
means of the glycine cleavage reaction and was 4-7% of those of 
controls when assayed by the glycine synthesis reaction. The 
activity of the other components of the glycine cleavage system 
in patient 2 did not differ significantly from those of controls 
(Table 1 and 2). 

Immunochemical analysis of P-protein in the liver ofpatient 1. 
To investigate whether the lack of detectable activity of P-protein 
in patient 1 was a consequence of absence of the enzyme protein, 
immunotitration and Ouchterlony double diffusion analysis of 
P-protein were carried out using antibody prepared against pur- 
ified chicken liver P-protein. Extracts of control livers gave single 
precipitin bands in Ouchterlony double diffusion analysis, but 
the liver extract of the patient 1 did not show any precipitin 
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Table 1. Activities of the glycine cleavage system and its 
individziul enzyme components in the liver and brain of two 

patients with nonketotic hyperclycinemia' 

Activity (pmole of product/g proteinlh) 

Source of Glycine 
tissue cleavage P-protein H-protein T-protein 

Liver 
Patient 1 0.3 0 16.1 72.22 7.33 
Patient 2 0.4 7.4 16.2 0.l2 0.33 
Control 1 5.2 5.7 18.3 77.g2 7.73 
Control 2 4.4 4.8 15.3 66.22 7.03 
Control 3 3.8 4.5 14.6 52.12 7.33 

Brain 
Patient 1 0.2 0 3.2 1.4 
Patient 2 0.1 0.6 4.2 0 
Control 1 0.6 0.3 3.2 4.0 
Control 2 0.9 0.2 6.1 3.4 
Control 3 0.5 0.2 3.9 2.1 

' Glycine cleavage activity was assayed using 20% homogenates (5- 12 
mg protein), and the activities of P-protein, H-protein, and T-protein 
were assayed using sonicated homogenates (2-7 mg protein). P-protein 
was assayed in the presence of 50 pg of purified chicken liver H-protein, 
and H-protein was assayed in the presence of 8 pg of purified chicken 
liver P-protein. 

*The activity of T-protein was determined by the glycine cleavage 
activity in a reaction system supplemented with 32 pg of chicken liver 
P-protein and 48 pg of chicken liver H-protein. 

The activity of T-protein was also determined by synthesis of glycine 
in a reaction system supplemented with 16 pg of chicken liver P-protein, 
60 pg of chicken liver H-protein, and 20 pg of diaphorase. 

Table 2. Activity of lipoanzide dehydrogenase in livers of 
~atients und controls' 

Source of 
tissue 

Activity 
(pmole/g protein/min) 

Patient I 
Patient 2 
Control 1 
Control 2 
Control 3 

'0.2-0.4 mg of liver homogenates was used for the assay. 

band. The result of the immunotitration experiments which were 
carried out using the liver extract from a control and the mixture 
of the liver extracts from control and patient 1 are shown in 
Figure 2. The slopes of the immunotitration line obtained for 
both of the extracts were quite parallel. These results indicate 
that the liver extract of patient 1 does not contain protein that is 
reactive with the antibody against P-protein, and indicate that 
the absence of P-protein activity in patient I represents an 
absence of the enzyme protein. 

DISCUSSION 

The present study has clearly indicated a fundamental defect 
in the glycine cleavage system in the brains and livers of each of 
the two patients with the typical form of nonketotic hypergly- 
cemia. In one of the patients, the abnormality of the glycine 
cleavage system was found to be due to the absence of the activity 
of the P-protein. An absence of immunoreactive P-protein was 
consistent with an absence of the enzyme protein itself. We 
conclude that the defect in the P-protein is the primary lesion in 
patient I .  

the I : 1 mixture 
.of the liver extracts 

from control 1 and 

Antibody added(p I ) 

Fig. 2. Immunotitration of P-protein of liver extract from control 1 
and the 1: 1 mixture of the liver extracts of control 1 and patient 1. Liver 
extracts were prepared from the same amounts of liver homogenates of 
control 1 and patient I as described in "Materials and Methods." Increas- 
ing amounts of anti-P-protein IgG were added to the fixed amount of 
the respective samples. The mixtures were incubated at 37°C for 20 min, 
then left at 0°C for 30 min. The supernatant fluids obtained after 
centrifugation were assayed for P-protein activity. (U) liver extract 
from control 1 and (M) mixture of liver extracts from control 1 
and the patient I .  

(4). A decrease in the activity of P-protein was also observed in 
the liver of rats treated with dipropylacetic acid (2, 6), but these 
reductions in the activity of P-protein appeared to be due not to 
a decrease in the actual amount of the enzyme protein but to a 
partial inactivation of the P-protein in which the protein is so 
modified as to lose enzyme activity. 

In patient 2 the activity of the T-protein was undetectable in 
the brain and was extremely low in the liver. This defect in T- 
protein appeared to be the primary molecular defect in this 
patient. Recently, Okamura-Ikeda el al. (lo), reported that T- 
protein, purified to apparent homogeneity from chicken liver 
mitochondria, is a monomer with a molecular weight of 38,000 
by gel filtration. The enzyme requires tetrahydrofolate as a 
cofactor. Antibody against T-protein is not yet available; there- 
fore, it is not possible to determine whether the observed reduc- 
tion in the activity of T-protein is due to a decrease in the actual 
amount of the enzyme protein or an alteration in structure that 
interferes with enzyme activity. 

Our data indicate that the typical phenotype of nonketotic 
hyperglycinemia is caused by a primary disturbance in the glycine 
cleavage system. This may result from a genetically determined 
defect in any one of the components of this complex enzyme 
system. This may be similar to the situation that observed in the 
disorder of pyruvate dehydrogenase enzyme complex which is 
composed of at least three individual enzyme components, and 
separate individual patients with defects in at least two of the 
enzyme components have been described (12). The occurrence 
of a-structural defect, an absent corpus callosum, in the brain of 
patient I may or may not be related to the metabolic abnormal- 
ity. We have encountered one patient with a similar anatomic 
abnormality in whom there was deficiency of the pyruvate de- 
hydrogenase complex. 

The data obtained indicate also that the individual enzymes 
of the glycine cleavage system in the brain and in the liver are 
the same proteins. Synthesis of any individual enzyme protein 
in either organ may be controlled by the same gene. 
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Acute Hyperammonemia in the Young Primate: 
Physiologic and Neuropathologic Correlates 
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Summary 

Infusion-induced acute (524  h) hyperammonemia to concen- 
trations up to five times normal (0.19 -C 0.03 versus 0.90 f 0.08 
mM) was studied in eleven 6-9-month-old Maeaea mullata. The 
young primates developed a progressive reduction of conscious- 
ness that correlated in severity directly with the elevation of 
blood ammonia concentration. Hyperventilation, electroenceph- 
alographic slowing, occasional seizure activity, and, eventually, 
apneustic breathing also occurred. Intracranial pressure rose 
from 76 + 7 to 167 k 12 mmH20:Arterial oxygen and blood 
pressure remained within normal limits. Neuropathologic exam- 
ination showed early astrocytic changes, consisting primarily of 
swollen perikaryal cytoplasm and processes, and membranous 
whorls. The absence of neuronal pathology suggests that the 
acute, limited insult, as occurs in many of the childhood hyper- 
ammonemic syndromes, is fully reversible. 

Abbreviations 

EEG, electroencephalogram 
FAM, formaldehyde, glacial acetic acid, and absolute methanol 

(1:1:8) 
ICP, intracranial pressure 
RER, rough endoplasmic reticulum 

Hyperammonemia of infancy and childhood may occur in 
many settings: Reye's syndrome (1 8,23,39),  hereditary deficien- 
cies of urea cycle enzymes (10, 20), prematurity (5, 6, 15), birth 
asphyxia (19), and as a complication of urinary tract infections 
(38), valproic acid therapy (14), asparaginase therapy (30), and 
intravenous alimentation with amino acids or protein hydroly- 
sates (21, 24). These illnesses share a common clinical picture, 
suggesting that hyperammonemia produces a specific constella- 
tion of signs and symptoms in infants and children, as in adults. 
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