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Extract 

Lysine-ketoglutarate reductase (EC. 1.5.1.8) deficiency in skin 
fibroblasts has been previously reported in patients with familial 
hyperlysinemia, providing an adequate explanation for the biochem- 
ical derangements noted clinically. In the present study, analysis of 
liver obtained at autopsy from a patient with familial hyper- 
lysinemia confirmed the lysine-ketoglutarate reductase deficiency 
but, unexpectedly, also revealed an absence of saccharopine dehy- 
drogenase ( EC. 1.5.1.9) and saccharopine oxidoreductase activity. 
Skin fihrob!asts from two sih!ings with !he disease and a third 
patient from an unrelated family were also deficient in all three 
enzymes (lysine-ketoglutarate reductase, average 9%; saccharopine 
dehydrogenase, average 4%; saccharopine oxidoreductase, < 10% 
of normal). The possibility that saccharopine dehydrogenase is a 
substrate-inducible enzyme was investigated by maintaining normal 
skin fibroblasts in a medium with minimal lysine concentration, and 
exposing hyperly4nemic fibroblasts to elevated saccharopine con- 
centrations. There was no significant modification in saccharopine 
dehydrogenase activity. 

Speculation 

Multiple enzyme defects have now been recognized in three 
genetic diseases, maple syrup urine disease, orotic aciduria, and 
hyperlysinemia, presumably arising from single mutations. It is not 
unlikely that additional examples will emerge as investigators 
increase their efforts in this direction. The simultaneous loss of 

enzymes may provide insights into mechanisms of control and/or the 
evolutionary development of enzymes. 

Familial diseases with a Mendelian pattern of inheritance are 
generally attributed to  mutation of a single gene. I t  follows from 
the "one gene-one enzyme" dictum that the primary defect 
should involve one enzyme. The broader statement of the concept 
"one gene-one polypeptide" suggests that more than one gene 
may direct the synthesis of one enzyme but leaves undisturbed the 
thcsis that a genetic disease should cause one defective enzyme. 
Experience with an ever enlarging series of genetic diseases has 
supported the general applicability of the concept. There have been 
two noteworthy exceptions: maple syrup urine disease and orotic 
aciduria. The present study shows that familial hyperlysinemia is 
also an exception. 

Familial hyperlysinemia was described in 1964. Elucidation of 
the enzyme defect followed a logical sequence. A severe reduction 
in the capacity to degrade lysine was demonstrated in two siblings 
after the administration of radioactive lysine (26, 27). Studies of 
skin fibroblasts grown in tissue culture identified the defective 
enzyme as Iysine-ketoglutarate reductase (EC. 1.5.1.8) (6). This 
enzyme catalyzes the first step in the degradative pathway of 
lysine. the conversion of lysine to saccharopine (Fig. I ) .  

The recent death of an affected child in the original family has 
permitted an investigation of lysine metabolism in liver. The 
unexpected observation that more than one enzyme was defective 
led to further studies using skin fibroblasts of affected children. 
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Fig. I. Partial pathway of L-lysine catabolism. 

Reaction Enzyme name Associated inborn error References 

l a  Lysine-ketoglutarate reductase Hyperlysinemia (1,5,6,  13) 
l b  Saccharopine oxidoreductase Hyperlysinemia This article 
2 Saccharopine dehydrogenase Saccharopinuria, hyperlysinemia (9) 
3 Aminoadipic-semialdehyde oxidase Hyperpipecolatemia' (12) 
4 Aminoadipic aminotransferase m-Amino adipic aciduria ( 1  1 )  
5 Ketoadipic acid decarhoxylase Ketoadipic aciduria (22,24,25) 
6 Glutaryl-CoA decarboxylase Glutaric aciduria (14) 
7 Glutamic dehydrogenase 2 

' Suggestive evidence only, not confirmed by specific assay. In mammals, the degradation of saccharopine has not been shown to involve a separate 
intermediate step through the semialdehyde. 

NO enzyme defect has been described for this enzyme. 

CASE HISTORIES ISOLATION OF MITOCHONDRIA FROM FIBROBLASTS 

PJa, AJa. and JJa are siblings of a consanguineous marriage. 
Mental retardation was a significant clinical feature in only the 
propositus (PJa) .  Detection of hyperlysinemia in the propositus 
was the result of the common practice of investigating children 
with mental deficiency for metabolic defects. and the inborn error 
is not believed to be the cause of her retardation. PJa died at  13 
years of age following 3 days of severe pneumonia. Autopsy 
confirmed the clinical diagnosis. Grossly the liver appeared normal 
with minimal fatty change and passive congestion noted micro- 
scopically. A J a  is now years old and is normal mentally 
and physically. JJa is 12?/;: years old, has bilateral lens disloca- 
tions, and is considered to be a slow learner. There is some 
question as to whether he may be slightly retarded. 

A R o  was found to be hyperlysinemic in the Massachusetts 
Screening Program. He has grown and developed normally. Skin 
fibroblasts grown from biopsies on all four patients revealed 
lysine-ketoglutarate reductase deficiency (1, 5, 6). 

BIOLOGIC SAMPLES 

Liver was obtained at autopsy from PJa 2 hr after death and 
maintained at -20' until analyzed. Control liver was ohteined at  
autopsy from a young adult approximately I2 hr after a traumatic 
death and shortly after the death of PJa. The control specimen was 
stored with the tissue from PJa. 

Skin biopsies has been obtained in 1968 from A J a  and JJa and 
early passage fibroblasts were stored under liquid nitrogen. 
Samples were thawed and regrown for the present studies. Fresh 
biopsies were also obtained and new cultures started. The results 
on stored and fresh fibroblasts were the same. 

METHODS 

Fibroblasts were grown to confluence in Eagle's minimal 
essential medium ( M E M )  with 15%) fetal calf serum and antibiot- 
ics (penicillin 50 U/ml ,  streptomycin 50 pg/ml.  and kanamycin 
30 pg/ml).  Usually cells from one Blake bottle, 180 cm' of 
growing surface (approximately 4-6 million cells), were used for 
each assay. At the time of assay, the normal cells had grown for 
8-27 generations and the hyperlysinemic cells for 6-18 genera- 
tions. They were harvested by replacing the growth medium with 
1 1  ml cold 0.23 M sucrose solution containing N-2-hydrouyethyl- 
piperazine-N'-2-ethanesulfonic acid (HEPES)-NaOH buffer 2 
m M  (pH 7.5). and EDTA 0.2 m M .  A rubber policeman was used 
to scrape the cells into the solution. The cells were chilled in an ice 
bath for 3 min and were kept cold throughout the isolation and 
sonication procedures. Homogenization was for 3 min in a 
Potter-Elvehjem Teflon pestle homogenizer. One milliliter of 0.5 
M sucrose solution was added when the homogenization was 
complete. The homogenate was transferred to a 15-ml polycarbon- 
ate centrifuge tube and centrifuged for 10 min in a Lourdes high 
speed refrigerated centrifuge using the 9RA fixed-angle head a t  
600 x g. The supernatant was transferred by Pasteur pipette and 
centrifuged at  10,000 x g for 15 min. 

T o  the small pellet which contained the mitochondria was added 
0.15 ml of a solution of 0.14 M KC1 containing N-tris-(hydrox- 
ymethy1)methyl glycine (Tricine) 50 m M  (pH 8.8). EDTA 1 m M .  
and 2-mercaptoethanol I mM.  The mitochondria pellet was 
dispersed and disrupted with a Branson model W 140 Sonifier using 
the 3-mm diameter microtip. Sonication was for 9 x 10 sec at  
slightly less than the maximum that could be applied without 
causing foaming. Twenty seconds of cooling time were allowed 
between periods of sonication. Protein content of isolated mito- 
chondria was 150 550 pg or  approximately 5 - I2Oi of protein in the 
intact cells. 

PREPARATION OF LIVER FRACTIONS ANALYTIC METHODS 
The methods have been described in detail previously (17). In 

brief. liver was homogenized in NaCI, the suspension treated with 
LYSINE-KETOGLUTARATE REDUCTASE 

2% prolamine sulfaFe, then centrifuged and filtered. Sodium The reaction mixture contained L-[U-'Tllysine.  0.5 pCi.  1.0 
citrate was added to the supernatant and the protein fraction that pmol;  potassium tu-ketoglutarate, 2 Llniol: potassium phosphate. 
precipitated between 0.75 M and 1.15 M was retained and 15 pmol (pH 7.1); N A D P H ,  1.5 pmol: and mitochondrial enzyme 
redissolved in buffered saline. preparation from fibroblasts and water to a final volume ofO.5 ml. 



The mixture was incubated at  30" for 20 min as described 
previously (6). The saccharopine formed was isolated by high 
voltage electrophoresis a t  pH 6.7 followed by ion exchange 
chromatography and determination of radioactivity in the isolated 
saccharopine. 

Liver enzyme was measured spectrophotometrically using 0.2 
ml extract in a total volume of I ml asdescribed previously (17). 

SACCHAROPINE DEHYDROGENASE (EC. 1.5.1.9) 

The method of Fellows and Carson (9) was modified in two 
significant respects, permitting satisfactory assays with approxi- 
mately one-tenth the amount of fibroblasts. Repetitive washing 
and centrifuging of mitochondria were abandoned, substituting 
instead a single, closely controlled centrifuging. The smaller 
quantity of product, radioactive glutamate, was assayed by the 
specific enzyme, glutamate decarboxylase, in preference to  isola- 
tion with high voltage electrophoresis. 

T o  0.1 ml sonicated mitochondria1 preparation was added 0.5 
pmol NAD'  in 0.02 ml I M Tricine-NaOH buffer (pH 8.9), 
saccharopine-([U-"C]glutaryl), 0. I pCi. 0. I pmol, and water to a 
volume of 0.25 ml. The reaction was allowed to proceed with 
agitation in a Dubnoff metabolic incubator for 60 min at  25" and 
was stopped by adding 0. I ml 10 m M  glutamate solution. then 0.05 
ml I N HCI. After 10 min the pH was adjusted to approximately 5. 
a s  determined by narrow range pH paper, by the addition of I N 
N a O H .  One-tenth milliliter of potassium acetate, 0.4 M (pH 4.9). 
was added and the solution was centrifuged. The supernatant was 
analyzed for [14C]glutamate and the precipitate was analyzed for 
protein content. Two types of blank were used. In one the HCI was 
added immediately after adding enzyme; the other was a reagent 
blank without enzyme. The blanks averaged less than 100 cpm and 
did not differ significantly. 

The entire supernatant was preincubated in a vial, 19 by 48 mm 
(Kimble no. 60975-L). After 60 min 2 U glutamic decarboxylase 
and 10 pg pyridoxal phosphate in 0.1 ml acetate buffer were added. 
A stopper holding a well charged with 0.1 ml 1 N KOH was also 
added. Incubation was for 90 min at  25". The KOH was then 
transferred quantitatively to a scintillation counting vial. The vial 
contained 12 ml scintillation cocktail containing, in approximately 
I liter, 640 ml methanol, 320 ml toluene, 20 ml phenethylamine, 20 
ml glycerol. 6 g methylbenzethonium chloride (Hyamine IOX), 6 g 
PPO,  120 mg dimethyl-POPOP. Counting was done on a Packard 
Tri-Carb scintillation counter with approximately 65% eefciency 
for I4C when counted in this cocktail. T o  determine the effective- 
ness of the glutamic decarboxylase, parallel samples of [U- 
"C]glutamate, 1 pmol, 0.01 pCi, were similarly treated and 90% 
of the expected radioactivity was recovered. 

The previously described spectrophotometric assay (15). in 
which the reduction of NAD'  is measured, was also used for assay 
of liver enzyme fractions. 

n-AMINOADIPATE AMINOTRANSFERASE 

The assay method of Nakatani er a/. (21) measures the reverse 
reaction, the conversion of tu-ketoadipate and glutamate to 
a-aminoadipate and tu-ketoglutarate. One product of the reaction, 
a-ketoglutarate, is then measured by following the oxidation of 
NADH spectrophotometrically, in the presence of N H ,  and 
glutamic dehydrogenase. 

SACCHAROPINE OXIDOREDUCTASE 

A modification of Fellows' method (8, 9 )  was used. Radioactive 
saccharopine ([I-"Cllysyl) was incubated in the presence of NH,,  
N A D P f ,  and glutamic dehydrogenase. The last served to keep one 
product of the reaction. tr-ketoglutarate, from accumulating. A 
second product ([I-"Cllysine) was measured by incubating with 
lysine decarboxylase and collecting 14C02.  The details of the 
modified assay were as follows. 

The medium was decanted from one confluent bottle of 

fibroblasts and replaced with 10 m10.15 M NaCI. Fibroblasts were 
scraped into the NaCl solution using a rubber policeman. They 
were then pipetted into a centrifuge tube and centrifuged briefly 
and the supernatant discarded. T o  the cell button was added 0. I ml 
0.15 M KC1 and the tube was alternated between a Dry Ice- 
methanol bath and a 23" water bath for 10 freeze-thaw cycles in 
approximately 60 min total time. The cells were stirred with a glass 
rod during this procedure but were not otherwise mechanically 
disrupted. The complete freeze-thaw lysate was used as the enzyme 
source. 

Buffer and NH4C1 were prepared as a single concentrate to  keep 
incubation volumes small. Tricine, 8.96 g, and NH,CI, 1.34 g, were 
dissolved in 35 ml water. NaOH,  50%, was added to a final pH of 
8.9 (glass electrode. 25") and the solution was diluted to 50 ml with 
water. This solution must remain tightly stoppered because the 
ammonia is volatile at  this pH. A final ammonia concentration of 
80 mM is essential to the reaction (8). 

Fifty microliters of a freshly prepared solution containing in 
each sample. 32 p1 buffer-NH, solution, 0.5 pmol NADP'. 10 p1 
[14C]saccharopine, and 8 p1 glutamic dehydrogenase (approxi- 
mately 4 units), were added to each enzyme sample to  be assayed. 
Water was added to a final volume of 0.20 ml. 

The tubes were tightly stoppered and incubated for 60 min a t  
30". The reaction was terminated by adding 0.05 ml 10 niM lysine 
solution and 0.2 ml 1 M potassium phosphate buffer. pH 5.7, and 
placing the tubes in boiling water bath for 2 min followed by 
centrifugation. 

T o  determine the lysine formed by the saccharopine oxidoreduc- 
tase reaction, the supernatant of each tube was transferred to  a vial 
(19 by 48 mm)  and was placed on a 30" water bath (unstoppered) 
for 30 min. From a freshly made mixture. 0.5 U lysine decarboxyl- 
ase and 5 pg pyridoxal phosphate in 0.1 ml phosphate buffer were 
added. The vials were immediately closed with stoppers (Kontes 
Glass Company, no. K882330) with a centerwell containing 0. I ml 
1 N KOH.  A blank and a sample L-[l-14C]lysine containing 
approximately 10,000 cpm were also carried through the assay. 
The latter acts as a control of the decarboxylation reaction. which 
is normally 90% or  more complete. After 90 min at  30" the 
contents of the wells were transferred to scintillant and the "CO, 
was counted. The precipitate was dissolved in I M NaOH and 
protein was determined by the method of Lowry er a/ .  (20). 

TISSUE CULTURE 

Methods for establishing cultures from skin biopsies and 
passaging cells have been previously described (3. 4).  Modulation 
of the activity of the saccharopine cleavage enzyme in normal and 
hyperlysinemic fibroblasts was studied by growing cells for 10 days 
in medium containing a final concentration of I m M  saccharopine. 
The effect of limiting lysine on the activities of the enzymes in the 
lysine degradation pathway was investigated in normal fibroblasts 
by propagating them in M E M  containing 5.8 mgfliter lysine. 
which is one-tenth of the normal concentration, for 5 days, a t  
which timc the monolayers were confluent. This concentration of 
lysine was determined to be the lowest capable of  supporting cell 
growth. The medium was replaced with MEM without lysine and 
the monolayers were incubated for an additional 4-10 days before 
assay. All determinations were carried out in triplicate and in each 
assay replicate cultures grown in complete medium were used a s  
controls. 

MATERIALS 

Saccharopine-([U-14C]glutaryl), saccharopine-([l-14C]lysyl), 
and nonradioactive saccharopine were synthesized in this labora- 
tory by previously described enzymatic methods (15). Precautions 
were taken to remove traces of NH,  from the reagents when 
preparing glutaryl-labeled saccharopine in order to avoid forma- 
tion of glutamate. The tu-[U-14C]ketoglutarate was adjusted to pH 
2 and passed through a column (I by 6 cm) of Dowex 50, H +  form. 
Sucrose was "ultra-pure" (Schwartz-Mann). Glutamic and lysine 
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decarboxylases were type I 1  purified from Escherichia coli and 
Bacillus cadaveris, respectively. The decarboxylases, cofactors, 
and most other biochemicals were from Sigma Chemical Co .  
Water was double-distilled in glass. 

RESULTS 

Several enzymes involved in lysine degradation were measured 
in liver obtained from a hyperlysinemic child and from a control 
subject (Table I). There was no detectable activity for lysine-keto- 
glutarate reductase or  saccharopine dehydrogenase in the hyper- 
lysinemic liver. The methods could have detected less than 1 % of 
the activity found in the control liver. Analysis of saccharopine 
oxidoreductase yielded 12 cpm over a blank of 34. This amount of 
activity was equivalent to 3% of normal, but is of questionable 
accuricy. The activities of tu-aminodipate aminotransferase and 
glutamate deydrogenase were lower in the hyperlysinemic liver 
than in the control, but considerable activity remained. 

Skin fibroblasts grown in tissue culture were assayed for 
saccharopine dehydrogenase activity (Table 2). The results with 
three hyperlysinemia patients (two of the Ja family and an 
unrelated child, A R o )  are compared with a series of normal 
subjects. Less than 10% of normal activity was detected in the 
hyperlysinemia patients, similar in magnitude to that previously 
reported in the same subjects for lysine-ketoglutarate reductase 
activity (Table 3). Fibroblasts from PJa, the donor of the liver, 
were not available for study. 

Saccharopine oxidoreductase activity was measured in fibro- 
blasts from two hyperlysinemic children from unrelated families, 
and from two control subjects (Table 4). The activity of this 
enzyme in normal subiects is considerably less than that of the 
enzyme catalyzing the forward reaction, lysine-ketoglutarate re- 
ductase. It was estimated that 10% of normal enzyme activity 
could be detected with confidence (radioactivity of 2 times the 
blank). The enzyme activity in the hyperlysinemic children was 
considerably below that level. 

The possibility that saccharopine dehydrogenase is an inducible 
enzyme was investigated in two ways: normal cells were grown in 
medium containing limited concentrations of lysine (one-tenth 
normal level) and then were maintained for 4-10 days in medium 
containing no lysine. Hyperlysinemic cells (from patients JJa and 
A R o )  were grown in medium containing 1 m M  saccharopine for 
10 days (Tables 5 and 6). Neither manipulation significantly 
changed the level of saccharopine dehydrogenase activity. The 
apparent increase in lysine-ketoglutarate activity in normal cells 
after reduction of lysine concentration in the medium is probably 
caused by a higher specific activity of the substrate as a result of 
lowering intracellular levels of Iysine. 

DISCUSSION 

Enzymatic analysis of liver obtained at  autopsy from a patient 
with hyperlysinemia confirmed the previously reported deficiency 
of lysine-ketoglutarate reductase activity in skin fibroblasts (Table 
1). With an assay capable of easily detecting less than I %  of the 
activity in normal liver, there was no detectable activity in the 
hyperlysinemic liver. Skin fibroblasts from this patient had a 

residual activity of approximately 7% of normal. The difference in 
magnitude of the defect in liver and in fibroblasts is most readily 
explained by instability of the mutant enzyme which caused rapid 
disappearance of residual activity from the liver after death. 
Instability of the mutant enzyme on storage has been described in 
hypoxanthine phosphoribosyltransferase deficiency (7). This would 
be consistent with the observation that hyperlysinemic children, in 
vivo, can degrade about 20% as  much lysine as control children 
(27). Alternate degradative pathways may also have been utilized. 
Isozymes of lysine-ketoglutarate reductase have not been reported. 

The hyperlysinemic liver was also incapable of catalyzing the 
reverse reaction, the cleavage of saccharopine to  lysine and 
n-ketoglutarate. The small amount of residual activity reported in 
Table 1 is beyond the sensitivity of the analytic technique and it is 
not certain that any enzymatic activity was detected. Fellows (8) 
contends that in ox liver this metabolic step is performed by an 
enzyme distinct from lysine-ketoglutarate reductase and has 
named the enzyme saccharopine oxidoreductase. Studies of human 
placenta also suggest that saccharopine oxidoreductase and lysine- 
ketoglutarate reductase may be two distinct enzymes (10). An 
active lysine-ketoglutarate reductase was present but the reverse 
reaction (saccharopine to lysine) could not be demonstrated. 
However, the evidence is not conclusive, and it may be that in man 
one enzyme, lysine-ketoglutarate reductase, catalyzes the reaction 
in both directions with the equilibrium predominantly towards 
saccharopine synthesis. 

A surprising observation in the study of the hyperlysinemic liver 
was the absence of activity of the second degradative enzyme in the 
lysine pathway, saccharopine dehydrogenase (Table 1). An impor- 
tant question in evaluating these observations is the physiologic 

Table 2. Saccharopine dehydrogenase activitj in skinfibroblasts' 

Controls AJa JJa ARo 

Number of assays 1 22 2 6 3 
Average enzyme ac- 8.23 0.16 0.29 0.55 

tivity 
Range 4.9-19.9 0-0.32 0-0.9 0- I. I 
Percent normal (100) 1.9 3.5 6.7 

Enzyme activity is measured in nanomoles per mg mitochondria1 
protein in 60 min. 

Eight individuals. 

Table 3. Lysine-ketoglutarate reductase in skin fibroblasts' 
-- 

Controls AJa JJa PJa ARo 

Enzyme activity 35 1 37 35 23 26 
Percent normal (100) I I 10 7 8 

'Assays performed on disrupted fibroblasts in this laboratory as 
reported previously (see Table I, Reference 6). ARo (5) will be reported 
separately (I). Enzyme activity is measured in picomoles per min per mg 
protein. 

Table I. Enzyme activity in liver' 

Saccharopine Aminoadipate 
Lysine-ketoglutarate Saccharopine oxidoreductase, transferase, Glutamic 

Subject reductase dehydrogenase x lo4 x lo-3 dehydrogenase 
- 

H yperlysinemia (PJa) 0 0 0.032 1.09 247 
Control 32.3 18.9 0.93 2.43 656 

a Enzyme activities were measured in the citrate-precipitated fraction, prepared as described in the text, except for a-aminoadipic aminotransferase. 
which was assayed in the protamine supernatant. Activity is measured in nanomoles per min per mg protein. 

Below limits of accuracy of analytic technique. 



Table 4. Saccharopine o,~idoredrrctase in skin ,fibrobla.rts ' 

Subjects Controls JJa  ARo 

Average enzyme 15.5 0.52 0.01" 
activity 

Percent normal (100) 3.42 0.5= 

'Assays were performed on disrupted fibroblasts as described under 
Methods. Enzyme activity is measured in picomoles per min per mg cell 
protein. 

Represents 20 (JJa) and 2 cpm (ARo) above a blank of 73. at and 
below the limits of confidence of the analytic technique. 

Table 5. Response ofnormalskin fibroblasts to reduction of Iysine 
in growth media1 

Lysine-ketoglutarate Saccharopine 
Growth medium reductase dehydrogenase 

Complete 
Complete 

Reduced lysine 
Reduced lysine 

Enzyme activity is measured in picomoles per min per mg protein. 
Lysine concentration of medium was reduced to 0.04 mM, about one-tenth 
the usual concentration. Cells were grown for 6 days and then the medium 
was replaced by medium without lysine and the fibroblasts were incubated 
for an additional 4 days. 

Table 6. Response ofh~.perlysinemic fibroblas~s to iticreasrd levels 
of saccharopine in growth media' 

Growth medium 

Complete + 
Complete saccharopine ( l mM) 

JJa 

Control 

ARo 

Control 10.6 
11.0 

' Saccharopine dehydrogenase activity is measured in nanomoles per mg 
protein in 60 min. 

state of the liver at  the time of analysis. T o  control this Factor, liver 
was obtained at autopsy from an unaffected male adult and 
maintained in storage with the hyperlysinemic liver. All assays 
were done concurrently with both livers. A further check on the 
"viability" of the liver was provided by measuring two additional 
enzymes intimately involved in lysine metabolism, glutamic dehy- 
drogenase and lu-aminoadipic transferase (Fig. 1). Both were easily 
demonstrable in the hyperlysinemic liver. The activities were 
approximately 40% of the control liver, contrasting with the 
nondetectable activities of lysine-ketoglutarate reductase, sac- 
charopine oxidoreductase. and saccharopine dehydrogenase. 

The evidence for a specific defect in liver in the three enzymatic 
conversions appeared strong. However. further support was sought 
in skin fibroblasts grown in tissue culture. Study of skin fibroblasts 
provided the additional advantage of determining whether the 
multiple enzyme defect was peculiar to one patient with hyper- 

lysinemia or  had more general significance. Available to us, in 
storage, were fibroblasts from two siblings of the deceased patient 
and from another unrelated patient with hyperlysinemia. Fresh 
biopsies were also obtained from the siblings to eliminate any re- 
mote possibility of changes during storage. Previous studies had 
demonstrated a deficiency in lysine-ketoglutarate reductase ac- 
tivity in skin fibroblasts in all subjects (Table 3). and the present 
studies revealed a deficiency in saccharopine dehydrogenase (Ta- 
ble 2). By modifications of the technique described by Fellows to 
measure saccharopine oxidoreductase (8). the sensitivity was in- 
creased so that the enzyme could be regularly demonstrated in 
normal skin fibroblasts. There was considerable reduction in sac- 
charopine oxidoreductase activity in the hyperlysinemic fibro- 
blasts, also (Table 4). 

The possibility was entertained that saccharopine dehydrogen- 
ase was a substrate-induced enzyme and that its reduced activity 
was secondary to a deficiency in lysine-ketoglutarate reductase. T o  
investigate this, hyperlysinemic cells were maintained in tissue 
culture in medium containing saccharopine I m M  for 10 days. 
There was no increase in activity of saccharopine dehydrogenase. 
Conversely, normal cells grown with limiting lysine were exposed 
to medium without lysine for 4-10 days. There was an apparent 
increase in lysine-ketoglutarate reductase activity, possibly attrib- 
utable to reduced dilution of the radioactive substrate by a smaller 
endogenous pool of lysine. Saccharopine dehydrogenase activity 
was not changed. 

Multiple enzyme defects in genetic diseases are distinctly 
unusual. Maple syrup urine disease is probably the best known of 
these exceptions. Classic maple syrup urine disease and all of the 
variants described so far affect the oxidative-decarboxylation of 
the three branched-chain keto acids concordantly and to the same 
level. Bowden and Connelly (2) have presented evidence that valine 
decarboxylase is distinct from the decarboxylases of the other two 
keto acids. 

Hereditary orotic aciduria is more analogous to familial hyper- 
lysinemia in that two sequential metabolic steps are involved. 
Orotic acid is converted to uridine monophosphate by phosphoryl- 
ation (orotidylic pyrophosphorylase) and then decarboxylation 
(orotidylic decarboxylase). Type I orotic aciduria, paralleling 
hyperlysinemia, is associated with a deficiency in both enzymes; 
type I1 orotic aciduria. similar to saccharopinuria, affects only the 
second enzyme (23). Krooth (18) has speculated that the double 
enzyme defect in type I orotic aciduria could be explained i f  the 
product of the first enzyme, orotidine monophosphate, stabilized 
the second enzyme. That explanation appears to be excluded in 
hyperlysinemia by the negative results from the addition of 

I 
saccharopine to  hyperlysinemic fibroblasts in tissue culture 
(Table 6). ! 

Molecular explanations of the observations in familial hyper- 
lysinemia must remain speculative without better information I 

concerning the composition and structure of the involved enzymes. 
It is possible that one protein subserves the three enzymatic I 
functions and the mutation interferes with synthesis of that 
protein. The exisier~ce or  saccharopinuria as a scpaiatc metabolic 
defect would require that a t  least one polypeptide under separ~tte 
genetic control be essential for only saccharopine dehydrogenase 
activity, and not for either lysine-ketoglutarate reductase or  
saccharopine oxidoreductase activity (9). It is also possible to 
visualize three individual enzymes as components of one mac- 
romolecule, with simultaneous loss of all three as a result of one 
mutation. Another possible mechanism is that described in 
microorganisms, a mutation in a regulatory protein controlling the 
synthesis of several enzymes in a metabolic pathway. Selection 
from among these possibilities, and others. is not possible with 
available information. 

SUMMARY 

Analysis of liver obtained at  autopsy from a patient with 
familial hyperlysinemia revealed a severe deficiency in lysine-keto- 
glutarate reductase, saccharopine dehydrogenase, and saccharo- 
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pine oxidoreductase. The deficiencies were confirmed in skin 
fibroblasts from two siblings with the disease and a third patient 
from an unrelated family. 
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Extract 

The present report outlines an attempt to characterize inorganic 
phosphate uptake by human jejunal mucosa using biopsy material 
obtained from six patients affected by the X-linked form of vitamin 
D-resistant rickets and six control subjects. 

The tissue from control subjects accumulated 3ZP actively in a 
linear fashion against time. The incorporation of inorganic phos- 
phate into organophosphate derivatives is rapid and equilibrates 
after 10 min at an inorganic over total phosphate ratio of 0.45. 
Concentrative uptake and incorporation were both suppressed by 

anaerobiosis or cyanide. Rates of phosphate uptake and incorpora- 
tion into the organic derivatives by the tissue of hypophosphatemic 
patients are comparable with normal values. 

Saturation kinetics observed over a wide range of substrate 
concentrations (0.003 to 3 m M )  elicits only one transport system 
with an apparent Michaelis constant of 0.2 m M  and a maximum 
velocity of 0.7 mmollliterl40 min. The kinetic data obtained from 
the patients do not strikingly differ from the control values. The 
chemical analysis of the phosphate content of intestinal mucosa 
from two patients and two control subjects indicates that the tissue 
is not specifically phosphate-depleted in the mutant individuals. 
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