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Extract 

Elevated levels of saccharopine, lysine, and citrulline in urine and plasma were ob- 
served in a patient suffering from saccharopinuria. Using radioisotope methods the 
lysine-degradative enzymes, lysine-oxoglutarate reductase and saccharopine dehyro- 
genase, were studied in skin fibroblasts grown from this patient and from healthy sub- 
jects. 

The results show that, in contrast to healthy individuals (range 177-320 pmol 
formed/min/mg protein), the paitent's fibroblasts are completely lacking in saccharo- 
pine dehydrogenase activity, which accounts for the presence of the high levels of 
saccharopine. The patient also has a reduced level of lysine-oxoglutarate reductase 
activity (333 pmol saccharopine formed/min/mg protein; range 550-1,570 nmol), 
which may in part explain the hyperlysinemia. A further enzyme saccharopine oxi- 
doreductase which metabolizes saccharopine to lysine was found to be present in the 
patient's fibroblasts (63 pmol lysine formed/min/mg protein) but absent from those of 
healthy control subjects. This indicated induction of this enzyme by the patient in an 
attempt to reduce the high levels of saccharopine in her tissues and body fluid. 

Speculation 

There are two interesting features of this patient with saccharopinuria which the pres- 
ent studies have not clearly defined, namely the presence of high levels of lysine and 
citrulline found in plasma and urine. 

There are three possible explanations for the hyperlysinemia which may be operat- 
ing singly or in combination. Depression in activity of lysine-oxoglutarate reductase 
(the patient possesses 37y0 of the normal activity). Inhibitory effect of saccharopine on 
lysine-oxoglutarate reductase (in nitro studies). Induction by the patient of saccharo- 
pine oxidoreductase which metabolizes saccharopine to lysine. 

No explanation has yet been found for the high levels of citrulline in plasma and 
urine. 

Introducliori after removal of its u-amino group. However, other 

The initial degradative steps of lysine metabolism in 
mammals involves two distinct routes, an oxidative 
deamination of the w-amino group and a transamina- 
tion of the E-amino group. 

In 1954 [Zl] it was demonstrated i n  uiuo that a sig- 
nificant amount of L-pipecolic acid was formed when 
DL-(E-lW)lysine was administered to rats, and it was 
concluded that L-lysine was converted to pipecolic acid 

- - 
work has shown that L-pipecolic acid is principally a 
product of D-lysine [13], and therefore unlikely to be an 
intermediate in the major pathway of lysine degrada- 
tion in mammals. Gatfield et al. [11] in 1968 reported 
a patient with hyperpipecolatemia who, at 18 months, 
presented clinically with a degenerative neurologic dis- 
ease and hepatomegaly. The patient had raised levels 
of pipecolic acid in blood and urine; no increase in 
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lysine in pIasma was noted. From oral load studies it 
was revealed that the metabolism of pipecolic acid was 
impaired but that of lysine was normal. This was in- 
terpreted as support for the concept that in llumans 
tlie pipecolic acid pathway is a minor route for lysine 
catabolism. This fact was also supported by other work 
[29] in whicll normal children and patients with fa- 
milial hyperlysinemia were given L-(U-14C)lysine by 
intramuscular injection and labeled pipecolic acid was 
found in the urine, which indicated its derivation Srom 
lysine. 

Tlle alternative pathway for lysine degradation is via 
saccharopine involving the removal of the €-amino 
group in the initial steps. Saccharopine was first identi- 
fied and isolated from yeast in 1961 [6] and has been 
shown to be the precursor of lysine biosynthesis in yeast 
[18, 191. I t  has been demonstrated that saccllaropine is 
lormed by L-lysine in the presence of a-oxoglutarate by 
isolated rat liver mitochondria [15] and an enzyme, 
lysine-oxoglutarate reductase which catalyzes the for- 
mation of saccharopine from lysine with a-oxoglutarate 
has been partially purified from human liver [16]. 
Several patients with hyperlysinemia have been de- 
scribed in  the literature [ l ,  12, 281 and in three of 
these patients it has been sllown [5] that tlie hyperly- 
sinemia results from a deficiency of lysine-oxoglutarate 
reductase. 

Saccharopine is riot normally present in human 
plasma and urine and its presence in human physio- 
logic fluids (plasma, cerebrospinal fluid, ancl urine) was 
first reported by Carson et al. in 1968 [4] in a 22-year- 
old woman. I n  addition to large quantities ol' sac- 
cllaropine in the urine, excess amounts of lysine and 
citrulline were found. Homocitrulline, homoarginine, 
ancl €-N-acetyl lysine were also observed. A second pa- 
tient ~ ~ i t h  saccharopinuria was reported from Finland 
in 1972 [24]. This patient excreted large amounts of 
lysine and saccharopine but, unlike the first patient, 
did not s11o.w an abnormality of citrulline metabolism. 
A deficiency of the saccliaropine degrading enzyme was 
found in the Finnish patient [23]. The  present paper 
reports the study of the enzymes involved in saccharo- 
pine metabolism in the original patient with saccllaro- 
pinuria [4] and in healthy control subjects utilizing 
skin fibroblast cultures and radioisotope techniques. 

Matel-ials and Methods 

a-(14C5)Ox~glutarate and L-(U-lC)lysine-HC1 were ob- 
tained from tlie Radiocl~emical Centre [30]. L-Sac- 
charopine was purified lrom the urine of the patient 
with saccharopinuria [U]. 

Preparutzon of 1,-(14C~,,,)Saccha?opzne and L-(U-~CC,,,)- 
Saccha? opzne 

L-  (14C,,,)Saccharopine ( € - N -  (14C5)glutaryl-~-ly~im) 
was synthesized enzymatically with a partially purified 
lysine-oxoglutarate reductase preparation from ox liver 
[16]. The  incubation medium contained L-lysine-HC1 
(4 pmol), a - (~~Cj)oxoglu ta ra te  (50 pCi), a-oxoglutarate 
(2 pmol), NADPH (4 pmol), potassium phosphate 
buffer, p H  7.0 (50 pmol), enzyme extract (1 mg protein) 
and water to a final volume of 1 ml. T h e  incubation 
was for 90 min and under a constant flow of nitrogen 
gas. The  reaction was terminated by the addition of 
sulfosalicylic acid (50 mg) which precipitated the pro- 
tein. ~-(1~C~,,,)Saccharopine in the supernatant was sep- 
arated by the use of a Tecllnicon amino acid auto- 
analyzer [26, 311 and tlie appropriate fraction was 
collected by a BTL fraction collector [32]. This fraction 
was passed through a Dowex 50W-X8 column (1 by 5 
cm). The  column was first washed with deionized 
water (500 ml) ancl then eluted with 2 M NH40H.  T h e  
eluate was dried and redissolved in water. The  prod- 
uct, ~-(1~C,,,)saccllaropine, was shown to behave homo- 
geneously by both high voltage electrophoresis and two 
dimensional chromatographic analysis. The  total yield 
was 30 pCi. 

L-(U-14CC,,,,)Saccl~aropine (E-N-(glutaryl-2) -L- (U-1") - 
lysine) was prepared by incubation of ~-(U-l4C)lysine 
and a-oxoglutarate with the lysine-oxoglutarate reduc- 
tase preparation using the same method as for the 
preparation of L-(~4CG,,)saccllaropine. 

Desalting Techniqzle 

Cation exchange column chromatography was used 
lor desalting the incubation media and amino acid 
fractions. Dowex 50W-X8 resin, 200-400 mesh (H+  
form) was packed into tlie column (1 by 5 cm). T h e  
sample (pH 2.0) was loaded onto the resin and the 
column was washed with deionized water (50 ml) then 
eluted with 2 M N H 4 0 H  (20 ml). The  first 4-ml eluate 
was discarded and the following 10 ml was collected. 
Alter drying the residue was redissolved in  water. This 
latter aqueous amino acid mixture was subsequently 
analyzed by either two dimensional chromatograplly 
or lrigll voltage electrophoresis. 

High Voltage Electrophoresis 

A Shandon high voltage electroplloresis apparatus, 
model L24 [33], was usecl for all separations. All sam- 
ples were desalted before the application of electro- 
phoresis. Whatman no. 3MM paper was used. Electro- 



phoresis was conducted at 3,000 V for 90 min in sodium 
barbital buffer (0.05 M, p H  8.2). Under these condi- 
tions lysine and other basic amino acids traveled to tlle 
cathode, and saccharopine, glutamate, and other acidic 
amino acids to the anode. After complete drying the 
separated amino acid spots were located by ninhydrin 
(0.1% in  acetone, w/v). 

T w o  Din~eizsional Paper Chro~natography 

After prior desalting, samples were applied to 
squares o l  Wllatman no. I chromatography paper ancl 
cl~romatographed in butan-I-01-pyridine-water (1 / 1 / 1, 
v/v) followed by ammoniatecl phenol-water (211, w/v) 
ancl the amino acids were visualized by ninhydrin in 
acetone [25]. 

Cell Cultures 

Pinch biopsies of skin [7] were taken and tlle fibro- 
blasts were grown in tissue culture medium (minimum 
essential medium [34]) supplemented with 10Y0 fetal 
bovine serum and antibiotics at 35'. Tlle cells were 
first grown in  medical flats and finally roller culturecl 
in Wincliester bottles (80 oz). The  fibroblasts used in 
the enzyme studies were harvested between passages 
Sand  12. 

Isolation of Fibroblast Mitochondria 

All procetlures were carried out at temperatures 
0-4". 

Fibroblasts lrom four Miincllester bottles with con- 
fluent sheets of cells (approximately 40 mg protein 
total) were harvestecl. The  cells were washed twice 
with a buffered isotonic sucrose solution (sucrose (0.25 
M); Tris-HC1, p H  7.4 (5 m ~ ) ;  EDTA (1 m ~ ) )  antl sepa- 
rated by centrifugation. They were resuspended in the 
buffered sucrose solution (4 ml) and were then 110- 
mogeni~ed for 2 min in a 10-ml Potter-Elvehjem MSE 
Ilomogeni~er [35] with a Teflon pestle. The  homogeniza- 
tion was interrupted at 20-s intervals and the suspension 
was rechilled to prevent any appreciable temperature 
rise. T h e  homogenate was diluted to 8 ml with the buff- 
ered sucrose solution and centrifuged at 700 x g for 10 
min in 10-ml tubes fixed in an (8 by 50 ml) fixed angle 
rotor of an MSE lligll speed 18 centrifuge [35]. The  
supernatant was decanted into a clean precooled tube 
ant1 centrifuged at 9,000 x g for 7 min. This second 
sitpernatant was discarded and the mitocl~onclrial pel- 
lets were twice resuspended (by progressive dilution 
with the buffered sucrose solution to a final volume of 
8 ml) ancl recentriluged at 9,000 x g for 7 min. Finally, 

the pellets were resuspended in 0.25 ml of a standard 
buffer solution (potassium phosphate, p H  7.0 (0.1 M); 

KC1 (0.15 M); EDTA (1 111~)). The  yield of mitoclion- 
drial protein was approximately 5% of that in the 
original whole cell homogenate. 

Protein Estinzation 

Protein was measured by reference to a calibration 
curve prepared from bovine serum albumin (20). 
Enzynze Assays 

Whole  cell homogeizate. Fibroblasts were harvestetl, 
washed twice, and resuspended in tlle standard bufler 
solution. The  cell suspension was sonicated 3 x 20 s 
in an ultrasonic disintegrator (100 MI [35]) antl tlle 
sonicate was tested for enzyme activities. 

Mitochondria1 enzyme pl-eparation. The  mitochon- 
dria suspension was sonicated for 3 x 20 s and the 
mitocllondria sonicate tested for enzyme activities. 

Lysiize-oxoglutarate reductase. The  assay conditions 
were modified from tllose as previously described [lG]. 
Tlle incubation medium contained, in 0.1 ml: L-lysine- 
HCI (0.25 pmol); ~-(U-14C)lysine-HCI (0.1 pCi); u-oxo- 
glutarate (0.5 pmol); NADPH (0.5 pmol); ~>otassium 
phosphate buffer, p H  17.0 (20.0 pmol), and enzyme 
preparation (150 ~g protein). Incubation was for 30 
min at 30' and under a constant flow of nitrogen gas. - - 
The  reaction was terminated by the addition of sulio- 
salicylic acid (25 mg) and tlie precipitated protein was 
removed by centrifugation. L-Saccharopine (1.0 pmol) 
was atlded into tlie supernatant as a carrier. Tlle me- 
dium was desalted by a Dowex 50Mr-X8 column. The  
desalted aqueous amino acid mixture was then sub- 
jectetl to high voltage electrophoresis to separate 
(U-14C,,,)saccliaropine from (U-14C)lysine. The  radio- 
activity was determined by liquid scintillation. 

Saccharopzize dehydrogenase. Tlie assay contlitions 
were modified from those previously desciibed [17]. 
The  incubation medium contained, in 0.1 ml: L-sac- 
charopine (0.25 pmol); L-(14CG,,,)saccl~aropine (0.1 
pCi); NAD+ (0.5 pmol); Tris-HC1 buffer, p H  8.8 (20.0 
pmol), and enzyme preparation (150 pg protein). Incu- 
bation was for 90 min at 30'. Tlle reaction was termi- 
nated by the addition of sulfosalicylic acid (25 mg) and 
the precipitated protein removed by centrifugation. T o  
tlie supernatant glutamate (1.0 pmol) was added as car- 
rier. The  medium was desalted and the (14C5)glutamate 
lormetl from ~-[~~C~, , , ]saccharopine was separated by 
high voltage electrophoresis. Tlle radioactivity was de- 
termined by liquid scintillation. 

Sacchal-opine oxidoredzlcta.rc. The  incubation me- 
dium contained, in  0.1 ml: L-saccharopine (0.25 pinol); 
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L-(U14C,,,)saccharopine (0.5 pCi); NADP+ (0.5 pmol); 
NHICl (4.0 pmol); Tris-HC1 buffer, p H  9.2 (25.0 pmol), 
and enzyme preparation (250 ~g protein). Incubation 
was for 1 hr at 30°. The  reaction was terminated by the 
addition of sulfosalicylic acid (25 mg). L-Lysine (1.0 
pmol) was added as a carrier [a]. The  procedures of 
amino acid analysis of the deproteinized incubation 
medium were the same as those described above. 

Liquid  scintillation. The amino acid spots were cut 
out lrom paper and shaken in 2 ml50% methanol solu- 
tion at room temperature for 4 hr. Then 15 ml of Bray's 
scintillation solution (2,5-diphenyloxazole, 4 g; 1 ,I-bis- 
[2-(5-pl~enyloxazolyl)]benzenzene, 0.2 g; naphthalene, 60 g; 
methanol, 100 ml; ethylene glycol, 20 ml; and 1,4-diox- 
ane to 1 liter) were added to the extract and counted in 
a Packard Tri-Carb liquid scintillation counter 1361 
after 4 hr equilibrium in the counting chamber. 

Quench correction was made by using an automatic 
external standard [2]. 

Results  

The skin fibroblasts grown in tissue culture media 
from six healthy control subjects established the pres- 
ence of saccharopine dehydrogenase (Table I). The  
fibroblast mitochondria1 preparations showed an ac- 
tivity 6 times that of the whole cell homogenate, which 
indicated that saccharopine dehydrogenase is a mito- 
cllondrial enzyme. Saccharopine dehydrogenase activity 
was absent in the skin fibroblasts grown from the pa- 
tient with saccharopinuria. 

Lysine-oxoglutarate reductase activity has been pre- 
viously demonstrated in cultured skin fibroblasts [5]. 
The present investigation of the enzyme activity in 
skin fibroblasts from mitocllondrial preparations from 
healthy individuals showed an activity 5 times greater 

Table I .  Saccharopine dehydrogenase activity in skin fibro- 
blasts 

Subject whole cell ho rnowate ,  ~ i ~ ~ ~ h ~ ~ d ~ i ~ ,  units' 

Control subjectsz 
Range 177-320 980-2,410 
Mean 233 1,466 

Patient 0 0 

1 One unit is defined as 1 pmol glutarnate formed/min/mg pro- 
tein. 
2 Six healthy individuals aged 2-40 years 

Table IZ. Lysine-oxoglutarate reductase activity in skin fibro- 
blasts 

Subject N'hole cell units1 hornownate, Mitocl,ondria, 

Controls2 
Range 550-1 ,570 2,790-8,230 
Mean 900 4,400 

Patient 333 1,170 
H yperlysinemiaa 

Patient AJ 37 
P a t i ~ n t  JJ 35 
Patient P J  23 

1 One unit is defined as 1 plnol saccharopine formed/min/mg 
protein. 

Six healthy individuals aged 2-40 years. 
3 Valucs recalculated from Dancis et al. [5:. 

than that of the whole cell homogenate, which sug- 
gested that lysine-oxoglutarate reductase is also a mito- 
chondrial enzyme. Similar results have been reported 
in rat liver [14, 151. Subcellular fractionation has there- 
fore proved to be a valuable primary purification pro- 
cedure in the present studies. Tlle activity ol lysine- 
oxoglutarate reductase in the skin fibroblasts grown 
from the patient with saccharopinuria was 37% ol 
that in normal control subjects (Table 11). 

Saccharopine Oxidoredzlctase 

Enzyme activity in cultured skin fibroblasts was ab- 
sent in healthy control subjects. In the patient with 
saccharopinuria, the respective enzyme activities in the 
whole cell homogenate and in the mitochondria of 
the cultured fibroblasts were 63 and 85 pmol lysine 
formed/min/mg protein. 

Enzyme studies conducted on skin fibroblasts from a 
patient with saccharopinuria have revealed the com- 
plete absence of saccharopine dehydrogenase comparecl 
with llealthy control subjects. I t  would appear that the 
basic defect lies between saccllaropine and a-aminoacli- 
pate-6-semialdehyde in the lysine degraclative pathway 
(Fig. 1). Subsequently, saccharopine and other lysine 
metabolites accumulate in the body fluid and are ex- 
creted in the urine. 

In  the Finnish patient with saccharopinuria de- 
scribed [23], a 60% reduction in the activity of sac- 
charopine dehydrogenase was reported in cultured skin 
fibroblasts and in muscle tissue; in our experience the 
estimation of saccharopine dehydrogenase activity by 
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Fig. I. The  major dcgradative pathway of lysine in mammals 

the measurement of a-aminoadipate-8-semialdehyde 
proved to be unreliable in the present study and may 
account for the higher activity of saccharopine dehy- 
drogenase reported by the Finnish group. Alterna- 
tively, the Finnish patient and our patient may reflect 
two different metabolic disorders. 

In  Table I11 are compared the plasma levels of sac- 
charopine, citrulline, and lysine in the two patients 
with saccharopinuria, in three patients with hyper- 

lysinemia (lysine-oxoglutarate reductase deficiency) 
and healthy control subjects. I t  can be seen that the 
level of plasma lysine in the Finnish patient is twice 
that of our patient with saccharopinuria and that both 

T a b l e  111. Levels of lysine, saccharopine, and citrulline in 
plasma of two patients with saccharopinuria, three patients with 
hyperlysinemia (lysine-oxoglutarate reductase deficiency), and 
in healthy control subjects ( p ~ )  

Patient source Lysine Saccharopine Citrulline 

Saccharopinuria 
Carson et a l .  [3; 607 24 101 
Simell et a l .  [24] 1,320 Trace  15 

Hyperlysineniia 
Woody et a l .  128; 1,164-1,541 N.R.' N.R.' 
Woody et a l .  [28j 685-1 ,027 /. 
Woody et a l .  [28; 917-1,095 

Healthy control subjects 
Scriver and Davies 71-151 0 12-30 
[22] 

N.R. : not recorded. 

Fig. 2 .  Inhibitory effect of saccharopine on lysine-oxoglutarate 
reductase of human skin fibroblasts. a: normal control subjects; 
0 : palient with saccharopinuria. 
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patients have levels of lysine comparable with reportecl 
levels for a patient with hyperlysinemia. 

The  high level of lysine in saccharopinuria may re- 
sult from an alteration in lysine-oxoglutarate reductase 
activity. The  results obtained from the skin fibroblasts 
both of the normal subjects and our patient with 
saccharopinuria (Table 11) shows that the rate of sac- 
charopine synthesis in the patient is considerably re- 
duced compared with the normal control subjects. In  
three patients reported [5] with hyperlysinemia due 
to lysine-oxoglutarate reductase deficiency, saccharo- 
pine synthesis was approximately 10% of that in the 
patient with saccharopinuria and 3.5% of that in nor- 
mal control subjects. However, lysine load tests in our 
patient with saccharopinuria [3] did not suggest a 
primary defect in the first step of lysine degradation, 
inasmuch as an appreciable increase in saccharopine 
synthesis occurred. 

Alternatively, the hyperlysinemia may have resulted 
from an inhibition ol lysine-oxoglutarate reductase 
secondary to the presence of the high levels of saccharo- 
pine in the tissues of the patient. This possibility in 
both liver and fibroblasts was indicated by the decrease 
in lysine-oxoglutarate reductase activity observed in 
incubations in which exogenous saccharopine was in- 
cluded. I t  was demonstrated in skin fibroblasts that 
the enzyme activity could be significantly inhibited 
by saccharopine at concentrations greater than 1 mM 

(Fig. 2). An examination of the plasma of the patient 
showed that the concentration, of saccharopine in her 
blood was 24.5 PM. In comparison with the concentra- 
tion of exogenous saccharopine included in the in 
vilro studies, this in vivo concentration of 24.5 VM is 
much lower and may not have great inhibitory effect 
on the enzyme activity. However, the level of saccharo- 
pine in plasma does not necessarily reflect the mito- 
chondrial level, which could prove theoretically much 
greater than that of plasma. 

If saccharopine synthesis from lysine were a reversi- 
ble process, this would account for the increased levels 
of lysine. An enzyme capable of hydrolyzing saccharo- 
pine to lysine and a-oxoglutarate has been reported 
[27]. This enzyme, saccharopine oxidoreductase, has 
been found to be present in the livers of various mam- 
mals studied. The  highest enzyme activity was found in 
the livers of herbivorous animals and the lowest ac- 
tivity in carnivorous animals. The  variation of the 
level of lysine synthesis in these mammals may be in- 
terpreted to suggest that saccharopine oxidoreductase 
activity is correlated with the protein content of the 
diet of the animals. The  results from current studies 
have shown that its activity is absent from the skin 
fibroblasts cultured from six normal subjects. In  con- 
trast, it has been found that the skin fibroblasts grown 
from the patient with saccharopinuria exhibit a clefi- 
nite enzyme activity. This finding suggests that, in 

CITRULLINE 

t 
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Fit. 3. Enzymes of the urea cycle. 



71iu0, saccharopine oxidoreductase activity in our pa- 
tient may be greatly induced in order to metabolize 
the excess saccharopine present in her body fluid. Ac- 
tivity of enzyme in liver was not determined, as per- 
mission for liver biopsy was not obtained. 

Identification, characterization, and assay of levels of 
activity of saccharopine oxidorecluctase in liver have 
been published 19, 101. 

In  our patient the level of citrulline in plasma was 
about 5 times and in urine 31 times the normal value. 
This contrasts with normal levels in the Finnish pa- 
tient. The  increased level of citrulline in our patient 
may reflect a second metabolic disorder which involves 
the metabolism of citrulline. However, in a preliminary 
investigation of this disorder, the results of ammonia 
and citrulline load in blood studies did not suggest a 
primary defect in the urea cycle of the patient [3] (Fig. 
3). An alternative possibility is that citrulline metabo- 
lism may be affected secondarily to the primary enzyme 
defect in saccllaropine degradation. Further studies are 
continuing in an attempt to elucidate the metabolic re- 
lationship between saccharopine and citrulline. 

The  pipecolic acid pathway has been shown to be 
utilized to a minor degree in the degradative pathway 
of lysine metabolism in man [ l l ,  291. Enzyme studies 
in our patient with saccharopinuria and in patients 
with hyperlysinemia [5] confirm that the initial steps 
in lysine degradation is transamination of the 6-amino 
group with the intermediate formation of saccharo- 
pine. The  metabolic block in the patient with sac- 
charopinuria would appear to be due to the absence of 
saccharopine dehydrogenase which is responsible for 
the second step in lysine degradation which results in 
accumulation of saccharopine. 

Szrmmary 

Enzyme studies conducted on skin fibroblasts using 
radioisotope techniques are presented in a patient with 
saccharopinuria and in healthy control subjects. The  
results are compared with those of a further patient 
reported with saccharopinuria and patients with fa- 
milial hyperlysinemia described in the literature. 
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