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Summary: Lysine metabolism was studied in the rat brain by intraventricular 
injection of l~C-labeled L- and D-lysine. The major metabolic intermediate in 
the brain labeled from either lysine isomer was found to be pipecolic acid 
which was characterized to be in the L-configuration. Small amounts of la- 
beled ~ -aminoadipic acid could also be detected in the brain samples from rats 
24 hours after injection with either lysine isomer. L- or D-lysine, therefore, 
appears to be metabolized in the rat brain via pipecolic acid to ~-aminoadipic 
acid which differs from the major saccharopine pathway known to be operative 
in the liver or other mammalian tissues. 

INTRODUCTION 

Although the major pathway of L-lysine metabolism in mammals is in general 

believed to be via saccharopine (e-N-[glutaryl-2]-L-lysine) (1-4), lysine util- 

ization in animals and humans take many diversified routes (5,6). In spite of 

the fact that brain is known to be active in the metabolism of many amino acids, 

the metabolic fate of lysine in the brain has so far not yet been identified. 

As far as the major mammalian saccharopine pathway of lysine metabolism is con- 

cerned, the mammalian brain appears tO be very inactive (3, 7). The difficulty 

to demonstrate in v~tro lysine metabolism in the brain, as was experienced in 

this laboratory, may have contributed to the lack of knowledge in brain lysine 

metabolism. Through the use of the intraventricular injection technique, an 

active lysine metabolism was demonstrated in the rat brain in this report which 

indicates that L- and D-lysine are both metabolized to L-pipecolic acid as the 

major metabolic intermediate. 

MATERIALS AND METHODS 

Animal Procedures  - Male Sprague-Dawley r a t s  (ARS/Sprague-Dawley) weighing 
150-180 g were fasted overnight before the experiments. Sodium pentobarbital 
(5 mg per I00 g body weight) was administered intraperitoneally to anesthesize 
the animal before placing it into a stereotaxic assembly for intraventricular 
injections of the brain. Ten V1 portions of the labeled lysine at concentra- 
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t i o n s  i n d i c a t e d  were i n j e c t e d  i n t o  each l a t e r a l  v e n t r i c l e  ( i . e . ,  two i n j e c t i o n s  
per  an ima l ) .  When u r i n e  samples were to  be c o l l e c t e d  ( i . e . ,  an imals  kept  fo r  
24 hours  a f t e r  i n t r a v e n t r i c u l a r  i n j e c t i o n s )  1 mmole L - p i p e c o l i c  ac id  (Na0H 

n e u t r a l i z e d )  was a d m i n i s t e r e d  i n t r a p e r i t o n e a l l y  in~nediate ly  a f t e r  b r a i n  i n j e c -  
t i o n  fo r  r a d i o a c t i v e  i n t e r m e d i a t e  t r a p p i n g .  Animals were kept  i n  metabol ism 
cages provided  wi th  water  on ly  and t h e i r  u r i n e  was c o l l e c t e d  i n  a p e t r i  d i sh  
i n  the  p resence  of  s e v e r a l  drops of  0.5% pen tach lo ropheno l  i n  e t h a n o l ,  At the  
t e r m i n a t i o n  of  exper imen t s ,  animals  were s a c r i f i c e d  by d e c a p i t a t i o n .  Bra in  and 
l i v e r  were homogenized i n  5 volumes of  50% acetone wi th  a Po t t e r -E lveh jem g la s s  
homogenizer to  e x t r a c t  s o l u b l e  1ys ine  m e t a b o l i t e s .  Urine samples were a l so  de- 
p r o t e i n i z e d  by ace tone  (50% f i n a l  c o n c e n t r a t i o n ) .  P r e c i p i t a t e s  i n  the  above 
e x t r a c t s  were removed by c e n t r i f u g a t i o n  a f t e r  ove rn igh t  s to rage  a t  4 ° .  The 
acetone e x t r a c t s  were c o n c e n t r a t e d  under  a s t ream of n i t r o g e n  gas a t  50* and 
d e s a l t e d  through a Dowex 50 (H +) column e l u t i n g  with 1N NH~OH p r i o r  to  t h e i r  
a p p l i c a t i o n  to  the  amino ac id  a n a l y z e r .  

A n a l y t i c a l  Procedures  = Rad ioac t ive  l y s i n e  m e t a b o l i t e s  i n  va r i ous  samples 
were ana lyzed  by a Technicon automat ic  amino ac id  a n a l y z e r  equipped with a 
Durrum DC-1A column (0.63 x 57 cm), The column was e l u t e d  with the  P i c o - B uf f e r  
I I  system (Pierce)  programmed as i n d i c a t e d  i n  Fig .  1 a t  a flow r a t e  of  35 ml 
per  hour a t  52 °.  Approximately o n e - h a l f  of  the  column e f f l u e n t  passed through 
the a n a l y z e r  m o n i t o r i n g  system, whi le  the  remainder  passed i n t o  an au tomat ic  
f r a c t i o n  c o l l e c t o r .  Each 1-minute  f r a c t i o n  was mixed with 2.5 ml of  Aquasol 
(New England Nuclear)  f o r  r a d i o a c t i v i t y  coun t ing  in  a Mark I l i q u i d  s c i n t i l l a -  
t i o n  spec t romete r .  The coun t ing  e f f i c i e n c y  of  t h i s  i n s t r u m e n t  was about  90%, 

The s t e r e o c h e m i s t r y  of  the  recovered  l ~ C - p i pe c o l i c  ac id  was determined by 
i n c u b a t i o n  with D-amino ac id  oxidase  in  a r e a c t i o n  mix ture  (2 mO c o n t a i n i n g  the  
fo l l owing  i n g r e d i e n t s :  0.3 ~mole DL-p ipeco la te ,  8000 u n i t s  c a t a l a s e ,  0.85 u n i t  
D-amino ac id  oxidase  (Sigma Chemical Co. ) ,  0.02 ~mole Na-pyrophosphate and ap- 
p rox ima te ly  20,000 cpm of  14C-pipecola te  ob ta ined  e i t h e r  from L- or D - l ~ C - l y s i n e  
metabol ism.  The r e a c t i o n  was con t inued  for  2 hours a t  37 ° with a e r a t i o n  before  
t e r m i n a t i o n  by a c i d i f y i n g  to  pH 1 with 50% HC1. Af t e r  removal o f  p r e c i p i t a t e d  
p r o t e i n ,  the  r e a c t i o n  mix tures  were c o n c e n t r a t e d  under  reduced p r e s s u r e  to 1/10 
of  the o r i g i n a l  volume before  a n a l y s i s  i n  the  amino ac id  a n a l y z e r ,  

Ascending paper  chromatography was performed on 3 b~f Whatman f i l t e r  paper  
i n  the  s o l v e n t  systems s p e c i f i e d .  Paper e l e c t r o p h o r e s i s  was conducted on a 
Savant f l a t  p l a t e  high v o l t a g e  e l e c t r o p h o r e s i s  system us i ng  the  b u f f e r  i n d i c a t e d .  

Chemicals Prepared - D- [2 -1uC] lys ine  was prepared  from DL-[2-1~C]lysine 
(New England Nuclear)  by the  procedures  d e t a i l e d  e a r l i e r  (8~, Both the  p re -  
pared D- [2 -1uC] lys ine  and the  commercia l ly  ob t a ined  L-[U- 1 C ] l y s i n e  (New 
England Nuclear)  were p u r i f i e d  through the  amino acid  a n a l y z e r  and d e s a l t e d  by 
a Dowex 50 (H +) column. Saecharopine was prepared  accord ing  to  the  procedure  
of  Larson (9) .  

RESULTS 

Labe l ing  of  P i p e c o l a t e  from 1~C-Lysine in  the  Brain  - The fo rmat ion  of  

l a b e l e d  p i p e c o l i c  ac id  i n  the  r a t  b r a i n  as a r e s u l t  of  both L- and D-14C-Iys ine  

metabol ism i s  demonstra ted in  the  exper imenta l  r e s u l t s  shown in  Fig ,  1. I t  can 

be seen in  Fig.  1B t h a t  p i p e c o l i c  ac id  was the on ly  r a d i o a c t i v e  L - l y s i n e  metab- 
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Fig. i. Elution positions of 14C-lysine metabolites from brain samples ana- 
lyzed by a Technicon automatic amino acid analyzer. Fifty microliters (i/I0 
of total) of brain sample were applied to the analyzer column for analysis. 
A. Standard amino acids: @-aminoadipate, 50 nmoles; saccharopine, 250 
nmoles; pipecolate, 12.5 ~moles; and lysine, 100 nmoles. B. 4 hours after 
injection of 4 x lO s cpm L-[U-l~C]lysine (300 Ci/mole). C. 24 hours after 
injection of 96.8 x I0 ~ cpm L-[U-1~C]lysine (300 Ci/mole) and 1 mmole L-pipe- 
colate. D. 24 hours after injection of 19.6 x 106 cpm D-[2-14C]lysine 
(I.I Ci/mole) and 1 rmnole L-pipeeolate. Radioactive lysine was injected 
intraventricularly and the overloading L-pipecolate intraperitoneally. 

olite identifiable in the brain extracts 4 hours after intraventricular injec- 

tion. In fact, labeled pipecolic acid could be detected in the brain extracts 

as early as 1 hour after injection. The 24-hour brain samples from animals in 

jected with L, or D-1~C-lysine also showed pipecolic acid as the only labeled 
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Table I. quantitation of Labele d M etabolites Recovered from Brain, Urine 
and Liver after IntraventricularIn~eCtion with1~CLIzpine ...... 

Labeled Metabol i tes  Recovered 
Compound 
In jec ted  Sample ~-Aminoadipate P ipecola te  Lysine 

cpm 
L-[U-1~C]lysine Brain 28,750(0.03) 170,780(0.18) 281,014(0.29) 

Urine trace 1,715,386(1.78) 1,164,145(1.21) 
Liver trace 4,232(0.004) 4,542(0.01) 

D-[2 -1~]lysine Brain 17,204(0.02) 71,622(0.07) 208,288(0.22) 
Urine trace 907,994(0.94) 199,709(0.21) 
Liver trace 5,405(0,01) 5,542(0.01) 

Rats were injected with either L-[U-1~C]lysine or D-[2-14C]lysine and neu- 
tralized L-pipecolate as indicated in Fig. IC and D. The animals were kept 
for 24 hours before sacrifice. Radioactivity of each metabolite was com- 
puted by integration of the corresponding peak area minus the background from 
the amino acid analysis data shown in Fig. i. Figures in parenthesis indicate 
% of radioactivity in each recovered metabolite out of the total injected; 
"trace" indicates radioactivity less than 1,000 cpm. Other details are 
described in the text. 

major metabolic intermediate (Fig, IC and ID), Besides pipecolic acid, the 24- 

hour brain samples also displayed a trace of radioactivity eluting under the 

standard L-a-aminoadipic acid peak. 

~uant.itation of Labeled Metabolites Recovered from Brain, Urine and Liver 

After 24 hours of brain injection with either L- or D-1~C-lysine, pipecolic 

acid appeared to be the highest 14C-labeled metabolite in the brain, urine or 

liver samples analyzed (Table i). In fact, in the urine samples the radio- 

activity recovered in pipecolic acid was higher than that in lysine (pipecolate 

to lysine ratio 1.75 and 5.15, respectively for L- and D-14C-lysine injected), 

Labeled ~-aminoadipate could only be detected in the brain samples obtained 

from either L- or D-14C-Iysine injection. The liver samples had very low 

levels of radioactive pipecolate and also retained very low levels of radio- 

active lysine in both experiments. 

Characterization of Lysine Metabolic Intermediates - The radioactive com- 
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pound recovered  under  the  p i p e c o l i c  ac id  peak e i t h e r  ob t a ined  from L- or D- 

l ~ C - l y s i n e  i n j e c t i o n  was i d e n t i f i e d  as p i p e c o l i c  ac id  by au to rad iography  of 

paper  chromatograms developed in  the fo l lowing  so l ve n t  systems:  me thano l -n -  

b u t a n o l - b e n z e n e - w a t e r  ( 2 :1 :1 :1  with 1% a c e t i c  ac id)  (R E 0 .65 ) ,  n - b u t a n o l -  

p y r i d i n e - w a t e r  (1 :1 :1)  (Rf 0 .9~ and p h e n o l - w a t e r - a c e t i c  ac id  (5 :1 :6 )  (Rf 0 .49) ;  

i t  a l so  coe lec t rophoresed  with a u t h e n t i c  L - p i p e c o l i c  ac id  i n  0.02 M sodium 

b a r b i t a l  b u f f e r ,  pH 8 .6 .  When l~C-p ipeco l i c  ac id ,  e i t h e r  recovered from L- 

or D- l~C- ly s ine  metabol ism,  was t r e a t e d  with commercial D-amino ac id  oxidase  

the  r a d i o a c t i v i t y  remained in  p i p e c o l i c  ac id ,  whereas e x t e r n a l l y  added D- 

p i p e c o l i c  ac id  was r e a d i l y  conver ted  to A l - p i p e r i d e i n e - 2 - c a r b o x y l i c  ac id  

( a -ke to -E-amino-cap ro i c  ac id)  as was de t ec t ed  by the amino ac id  a n a l y z e r .  

These r e s u l t s  i n d i c a t e  t h a t  both L- and D - l y s i n e  gave r i s e  to  L - p i p e c o l i c  ac id  

in  the r a t  b r a i n .  

Due to the  low r a d i o a c t i v i t y  in  the  compound recovered under  the  a -amino-  

a d i p i c  ac id  peak f u r t h e r  c h a r a c t e r i z a t i o n  employing o the r  methods was no t  suc-  

c e s s f u l ,  However, the  r a d i o a c t i v e  compound e l u t i n g  under  ~ - a m i n o a d i p i c  ac id  

in  the amino ac id  a n a l y s i s  shown in  Pig.  1 a l so  could be de t ec t ed  e l u t i n g  

under  the  same compound when P i co -Buf fe r  C a lone  was used as r unn i ng  b u f f e r ,  

DISCUSSION 

The exper imenta l  r e s u l t s  p r e sen t ed  above i n d i c a t e  t h a t  L~ and D - l y s i n e  

are  both metabol ized  in  the  r a t  b r a i n  to  L - p i p e c o l i c  ac id  as a major i n t e r -  

media te .  Since no l abe l ed  saccharopine  was de tec ted  i n  the  b r a i n  samples a f -  

t e r  va r i ous  t imes of  b r a i n  i n j e c t i o n  (Fig.  1), the  p o s s i b i l i t y  of e i t h e r  

l y s i n e  isomer be ing  metabol ized  through saccharop ine ,  as was e s t a b l i s h e d  by 

e a r l i e r  r e p o r t s  i n  o the r  t i s s u e s  (1 -4) ,  appears to  be p rec luded .  This obser -  

v a t i o n  i s  c o n s i s t e n t  with the  r epo r t ed  evidence  t h a t  mammalian b r a i n  c o n t a i n s  

very  low l e v e l  of l y s i n e - a - k e t o g l u t a r a t e  r e d u c t a s e ,  the  enzyme r e s p o n s i b l e  for  

the conver s ion  of l y s i n e  to  saccharop ine ,  as compared to  the  l ive r~  h e a r t  or 

kidney (3, 7). In view of the early appearance (within I hour of injection) 

of labeled pipecolic acid in the brain and the lack of other detectable lysine 

178 



Vol. 69, No. 1, 1976 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

metabolites, it is quite unlikely that L-pipecolic acid would have arisen from 

L-lysine via saccharopine and A1-piperideine-6-carboxylate ~-aminoadipic 

semialdehyde) through the reduction of the aldimine. 

The formation of pipecolic acid from L-lysine appears to be as active as 

from D-lysine (Table i). This is in contrast to the results obtained from in- 

traperitoneal injection of *uC-lysine in which high levels of labeled pipecolic 

acid was only recovered from urine of animals receiving D-lUc-lysine with an 

L-pipecolate overload (i0, II; Y. F. Chang unpublished results). The presence 

of labeled a-aminoadipate in the brain samples but not other samples from rats 

receiving *~C-Iysine intraventricularly may indicate that either this compound 

was less actively metabolized in the brain than other body tissues or it was 

metabolized further before it was transferred out of the brain. 

In spite of the high activity of the pipecolic acid pathway in the intact 

rat brain, this pathway could not be demonstrated in the in vitro systems 

tested in this laboratory which employed various buffers, cofactors and coen- 

zymes under different reaction conditions. In the absence of a working in 

vitro system, the actual mechanism of pipecolic acid formation from Iysine in 

the brain, therefore, cannot yet be elucidated. However, the most likely 

mechanism by which L-lysine or D-lysine can be converted to L-pipecolic acid 

is by loss of the 2 -amino group (through transamination or deamination) and 

cyclization to Al-piperideine-2-carboxylate followed by reduction of this un- 

saturated ketimine. Although the postulated intermediate Al-piperideine-2- 

carboxylate has not yet been demonstrated in this system, the enzyme, A l- 

piperideine-2-carboxylate reductase, responsible for its conversion to L- 

pipecolic acid has been reported in the rat brain (12) and was also observed 

in this laboratory. 

Pipecolic acid was found not only in the urine of young infants (15) and 

children with hyperlysinemia (15, 14) but also in the brain of the dog (15) 

and an infant with hyperpipecolatemia (16, 17). Pipecolic acid has also been 

shown to be a precurser of piperi~ine (18, 19), an alicyclic amine which is 
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known to have nicotine-like action, and to be involved in the sleep-awake ef- 

fect of animals (20, 21) and in the hibernation of mollusks (22). In view of 

these facts, the pipecolic acid pathway in the mammalian brain may, therefore, 

play a far more active and significant role in the nervous system than was 

previously realized. 

Acknowledgement: I thank Dr. P. D. Thut for help in the intraventricular 
injections and the use of the stereotaxic instrument. This work was supported 
by a U.S. Public Health Service Grant NS 11822 from the National Institute of 
Neurological Disease and Stroke. 

REFERENCES 

I. Higashino, K., Tsukada, K. and Lieberman, J., Biochem. Bio h~. Re___~s. 
Commun., 20, 285 (1965). 

2. Higashino, K., Fujioka, M., Aoki, T. and Yamamura, Y,, Biochem. Biophys. 
Res, Commun., 29, 95 (1967), 

3. Hutzler, J. and Dancis, J., Biochim. Biophys. Acta, 158, 62 (1968). 
4. Higashino, K., Fujioka, M. and Yamamura, Y., Arch. Biochem. Biophys., 

142, 606 (1971). 
5. Meister, A., in Biochemistry of the Amino Acids 2rid ed., Vol. II, p. 

941-951, Academic Press, New York (1965). 
6. Scriver, C. R. and Rosenberg, L. E., in Amino Acid Metabolism and its 

Disorders p. 250-255, W. B. Saunders, Philadelphia (1973). 
7. Hutzler, J. and Dancis, J., Biochim. Biophys. Acta, 577, 42 (1975). 
8. Chang, Y. F. and Adams, E., J. Bacteriol., I17, 753 (1974), 
9. Larson, P. 0., Acta Chem. Scand., 26, 2562 (1972), 

i0. Grove, J. and Henderson, L. M., Biochim. Biophys. Acta, 165, 113 (1968). 
ii. Grove, J., Gilbertson, T. J., Hannnerstedt, R. H. and Henderson, L. M., 

Biochim. Biophys. Acta 184, 329 (1969). 
12. Meister, A., R idhakrishnan, A. N. and Buckley, S. 0,, J. Biol. Chem. 

229, 789 (1957). 
13. Woody, N. C. and Pupene, M. B., Pediat. Res., 4, 89 (1970). 
14. Woody, N. C., Amer. J. Dis. Child. 108, 542 (1964), 
15. Ka{e, Y., Katao--~, M., Miyata, T. and Okano, Y., Life Sci., 13, 867 

(1973). 
16. G a t f i e l d ,  P. D. and T a l l e r ,  E. ,  Brain Res. ,  29, 170 (1971). 
17. G a t f i e l d ,  P. D., T a l l e r ,  E. ,  Hinton, G. G., Wallace,  A. C.,  Abdelnour, 

G. M. and Haust, M. D., Canad. Med. Ass. J . ,  99, 1215 (1968). 
18. Ka~e, Y., Kataoka, M. and Miyata,  T. ,  Li fe  Sc i .  6, 2427 (1967). 
19. KaEe, Y., Okano, Y., Yamanishi, Y., Kataoka, M., Ki tahara ,  K. and 

Miyata, T., Life SOL., 9, 1381 (1970). 
20. Stepita-Klauco, M., Dolezalova, H. and Fairweather, R., Science, 183, 

536 (1974). 
21. Drucker-Co~in, R. and Giacobini, E., Brain Res., 88, 186 (1975). 
22. Dolezalova, H., Stepita-Klauco, M. and Fairweather, R., Brain Res., 72, 

llS (1974). 

180 


