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access ible  t h e  s u b s t r a t e  to  t h e  p r o t e o l y t i c  c o m p o n e n t .  I t  
is n o t  i m p o s s i b l e  t h a t  t h i s  p r e l i m i n a r y  r eac t i on ,  t a k i n g  
p lace  d u r i n g  t h e  lag phase ,  c o u l d  b e  t h e  m u c o l y t i c  
p rocess  m e n t i o n e d  b y  BANGA a n d  BALO 6. W e  c o u l d  
ve r i fy  t h a t  t h e  a d s o r p t i o n  m e c h a n i s m  ho lds  for  t h e  
d i s so lu t i on  of n o n - d i a z o t i s e d  a o r t a - e l a s t i n  too.  

L. ROBERT a n d  P. SAMUEL* 

Service o/ biological Chemistry, Faculty o/ Medicine, 
Paris, December d, 1956. 

* Present address: Queen's General Hospital, New York, USA. 

Rdsumd 

N o u s  p r 6 s e n t o n s  u n e  6 t u d e  d u  m g c a n i s m e  de  l'6tas- 
t o ly se  p a r  n e e  d l a s t a se  p a r t i e t l e m e n t  pur i f i6e  du  pan- 
cr6as.  L a  m 6 t h o d e  ut i l i s~e  cons i s t e  d a n s  le dosage 
s p e c t r o p h o t o m 6 t r i q u e  de  l ' , a zoe l a s t i ne , r  d i ssoute .  Cette 
p r o t 6 i n e  n ' e s t  que  t r+s  l e n t e m e n t  h y d r o l y s 6 e  pa r  la 
t r y p s i n e  e t  c h y m o t r y p s i n e  cr is tal l is6es.  L '61as tase  pos- 
s~de une  a c t i v i t 6  p r o t 6 a s i q u e  cons id6 rab le .  L ' e n z y m e  est 
t r+s  r a p i d e m e n t  a d s o r b f e  su r  l ' 6 las t ine .  Apr~s  une  incu- 
b a t i o n  ~ p H  4,5 a v e c  l ' e n z y m e  adso rb6e ,  le t e m p s  de 
l a t e n c e  de  l '~ las to lyse  d i s p a r M t  e t  la  r a p i d i t 6  de  la  r6ac- 
t i o n  d e v i e n t  p r o p o r t i o n n e l l e  A la c o n c e n t r a t i o n  en  61as- 
t ase .  

I n f o r m a t i o n s  - I n f o r m a t i o n e n  - I n f o r m a z i o n i  - N o t e s  

S T U D I O R U M  P R O G R E S S U S  

T h e  M e t a b o l i s m  of  the  P r o t e i n s  of  the  B r a i n *  

By A. LAJTItA, S. FtmsT**, and H. WA~LSCH 

OI t h e  m a j o r  c o m p o n e n t s  of t h e  b r a i n ,  l eas t  a t t e n t i o n  
h a s  b e e n  p a i d  to  t h e  p r o t e i n  c o n s t i t u e n t s .  T h e  la rge  con-  
c e n t r a t i o n  of l ip ids  a n d  t h e  p rocess  of m y e l i n a t i o n ,  
u n i q u e  for  t h e  n e r v o u s  t i s sue  a n d  so eas i ly  v i sua l i zed  b y  
h i s to log ica l  t e c h n i q u e s ,  h a v e  for  m a n y  yea r s  a t t r a c t e d  
t h e  i n t e r e s t  of b i o c h e m i s t s .  Wqth  t h e  d e v e l o p m e n t  of o u r  
u n d e r s t a n d i n g  of t h e  role of c a r b o h y d r a t e s  in  t h e  e n e r g y  
m e t a b o l i s m  of l iv ing  t i ssue,  t h e  l a s t  25 yea r s  w i t n e s s e d  
a n  eve r  i n c r e a s i n g  c o n c e r n  w i t h  t h i s  a s p e c t  of i n t e r -  
m e d i a r y  m e t a b o l i s m  of t h e  b r a i n .  O n l y  r e c e n t l y  h a v e  
t h e  a m i n o  ac ids  a n d  p r o t e i n s  of t h e  c e n t r a l  n e r v o u s  
s y s t e m  b e e n  s u b j e c t e d  to  m o r e  i n t e n s i v e  s t u d y ,  b u t  t h e s e  
i n v e s t i g a t i o n s  h a v e  b e e n  a n d  are  e s s en t i a l l y  a n a l y t i c a l  in  
n a t u r e .  H a r d l y  a n y  o t h e r  o r g a n  s y s t e m  offers  as  m a n y  
f a s c i n a t i n g  a n d  fa r  r e a c h i n g  i m p l i c a t i o n s  for  t h e  I u n c t i o n  
of i t s  c o m p o n e n t  p r o t e i n s  as does  t h e  n e r v o u s  s y s t e m .  

Th i s  l a b o r a t o r y  h a s  for  m a n y  yea r s  b e e n  i n t e r e s t e d  in 
t h e  m e t a b o l i s m  of t h e  a m i n o  ac ids  a n d  p r o t e i n s  of t h e  
n e r v o u s  s y s t e m ,  a n d  we s h o u l d  l ike to  s u m m a r i z e  in  t h i s  
r e p o r t  o u r  s t u d i e s  d e a l i n g  w i t h  t h e  t u r n o v e r  of  t h e  
p r o t e i n s  of  t h e  whole  b ra in ,  of  d i f f e r e n t  p a r t s  of  t h e  
b r a i n ,  a n d  of  d i f f e r e n t  cell  f r a c t i o n s L  I n c i d e n t a l  t o  
t he se  i n v e s t i g a t i o n s ,  s t u d i e s  of t h e  p e n e t r a t i o n  of lys ine  
i n to  t h e  b r a i n  of y o u n g  a n d  a d u l t  a n i m a l s  as wel l  as ob-  
s e r v a t i o n s  on  p r o t e i n  m e t a b o l i s m  in t h e  i m m a t u r e  
b r a i n  h a v e  b e e n  m a d e .  
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T h e  s t u d y  of t h e  t u r n o v e r  of b r a i n  p r o t e i n s  b y  the 
d e t e r m i n a t i o n  of t h e  r a t e  of u p t a k e  of a n  isotopical ly 
l abe l l ed  a m i n o  ac id  is m a d e  d i f f i cu l t  b y  t h e  ex is tence  of 
t h e  b l o o d - b r a i n  b a r r i e r  w h i c h  dec rea se s  t h e  r a t e  of trans- 
fer  of m a n y  m e t a b o l i t e s  f rom t h e  c i r c u l a t i n g  b lood  to  the 
b r a i n .  S o m e  c o m p o u n d s  are ,  for  all  p r a c t i c a l  purposes, 
e x c l u d e d  f rom t h e  b r a i n  2. F o r  e x a m p l e ,  no  increase  of 
t h e  g l u t a m i c  ac id  c o n c e n t r a t i o n  in b r a i n  cou ld  be de- 
t e c t e d  a f t e r  a 30 fold i nc rease  of t h i s  a m i n o  ac id  in the 
b lood.  O n  t h e  o t h e r  h a n d ,  a s ign i f i can t ,  a l t h o u g h  small, 
i nc r ea se  of t h e  g l u t a m i n e  c o n c e n t r a t i o n  in  b r a i n  was 
f o u n d  a f t e r  i n t r a v e n o u s  a d m i n i s t r a t i o n  of  t h e  amide  to 
r a t s  or  m ice  ~. I t  is n o t  s u r p r i s i n g  t h a t  i so l a t ed  observa- 
t i o n s  of l ack  of i n c o r p o r a t i o n  of a m i n o  acids ,  pa ren te ra l ly  
a d m i n i s t e r e d ,  led to  t i le  c o n c l u s i o n  t h a t  t h e  b r a i n  pro- 
t e i n s  h a v e  a v e r y  s low t u r n o v e r  4. W h e n ,  o n  t h e  other 
h a n d ,  a m i n o  ac ids  were  i n t r o d u c e d  d i r e c t l y  in to  the 
s u b a r a c h n o i d a l  spaces ,  in  o r d e r  to  a v o i d  t h e  b lood-bra in  
ba r r i e r ,  c o n s i d e r a b l e  i n c o r p o r a t i o n  i n t o  p r o t e i n s  was 
o b s e r v e d  s. 

The design o/ the experiments.--For r e a sons  to be 
d i scussed  below,  i t  a p p e a r e d  d e s i r a b l e  to  select  the 
phys io log i ca l  p a t h  of s u p p l y  of a m i n o  ac ids  to  t h e  brain, 
i.e., f r o m  t h e  c i r c u l a t i n g  blood.  L y s i n e  was  c h o s e n  as the 
t e s t  a m i n o  acid,  t h e r e  b e i n g  r e a s o n  to  be l i eve  t h a t  this 
bas ic  a m i n o  ac id  wou ld  p e n e t r a t e  t h e  b l o o d - b r a i n  barrier 
a t  a f a s t e r  r a t e  t h a n  a n  ac id ic  or  n e u t r a l  one  s . The 
t e c h n i q u e  fol lowed,  w i t h  m i n o r  v a r i a t i o n s ,  in  t h e  experi- 
m e n t s  t o  be  r e p o r t e d ,  was  as  fo l lows:  

L y s i n e  C l* was  i n j e c t e d  i n t r a v e n o u s l y  or  intraperi-  
t o n e a l l y  i n t o  mice  a n d  m o n k e y s ,  a n d  t h e  b r a in s ,  livers 
a n d  o t h e r  o r g a n s  were  r e m o v e d  a f t e r  de f in i t e  t i m e  inter- 
vals .  T h e  p r o t e i n  f r a c t i o n s  o b t a i n e d  b y  prec ip i ta t ion  
w i t h  t r i c h l o r o a c e t i c  ac id  a n d  e x t r a c t i o n  w i t h  organic 
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solvents were  measu red  for the i r  r ad ioac t iv i ty ,  and,  a f t e r  
hydrolysis, t h e  lys ine  c o n t e n t  was d e t e r m i n e d  by  micro-  
biological a ssay  for ca lcu la t ion  of  specif ic  ac t iv i t ies .  
Similarly, in t h e  nonp ro t e in  f rac t ion  of each  organ,  
rad ioac t iv i ty  a n d  lysine c o n t e n t  were  de te rmined .  I n  
control e x p e r i m e n t s  i t  was a sce r t a ined  t h a t  du r ing  the  
exper imenta l  per iod  less t h a n  1% of t he  r a d i o a c t i v i t y  
adminis tered as lys ine  was found  in a m i n o  acids  o the r  
than lysine.  P o s t m o r t e m  changes  owing  to  m a n i p u l a -  
tion of the  excised organs  d id  no t  inf luence the  results .  

I / "  = PtASmA, 
! / '  LIV[R * . . . . . . .  
I . • BRAIN • . . . . . . . .  

to  20 30 40 $o ~6 - -  
TIME MINUTE 

Fig. I.-Specific activity of protein bound lysine of various organs 
(counts] 7' lysine/min) after intravenous injection of lysine C 14 in 

adult mice, 

The resul ts  of a t yp i ca l  e x p e r i m e n t  in which  g roups  of 
mice were  sacr if iced a t  d i f fe ren t  t i m e  in t e rva l s  a f t e r  
intravenous in jec t ion  of  r ad ioac t i ve  tysine are  shown in 
Figure 1. I t  will  be  no t ed  t h a t  t he  e x p e r i m e n t a l  per iods  
chosen are  in minu tes .  Th is  is in con t r a s t  to  e x p e r i m e n t s  
employing cons ide rab ly  longer  t i m e  in te rva l s  in which  
the hatf life t i m e  of p ro te ins  was ca lcu la ted  f rom the  de- 
cay of r a d i o a c t i v i t y  o r  N ~ c o n t e n t  of a p ro t e in  a f t e r  
adminis t ra t ion of  a label led  a m i n o  acid 4. These  l a t t e r  
experiments supp ly  d a t a  for ca lcu la t ion  of  t he  t u r n o v e r  
of the  bu lk  of t h e  s lowly me tabo l i zed  p ro te ins  of an 
organ. T h e y  do not ,  however ,  offer  i n f o r m a t i o n  on ra-  
pidly me tabo l i zed  pro te ins  I rom which the  label led 
amino acid  has  d i sappea red  in t he  e x p e r i m e n t a l  per iod  
and has been  d i lu ted  o u t  by  the  pool of  non- labe l led  
free amino  acids.  On  the  o t h e r  hand,  expe r imen t s  of t he  
type descr ibed in t h e  p re sen t  c o m m u n i c a t i o n  m u s t  be 
cautiously i n t e r p r e t e d  because  of the  rap id  changes  
occurring dur ing  the  s h o r t - t i m e  in te rva l .  The  resul ts  of 
the e x p e r i m e n t  shown in F igu re  1 d e m o n s t r a t e  t ha t  
within minu te s  a f t e r  admin i s t r a t i on ,  l a b e l l e d  lysine 
appears in t h e  bra in  p ro te ins  desp i te  t he  fac t  t h a t  t he  
amino acid  had been admin i s t e r ed  w i t h o u t  c i r cumven -  
tion of the  b lood-bra in  barr ier .  

The renewal o/ the amino acid pool as measured with 
isotopic l y s ine . - -Accord ing  to t he  p reva i l ing  views pro-  
teins draw the i r  c o n s t i t u e n t  a m i n o  acids f rom the  free 
amino acids of t he  nonpro t e in  f ract ion.  The  ca lcu la t ion  
of tu rnover  ra tes  of t he  p ro te ins  of an  organ  requi res  
knowledge of t he  specific a c t i v i t y  of t he  t es t  amino  acid 
in the amino  acid  pool  of t he  organL In  our  exper iments ,  

0. B. H E N R I Q U E S ,  S. B. H E N R I Q U E S ,  and A. N E U B E R G E R ,  Bio- 
chem. J. 60, 409 (1955). 

Table/.--Flux (F) of free lysine into mouse brain and liver 
lysine/g fresh tissue]min 

Duration 
of experi- Exp. 

ment  III 
minutes Adult 

2 
3 
5 

10 
20 
30 
45 

2-3 

5.2 
1.5 

Brain 

Exp, Exp, 
V i VII 

Adult Young 

0"7 
1.3 1.2 

1.5 

Exp, 
VIII 

Young 

1"1 
1,1 

Liver 

Exp, Exp. Exp. 
III VII VIII 

Adult Young Young 

29 

10 
20 
6"9 
6"3 

24 63 
8.5 

11 8"4 

Adult mice: 1~0 days old; young mice: 10 days old. 
F = C (dSb***/d!)/Sa - Sb where C = ~/free lysine in g fresh tissue; 
Sa = specific activity of plasma free lysine; Sb = specific activity of 

organ free lysine. 
*** Estimated graphically 

cons iderable  r a d i o a c t i v i t y  was found in the  free a m i n o  
acid f rac t ion  of the  bra in  of mice even when the  an ima l s  
were  kil led 2 min  a f te r  the  admin i s t r a t ion  of the  isotopic  
a m i n o  acid (Fig. 2). This  obse rva t ion  suggests t h a t  t he  
b lood-bra in  bar r i e r  is pe rmeab le  to lysine. The  t rans fe r  
coeff ic ient  or  f lux of free lysine f rom blood to the  bra in  of 
mice m a y  be e s t i m a t e d  on the  basis of the  concen t ra t ions  of 
i sotopic  lysine found  in t he  p la sma  and in the  nonpro t e in  
f rac t ion  of the  organ  (Table I). These  es t imates  can  on ly  
be a p p r o x i m a t e  since t h e y  are based on the  r ap id ly  
chang ing  i so tope  c o n c e n t r a t i o n  in the  p lasma dur ing  the  
f irs t  m inu t e s  of t h e  expe r imen t .  The  values  are  expressed 
in ~ of lysine t r ans fe r red  per  m i n u t e  f rom blood to  bra in  
and  show a cons iderab le  range  va ry ing  f rom 0.7 y to  5-2 
y/g  t i ssue/ra in .  F r o m  these  va lues  the  t ime  i n t e rva l  in 
which one ha l f  of  t he  free lysine was replaced  was cal-  
cu la ted .  I t  was found no t  to  exceed 45 min for bo th  y o u n g  
and  adu l t  mice.  The  same  ca lcu la t ion  when  appl ied  to  
r e p l a c e m e n t  of  half  t he  free lysine of l iver  leads to  va lues  
no t  g rea t e r  t h a n  10 min.  

2500 

2000 

U. i500 
u 
.¢ 
u 

,coo 
tO  

5OO 

" ~  P L A S M A  • - -  

"~ M U S C L E  . . . . . . .  

\ LIVE R . . . . . . .  
~ bRA iN  - 

0 210 I I I I 
1 30  aO  50  60  

TIME IN MINUTES 

Fig. 2.--Specific activity of free lysine of various organs (counts/7 
lysinelmin) after intravenous injection of lysine C 14 in adult mice. 

In  add i t ion  to exchange ,  or  t u r n o v e r  ra te ,  the  p rob lem 
of ne t  u p t a k e  p resen t s  itself.  Accord ing ly ,  i t  was at-  
t e m p t e d  to increase t he  c o n c e n t r a t i o n  of the  free lysine 
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Table//.--Half-life time (days) of proteins of mouse organs 

Time Brain Liver Muscle 

After injection 
in minutes 

2 
5 

10 
20 
30 
45 
60 

Adult ] Young 

2"8 
3-5 3.4 
5-5 2-2 
6.2 3.0 
6-9 

10-4 2-4 
15-2 

Adult I Young 

0.90 
1.25 1.73 
2-57 1-10 

2"68 

Adult 

3.5 
7.6 
7-6 

10.4 
13-2 
16.6 
23.6 

t Young 

2.4 
1-7 
2"5 

2.3 

Table I tL  -- Half-life times of ~roteins in monkey brain areas 

Areas of brain 

Cord 
White 
Medulla-Ports 
Thalamus-Hypothatamus . 
Cerebellum 
Cerebral cortex 

Half-life time in days calculated 
from different time points 

5 rain 

10"6 
3"9 
6"6 
6"1 
5"4 
5"5 

10 rain 45 rain 

9.5 18.5 
4.0 8.7 
6.7 13.7 
7-8 16.8 
7.6 14.1 
6-7 12.7 

Half-life time was calculated according to the following equationS: 

life in days = C × ln2/F × 1440 

C = 7 lysine/mg dry protein; F = flux of lysine (7 lysine incorporat- 
ed]rag protein/min). 

of t he  bra ins  of y o u n g  (10 days  old) and  adu l t  mice  by  
i n t r a v e n o u s  in jec t ion  of  large  a m o u n t s  of non i so top ic  
a m i n o  acid. B y  ra is ing t h e  c o n c e n t r a t i o n  of t h e  free 
lys ine  of  the  p l a sma  25-50 fold, increased  bra in  concen-  
t r a t ions  were  effected.  These  ave raged  100% in t h e  
young  an imal ,  whi le  the  s ignif icance of the  changes  in 
lys ine  c o n c e n t r a t i o n  of t he  bra in  of adu l t  an imals  is 
ques t ionable .  

Thus  while  t he  e x p e r i m e n t a l  ev idence  is no t  conclusive,  
i t  sugges ts  t h a t  in b ra ins  of b o t h  y o u n g  and  adu l t  mice  
t h e  free lys ine  is renewed a t  c o m p a r a b l e  ra tes  a l t hough  
la rger  net uptake of lys /oe  can  be induced  in the  bra in  
of t h e  former .  

The hall-Ilia time o[ the brain proteins.--The f lux  of  
l y s i n e  f rom the  nonpro te in  n i t rogen  f rac t ion  into  t he  

p ro te ins  was ca l cu la t ed  on the  basis  of t he  specific ac t i -  
v i t y  of  t he  free lys ine  and  the  p r o t e i n - b o u n d  lys ine  of  t he  
b ra in  and  o the r  organs  a t  g iven  t imes.  These  d a t a  are  
expressed  as half- l i fe t i m e  in o rder  to fac i l i t a te  compar i -  
son w i t h  va lues  recorded  in t he  l i t e r a tu re  (Table  I I ) .  I n  
t he  e x p e r i m e n t s  w i t h  adu l t  mice  t h e  ca lcu la ted  half- l i fe  
t i m e  of  t he  p ro te in  increased wi th  each  increas ing  t i m e  
i n t e rva l  b e t w e e n  a d m i n i s t r a t i o n  of t he  a m i n o  acid  and  
the  sacr i f ice  of  t he  an imal .  T h e  s a m e  re la t ionsh ip  was  
found for t he  half- l i fe  t i m e  of musc le  and l iver  pro te in .  
I t  should  be po in t ed  ou t  t h a t  al l  de r iva t ions  deve loped  
for ca lcu la t ion  of half- l i fe of t u r n o v e r  t ime  of pro te ins  
res t  on  the  a s s u m p t i o n  of  a h o m o g e n e o u s  s y s t e m  in 
which  the  c o m p o n e n t  pro te ins  h a v e  s imi la r  t u r n o v e r  
rates .  Such a s i t ua t ion  m a y  be  s i m u l a t e d  w h e n  t h e  tu rn -  
o v e r  of pro te in  is d e t e r m i n e d  f rom decay  cu rves  since 
here  t h e  bu lk  of  t h e  p ro te ins  wi th  a s low t u r n o v e r  r a t e  
are measured ,  and  these  m a y  a p p e a r  as a homogeneous  
sys tem.  In  e x p e r i m e n t s  of shor t  dura t ion ,  t he  ascending  
por t ion  of t he  a c t i v i t y  t i m e - c u r v e  is measu red  and  in 
these,  t he  va r ious  r ap id ly  me tabo l i zed  p ro te in  f rac t ions  
will  be p rominen t .  The  s p e c t r u m  of t u r n o v e r  va lues  ob- 
t a ined  in our  e x p e r i m e n t s  ref lects  t h e  me tabo l i c  in-  
h o m o g e n e i t y  of t h e  p ro te in  of t h e  organs  inves t iga ted ,  
a fact  which by  i tself  h a r d l y  needs e x p e r i m e n t a l  ver i f ica-  
t ion.  

W h e n  t h e  same  e x p e r i m e n t s  were  car r ied  o u t  w i t h  
i m m a t u r e  mice i t  was  found  t h a t  t he  f rac t ions  of s lowly 
metabo l i zed  pro te ins  were  missing,  whi le  the  t u r n o v e r  
ra tes  of t h e  r ap id ly  me tabo l i zed  p ro te ins  were  l i t t l e  
a l t e red  (Table I I ) .  

s D. B. ZILVERSCHMII'~ C. ]~NTENMAN, and M. C. FISHLER, J. gen. 
Physiol. 26, 325 (1943). - J. M. R~-'I~ER, Arch. Biochem. Biophys. 46, 
5a ( 1 9 5 3 ) .  

F u r t h e r  ins ight  in to  t h e  d i s t r i bu t ion  of pro te ins  with 
v a r y i n g  t u r n o v e r  ra tes  m a y  be o b t a i n e d  by  the  s tudy of 
t he  me tabo l i c  a c t i v i t y  of  t he  pro te ins  of t h e  separate 
in t race l lu ta r  f ract ions ,  as wel l  as of t he  me tabo l i c  picture 
cha rac te r i s t i c  of d i f fe ren t  pa r t s  of t h e  organ.  I n  an  organ 
which  is r e l a t i ve ly  homogeneous  morpholog ica l ly ,  such 
as t he  l iver,  t he  pro te ins  of d i f fe ren t  t u r n o v e r  rates will 
be d i s t r i bu t ed  t h r o u g h o u t  t he  organ.  In  an organ as 
morpho log ica l ly  i nhomogeneous  as t he  brain ,  the  c0n- 
cen t ra t ions  of p ro te ins  of d i f fe ren t  t u r n o v e r  ra tes  may 
v a r y  cons ide rab ly  f rom one a rea  to  ano the r .  

The turnover o/proteins in different parts o / the  brain. 
In  s t u d y i n g  the  t u r n o v e r  ra te  of p ro te ins  of  different 
pa r t s  of t he  brain,  adu l t  M a c a q u e  m o n k e y s  (Macacca 
Irus) were  used (Table  III), since in these  animals  the 
ra t io  of b ra in  to b o d y  we igh t  is pa r t i cu l a r l y  high. Ab 
t h o u g h  care  was  t aken  in the  p r epa ra t i on  of  t h e  designated 
areas  of t h e  brain,  inclusion of a ce r ta in  a m o u n t  of tissue 
f rom ne ighbour ing  areas  could  no t  be c o m p l e t e l y  avoided. 
The  h ighes t  r a t e  of i nco rpo ra t i on  was found in the cor- 
pus  ca l losum fol lowed b y  the  cor tex.  T h e  spinal  cord 
showed the  lowest  ra te  of incorpora t ion .  I t  is unquestion- 
ab ly  s t r ik ing  and  u n e x p e c t e d  to  f ind the  h ighes t  rate of 
i nco rpo ra t i on  in t h e  wh i t e  m a t t e r  of  t h e  corpus  callosum 
and  i ts  r ad i a t i on  where  f ibres and  ol igodendrogl ia  cells 
p redomina te .  "Without fu r the r  s t u d y  this  f inding should 
n o t  be  t a k e n  t o  m e a n  t h a t  t h e  t u r n o v e r  of t h e  neuronal 
p ro te in  of t he  co r t ex  is s lower  t h a n  t h a t  of t he  glial ele- 
men t s  since no e s t i m a t e  of the  c o n t r i b u t i o n  of neuronal 
or  glial p ro te ins  to  t he  o v e r  all  p i c tu re  can  be made at 
t h e  p re sen t  t ime .  Also i t  has  been  sugges ted  t h a t  the site 
of syn thes i s  of a t  leas t  some of t h e  axona l  proteins  is in 
t he  neurona l  cell~ and i t  m a y  the re fore  no t  be justified 
to  re la te  t h e  r a t e  of  i nco rpora t ion  of  a m i n o  acids into 
t he  pro te ins  of  t he  wh i t e  m a t t e r  to  t he  a m i n o  acid pool 
of th is  area. Regard less  of t he  u l t i m a t e  answer  to ques- 
t ions  of t he  d i s t r i bu t ion  of pro te ins  of d i f fe ren t  turnover 
ra tes  be tween  neu rona l  and n o n - n e u r o n a l  e lements  the 
va r ious  areas  of t h e  b ra in  c o n t r i b u t e  to t h e  picture of 
i n h o m o g e n e i t y  of t u r n o v e r  ra tes  found  in t he  analysis 
of t he  whole  brain .  

Turnover o/ the proteins o[ di//erent cell ]ractions.-The 
cerebra l  c o r t e x  of Macaques ,  a t  va r ious  t i m e  intervals 
a f t e r  the  in jec t ion  of i sotopic  lys ine  in to  the  animals,  was 
homogen ized  in i so tonic  sucrose so lu t ion  a n d  the  homo- 
gena t e  f r ac t i ona t ed  b y  cen t r i fuga t ion  x0. The  relative 
h o m o g e n e i t y  of t h e  f rac t ions  was conf i rmed  by  electron 
microscopy.  Never the less ,  no  def in i t e  s t a t e m e n t  as to 
t he  abso lu te  p u r i t y  of t he  i nd iv idua l  f rac t ions  is attempt- 
ed a t  th is  t ime.  Of, pa r t i cu l a r  in t e res t  are  those sedi- 
m e n t s  which  are  ob t a ined  a t  h igh cen t r i fuga l  forces- the  
mic rosomal  f rac t ions  of cells. Af t e r  r e m o v a l  of fractions 
a t  800, 1500, and  12,000 X g, t he  r e m a i n i n g  supernatant 

9 p. WEISS and H. B. HISCOE, J. exp. Zool. 107, 315 (1948). 
io I. M. BRODY and J. A. BAIN, J. bioL Chem. 195, 685 (195'2). 
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Table I V  
Incorporation of lysine C 14 into different cell fractions of brain cortcx 

Centrifugation 

No. of Time 
gravities in min. 

8 0 0  10 

1500 i 10 

12000 15 
30 23000 i 30 

105000 
105000 120 

S 

Counts/rag lysine/min. 

Duration of 
Experiment minutes 

I 3 0  ............ 5 

86 

140 

270 
390 

540 { 

170 

190 

200 
670 
860 

310 { 

Composition 
of Fraction 

t Cell debris, whole 
500 cells, nuclei 

t i Nuclei, large mito- 
I chondria 

394 Mitochondria 
790 Large microsomes 

1388 Small microsomes 
1346 Small microsomes 

570 Supernatant fluid 

fluid was sub j ec t ed  to  succeeding  cen t r i fuga t ions  a t  
23,000 and  105,000 x g and  the  pel le ts  col lec ted.  The  
specific a c t i v i t y  of the  lys ine  of the  p ro te in  of these  par-  
ticulate f ract ions ,  as well  as t h a t  of the  p ro te in  r e m a i n i n g  
in the s u p e r n a t a n t  fluid, was de t e rmined  (Table IV). In  
agreement w i th  t he  resul ts  ob ta ined  wi th  l iver  micro-  
s0mes by  o the r  i nves t iga to r s  ~,  t he  mic rosoma l  f rac t ions  
of brain i nco rpo ra t ed  lysine a t  a h igher  ra te  t h a n  
other cell f ract ions .  I t  should  also be no ted  t h a t  the  
particles of  t he  mic rosoma l  f rac t ions  ob t a ined  by  cent r i -  
fugation a t  h ighe r  speeds  and for  an  e x t e n d e d  per iod 
of t ime showed a h igher  specif ic  a c t i v i t y  t h a n  t h e  micro-  
s0mal f rac t ion  col lec ted  first .  This  f inding agrees  wel l  
with the  o b s e r v a t i o n  t h a t  t h e  smal le r  par t ic les  of t h e  
microsomal f rac t ion  of l ive r  h a v e  a h ighe r  r a t e  of  in-  
corporation t h a n  the  larger  mic rosomes  in i n  v i t ro  ex-  
periments x2. T h e  pro te ins  of the  d i f fe ren t  cell f ract ions ,  
therefore, add  to  the  obse rved  i n h o m o g e n e i t y  of t u r n -  
over rates of t h e  b ra in  pro te ins .  

D i s c u s s i o n . - - I n  a p p r o a c h i n g  the  p rob l em of a m i n o  
acid and p ro te in  m e t a b o l i s m  of t h e  cen t ra I  ne rvous  
system, the  c o m p l e x i t y o f  t h e  o rgan  presents  cons iderable  
difficulties for  t he  design of p e r t i n e n t  expe r imen t s .  I t  
should be recal led  t h a t  t h e  p r o b l e m  of the  b lood-bra in  
barrier is on ly  p a r t i a l l y  unders tood .  Whi l e  i t  is ope ra t i ve  
in the largest  po r t i on  of t he  n a t u r e  brain,  the re  are  areas  
in which its a c t i v i t y  appears  cons ide rab ly  d iminished ,  
such as t he  choroid  plexus,  t he  neura l  lobe and  infundi -  
bulum of t he  p i tu i t a ry ,  t he  p inea l  body,  t he  area  pos t re-  
ma, etc. la. Q u a n t i t a t i v e l y ,  t h e  absence  of a b lood-bra in  
barrier in these  s t ruc tu res  m a y  no t  ser iously  inf luence  
the up take  of subs tances  w h e n  larger  areas  of t he  b ra in  
are studied.  H o w e v e r ,  t h e  ce rebrosp ina l  f luid o r ig ina t -  
ing in the  choro id  p lexus  u n d o u b t e d l y  m u s t  be consider-  
ed because of t he  c o n t r i b u t i o n  i t  makes  to  t he  compos i -  
tion of the  in te r s t i t i a l  f luid t h r o u g h  which  a n y  subs t ance  
taken up by  t h e  ceils has  to  pass. Subs tances  i n t roduced  
directly in to  t h e  s u b a r a c h n o i d  spaces  c i r c u m v e n t  t h e  
blood-brain ba r r i e r  and  fol low the  p a t h  t a k e n  b y  t h e  
cerebrospinal fluid.  F r o m  the  ven t r i c l e s  a t  leas t  some  
will pene t ra te  t he  a d j a c e n t  pa r t s  of t h e  b ra in  and i t  
cannot be  a s sumed  t h a t  t he i r  s u b s e q u e n t  d i s t r ibu t ion  in 
the brain will  be the  s a m e  as w h e n  offered f rom t h e  

ix E.B. KELLER, P. C. ZAMECNIK, and R. B. LOFTFIELD, J. Histo- 
chem. Cytochem. Z, 378 (1954). 

12 j .  W. LITTLEFIELD, E. B. K~:LLER, J. GROSS, and P. C. ZA- 
MECmK, J. biol. Chem. ~17, 111 (1955). - H. SACHS and H. WAELSCH, 
Bi0chim. biophys. Acta 21, 188 (1956). 

1~ E. W. DEMPSEV and G. B. WISLOCKI, J. biophys, biochem. 
Cytology 1, 245 (1955). 

c i rcula t ing  blood. This  is suppor t ed  by  the  obse rva t i on  
t h a t  the  r ep l acemen t  of chlor ide  in t he  c o r t e x  3 h a f te r  
the  in jec t ion  of bromide,  iodide,  o r  t h i o c y a n a t e  in to  t he  
c is te rna  magna  was found to  be o n l y  one- f i f th  of t h a t  
rep laced  in the  c is ternal  fluid, whi le  a f t e r  i n t r a v e n o u s  in- 
jec t ion ,  chloride r ep l acemen t  was  t h e  s a m e  in b o t h  
c o r t e x  and  cerebrospinal  f luid 14. E x p e r i m e n t s  in wh ich  
rad io  phosphorus  was in t roduced  in to  t h e  ce reb rosp ina l  
f luid showed t h a t  the  r a d i o a c t i v i t y  was  n o t  d i s t r i b u t e d  
un i fo rmly  t h r o u g h o u t  t he  brain,  b u t  was  g r ea t e s t  in t h e  
a reas  a d j a c e n t  to  the  vent r ic les  and dec reased  p rogres -  
s ive ly  in t h e  more  d i s tan t  par t s  15. 

A l t h o u g h  lys ine  has a high exchange  r a t e  wh ich  per -  
mi t s  the  renewal  of the  free lysine of t h e  b ra in  w i t h i n  1 h, 
t he  fu l ly  deve loped  b lood-bra in  bar r i e r  in te r fe res  w i t h  
a n y  ex t ens ive  ne t  up take  of the  a m i n o  ac id  by  t h e  bra in .  
This  f ind ing  demons t r a t e s  t h a t  t he  b lood-b ra in  ba r r i e r  
also regu la tes  t he  ne t  up take  of smal l  m o l e c u l a r  basic  
subs tances ,  and again emphasizes  its role in m a i n t a i n i n g  
bra in  homeostas is .  On the  o ther  hand,  t h e  i m m a t u r e  
bra in  pe rmi t s  a cons iderably  grea te r  ne t  u p t a k e  of lys ine  
f rom the  c i rcu la t ing  blood than  does the  m a t u r e  brain ,  
despi te  the  fact  t h a t  the  exchange  rates  for t he  two  are  
similar .  This  raises t he  ques t ion  whe the r  or  no t  t he  s a m e  
m e c h a n i s m s  govern  bo th  net  uptake ,  and e x c h a n g e  of 
t he  a m i n o  acid. The  fact  t h a t  no net  u p t a k e  of g l u t a m i c  
acid  b y  the  m a t u r e  bra in  f rom the  c i rcu la t ing  blood could  
be d e m o n s t r a t e d  ~ p r o m p t s  the ques t ion  as to  w h e t h e r  
the  ra te  of e x c h a n g e  for acidic amino  acids  wil l  be  as  
high as for lysine.  Differences in the  exchanges  ra tes  of 
d i f fe ren t  a m i n o  acids  would  mean  t h a t  t he  free a m i n o  
acid  pool  of t he  bra in  is r enewed  a t  a specific r a t e  for  
each  a m i n o  ac id  or  group of amino  acids. 

Whi l e  ha l f  of the  free lysine of the  mouse  b r a i n  is 
rep laced  in less t h a n  45 rain, the  r ep l acemen t  of  ha l f  
of  t he  po t a s s ium c o n t e n t  of the  ra t  b ra in  m a y  be  
ca l cu la t ed  to  requ i re  a p p r o x i m a t e l y  24 h x6. I t  m a y  be  
a s sumed  t h a t  a s imi la r  re la t ionshi  p also holds t r u e  in t h e  
s a m e  an imal .  I n  v iew of the  repor t  t h a t  lys ine  can  re-  
p lace  po t a s s ium in an imals  raised on a po t a s s ium- f r ee  
d ie t  17, t he  in te res t ing  possibi l i ty  arises t h a t  t h e  m o v e -  
m e n t s  of t he  basic  amino  acids and of p o t a s s i u m  m a y  
be i n t e rdependen t .  

I n  c o m p u t i n g  the  t u r n o v e r  ra tes  of the  p ro te ins  of an  
organ,  t he  specific a c t i v i t y  of the  labelled free a m i n o  
acid in the  organ mus t  be t aken  into account .  I n  a d d i t i o n  
to its h igh  exchange  ra te  be tween  c i rcu la t ing  blood and  
brain,  lysine has  the  a d v a n t a g e  ove r  amino  acids  such as 
g lycine  ~ or  me th ion ine  18 in t h a t  i t  is c o n v e r t e d  on ly  
s lowly to  o the r  amino  acids, and there fore  ca lcu la t ions  
of t u r n o v e r  ra tes  based on its incorpora t ion  in to  pro te ins  
are  s implif ied.  Very  recent ly  expe r imen t s  were  r epo r t ed  
in which  me th ion ine  S 3~ was used for t he  s t u d y  of p ro-  
te in  turnoverXL In  these expe r imen t s  label led  m e t h i o n -  
ine was i n t roduced  in to  t he  c i s te rna  m a g n a  in a concen-  
t r a t i on  100 fold t h a t  of t he  free m e t h i o n i n e  of t h e  brain .  
B y  assuming  the  resul t ing  a c t i v i t y  of  t h e  m e t h i o n i n e  
pool  t o  be close to t h a t  of t he  a d m i n i s t e r e d  m e t h i o n i n e ,  
t he  au tho r s  fel t  jus t i f ied in o m i t t i n g  t h e  d e t e r m i n a t i o n  

14 J .  B. WALLACE and B. B. BRODIE, J. Pharmacol. exp. Therap. 
a.5, 220 {1939). 
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of the specific ac t iv i ty  of methionine in the nonprotein 
nitrogen fraction. I t  is of interest  to compare their  turn-  
over rates with those found in our experiments.  While in 
our studies, progressively increasing t ime intervals be- 
tween injection and killing of the animal resulted in 
progressively decreasing turnover  rates, GAITONDE 
et al. 19 found no similar relationship and calculated a 
mean half-life for the proteins of 13.7 days ± 4.1 (s.d.). 
Although these authors carried out short in terval  ex- 
periments  comparable  in durat ion to ours, the relat ive 
constancy of the tu rnover  rate  found by the use of 
radioact ive  methionine makes one suspect that ,  with 
intracisternal  administrat ion,  mainly  the tu rnover  oI 
slowly metabolized brain proteins neighbouring the 
ventr icular  cavities was measured (see above). 

The finding of the different tu rnover  rates for the 
proteins of brain, l iver and muscle depending on the 
t ime interval  between adminis t ra t ion of lysine and 
sacrifice of the animal gives an indication of the meta-  
bolic inhomogenei ty  of the component  proteins. The 
turnover  rate  of l iver proteins also decreases with in- 
creasing exper imental  period despite the fact  tha t  this 
organ is re la t ively homogeneous containing about  60~o 
parenchymatous  cells. I t  is, therefore, not  surprising 
tha t  the same phenomenon is observed in an organ such 
as the brain which is characterized by a heterogeneous 
cell populat ion and in which the ratios of neuronal to 
nonneuronal  elements vary  markedly from one area to 
another.  The complexi ty  is considerable even within a 
'homogeneous '  part  of the brain such as the cortex, in 
which the proteins of the perikarya,  of the dendrites, of 
the glia, of the axons, and probably also some muco- 
proteins of the 'groundsubstance' ,  are all present. Each 
par t  of the brain contains proteins with high and low 
turnover  rates;  their quant i ta t ive  distr ibution is prob- 
ably different from par t  to part,  and from structure to 
structure. 

The growth increment  of mouse brain between the 
10th day of life and ma tu r i ty  is small. Nevertheless,  an 
indication of the mechanism of growth in brain and 
other  organs as well is given by the observation tha t  in 
young animals the absence of the slowly metabolized 
proteins is not associated with an increase in the turn-  
over rate of the fast '  fraction. The turnover  rate of the 
'fastest '  protein fraction is apparent ly  rapid enough so 
as not  to be changed significantly by the additional con- 
t r ibut ion due to the net  synthesis of protein in the grow- 
ing organ. A similar observation was made in an in- 
vest igat ion of rate of fa t ty  acid synthesis during 
growth, when no increase in the rate of deuter ium in- 
corporation was noted during the period of myelinat ion 2°. 

The incorporation of lysine into the proteins of an 
organ can be due to intracellular protein metabol ism or 
to synthet ic  processes associated with the replacement  
of dead cells. The lat ter  mechanism would imi ta te  a 
dynamic state in those organs in which the continuous 
death and replacement  of a considerable number  of cells 
is the rule, a s i tuation which does not  hold for the neu- 
ronal elements of the brain. I t  is very  unlikely tha t  the re- 
placement  of glial elements is fast enough to account  for 
the high turnover  rate of brain proteins. Thus, the rapid in- 
corporation of lysine and methiouine argues strongly for 
a dynamic state of brain proteins. Of part icular  interest  
in studies of protein synthesis and degradat ion are those 
fractions which have a par t icular ly  fast turnover .  The 
shortest  half-life t ime calculated for proteins of the 
whole brain was 2-8 days. This is somewhat  slower than  

20 H. W^ELSC~, W. M. SPERRY, and V. A. STOYAUOFF, J. biol. 
Chem. 140, 885 (1941). 

the fastest fraction of the liver, which, in the same ex- 
periments,  had a half-life t ime of 1.0 days (Table II). 
These figures give only an indication of the rapidity of 
the turnover  of some protein fractions of the two organs. 
If we take the values found for the microsomal proteins 
(which are probably also a mixture  of proteins of diffe- 
rent  turnover  rates), we find tha t  the rate of lysine in- 
corporation into this fraction is about  5 times higher 
than it is into the proteins of the whole homogenate 
(Table IV). I t  appears, therefore, that  certain protein 
fractions of the brain are renewed in a mat te r  of hours. 

Histochemical  and biochemical evidence for the parti- 
cipation of proteins in the functional ac t iv i ty  of brain is 
scarce 21. The findings reported in this summary  raise 
the significant question as to whether  the spectrum of 
rates of protein metabolism is the  secondary expression 
of the general energy and nutr ient  metabol ism of this 
organ, or whether  its var ie ty  and range contribute to a 
physiological basis for the functional capaci ty  of the 
central  nervous system. 

Zusammen]assung 

Mit Hilfe von isotopem Lysin wurde der Austausch 
yon freiem Lysin zwischen Blur und Gehirn, Leber und 
Muskel und die Umsatz ra te  der Eiweissk6rper dieser 
Organe best immt.  

Im Zusammenhang mit  den erhobenen Befunden wird 
die Funkt ion  der Blut -Hirnschranke and die Erneuerung 
der freien Aminos~uren und der Proteine im Gehirn und 
in anderen Organen er6rtert .  

il H. HYDEN, Aeta physiol. Seand. 6, Suppl. 17 (1943). - L. G. 
ABOOD and A, GEIGER, Amer. J. Physiol. 182,557 (1954). - R. V~Bx, 
Physiol. Bohemosloven. ¢, 397 (1955). 

C O G I T A T I O N E S  

T h e  B i o s y n t h e s i s  o f  P e n i c i l l i n  

By K. GANAPATHI* 

A theory  of biosynthesis of penicillin should define: 
(i) the immedia te  precursors par taking in the biosynthe- 
sis: (if) the way the precursor units react  mediated by 
enzyme systems to yield penicillin; (iii) the pathways of 
synthesis of these precursors themselves from the media 
const i tuents;  and (iv) the specific differences in bio- 
chemical terms between the poor penicillin-producing 
strains of Penicillium chrysogenum and the high yield- 
ing ones. The knowledge available at  present is far from 
complete. An a t t empt  is made here to marshal the data 
available and evolve a coherent picture which can form 
the basis for further  work. The significant facts that 
make the studies difficult are: (1) the biosynthesis oi 
peniciIlin by P. chrysogenum appears to  be of no special 
significance in the economy of the mould itself; (2) in the 
penicillin-producing phase, the mould synthesises only 
about  0.01 to 0.03% of its weight  of penicillin per hour; 
(3) even under  the best of conditions, the quantity oi 
penicillin produced is only 1 to 5% of the major media 
chemical used; and (4) the precursors t ha t  take part in 
penicillin biosynthesis are used extensively for other 
synthet ic  activities, such as the formation of cellular 
proteins. 

* Antibiotics Research Centre, Hindustan Antibiotics (Private) 
Ltd., Pimpri, Poona District (India). 


