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T H E  E N Z Y M E  SYSTEM 

I ' ~ E . - \ T R I Z  31. BI ; ' ,AGANC.\ ,  1. A P , . k V I N D A K S H A N  AND I_). ,"~. GH.kNI' . 'KAI¢. 
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Several reports have described the inactivation of folic acid encotmtered during tile 
assay of this v i tamin in animal tissues t. Sn.VER.~tAX et al. z have demonstrated that 
folic acid on incubation with rat liver extracts  suffers a loss in the growth-promoting 
properties for Strep tococcus /aeca l i s  R. Comparatively  less is known,  however,  about 
the e n z y m e s  or the pathways  through which folic acid is inact ivated in animal tissues. 
During the course of this work two abstracts have appeared which report that rat liver 
slices a and pigeon liver extracts  ~ can degrade folic acid with the liberation of a diazo- 
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tizable amine. In this communication we present results to show that a preparation 
from normal human blood cells can enzymically degrade folic acid under physio- 
logical pH conditions at the C~-NI0 linkage with the liberation of p-aminobenzoyl- 
glutamic acid, and z-amino-4-hydroxy-6-formyl pteridine. 

The overall reaction may be formulated as follows : 

H H 
O H  C O O H  
I ~C--C~ I 

N -~C ~ C / N ~ - c / C H 2 -  N H - C  C-CO--N H - C H - C H , - C H , - C O O H  
"~C = C / - - - -~  

I II I R H 
H 2 N - C .  ~ N / C  ~ N / / C  

OH H H 
I C00H 

N~C ~c/N~c/CH0 /~C--C~. l 
I Ii [ + H , N - C  C - C O - N H - C H - C H  F C H , - C O O H  

~ C = C  / 
H * N - - C ' ~ N / C ~ N / / C  H H 

Preparation, the nature of the products formed, as well as the co-factor require- 
ments for this enzyme system, are described. Evidence is presented to indicate that 
normal human blood contains inhibitors for the enzyme which cleaves folic acid. 

TECHNIQUES 

Enzymic degradation o//olic acid 
R o u t i n e  d e t e r m i n a t i o n s  of e n z y m e  ac t iv i ty  were carr ied ou t  by  following t he  l iberat ion of t he  dia-  
zot isable  a m i n e  f rom folic acid by  the  BRATTON AND MARSHALL tes t  b. I n  view of our  prev ious  ob- 
se rva t ions  e t h a t  acid ex t r ac t s  of blood can  ac t ive ly  degrade  folic acid, it  was  necessary ,  especial ly 
when  work ing  wi th  u n t r e a t e d  haemolysed  ex t r ac t s  of blood cells, to mod i fy  t he  order  in which  t he  
r eagen t s  were added.  The  following procedure  was found  to  p roduce  t he  m i n i m u m  of interference.  
T h e  reac t ion  m i x t u r e  was  t r ea t ed  wi th  i ml  of o.i  % sod ium ni t r i te  and  then  with i ml  of 30% tri-  
chloroacet ic  acid. The  prec ip i ta ted  prote in  was removed  by  eent r i fugat ion,  and  to a su i tab le  a l iquot  
were added  x ml  of 0 .5% a m m o n i u m  s u l p h a m a t e  and  t h e n  i ml  of o . I%  N - n a p h t h y l e t h y l e n e d i -  
a m i n e  hydroch lo r ide  in t he  usua l  way.  The  in tens i ty  of colour  was measu red  in a K l e t t - S u m m e r s o n  
Color imeter  wi th  a 540 m/~ filter. I t  m a y  be noted  t h a t  when  ex t r ac t s  of  cells p repared  as described 
in t he  p resen t  s tud ies  were employed ,  no modif icat ion of the  t3RATTOX A.~D MARSHALL tes t  was  
necessary .  

Standards employed 
A s t a n d a r d  curve  was p lo t ted  by  employ ing  pure  p -aminobenzo ic  acid as t he  s t anda rd .  On  the  
basis  t h a t  p -aminobenzo ic  acid and  p - ami nobenzoy l g l u t amic  acid, which m a y  be formed f rom 
folic acid, give the  s ame  molal  colour 7, the  expe r imen ta l  va lues  (/zg of folic acid degraded)  were 
ca lcula ted  from th i s  curve.  

Protein content 
Prote in  was  e s t ima t ed  by  t he  optical  dens i ty  m e t h o d  sugges ted  by  KALCKAR et al. s, us ing  t he  
following fo rmula t ion :  Pro te in  (nag per ml) = 1.45 E t s  0 -  0.74 E,e0, where  E , s  0 and  E2e 0 are  
the  ex t inc t ions  of the  solut ion a t  wave leng ths  z8o and  26o mt, .  

Phosphate buffers 
Prepa red  by  mix ing  K H s P O  4 and  N a ~ H P O p  

Materials employed 
p-Aminobenzo ic  acid - Nu t r i t i ona l  Biochemicals  Corpora t ion ;  L (+ )  p - A m i n o b e n z o y l - g l u t a m i c  
acid - S.A.F.  H o f f m a n - L a  Roche  & Co. L td . ;  Folic acid (crystall ine) - Nu t r i t iona l  Biochemica ls  
Corpora t ion ;  Adenos ine  t r i p h o s p h a t e  d i sod ium sal t  (ATP) 95% pure  - Nut r i t iona l  Biochemica l s  
Corpora t ion ;  G lu t a th ione  - Nut r i t iona l  Biochemicals  Corpora t ion ;  T r i s ( h y d r o x y m e t h y l ) a m i n o -  
m e t h a n e  - L. L igh t  & Co., L td . ;  L-Cysteine monohydroch lo r ide  m o n o h y d r a t e  - H.M. Chemical  Co., 
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Ltd . ;  Thioglycol l ic  acid - 15.1).tt. Spot Tes t  r eagen t ;  ( ' oenzyme A, approx.  75'~, pure Nutri t i~mal 
Bioehemicals  Corpora t ion :  D iphosphopyr id ine  nucleot ide  (1)PN) Approx.  4 H o e  - Sigma ( 'heroical  
Co. 

Preparation, o/ the enzyme 

. \ c t ive  e x t r a c t s  of haemolv.~ed ceils were prepared  as follows: fresh c i t r a ted  /o.ol 5 M) bh~M ob- 
t a ined  from the  Haffkine  I n s t i t u t e  blood b a n k  was cen t r i fuged  to remove the p l a sma  : i t  was then 
washed  once wi th  isotonic sal ine and the  packed  cells were haemolysed  l)y add i t ion  c)f 5 vo lumes  of 
water .  In a t yp ica l  e x p e r i m e n t  -6. 5 ml of concen t r a t ed  HCI were added  dropwise  tt~ i xo ml of hae- 
molysed  cells under  cold wi th  con t innons  s t i r r ing .  The final concen t r a t ion  was 2N with respect  t~ 
HCI.The mix tu r e  was s t i r red  for 5 minutes ,  then  cent r i fuged for io  minu te s  a t  5oo g .The p rec ip i t a t e  
con ta in ing  the ac t ive  ma te r i a l  was washed twice  wi th  55 ml of 2 N HC1, and  the  suspension was 
cen t r i fuged  each t ime  for ten minu te s  a t  5o0 g. The washed  p rec ip i t a t e  was then suspended in 
5 ° m l  of wa te r  anti  b rough t  to pH 5.5 by add i t i on  of apprc~ximately 5" ml of N NaOl-t. eft. 5 ml of 
o. 5 .11 phospha t e  but ler  of pH 7 were then  added  to the  m i x t u r e  with c o n s t a n t  s t i r r ing.  The to ta l  
vo lume of fluid was made  to 136. 5 ml bv add i t i on  of water .  The final e x t r a c t  was a t  pH 7. The 
cot)ions p rec ip i t a t e  formed a t  th is  s tage  was removed  1)v cen t r i fuga t ion  for ten minu te s  a t  5oo g. 
The s v p e r n a t a n t  thus  ob ta ined  was d ia lvsed  for t S h()urs and  formed the  s t a r t i n g  n la te r i a l  fi,r am-  
m o n i n m  su lpha t e  f rac t iona t ion  exper imen t s .  

lVractionatio~ by pre¢ipitatio~ wtlh ammonil~m sulphate 
The d ia lysed  neu t ra l  e x t r a c t  ob ta ined  was f r ac t iona ted  by p rec ip i t a t ion  wi th  a m m o n i u m  su lpha te  
~tt o ('. Solid a m m o n i u m  su lpha t e  was used for ob ta in ing  the  pe rcen tage  s a tu r a t i on  required.  The 
p rec ip i t a tes  ob ta ined  a t  each s tage  were al lowed to se t t le  for 3 ° minutes ,  then  cent r i fuged for 
2o minu te s  a t  l t ,nno g. These were then  dissolved in dis t i l led  wa te r  and d ia lysed  for 20 hours 
aga ins t  ~ l i tres of c~lcl d is t i l led  wa te r  wi th  c o n s t a n t  s t i r r ing.  In  a typ ica l  e x p e r i m e n t  p rec ip i t a t e s  
ob ta ined  a t  each s tage  from ~o ml of the neu t ra l  e x t r a c t  were dissolved in -,o inl of water .  After 
d ia lys i s  the volnlncs  were usual ly  made  t,~ "5 ml. The prote in  concen t ra t ion  ~f these ex t r ac t s  
genera l ly  ranged from 1. 5 to 3 mg per nil. The enzyme  re ta ined  a c t i v i t y  for a t  least  7 days  if 
kep t  a t  o to 3: ( .  All cen t r i fuga t ions  were carr ied out  a t  o" C in an I n t e r n a t i o n a l  Ref r igera ted  
Centr ifuge,  PR-2. 

Preparation of the supernanta~t (S) containing a co~actor/or the enzyme 
The s u p e r n a t a n t  ob ta ined  af ter  r emov ing  the fract ion p rec ip i t a t ed  by 7o",~, (N t 14)2SO~ s a t u r a t i o n  
was t r ea t ed  wi th  a fu r ther  q u a n t i t y  of (NH4)2SO 4 to m a k e  it Io0°o sa tu ra t ed .  The p rec ip i t a t e  was 
removed  in the usnal  way  and the  s u p e r n a t a n t  d ia lysed  in 3 l i t re  por t ions  of wa te r  (with one change) 
a t  5"C for four hours.  This ma te r i a l  was found to con ta in  the  cofactor  requi red  by the fract ion ob- 
t a ined  by 55-7oc'o (NH4)2SO , s a tu ra t ion .  Longer  d ia lys i s  led to loss of the  ac t ive  mater ia l .  

f)reparatton o[ the heated extract [rom haemolysed cell.¢ 
The hea ted  e x t r a c t  was prepared  from the  same und ia lysed  neu t ra l  s u p e r n a t a n t  which also formed 
the  s t a r t i n g  ma te r i a l  for the  e xpe r im e n t s  on f rac t iona t ion  wi th  (NH,)2SO 4. This  e x t r a c t  a t  pH 7 
was hea ted  for 3 ° minu te s  in boil ing water ,  the coagu la ted  prote ins  were then removed by centr i fu-  
ga t ion  and the colourless  solut ion thus  ob ta ined  was used as the  source of co-factors  for the  enzyme.  

RESULTS 

Degradation o//olic acid b), ammonium sulphate/ractions 75repared /rom blood extracts 
The unfractionated, dialysed extracts, as well as tile various fractions obtained by pre- 
cipitations with (NH4)2SO4, were consistently inactive, but the activity could be re- 
stored in the fractions containing the active protein by the addition of a heated ex- 
tract and supernatant (S), prepared from haemolysed cells as de.scribed in the section 
on techniques. However, the unfractionated extract showed great variations in activity 
even when supplemented with the heated extract. In many of the preparations it was 
found to be inactive even if the incubation period was extended beyond 16 hours. 
Our experience indicates that if the temperature precautions were strictly adhered to, 
and the preparations were kept around o°C throughout the experimental period, the 
unfractionated extracts were invariably inactive. This is evident from "Fable I. 
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TABLE I 
DEGRADATION OF FOLIC ACID BY AMMONIUM-SULPHATE FRACTIONS 

OF BLOOD CELL EXTRACTS 

Components of the incubation mixture :Folic acid = 3oo #g ; o..5 M PO 4--- buffer pH 7 = o. I ml : 
heated extract = i.o ml. Supplements: (NH,)zSO 4 fractions = 0. 5 ml; Supernatant (S) = I.O ml. 
Total volume = 4 ml. Incubation time = 60 rain. Temp. = 37 ° C. Non-enzymic degradation of 

folic acid = IO pg. 

Expt .  l*g ol /olic acid degraded 
No. by Lo rat o/univac- 

tionated extract 

Ft  F t  Fs  S 
0-55 % 55-70% 7O-lOO% Super 

from lu l l  

Sat. u~th ( N H , ) , S O t  satura- 
tion 

F 1 ~- S F t  r. S F s -- S F t - F t 1: z . Fn Fa b Fs  Fz "b F t  
b S  

pg o/ /ol ic  acid degraded by the above ammonium-sulphate/raaions 

I io.o (18 hours) 9.7 Io.o 1o.7 9.3 1o. 3 36 .0  Io.o lO.7 1o. 3 II.O - -  

2 IO.O (I8 hours) -- Io.3 . . . . . .  5 o.o . . . . .  I3.3 
3 9.7 (~ hour) . . . . . . . . . .  58.o . . . . . . .  38.5 
4 ii .  5 (i hour) . . . .  72.o . . . . . . . . . .  57.5 

Figures in brackets indicate the time of incubation for the unfractionated extract. 

Table I, experiment  I shows the act ivi ty  of various fractions when incubated with 
the heated extract  and folic acid. I t  is apparent  from these results tha t  none of the 
individual  fractions were able to degrade folic acid under  the experimental  condit ions 
employed. Act ivi ty  could be demonstra ted only by combining the fraction F ,  precipi- 
ta ted by 55-70% sat. (NH4)2SO 4 with the superna tan t  (S). The presence of an active 
part  in S suggests that  this may  have been split from the protein during the process of 
fractionation. Although the exact nature  of S is not known at present, a s tudy of 
some of its properties showed that  it is lost if the dialysis was extended from 4 hours 
to I6 hours, whereas the control containing the material  dialysed for 4 hours and 
kept under  cold for the same period of time did not lose act ivi ty.  The active material  
in S was stable when heated for th i r ty  minutes  at ioo ° C but  lost ac t iv i ty  on washing. 
These properties indicate that  the substance is not a protein nor a metal  ion. It  may 
be noted that  the act ivi ty  of the different enzyme preparations varied considerably 
when the system was reconsti tuted with heated extract  and S, possibly due to partial  
loss of the factor present in S during dialysis. 

Observations in Table I, experiments 2, 3 and 4, show that  the fraction F 1 pre- 
cipitated by 0-55% saturated (NH2)4SO 4 inhibits  the ac t iv i ty  of F 2. Although the 
extent  of this inhibi tory action of F 1 on F z was not constant ,  it was consistently 
observed in all preparations. Prel iminary experiments  indicate tha t  F 1 behaves like 
a protein in some of its properties. I t  is non-dialysable,  can be precipitated by 
(NH,)2SO 4, it is unstable  to heat and loses ac t iv i ty  on keeping. The unstable  nature  
of this inhibi tor  F1, which separates from the active mater ial  during fractionation, 
may explain the occasional appearance of enzyme act iv i ty  found in the unfract ionated 
extracts when temperature  precautions were not str ict ly observed. 

Requirements and properties o/ the enzyme system 

Since the fraction precipitated by 55-70% saturated (NH4)~SO4 consistently showed 
act ivi ty  when supplemented with the heated extract  and superna tan t  S, the properties 
of the enzyme degrading folic acid were investigated using this fraction as the source 
of the enzyme. Table I I  shows the effects of the heated extract  and S on the enzyme 
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activity of F 2. The enzyme is completely inactivated in absence of S, whereas omission 
of the heated extract re.duced the activity to approximately ho%. 

TA BI.F.  11 

EFFECT OF TIlE HEArED EXTRACT AND SUI'ERNATANT (S) ON THE 
ENZYMIC I)EGRADATION OF FOLIC ACID BY FRACTION F 2. 

C o m p l e t e  s y s t e m  c o n s i s t e d  ~f o. 5 ml  F,a; i .o  ml  h e a t e d  e x t r a c t  ; i .o  ml  (S);  o. 5 M POa  " ; B u f f e r  
p H  7.o a n d  300 t~g folic ac id .  T o t a l  v o l u m e  of  m i x t u r e  -= 4 ml .  I n c u b a t i o n  t i m e  -- i hou r .  T e n l p .  -.- 

37 : (% ( R e s u l t s  c o r r e c t e d  for n o n - e n z y m i c  b l a n k )  

('andition~ I~g ]ohc acid degn~&d 

( ' u m p l e t e  s y s t e m  .t,S.o 
l l e a t e d  e x t r a c t  o m i t t e d  3o.o 
S u p e r n a t a n t  (S) o m i t t e d  , . o  
H e a t e d  e x t r a c t  a n d  S o m i t t e d  Nil  

In attempts to replace the cofactors supplied by the heated extract and S, it be- 
came apparent that maximal activity could be obtained in the presence of Mn+% 
ATP and glutathione. Fig. I illustrates the effect of various concentrations of ATP, 
Mn ++, and glutathione on the activity of the enzyme. It is apparent that the optimum 
activity is obtained when 5" IO -4 M ATP, i .  io  -3 3I Mn ++ and I. Io -a M glutathione 
are present. Higher concentrations than these were found inhibitory to the system. 
The enzyme was completely inactive when Mn ++ or glutathione was omitted, but 6o?,, 
of the activity remained when ATP was left out. DPN has been found by Sn.\'~'R.~i.\x 
et al. 2 to aid the inactivation of folic acid by rat liver extracts. In our experiments 
with acetone-dried powders of rat liver it has been found that cleavage of folic acid at 

o t. 
c n** 

6o / 

~Glutothione 
_u / "  / -5 

20 
1 

] I ' 
10~5 10-4 10-a 10-2  

Molority of cofoctor voried 

Fig .  ]. O p t i m u m  r e q u i r e m e n t s  uf  :VI'I ), M n ' "  
a n d  g l u t a t h i o n e  for  t h e  e n z y m i c  d e g r a d a t i o n  of  
folic a c i d  by  F 2. o. 3 ml  of  e n z y m e  e x t r a c t  F 2, 
c o n t a i n i n g  3o /*g p r o t e i n  w e r e  i n c u b a t e d  w i t h  
t w o  of  t h e  c n f a c t o r s  in c o n s t a n t  c o n c e n t r a t i o n  
a n d  v a r y i n g  a m o u n t s  of  t h e  t h i r d  c o f a c t o r  w e r e  
a d d e d .  C o n c e n t r a t i o n  of  c o f a c t o r s  w h e n  n o t  
v a r i e d :  A T P  = 5 ' I O - 4 - 1 1 ,  Mn ~t = 1 . [ o  -4 M ,  
g l u t a t h i o n e  - :  t .  Io  -a 31. O t h e r  c o n s t i t u e n t s :  
o. 5 31 P O  4- b u f f e r  p H  5.5 = 0 . [ 5  m l ;  folic 
a c i d  . -  3oo H g . T ° t a l  v o l u m e  = I. 5 ml .  T i m e  of  

i n c u h a t i o n  - I h. T e m p .  37"C .  

Relere~ces p.  ¢~ ~4. 
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Fig. z. Rate of enzymic cleavage of [olic acid. 
C o n s t i t u e n t s  o f  t h e  i n c u b a t i o n  m i x t u r e .  F~ . -  
o . 5 m i ; o .  5 3 1 P O  C -  b u f f e r  of  p H  5.5 or  7.o = 
0. 4 m l ;  Fol io a c i d  = ~oo # g .  T o t a l  v o l u m e  = 
4.0 ml .  T e m p .  37 ' :C .  S u p p l e m e n t s :  ( ' u r v e  [ :  
5" Io-4  .1t A ' I ' P  + 1" l o  4:11 Mn"  ~ + 1 • Io  ..3 M 
g h l t a t h i o n e  4-o .  5 ,11 P O  4 . . . . .  bu t t e r ,  p l [  5.5. 
C u r v e z :  5 " x ° - 4  M A T P  -t- z - t o  ~ 3 1 M n  ++ + 
t .  Io  -a ,11 g l u t a t h i n n e  ,a_ 0. 5 .11 P O 4 - - -  b u t l e r  
p H  7- C u r v e  3 : H e a t e d  e x t r a c t  = l .o ml  -.. .q --: 
, .o  ml  -1 b u f f e r p H  7. C u r v e  4 :  S a m e  c o n s t i t -  
u e n t s  as  c u r v e s  i w i t h o u t  a d d i t i o n  (ff F~. 
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C#N10 linkage is reduced by 80% when DPN and nicotinamide are omitted 9. In the 
enzyme system under discussion, however, DPN produced negligible effect. 

The progress of folic acid degradation with time in presence of cofactors supplied 
by the heated extract and S, as well with known cofactors is illustrated in Fig. 2. It  
is evident from these results that  the reconstituted system containing ATP, Mn +÷, 
and glutathione is more active than the system in which the cofactors are supplied by 
heated extract and S. Furthermore, degradation of folic acid is much higher at pH 5.5 
than at pH 7 as expected from the pH dependence curve. The initial rate of degradation 
was calculated to be approximately 0.029 Fmoles of folic acid cleaved/minute/rag 
protein (I mg of the F 2 protein having come from 0.6 ml of haemolysed cells). 

Fig. 2 curve 4 represents the non-enzymic degradation of folic acid under the same 
experimental conditions. It is found to remain constant throughout the experimental 
period of two hours. 

The effect of temperature on the activity of the enzyme system is given in Fig. 3. 
Under the experimental conditions employed the activity of the enzyme system was 
reduced by 50 % at 35°C and 9 ° % at IOO ° C. The relationship between pH and activity 
of the enzyme system is illustrated in Fig. 4. The curve shows a sharp pH maximum 
near pH 5 both with phosphate buffer as well as when tris(hydroxymethyl)amino- 
methane buffer was employed. At pH 7 the activity is only 15% of the activity at 
optimum pH. However, the experiments reported in Table I were carried out at pH 7 
as the heated extract employed was buffered at this pH (see section on techniques). 
Heated extracts prepared in a similar manner but buffered at pH 5.5 or obtained di- 
rectly by heating haemolysed cells have not been found effective. 

In order to determine whether the activating role of glutathione on this enzyme 
system was specific, experiments were carried out in which glutathione was replaced 
by other compounds containing thiol groups. Results obtained as given in Table I I I  
show that cystein and thioglycollic acid in concentrations of lO -3 M produced only 
slight activation. CoA was found to be more effective but less efficient than glutathione 
In concentrations of lO -3 M it was about 75 % as effective as glutathione. 

i 

lOO 
9o 
8o 

.Co 70 

~ 50 
~ 4o 
~ 3( 

2c 
1( 
f 

t t q ' ' I I I 1 I 
10 30 5O 70 gO 

Ternp °C 

Fig. 3. Effect  of t e m p e r a t u r e  on folic acid de- 
g rada t ion .  , ml  of  e n z y m e  solut ion (Ft) con-  
t a in ing  ~oo ~g  pro te in  was  kep t  for 5 m i n u t e s  a t  
va ry ing  t empera tu re s .  An a l iquo t  of o.3 ml  was  
t h e n  i ncuba t ed  wi th  3oo /~g of folic acid for r 
hou r  a t  37°C. Cons t i t uen t s  of t he  s y s t e m :  A T P  
5" Io 4 M ;  Mn ++ I .  Io-4 M ;  g l u t a t h i one  i .  xo -s  
M ;  o. 5 M P O - - -  buffer  p H  5-5 = o-I5 ml.  Tota l  

vo lume  z.5 ml. 

Re]erences p. 634. 
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Fig. 4. Re la t ionsh ip  between pH  and  enzymic  
c leavage of folic acid 0. 3 ml. F s con ta in ing  26 
/~g pro te in  was  i ncuba t ed  in t he  usua l  sy s t em.  
(See Fig. 3) us ing  buffers of  va ry ing  p H  a t  37°C 
for x hour .  Buffers  employed :  O - - O  p H  3-4 :  
Sorensen ' s  g lyc ine/hydrochlor ic  acid buffer  
(o. 3 ml) ;  p H  5 - 7 : o . 5  M P O - - -  buffer  (o.x 5 ml) ;  
p H  8 : S6rensen ' s  g lyc ine / sod ium hydrox ide  buf-  
fer (o. 3 ml). O - - O  o.I M t r i s ( h y d r o x y m e t h y l ) -  

a m i n o m e t h a n e .  
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It is to be noted that in every case it was ascertained by control experiments that 
the particular thiol compound, in concentrations employed did not affect the BRATTON- 
M;tRSHaLI. test used for estimating the enzyme activity. 

Inhibitory action o /F 1 on the enzyme system containing known co/actors 

In view of the inhibitory effect produced by the (NH4)2SO 4 fraction F~ on fraction F 2 
when heated extract and S were used as the source of cotactors (Table I), the role of 
Fx on the enzyme system containing known cofactors was studied. The results a.s 
given in Table IV show that F~ has no action on the system containing optimum 
amounts  of ATP, Mn+ ~ and glutathione (Table IV, column 2). 

" I ' A B I . E  IV 

E F F E C T  O F  t21 O N  T I l E  E N Z Y M E  S Y S T E M  C O N T A I N I N G  K N O V C N  C O F A C T O R N  

T h e  i n c u b a t i o n  m i x t u r e  c ons i s t e d  of o. 5 ml  F z .} 30o ttg folic ac id  t. o.o 5 M P O 4 - -  " bu t t e r  p H  7 
+ t h e  c o f a c t o r s .  T o t a l  v o l u m e  = 4 ml.  T i m e  .-- 0o rain.  T e m p .  37 ° (7. T h e  v a l u e s  h a v e  been  c o r r e c t e d  

for n o n - e n z y m i c  b l ank .  
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As the activity of the system containing optimum amounts of known cofactors 
is much higher than the system containing heated extract and S, the possibility was 
considered that the lack of inhibition observed in the former system may be due to 
higher concentration of cofactors. Experiments in which the concentration of each 
individual cofactor was reduced below the optimum (Table IV, column 3-5), indicate 
that F 1 has no action on the enzymic activity in the system containing known cofac- 
tors even when these are present in concentrations below the optimum. It iF therefore 
possible that the coenzyme complex present in blood may not be identical with the 
cofactors employed in the reconstituted system. In conformity with the observation 
that F1 does not inhibit the enzymic activity in presence of ATP, Mn ++ and gluta- 
thione, it is possible to demonstrate with the known mixture of cofactors, the activity 
of the enzyme in unfractionated extracts which are completely inactive when heated 
extract and S are employed as the source of cofactors. 

Identification o/ the products o/ the enzymic degradation o//olic acid 

2-Amino-4-hydroxy-6-/ormyl-pteridine: the possibility that the pteridine deriva- 
tive formed by the enzymic cleavage of folic acid may be 2-amino-4-hydroxy-6- 
formyl-pteridine was tested by treating the products of the incubation mixture with 
2,4-dinitrophenylhydrazine 1°. It  is evident from Fig. 6 that the degradation of foIic 
acid by the usual enzyme system is accompanied by a rise in the liberation of a carbo- 
nyl derivative indicating that one of the products formed by cleavage of folic acid at 
C9-Nlo linkage may be 2-amino-4-hydroxy-6-formyl-pteridine. The identity of this 
derivative was confirmed by adsorption and selective elution from an ion exchange 
resin, and by paper chromatography. 

Adsorption and elution /rom ion-exchange resin. Amberlite I.R.A. 4_to (OH): Folio 
acid (12oo/zg) was incubated with the enzyme extract F,  containing 2.6 mg protein 
and the usual concentration of co-factors in a total volume of 6 ml for an hour at 37 ° C. 
The precipitate formed was removed by centrifugation and 5 ml of the supernatant 
were kept in contact with I g of the resin with constant stirring for about an hour. The 
contents were then centrifuged and the resin washed with 5 ml of water. The adsorbed 
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30 60 go 
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Fig. 5. Liberat ion of carbonyl  derivative from 
folic acid. The incubation mixture  consisted of 
5"Io-4 M ATP + zo -4 M Mn ++ + I . i o  -s M 
glutathione + o.o5 M P O - - -  buffer pH 5.5 + 
6oo /~g folic acid + F= containing 43 /*g pro- 
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Fig. 6. Curve i. Acetic acid eluate containing 
enzymic degradat ion products  of folic acid 
(corrected for the blank). Curve 2. 2-Amino- 4- 

hydroxy-6-formyl-pteridine in acetic acid. 

tein. Total volume = 1.5 ml. Temp. = 37°C. Curve i : Complete system. Curve 2 : Enzyme omitted.  
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pteridine derivative was then eluted from the washed resin with 5 ml of r N acetic 
acid. The absorption spectra of the eluate was determined in a Beckman Spectrophoto- 
meter, Model DU, with a silica cuvette of r cm light path. As it was found that acetic 
acid eluted materials from the resin which interfered with the spectrophotometric 
determinations of the experimental sample, a correction had to be applied for this 
extraneous absorption. "rhe control cuvette contained materials which were treated 
in an identical way as the experimental sample, except that folic ackt had been 
omitted during the incubation period. The absorption spectra of the pteridi'ne deriva- 
tive formed was then obtained by ditterence from that of the control. 

In Fig. 6, curve i, the absorption spectra are given of the acetic acid eluate, con- 
taining the enzymic degradation products of folio acid, after correcting for the absorp- 
tion due to impurities from the resin. This is compared with the spectrum (Fig. 6, 
curve 2) obtained under similar conditions from a highly purified sample of 2-amino- 
4-hydroxy-6-formyl-pteridine, which was kindly sent to us ms a gift by Dr. BRoOUIsr. 
It  is apparent from these absorption curves, that both the spectra are similar and in 
agreement with that ot 2-amino-4-hydroxy-6-formyl-pteridine as reported by LOWRY 
et al. H. 

Paper chromatography o~ the enzymic degradation products o//olic acid 

Paper chromatography of the enzymic degradation products of folic acid was carried 
out using the descending technique and i N ammonia as the solvent, followed by photo- 
graphy under ultraviolet light. From the results illustrated in Fig. 7 it is evident that 
when folic acid is incubated with the usual enzyme system, the chromatogram shows 
3 spots having the RI.. values corresponding to those of folic acid, 2-amino-4-hydroxy- 
6-formyl-pteridine, and p-aminobenzoic acid. In chromatograms developed in I N 
ammonia it was not possible to differentiate clearly between p-aminobenzoic acid and 
p-aminobenzoyl glutamic acid. It  could be shown, however that the spot corresponding 
to p-aminobenzoic acid in Fig. 7 was diazotisable. 

Identification o~ the diazotizable amine as p-aminobenzoylglutamic acid 

The aromatic amine formed in the experimental mixtures was not extractable by ether 
from aqueous solutions at pH 3, while p-aminobenzoic acid was readily extracted as 
has been shown by S'rOKST:\D et al. 12. 

The product of folic acid cleavage was identified as p-aminobenzoylglutamic acid 
by paper chromatography, using Whatman No. 4 with n-butanol (4 ° ml)-acetic acid 
(io ml)-water  (5 ° ml) mixture as tile solvent. Th spots were developed by the proce- 
dure of EKMAN la. Results obtained are illustrated in Fig. 8 (Nos. I--4). These show that 
no p-aminobenzoic acid was detectable among the degradation products of folic acid. 
The p-aminobenzoylglutamic acid present in the experimental mixture was isolated 
and hydrolysed according to a method described by \VE)~t '~4. Chromatograms of the 
hydrolysed and non-hydrolysed product as shown in Fig. 8 (Nos. 5-6) further confirm 
the presence of p-aminobenzoylglutamic acid which on hydrolysis liberated p-amino- 
benzoic acid. Glutamic acid could be identified in the mixture after hydrolysis. 

From the experimental evidence given above it appears that the enzyme prepara- 
tion from blood degrades folic acid only at C9-N10 linkage, and there is no detectable 
cleavage, of the p-amlnobenzoylglutamic acid so produced. 

R, h,,ences p. 634. 
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. . _ ' . . . .  

Fig. 7. Paper chromatogram of products formed 
on incubation of folic acid with F~ in the usual 
system. I. Enzyme system without folic acid. 
2. Folic acid*. 4- 2-Amino-4-hydroxy-6-formy l- 
pteridine.* 5. p-Aminobenzoic acid.* 3. Folic 

acid incubated with enzyme system. 

4 oO 
. . . .  . 

. - : :  . 

Fig. 8. Identification of the diazotizable amine 
as p-aminobenzoyl-glutamic acid. i. Enzyme 
system without folic acid. 2. p-Aminobenzoic 
acid. "* 3. p-Aminobenzoyl-glutamic acid. ** 4. 
Folic acid incubated with the enzyme system. 

5- Hydrolyzed.'** 6. Non-hydrolyzed. ** * 

DISCUSSION 

The experimental  evidence presented in this communica t ion  demonstrates  that  ex- 
tracts made from human  blood cells can degrade folic acid at C9-N10 linkage. This 
cleavage can account  for the loss in growth promoting properties of the vi tamin for 
Streptococcus/aecalis organisms. From data  available at  present, it is not possible to 
determine the na ture  of the intermediate  steps involved in this degradation of folic 
acid. Evidence from paper chromatography and the na ture  of the products identified, 
however, shows that  the overall cleavage leads to the formation of p-aminobenzoyl-  
g lu tamic  acid and  2-amino-4-hydroxy-6-formyl-pteridine.  The necessity for several 
cofactors like ATP, Mn ++, and glutathione,  indicates tha t  the reaction mechanism is 
probably  not a simple dehydrogenat ion followed by hydrolyt ic  cleavage as has for 
example been suggested for the mechanism of amino acid oxidases is. I t  has not been 

Added to the enzyme mixture at the end of incubation period. 
~* Added to the enzyme system at the end of the incubation period. 

" ' *  p-Aminobenzoyl-glutamic acid isolated from the reaction mixture according to WEBB t4. 

Re#fences p. 634. 
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possibie to demonstra te  cleavage of folic acid in haemolys(,d cells 1)cforc acid treat- 
ment .  This enzyme like m a n y  hydrolytic enzymes in blood, is apparent ly  present in a 
masked form, and is liberated by t rea tment  with acid, in which it is stabh,. Haemolvscd 
cells also appear to contain other labile and proteinlike factors which depress enzymic 
cleavage of folic acid. These inhibit  the act ivi ty  ()f the enzyme when the cofitctor r(,- 
quirements  are supplied by extracts prepared from blood but  not when ATP, Mn + ' ,  
and glutathione arc employed. The inhibitors can be separated from tile active protein 
by ammon ium sulphate fractionation. The na ture  of these inhibi tory substances is 
under  invest igat ion at  present. Enzymes which are similar but  may not be identical 
with the one in blood are widely dis t r ibuted in animal  tissues. Acetone dried powders 
of rat liver and sheep liver can actively degrade folic acid at C9-N10 linkage. Although 
in these tissues as in blood, these enzyme svstelns are stable in cold HC1 thev arc not 
present in an inactive form. Act ivi ty  may be demonstra ted in both homogenates and 
acetone dried powders of liver without pre t rea tment  with HCP. The existence in animal  
tissues of such active systems for the cleavage of folio acid, indicates this may be an 
impor tan t  step in the pa thway for the disposal of folic acid and also for the I)iosyn- 
thesis of some unconjugated  pteridine derivatives known to occur in animal tissues. 
2-Amino-4-hydroxy-6-formyl-pter idine which has been shown to be one of the prod- 
ucts of enzymic degradation of folic acid has aroused biological interest in recent 
years as one of the most potent  inliibitors of enzymes like xanthine  oxidase~6.JL 
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SUMMARY 

i. Preparation is described of an enzvme system from human blood which can degrade folic 
acid to yield p-aminobenzoylglutamic acid" and 2-amino-4-hydroxy-0-formyl-pteridine. 

2. The enzyme system requires ATP, Mn-* and glutathione as cofactors and shows optimum 
activity at pH 5. 

3. The enzyme is apparently present in blood in an inactive state. Activity is liberated on 
treatment with hydrochloric acid. 

4. Evidence is given for the presence of heat-labile inhibitors which may be separated from the 
active fraction by (NH4)~SO 4 fractionation. These inhibitors depress the cleavage of folic acid when 
the cofactors req'uirements are supplied by extracts prepared from blood but not when ATP, Mn .... 
and glutathione are present. 

5- Thiol compounds like cystein or thioglycollic acid cannot replace glutathione as a cofactor 
for tile enzyme. Coenzvme A can partially serve this purpose. 

6. The suggestion is made that these active mechanisms for cleavage of folio acid in animal 
tissues may be important for the metabolic disposal of folio acid, as also for the biosynthesis of 
biologically" important unconjugated pteridines like 2-amino-4-hydroxy-6-formyl-pteridine which 
is a very potent inhibitor of xanthine oxidase. 
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I N F L U E N C E  D E  L ' I N J E C T I O N  DE P Y R I D O X I N E  SUR 

LA D~:CARBOXYLATION DE L 'ACIDE G L U T A M I Q U E  E T  D E L 'ACIDE 

C Y S T ~ : I N E S U L F I N I Q U E  PAR LE  CERVEAU CH EZ L E  RAT 

CARLO DE MARCO* 

Laboratoire de Chimie biologique de la Facult~ des Sciences, Paris (France) 

I1 est maintenant bien 6tabli que la dGcarboxylation enzymatique, chez les animaux 
supGrieurs, de l'acide cystGinesulfiniquO,2, 3, de l'acide cystGique a et de l'acide 
glutamiqueS, 6 implique la participation du phosphate de pyridoxal. Des travaux 
antGfieurs ont montr6 que, chez le rat a e t  le ]apin 7, l'activit6 dGcarboxylante de 
broyats de foie vis ~ vis de l'acide cystGinesulfinique et de l'acide cystGique n'est 
pas sensiblement accrue par addition, in vitro, de phosphate de pyridoxal, ce qui 
indique que, dans le foie, les syst~mes enzymatiques responsables de ces dGcarboxy- 
lations sont pratiquement saturGs en coenzyme. Ces travaux ont montr6 d'autre part 
que, chez les m~mes animauxa, 7, l'activit6 d~carboxylante de broyats de cerveau 
vis h vis de l'acide cystGinesulfinique, de l'acide cystGique et de l'acide glutamique 
est au contraire fortement accrue par l'addition, in vitro, de phosphate de pyridoxal. 

I1 a paru utile de rechercher £ quoi ~tait due une telle diffGrence entre les systGmes 
dGcarboxylants du cerveau et ceux du foie. A priori, on pouvait faire deux hypotheses: 
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