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INTRODUCTION 

The preparation of a soluble enzyme system capable of decarboxylating 14C-GL was 
previously reported from this laboratory 1. This paper will present evidence concerning 
the cofactor requirements and optimal conditions for this enzyme system obtained 
from rat  kidney. By the use of substrates labeled exclusively in the 6 position, it was 
possible to demonstrate that  the resulting CO 2 is derived predominantly from this 
carbon. Similar results were obtained with GL, GLA or the sodium salts 1. These 
findings differ in some respects from those reported by EISENBERG 2 and may suggest 
that  a different reaction mechanism is involved. Several pathways involving the 
metabolic conversion of GL to L-xylulose and D-ribose have been proposed (ENKLE- 

WlTZ a, TOUSTER 4, HORECKER5). Definitive identification of such metabolic products 
should clarify the reaction mschanisms and the intermediates involved. 

EXPERIMENTAL 

Male Wis tar  ra ts  (lOO-15o g) were sacrificed by  cervical fracture, the kidneys removed and placed 
in a cold buffered solution (K2HPO 4, o .o67M; KH~PO4, o .o42M ; MgC12, o .o6M; nicotinamide 
o.o33I,  p H  7). All the preparat ive  enzyme work was carried at  o - I  ° C. Cell-free homogenates  
were prepared from kidney minces in two and a half volumes of buffer by  homogenizing for 
30 seconds in a loose-fitting Pot te r -Elvehjem glass homogenizer. Cell debris and nuclei were 
removed from the homogenate  by  centrifugation at  2000 r.p.m, for eight minutes.  The supe rna t an t  
fraction was centrifuged at  36,000 r.p.m, for 3 ° minutes  (Spinco preparat ive  centrifuge). The 
result ing clear particle-free supe rna t an t  fluid was the prepara t ion  utilized t h roughou t  these 
investigations. Prior to assay the enzyme sys tem was fortified with cofactors. The cofactor concen- 
t ra t ions  used were those found to be opt imal  for io mg of GL. Approximate ly  0.3 mg each of 
ATP, DPN, UTP, and T P P  were added to a i ml solution of particle-free enzyme sys tem (final 
volume 3 ml). These amoun t s  of cofactors were used throughout ,  except when otherwise specified. 

The incubat ion t empera tu re  was 37 ° C except  when specified. During the incubat ions the 
flasks were gently shaken in an a tmosphere  of carbon dioxide-free oxygen, except when specified. 
The CO 2 from the decarboxylat ion reaction was slowly flushed by  a s t ream of oxygen and collected 
in a sa tura ted  ba r ium hydroxide solution layered wi th  toluene. The result ing bar ium carbonate  
was washed repeatedly and dried at I2O ° C for 16 hours.  The powdered material  was suspended 
in acetone, t ransferred to pre-weighed steel planchets  and assayed after  subsequent  drying with 
a flow counter  to a statistical error of ~ 3 %. The c.p.m, obtained were corrected to infinite 
thinness and are reported as c .p .m. /mg of carbon. 

* The radioactive materials  were obtained on allocation of the U.S. Atomic Energy  Commission. 
** The following symbols  are used th roughou t  this paper :  GL = glucuronolactone;  GLA 

glucuronic acid; AMP = adenosine-5 ' -monophosphate ;  A D P  = adenosine diphosphate;  ATP 
adenosine t r iphosphate ;  D P N  = diphosphopyridine nucleotide; T P N  = t r iphosphopyridine  
nucleotide; UMP = uridine monophospha te ;  UDP = uridine diphosphate ;  UTP ~ uridine tri- 
phospha te ;  T P P  = thiamine pyrophospha te ;  c.p.m. = counts  per  minute.  

* * *  Aided by a grant  f rom the Muscular D y s t r o p h y  Associations of America, Inc. 
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TABLE 

DI~CARBOXYLATION OF UNIFORMLY 

Radioactivity introduced (c .p.m.)  

1Veight o! 
Substratc *~ added substrate Specific activity per mg carbon Total activity in total sample 

(rag) 
all carbons in carbon-6 all carbons in carbon-6 

GL-I~C multi-labeled 2. 5 76,000 76,ooo 76,00o i2,66o 
(calculated) 

GL-14C multi-labeled 5.0 76,000 76,000 152,ooo 25,33 ° 
(calculated) 

GL-6A4C 2.5 57, °00 342, ooo 57, °0o 57, °00 

GL-6-14C 5.o 57, °00 342,ooo i 14,00o ~ 14,000 

* Corrected for endogenous CO 2 in parallel runs without substrate. 
* *  To enzyme system were added o. 3 mg each of ATP, DPN, UTP, TPP, and the radioactive substrat 

*** % yield of theory (wt.). 

The substrates were assayed for radioactivity after oxidation to barium carbonate. The 
washed barium carbonate was collected in pre-weighed centrifuge tubes, for gravimetric measure- 
ments. Most experiments were carried out in duplicate or triplicate. 

In order to determine the cofactor requirements, the enzyme preparations were pre-treated 
with charcoal for 3-5 minutes (io mg of charcoal for i ml of the enzyme preparation). The prepa- 
ration was freed of charcoal by centrifugation at 2ooo r.p.m, for 8 minutes. 

R E S U L T S  

The  e v i d e n c e  i n d i c a t e s  t h a t  is is p r e d o m i n a n t l y  c a r b o n - 6  of GL a n d  G L A  w h i c h  is 

d e c a r b o x y l a t e d  b y  t h e  r a t  k i d n e y  e n z y m e  s y s t e m .  

Tab le  I p r e s e n t s  t h e  r e su l t s  o b t a i n e d  w h e n  m u l t i p l y - l a b e l e d  a n d  6-x~C-glucurono - 

l a c tone  were  e m p l o y e d  as s u b s t r a t e s .  T h e  r e c o v e r e d  CO S h a d  e s sen t i a l l y  t h e  s a m e  spe-  

cific r a d i o a c t i v i t y  as  c a r b o n - 6  in  all  cases .  T h e  t o t a l  r e c o v e r y  of CO~ or t o t a l  a c t i v i t y  

r e c o v e r e d  was  usua l ly  1 0 - 1 1 %  (by g r a v i m e t r i c  a n d  r a d i o a c t i v e  m e a s u r e m e n t s ) .  

Ser ia l  a d d i t i o n s  of t h e  e n z y m e  i n c r e a s e d  t h e  yie ld ,  a p p r o x i m a t e l y  10% for  e a c h  suc-  

cess ive  a d d i t i o n .  T h a t  t h e s e  s y s t e m s  were  s a t u r a t e d  w i t h  r e s p e c t  to  t h e  e n z y m e  s y s t e m  

is i n d i c a t e d  b y  t h e  f ac t  t h a t  t h e  y ie lds  were  n o t  i n c r e a s e d  b y  f u r t h e r  a d d i t i o n  of sub-  

s t r a f e s .  

TABLE II 

DECARBOXYLATION OF 1-18C AND 6-1aC-GL 

5ubstrate* Weight in mg °/Io excess % excess 
in 13C substrate in 13C recovered CO,, *~ 

Glucuronolactone 5 o o.o 
Glucuronolactone i-laC 5 2o 0.6 
Glucuronolactone 6-1sC 5 2o 16. 7 

* Additions were 0. 3 mg each of ATP, DPN, UTP, TPP (final volume 3 ml); incubation 
1 1/2 hours at 37 °, gas phase Oe. 

** Corrected for weight of endogenous CO~ in parallel run without substrates. 
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Radioactivity recovered (c.p.m.) 

% o/ 
Recovered CO 2 

(% yield) . . . . .  

Specific activity*" Total activity Original Total activity 
per mg C in total CO s specific activity i] all carbons i/only carbon-6 

it only carbon-6 i] all carbons i/only carbon-6 are involved is involved 
is involved are invoh,ed involved 

6 1 , 5 1 o  1 ,12o  81 1. 5 8 .8  1.8 lO.8 

6 3 , 9 9 0  2 , 2 5 o  85 1.5 8 .9  1. 7 lO. 5 

3 5 8 , 6 5  ° 6 , 3 0 0  lO 4 - -  i t . o  I .  7 lO. 5 

3 2 1 , 9 5  ° 11 ,9oo  95 - -  lO. 5 1.8 11.o  

(f inal  vo l .  3.3 ml)  ; i n c u b a t i o n  f o r  I ~ h a t  37 ° g a s  p h a s e  0 2 .  

Table I I  presents additional evidence that  carbon-6 is predominantly involved; 
in this instance 1-13C and 6-13C-GL were employed. 

Maximal values were obtained when the enzyme system was incubated at 37°C 
(see Table III).  

TABLE III  
EFFECT OF TEMPERATURE ON THE ENZYME SYSTEM 

Recovered radioactivity 
Temperature in BAG08 

c.p.m./mg C 

15 ° 3 , 0 0 0  
26  ° II,OOO 
37 ° 15 ,ooo  
460  7 , 0 0 0  
560 6 , 0 0 0  

IO0 ° 200  

* A d d i t i o n s  w e r e  0. 3 m g  e a c h  o f  A T P ,  D P N ,  U T P ,  T P P  a n d  m u l t i p l y  l a b e l e d  G L  (f inal  v o l u m e  
3 ml) .  I n c u b a t i o n  w i t h  g e n t l e  s h a k i n g  fo r  i ~ h ,  g a s  p h a s e  0 2. 

Different cofactors (AMP, ADP, ATP, UMP, UDP, UTP, DPN, TPN and TPP) 
were individually tested for their effects on the enzyme system. Optimal results were 
obtained with a combination of ATP, UTP, DPN and TPP,  as is shown in Table IV. 

The effect of each individual cofactor in the presence of optimal quantities of the 
others is illustrated in Fig. I. 

The requirement for the nicotinamide employed in the buffer during the prepara- 
tion of the enzyme system and the requirement for oxygen are demonstrated in Table V. 

Mg ++ or Mn++ ions are required (Fig. 2). 
The pH opt imum was found 1 to be 7 (Fig. 3). 
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TABLE IV 

VOL. 23 (1957) 

(r) (2) (3) (4) (5) (6) (7) (8) (9) (zo) 
Enzyme AMP ADP ATP DPN TPN UMP UDP UTP TPP 

+ = + + 

+ + 4- + 
+ ~ 4- + 
+ ~ + + 
+ + + + + 
+ + ~ + 
+ + + + + 
÷ + + + 
+ + -~ + 
+ a- + 
+ ~- + + 
+ ~- + + 
+ _a + + + 
+ + + + 
+ + + + + 
+ + + + 
+ + + + 
+ + + + 
+ + + + 

+ 4- + + 
+ + + + + 
+ + + + 
+ ÷ + + + 

+ + + + 

(rl)  
c.p.m. ,ring C 

972 
7Ol 

1,736 
I,t35 
4,267 
4,775 
i ,995 
2,269 

580 
789 

1,937 
2,o18 
4,088 
6,4oo 
t ,759 
2,o68 
1,35 o 
i ,937 
1,688 
1,5o3 
6,656 

II,76o 
4,689 
6,972 

4 ° 
489 

(I) Enzyme, charcoal-treated; (2) AMP 1.2/zM per 3.0 ml system; (3) ADP 1.2/zM per 3.o ml 
system; (4) ATP 1.2 , a M per 3.o ml system; (5) DPN I.O #M per 3.o ml system; (6) TPN i.o # M  
per 3.o ml system; (7) UMP 1.3/~M per 3.o ml system; (8) UDP 1.3 #M per 3.0 ml system; (9) UTP 
i .3 !,M per 3.o ml system; (io) TPP i .8 #M per 3.0 ml system; (i i) Recovered radioactivity in CO v 

Substrate 1.2 mg of uniformly labeled 14C-GL. Incubation time 1. 5 h, 37 ° C, gas phase 02. 

TABLE V 

EFFECT OF GAS PHASE AND NICOTINAMIDE ON ENZYME SYSTEM* 

Radioactivity 
Enzyme system Gas phase Nicotinamide recovered c.p.m. 

K i d n e y  e n z y m e  s y s t e m  0 2  + IO,OOO 
K i d n e y  e n z y m e  s y s t e m  0 2  - -  2 ,51o 
K i d n e y  e n z y m e  s y s t e m  N 2 + 2 ,550 
K i d n e y  e n z y m e  s y s t e m  N 2 1 ,34o 

* Additions were o. 3 mg each of ATP, DPN, UTP, TPP and 14C-GL uniformly labeled; I 1/, 2 h 
incubation at 37 ° C (final volume 3 ml). 

T h e  effect  of v a r y i n g  t h e  c o n c e n t r a t i o n  of s u b s t r a t e  is i l l u s t r a t e d  in Fig.  4. 

A IO m i n u t e  pe r iod  of a c t i v a t i o n  is r e q u i r e d  for  t h e  d e c a r b o x y l a t i o n  r eac t ion .  

D u r i n g  t h e  s u b s e q u e n t  2o m i n u t e s  t h e  r e a c t i o n  p roceeeds  a t  an  i n c r e a s e d  r a t e ;  a f t e r  

3o m i n u t e s  t h e  r e a c t i o n  r a t e  was  c o n s t a n t  (Fig. 5). 
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Fig. i. Cofactor effects. To I ml of enzyme sys- 
tem (charcoal-treated). Additions of I m g  of all 
other  cofactors except the one under  investiga- 
tion. Subst ra te  1.2 mg 14C-GL (final volume 3.9 
ml) ; gas phase oxygen;  incubated 11/2 h at  37 ° C. 
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Fig. 2. Effect of Mg ++ and Mn ++. Additions 
were 0.3 mg each of ATP, DPN, UTP, T P P  and 
14C-GL. Enzyme sys tem 2 ml (final volume 
3 m]); incubated i ~  h at  37 ° C; gas phase 

oxygen. 
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Fig, 3. Change in enzyme activity with pH.  
Additions were 0. 3 mg each of ATP, DPN, 
UTP, T P P  and 14C-GL. Incuba ted  I ~ h at  
37 ° C; gas oxygen (final volume 3 ml). The phos-  
phate  bufferwas  varied for pH,  bu t  kept  at  the 
same ionic s trength.  Mg and nicotinamide re- 

mained constant .  
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Fig. 4. Effect of subs t ra te  concentrat ion.  Ad- 
ditions were 0. 3 mg each of ATP, DPN, UTP 
and T P P  (final volume 3 ml). Incuba ted  2 h a t  

37 ° C; gas phase oxygen. 
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Fig. 5. Time curve. Additions were 0. 3 mg of ATP, DPN,  UTP, T P P  and 14C-GL (final volume 3 ml). 
Gas phase oxygen. Incubat ion  at  37 ° C. 
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DISCUSSION 

EISENBERG AND FIELD s reported the failure of rat  liver homogenates to decarboxylate 
GL at an appreciable rate. DOUGLAS AND KING 7 indicated that  the intact animal is 
capable of decarboxylating GL. Evidence is presented in this paper for the existence 
of this decarboxylase in in vitro systems. With the fortified enzyme system, average 
yields of lO-12 % of CO S were obtained. Further additions of fresh enzyme resulted in 
additional formation of CO S. The previous suggestion 1 that  carbon-6 is probably the 
only carbon involved in this decarboxylation is corroborated by the use of both 13C- 
and 14C-labeled substrates. The total  contribution of the other carbons was negligible. 

Attempts to determine whether GL must first be converted to GLA prior to de- 
carboxylation were unsuccessful. Parallel and repeated runs did not consistently show 
significant differences between the rates of decarboxylation fo GL and GLA. Similar 
results were obtained whether fresh 1, aged or pre-heated enzyme preparations were 
employed. 

I t  is possible that  the crude preparation contains different enzymes capable of 
utilizing the substrates to form different products. The actual liberation of CO 2 may  be 
the terminal step of a series of different reactions, resulting from the action of these 
enzymes s. This could also account for the contribution of other carbon atoms to the 

COs. 
Experimental evidence indicates that  the optimal activity for this enzyme system 

was obtained with a combination of ATP, DPN, UTP and TPP, although AMP, ADP, 
ATP, DPN, TPN, UDP, UTP and TPP  singly stimulate the reaction rate when com- 
pared with an unfortified control. 

Enzyme purification and isolation of resulting labeled intermediates are currently 
under investigation in the hope that  further information will be obtained on the 
mechanism of these reactions. 
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SUMMARY 

I. A particle-free enzyme sys tem of rat  kidney has been prepared which is capable of de- 
carboxylat ing GL and GLA. When  fortified with UTP, TPP,  DPN, ATP and Mg ++ maximal  
effects are obtained. The reaction is aerobic. 

2. The enzyme sys tem yields approximate ly  12 % of CO 2 which is predominant ly  derived 
from carbon-6 of GL and GLA. Increased yields may  be obtained by  fur ther  addition of enzyme. 
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