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SUMMARY 

A convenient method f o r  degradation of 1 micromole o f  glu- 
cose i s  described. The hexose i s  s p l i t  enzymatically t o  t r io se  
phosphate. In one h a l f  of  t h i s  solution glyceraldehyde-3-phos- 

phate i s  converted enzymatically t o  a l ka l i  stable 3phosphogly- 
cerate, i n  the other h a l f ,  dehydrowacetone pkosphate t o  a l ka l i  

stable glycerol-3-phosphate. I n  each sample the enzymatically 

unconverted t r iose  phosphate i s  hydrolized by a l ka l i  t o  l a c t i c  

acid which i s  oxidized by e e r i m I v  t o  acetaldehyde and carbon 

dioxide. Acetaldehyde i s  degraded fur ther  to  iodofom and for- 

mic acid. The l a t t e r  i s  oxidized t o  carbon dioxide. 

The omitting of laborious chromatographic separation proce- 
dures as well as the i so la t ion  of degradation pmducts by two 
step microdiffusion i n  a single vesseZ and the i r  trapping by 

reagents d i rec t l y  applicable f o r  photometric quantif ication and 
measurement of radioact iv i ty  makes the procedure time saving 
and eas i ly  psrformable. These advantages compensate f o r  the loss 
of 50% o f  glucose carbon. 

M A T E R I A L S  AND METHODS 

In the course of our studies on the incorporation of I4C-labelled 
precursors into metabolites of rat brain in vivo it was neoessarg 
to localize I4C within the oarbon skeleton of oerebral gluoose. Ita 
presence in minimal amounts excluded the applioation of oommon 
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oheiuioal and miombiologioal degradation methods. Nreadg existing 
eneymatio-ohemioal mioroteohniques do not disoriminate between 
individual carbon atoms L-I, 2-7 or are laborioue due to chromato- 
grapnio separation of  intermediary produots u-2J method b, L-3-7). 
Independently from these methods we have worked out a prooedure for 
oomplete degradation of miommounts of gluoose. The initial steps 
were used recently for orientation of the ''C-distribution within 
the gluoose moleoule L-4-7. 

The prooedure consists of the following steps (fig. I ) :  

Legend figure 1. 

Soheme of degradation procedure. 

In parenthesis number of carbon atom of origional glucose. 

I. the quantitative enzymatic splitting of gluoose to &U.-x) and 
GAP-hydraeones, their decomposition to free triose-P; 

2. in sample I of the divided triose-P solution, GAP is converted 
enzymatically to alkali resistent 3PG, in sample II DAP to 
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1. Quantitative enzymatic splitting of gluoose to triose-3! L - S l .  
The gluoose was praeinoubated for 5 minutes at 37OC with the 
reagents listed in table 1 and the enzJrmes hexokinase and phosphpho- 
gluoose isomerase. Fmotose-6-P kinase and aldolase were added and 
the reaction was stopped after 40 minutes by acidification with 
perohlorio acid to 0,3 X and perohlorate was removed as the 
insoluble potassium salt. In tbe neutral supernatant the trioee- 
P-hydrazones were decomposed by shaking with benzaldehyde (3 x 1 
ml). Benzaldehyde and benzaldehyde hydrazone were extraated with 
diethylether (4 x 1 ml) and residual ether was removed by aeration. 
The enzymatioally controlled yield of triose-P was > 95 %. 

2. Seleotive conversion of DAl? in sample I and GAP in sample I1 
to lactic acid (enzymatio steps aooording to L-6J and c7-7). 

The solution of triose-P was divided in 2 parts. A mirhrre of 
0,5 ml pyrophosphate buffer pH 8.4 oontaining 5/umoles sodium 
pyrophosphate, 8 international units GXPIM, 5 umoles sodium 
arsenate, 2 umoles KID and 3 umoles oysteine was preinoubated f o r  
7 minutes at room temperature. Then sample I was added and the 
oxidation o f  GP2 to 3PG proceeded uver 15 minutes. Suooessive 
alkalinization to 1 N with sodium hydroxide hydrolyzed W in 20 

/ 
/ / 

X)The folloning abbreviations are used: 
DAP = dihydroxyacetone phosphate ; GAS = glyoeraldehyde-3-ghos- 
phate; triose-P = triose phosphate; GAPDH = E-glyoeraldehgde-3- 
phosphatecdehydrogenase; 3PG = 3-phosphoglyoerate; GDH = Ir 
glyoerol-3-phosphate+dehydrogenase; G3T = glycerol-+phosphate. 
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mlnutes t o  l a o t i o  aoid L-81. Sample I1 of the  triose-I? was added 
t o  0.5 m l  pyrophosphate pH 8.4 oontaining 5 umoles pyrophosphate, 
2 umoles NADH and 4 in te rna t iona l  units of GDH. ILW was reduced t o  
G3P at room temperature within 5 minutes. Then GAP was hydrolyzed 
t o  l a o t a t e  as described above. 
Sample I and 11 were a a i d i f i e d  with sulRtrio aoid t o  0,2 ll and the  
preoipi ta ted enzyme proteins  were centrifuged down. To remove 
oarbon dioxide, nitrogen was streamed through the sample for a few 
minutes. The amount of l a c t a t e  w a s  completed t o  1 m o l e  by addi t ion 
of  o a r r i e r  laotate .  
All subsequent s teps  were performed i n  an atmosphere and with 
reagents f r e e  of carbon dioxide. 

/ 
/ 

/ 

3. Oxidation of l a c t i c  aoid L-97 and mioradiffusion of aoetal-  

The gessel w a s  prepared as outlined i n  legend of f igure  2. Trapping 
ahamber 2 is closed, the cerium I V  solut ion was tipped i n  and 
mixed. Cerium phosphates prec ip i ta ted  out so t h a t  the f i n a l  oerium 
IV concentration was i n  the  ranEe of 0.015 molar. Oxidation and 
miorodiffusion of acetaldehyde a t  37OC w a s  complete within 3.5 
hours. Suooeasively trapping chamber 2 was opened and 1 w a s  closed 
and oarbon dioxide was absorbed from t h e  co lor  reagerit at  room 
temperature quant i ta t ive ly  over 2.5 hours. 
An a l iquot  of the  semicarbazide solut ion was di luted 1 : l O  with 
d i s t i l l e d  water and the  oonoentration of acetaldehyde sernicarba- 
zone w a s  determined by measuring .:224 m. The amount of trapped 
carbon dioxide was determined by measuring t h e  drop i n  ?L555 nm of 
t h e  oolor reagent. 
Aliquots were t ransfer red  i n  the vial f o r  liquid sc in t iLla t ion  
oounting ( f o r  oarbon dioxide alkal ine s c i n t i l l a t o r  i s  reconunen- 
ded). 

4. Oxidation of acetaldehyde t o  iodoform and formic acid L-tIJ. 
The aoetaldehyde semioarbazone was made a lka l ine  by addi t ion o f  
0,2 ml 1 N sodium hydroxide (dissociat ion o f  the cnrbazone). The 
sample m a s  ch i l led  i n  an i c e  bath and w X t h  agitatiort  was added 
0.1 N iodine i n  potassium iodide u n t i l  a f a i n t  y e l l o ~  color 
persisted.  -2fter 30 minutes t h e  iodofom was extracted with heptnne 

dehyde and carbon dioxide i n  special  diffusion vessel.  



A convenient enzymatic-chemical( ... )of glucose 305 

Legend f igure 2. 

Diffusion vessel  (dimensions i n  mm). 
I;ain compartment (glass ,  capacity 28 m l )  with trapping chamber 2 
(Ty l ,  3 m l )  and side-bulb (1,2 m l ) .  
Cover (polymethacrylate) with spindle and TC 1 (2,s ml). Polished 
contact planes sealed with nixutre  of paraf f in  o i l  and w a x  (I:l)* 

Trapping reagent f o r  acetaldehyde (L-gJ, modified) : aemioarbaeide 
hydrochloride, 1 5  molar i n  d e s t i l l e d  water, pH adjusted t o  3. 
Color trzpping reegent for carbon dioxide L-IOl: 3 m l  0,l molar 
sodiun cerbonate and 6 ml 0,l  molar sodium bicarbonate mixed and 
diluted t o  100 m l  with f resh ly  doubly d e s t i l l e d  water. To t h i s  
buffer solut ion 1 ,Z phenolphthalein i n  methanol is  added u n t i l  t h e  
ext inct ion a t  555 m i s  about 0.9 (addition of approximately 
150 u l  indicztor).  The pH i s  adjusted t o  9.8. 
Cce in1 of senicnrbazide reagent i s  brought i n  TC 1 ,  1 m l  of color  
fezgent i n  TG 2. %he s ide  bulb contains 0.45 m l  cerium IV solut i -  
OJ? ( 6  11 su l fur ic  a i d  sat-Jmted with cerium" s u l f a t e  a t  room 
teryxrnfure).  

1 
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( 2  1: $ ml). TO remove rgsidual  iodine, t h e  oombined organio phases 
were Washed w i t h  0.1 N sodium hydroxide (2 x 1 m l )  and doubly 
d i s t i l l e d  water (3 x 2 ml). The amount of iodofom i n  t h e  heptane 
w a s  determined by measuring R349 nm (molar ext inot ion ooeff ioient  
2080). For measurement of radioaot ivi ty ,  an al iquot  was pipet ted 
into the S O % X l t % l l 8 f i O n  l iquid.  

5. Oxidation of formio aoid t o  carbon dioxide L-12-7. 

The water phase was adjusted t o  approximately pH 3 with phosphoric 
acid and res idua l  iodine w a s  extraoted i n t o  heptane (5 x 2 m l ) .  
Traces of oarbon dioxide were removed by bubbling through nitrogen 
f o r  a few minutes. 
The sample was then plaoed i n  t h e  main compar.tment of a Warburg 
standard vessel  whose oenter well contained 1 m l  o f  0,l N s o d i m  
hydroxide. To the  formio aoid so lu t ion  were added 2 ml of a SUS- 

pension of merourio oxide (1.25 g i n  10 ml phosphate buffer  pH 3) 
and t h e  olosed vessel was plaoed i n  a water bath a t  85OC. The 
evolution and absorption of oarbon dioxide was oomplete within 45 
minutes. Suooessively, the sodium hydroxide from the center  wel l  
was t ransferred i n  t h e  main compartment of a Conway dish (uni t  
Roo 2) and ao id i f ied  with 0.4 m l  4 N s u l f u r i c  aoid. Diffusion and 
t rapping of oarbon dioxide i n  1 m l  o o l o r  reagent proceeded as 
desoribed (s tep 3). 

Msouasion 

The degradation prooedure desoribed compensates for a loss 09 50 ;$ 

of gluoose oarbon i n  favour of: 

1. avoidanoe o f  laborious separat ion teohniques for intermediate 
produots, T h i s  enables one t o  keep the volumes of reac t ion  
mixtures i n  a l l  s t e p s  below 2.5 m l ;  

2. simple en-tio oontrol of yie lds  i n  s teps  1 ,  2,  3 and 

3. termination of degradation a t  choice when C-?+C-2, C-3, C-4 and 
C-5+C-6 a r e  d i r e c t l y  applicable for determination o f  quant i ty  
and radioaot ivi ty .  

The data i n  t a b l e  2 inform on the precis ion o f  discriminati.cn 
between t h e  oarbon atoms of glucose and l s c t i c  ncid. The f i x a t i o n  
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of the aldolase products DAP and GAP as hydrazones provides for 
quant i ta t ive sp l i t t i ng  of the glucose present and protects a p i n s t  
triose-P isomerase as a possible contaminant i n  the enzyme sclu- 
t i on  of s tep  I. The equi l ibr ia  of the enmmes involved i n  s tep  2 
favour the conversion of DAP and GAP t o  the alkali res i s ten t  
compounds which i s  pract ical ly  quantitative. When mixed with the 
cerium IV reagent, no other substances present i n  the sample beside 
l ac t a t e  - cofactors, coenzymes, adenine nuoleotides and the alkali 
s tab le  Cg-intermediates - evolve caxbon dioxide or vo la t i l e  
carbonyl compounds which react  with semicarbazide. The trapping of 
substant ia l  amounts acetaldehyde by the alkaline color reagent - 
i n  standard experiments 4 2 1.8 56 ''C-acetaldehyde (19 p 10) - 
requires the i n i t i a l  diffusion of aoetaldehyde when trapping cham- 
ber 2 is closed. Traoes of oarbon dioxide which diifuse i n  the  
semicarbazide reagent - i n  standard experiments 0.5 2 0.8 $ ( R - 
8) - are  eliminated by bubbling through nitrogen for a few seconds. 
iYith th i s  colorimetric method, the recovery of carbon dioxide 
standards was 101 2 4.5 % i n  agreement with a quant i ta t ive trapping 
of I4C-carbon dioxide i n  amounts up t o  2 umoles. 
The oxidation of acetaldehyde by hypoiodite gives maximal yields of 
iodcfonn (94 2 5 $5, N = 10) only when the  reagents were added 
s t r i c t l y  i n  the manner described c11J. The y ie ld  of 88 2 7 5 
carbon dioxide (B = 10) from the oxidation of formic acid by 
mercuria oxide could not be increased f'urther. 

/ 

Table 1 

Reagents and e n w e s  for conversion of 1 mole gluoose t o  tFioS0-I' 
hydrazones. 

I 

ReaRents ( f inal  volume 1 ml) 

Phosphate buffer pII 6. 5 x )  

Pagnesium chloride 

Rydrazine sulfzte  

p o l e s  per m l  

15 

10 

40 

~5 

5 
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mwwijsx=) 

Hexoklnase 

Phosphogluoose isomerase 

Pruot ose-&phosphate kinase (yeast ) 

.4ldolase 

international units 

14 
20 

6 
6 

Table 2 

Validity of the 14C-disorimination of specifically labelled glucose 
and lsotio acid. Average values (n = 6). 

relative per cent I4c in position 
Substrate 

1 2 3 4 5 6 

0.5 1.8 1.5 0 2.8 

3.2 0 1 .I 2.2 0.9 100 

LT-' 4u-lac t at e 100 0.5 0.5 - 
0.8 100 1 .I 

X)for fructose-&phosphate kinase from muscle pH 7.5 

Xx)counteracting the inhibition of fructose-6-phosphate kinase 
by ATP 

XXI)enzymes from C.F. Boehringer and Soehne, I;annheim (Federal 
Republic of Germany). 
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