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SITMMARY 

The ketokinase activity of homogenates of intestinal mucosa has been found to 
involve two enzymes, a heat-stable ketokinase which has a high affinity for fructose 
and sorbose and a heat-labile ketokinase which shows low affinity for both ketoses. 
The ketoses appear to be phosphorylated by both enzymes in the I position. 

The heat-stable ketokinase has properties similar to the liver ketokinase and its 
presence in the intestinal mucosa is compatible with the hypothesis that the mecha- 
nism of the transformation of fructose into glucose that takes place in the intestinal 
mucosa might be essentially the same that operates in liver. 

INTRODUCTION 

Phosphorylating activities specific for ketoses have been found to occur in liver and 
muscle. CoRI el al. obtained preparations of muscle and liver that phosphorylate 
fructose but are inactive with glucose ~. The ketokinase activity of the muscle prepa- 
ration was subsequently shown to be due to the action of t)hosphofructokinase 2. This 
enzyme has low affinity for fructose and sorbose and phosphorylates both free sugars 
in the I position. HERS, however, has isolated a ketokinase from liver which has 
high affinity for fructose and sorbose a,*. He has elucidated the mechanism by which 
fructose is transformed into glucose in liver. The first step in the chain of events is 
the phosphorylation of fructose by ketokinase to produce fructose-I-phosphate 5. 

The observation that sorbose is phosphorylated by homogenates of rat intestinal 
mucosa was interpreted in this laboratory as indicating the presence of a ketokinase 6. 
Our efforts were directed consequently towards the identification of such an activity. 
The evidence reported in the present paper shows that the intestinal mucosa possesses 
two enzymes capable of phosphorylating fructose as well as sorbose. One of them, 
a heat-stable ketokinase has been purified and the study of its properties has revealed 
a close similarity with liver ketokinase. 

SALOMON AND JOHNSON 7 have proposed recently that the transformation of 

. \ b b r e \ i a t i o n s :  ATI',  adenos ine  t r i p h o s p h a t e ;  : \ I )P,  adenos ine  d iphospha te ;  "l'ris, tr is-  
( 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 ;  TCA, t r i ch loroace t ic  ac id ;  NAGA, N-ace ty lg lucosamine .  

* The e x p e r i m e n t a l  work  in this  pape r  was  t a k e n  from a d i s se r t a t ion  s u b m i t t e d  by  E. ('ADFNAS 
to the  Chemis t ry  School of the Unive r s i ty  of Madrid,  ()ctober,  ~057, in pa r t i a l  ful t i l l inent  of 
the  r equ i r emen t s  for the  degree of l )octor  of Phi losophy.  A p r e l i m i n a r y  repor t  was presented  
in the 3rd Na t iona l  Meet ing  of the Spanish  Socie ty  of l )hysioh)gical  Sciences, Madrid, May, lu5 o. 

* * Present  address  : 1 ) e p a r t m c n t  of l)hysiology, Vanderb i l t  I i n i \ e r s i ty ,  Nashvi l le ,Tenn .  ( I !.,%..\ .). 
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INTESTINAL KETOKINASE ACTIVITY 491 

fructose into glucose which takes place when fructose is transported across the 
intestinal tissues may follow the same pathway as that of liver. Our findings provide 
evidence for the presence in intestinal mucosa of one of the enzymes that would be 
required for such a mechanism to operate in intestinal tissue. I t  can not be decided 
at present, however, whether or not this is the physiological role of the intestinal 
heat-stable ketokinase. 

M A T E R I A L S  A N D  M E T H O D S  

Glucose-free fructose was prepared by recrystallization from 8o % methanol of a 
commercial fructose (Pfanstiehl). L-Sorbose was purchased from Merck and D- 
arabinose from Pfanstiehl. D-Mannoheptulose was a gift from Dr. N. K. RITCHMYER. 
ATP and ADP were obtained from Sigma Chemical Co. as the disodium salts. 

Rat-mucosa homogenates 

Fed albino rats weighing 15o to 200 g were stunned, decapitated and exangui- 
nated, the upper two thirds of the small intestine were flushed with ice cold saline, 
opened lengthwise and the mucosa was scrapped off with a spatula. After weighing 
the mucosa was homogenized for 2 rain in a Waring microblendor with 2 volumes of 
0.0o5 M Versene neutralized to pH 7. Further fractionation of the homogenate will 
be described in the experimental section. The upper part of the small intestine of 
a horse was used when larger amounts of starting material were needed (purification 
procedure). 

Measurement of the ketokinase activit~ 

Most of the experiments were carried out as follows: small tubes containing 
ketose, ATP-Mg (I .5 . io  -2 M), NaF (2.5-1o 2 M), Tris-maleate buffer (1.1o -1M, 
pH 6.5), KC1 (4" lO-1 M) and an appropriate amount of enzyme were incubated at 
3 °0 for varying lengths of time. The reaction was stopped by the addition of either 
5 ml of 5 % trichloroacetic acid or equal volumes of 0.3 N Ba(OH)~ and ZnSO 4. The 
methods used to follow the reaction were: (a) substrate disappearance, (b) esterified 
ketose formation, (c) non-nucleotidic acid-labile esterified phosphorus formation and 
(d) the photometric indicator method (see ref. 6, 8 and EXPERIMENTAL). Ketoses were 
determined by the method of ROE 9 or DISCHE TM. The method of FISKE AND SUBBAROW 11 
was used to analyze inorganic phosphorus. The total phosphorus was determined by 
analysis of the inorganic phosphorus after wet ashing with sulfuric and nitric acids. 
Protein was determined by the method of LOWRY el al. 12. 

EXPERIMENTAL 

Preliminary work 

L-Sorbose was used as a specific substrate for the determination of the ketokinase 
activity in homogenates of rat intestinal mucosa that contain, in addition, a hexo- 
kinase. The hexokinase was assayed with glucose as substrate. The homogenate was 
centrifuged at 14,ooo ~ g for 15 rain and the phosphorylating activities of the super- 
natant were tested. Sorbose is phosphorylated 5 times faster than glucose by the 
supernatant while the phosphorylation of glucose by the whole homogenate is faster 
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than that of sorbose (Table I). The assumption that sorbose is not a substrate for 
hexokinase is confirmed by the lack of inhibition observed when the phosphorylation 
of sorbose was carried out in the presence of an equimolar concentration of NAGA. 

T A B I . E  1 

THV KETOKINASF ACTIVIT'," OF THE INTESTINAL MUCOSA; REMOVAL OF HEXOKINASE 

The homogena t e  p repa red  as descr ibed  in the  METHO~)S sec t ion  was cent r i fuged at  14,ooo × g 
for 15 min .  T h e  n a m e s  S u p e r n a t a n t  I [  and  S u p e r n a t a n t  I correspond to the  s u p e r n a t a n t s  ob ta ined  
w h e n  the  homogena t e  was  ad jus ted  to  p H  4.5 wi th  o.I 31 HCI pr ior  to cen t r i fuga t ion  and w h e n  
the  ac id i f ica t ion  was omi t ted ,  respect ive ly .  S u p e r n a t a n t  [ i  ~ a s  ad jus ted  to p t f  6.5 i m m e d i a t e l y  
a f te r  cen t r i fuga t ion .  S u p e r n a t a n t  1 was  aged by  i n c u b a t i o n  a t  3 ° for 1 h (at pH  7.5). The phos- 
p h o r y l a t i n g  ac t i v i t i e s  (#moles  of sugar  p h o s p h o r y l a t e d  in 15 rain at  3 o: by  1 ml of each prepa-  
ra t ion)  were d e t e r m i n e d  by  the  esterified sugar  fo rma t ion  me thod  6. The a m o u n t  of sugar  in the  
p rec ip i t a t e  ob t a ined  wi th  Ba-a lcohol  was ana lyzed  by  the  Ro~:'s me thod  for ke toses  9 and  glucose 
by  the  method  of SOMOGYI la. The i ncuba t ion  m i x t u r e  was ana logous  to  the  one  descr ibed  in 
the  M~THODS s e c t i o n  e x c e p t  that  the  pH was 7.5, the  Mg-ATP ra t io  ~ a s  o. 5 and  the  KC1 was  

omitted. 

Sugar r,.l 3l  s(~rllosc 

l t o m o g e m ,  le  

P h o s p h o r y l a t i n g  a c t i v i t y  1.5 

,qugar ~).z 3l  sorbosc 

S u p e r n a t a ~ z t  I f r e s h  (protein 14, rag/hal) 

I~tmsplaorylating a c t i v i t y  l .o 

Sugar o.r 31 sorbose 

, N u p e r n a l a n l  [ a g e d  

P h o s p h o r y l a t i n g  a c t i v i t y  

Sugar 

~.l .lI glm'osi o.l  },1 .;orbost' i 
o.z M N A G A  

0 . 2  1 "5 

o.z ]1I glucose o.i M glucr;se t 
o.i :li scrbose 

0.2 i .2 

, . l  M glucose 

0. 5 o.o  

~.r :lI sorbose o.•  M fructose o.z M fructose = 
o.z 3I N A G A  

S u p e r n a t a n t  I I  (protein 5, mg/ml)  

P h o s p h o r y l a t i n g  a c t i v i t y  o.8 2.0 2.0 

On the other hand, the implication of a ketokinase activity different from tile 
hexokinase, as responsible for the phosphorylation of sorbose is justified by the fact 
that tile relative rates of phosphorylation of sorbose and glucose vary from one 
preparation to another. Tile aging of the supernatant I resulted in the loss of the 
ability to phosphorylate glucose while tile preparation was still able to phosphorylate 
sorbose. The absence, however, of significative amounts of hexokinase in a preparation 
containing most of the original ketokinase activity was only achieved if the homo- 
genate was acidified to pH 4.5 prior to centrifugation. The resulting supernatant 
(supernatant II) contains 80 % of the ketokinase activity recovered when tile acidi- 
fication is omitted (supernatant I) with a specific activity twice as high. Supernatant 
II phosphorylates fructose and no significative contribution of hexokinase to this 
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phosphorylation could be detected since an equimolar concentration of NAGA did 
not result in any inhibition. 

At all concentrations tested fructose was phosphorylated about 2.5 times faster 
than sorbose (Table II). In the experiment described in Table I I  and all subsequent 
experiments the incubation mixture contained ATP-Mg in a ratio of I and o. 4 M KC1 
since they were found to result in maximum ketokinase activity. Under these optimal 
conditions phosphorylation of o.I M sorbose by the supernatant I was approximately 
of the order of 2.o/xmoles of sugar phosphorylated in 15 min at 3 °o by I ml of super- 
natant. The phosphorylation of o . I M  mannoheptulose, which is 2. 9 times slower 
than that  of o.I M sorbose, could be established only under the optimal conditions. 

TABLE I I  

T H E  K E T O K I N A S E  A C T I V I T Y  O F  T H E  I N T E S T I N A L  M U C O S A ;  

E F F E C T  O F  S U B S T R A T E  C O N C E N T R A T I O N  ON T H E  R A T E  O F  P H O S P H O R Y L A T I O N  

O F  F R U C T O S E  A N D  S O R B O S E  

The act ivi ty was assayed with the s tandard  incubat ion mixture  described in the METHODS section 
and by the esterified ketose format ion method ~. The enzymic prepara t ion  used was the supe rna tan t  
obtained by  centr ifugat ion at I4,OOO × g for 15 rain of the homogenate  adjusted to pH 4.5 

( superna tan t  II).  

K etokinase activity 

Sugar 
concentration Sorbose Fructose 

M 

0 . 0 2  1 . 2  3 . 2  

0.04 1-4 3.5 
o.I 1. 5 3.8 
0. 4 1.9 4.0 

" / ,moles of sugar  phosphory la ted  in 15 rain at  3 °o by  I ml of enzymic preparat ion.  

The ketokinase activity was determined indiscriminately by esterified ketose 
formation or by esterified phosphorus formation and in many instances by both and 
the complete agreement observed indicates that the product of the action of the 
ketokinase on sorbose and fructose is the ketose monophosphate. Moreover, the rate 
of acid hydrolysis of the sorbose monophosphate produced corresponds to that of 
sorbose-i-phosphate. The ester formed when o.i M sorbose was used, was hydrolyzed 
at the following rate: 4o O//o of the esteritied phosphorus was hydrolyzed in I I  min 
at Ioo ° in o.I M sulfuric acid and 85 % of it in I h. 

Thermal fractionate inactivation 

The heat inactivation of the ketokinase activity was studied using the super- 
natant obtained by centrifugation of the homogenate at 14,ooo ~'< g. The comparison 
of the rates of inactivation at different temperatures provided strong evidence for 
the presence of two enzymes with ketokinase activity in rat intestinal mucosa. The 
values obtained (Table I II)  indicate that the rate of inactivation of the ketokinase 
activity increases very sharply with an increase in temperature within the range of 
50 to 60 ° and the range of 75 to 85 ° . The rate of thermal inactivation is independent 
from the temperature, between 60 and 75 o. These results can be interpreted assuming 
that two ketokinases are present, one which is completely inactivated by 5 min of 
heating at 7 °o , and another which is not appreciably inactivated at temperatures 
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T A B I . E  l I [  

THERMAL FRACrlONATE INACTIVATION 

A l i q u o t s  of s u p e r n a t a n t  i w e r e  used .  T h e y  w e r e  h e a t e d  a t  d i f f e r e n t  t e m p e r a t u r e s  for  5 r a in .  
I m m e d i a t e l y  a f t e r  h e a t i n g  t h e y  w e r e  t r a n s f e r r e d  t o  a n  ice  b a t h .  F o r  t h e  a s s a y  of  t h e  r e s i d u a l  
p h o s p h a t a s e  a n d  k e t o k i n a s e  a c t i v i t i e s  I he  a l i q u o t s  w e r e  a d j u s t e d  t o  t h e  s a m e  v o l u m e ,  t h e  c o n t e n t s  
o f  t h e  a s s a y  m i x t u r e  w e r e  a d d e d  ( w i t h  o .2  M s o r b o s e ,  see t h e  METHODS s e c t i o n )  a n d  e x c e p t  s e v e r a l  
u n i n c u b a t e d  c o n t r o l s ,  t h e y  w e r e  i n c u b a t e d  a t  3 °0  fo r  d i f f e r e n t  l e n g t h s  of  t i m e .  T h e  t o t a l  v o l u m e  
w a s  1.1 m l  i n  e x p e r i m e n t  I a n d  ~ .25 m l  in  e x p e r i m e n t  1 I. T h e  r e a c t i o n  ~ a s  s t o p p e d  b y  t h e  a d d i t i o n  

o/ T C A .  A f t e r  t r e a t m e n t  w i t h  N o r i t  A c h a r c o a l  a n d  f i l t r a t i o n ,  a l i q u o t s  of  t h e  f i l t r a t e s  o f  5 m l o f 5  ,,o 
w e r e  u s e d  t o  d e t e r m i n e  i n o r g a n i c  p h o s p h o r u s  b e f o r e  a n d  a f t e r  i h of  h y d r o l y s i s  in o.~ N s u l f u r i c  
a c i d  a t  1 oo  °. T h e  d i f f e r e n c e  in  i n o r g a n i c  p h o s p h o r u s  b e t w e e n  c o n t r o l s  a n d  i n c u b a t e d  t u b e s  w a s  
u s e d  t o  c a l c u l a t e  t h e  p h o s p h a t a s e  a c t i v i t y  in  e a c h  t u b e  ( in s e p a r a t e  e x p e r i m e n t s  i t  w a s  f o u n d  
t h a t  t h e  a p p e a r a n c e  of  i n o r g a n i c  p h o s p h o r u s  c o r r e s p o n d s  e s s e n t i a l l y  t o  e n z y m i c  A T P  h y d r o l y s i s ) .  
T h e  d i f f e r e n c e  in  e s t e r i f i ed  p h o s p h o r u s  ( i n o r g a n i c  p h o s p h o r u s  a f t e r  a c i d  h y d r o l y s i s  m i n u s  i n o r g a n i c  
p h o s p h o r u s  b e f o r e  a c i d  h y d r o l y s i s )  b e t w e e n  c o n t r o l s  a n d  i n c u b a t e d  t u b e s  s e r v e d  t o  c a l c u l a t e  

t h e  k e t o k i n a s e  a c t i v i t y  in  t h e  s a m e  t u h e s .  

Thermal inactivation Assay of the residual actiwlty t;clokinase activity 
(5 rain o] heating) (pmoh,s of 

phosphorus 
Extract used Time of incubation cshmfied/ml of 

Expt. Temperature (ml) (rain) ettract/15 ~nin) 

l'hosphatasc mtivi@ 
(itmoh's of 

inorganic phosphorus 
formed/ml of 

extract/15 mi~O 

1 - -  o . 2  0 o  2 . o  3 . 7 5  

l 5 o  o. _' 0 o  2. -' 5 2.  I 

I I  5 ° 0.2 6o 1.95 3 .o 
I 5 5  o .  2 9(3 I .() i .  i 5 

I 6o  0. 5 90 I . o  o . ( )  5 

I I  60  0 .5  Oo 0 .9  0.5 
I 65 0.5 90  o .8  0. 4 
I 7 ° o.l) 120 0 .95 0 .3  

I I  7 ° 0. 5 9 0  0 .9  o. 15 
I 75 0 .6  12o 0 .95  0 .05  

i1 7.5 0 .5  9o  0 .05  o .o2 
I I  80 0 .6  12o o.~ 0 .02 
I I  85 0 .8  l 2o 0 .o  0 .02 

below 75 ° but is complete ly  inact ivated by 5 min of heating at 85 °. The names heat-  
labile ketokinase and heat-stable ketokinase  will be subsequently used in this paper 
to distinguish these two  enzymes .  We concluded also from these data that by  means 
of a short heating at a suitable temperature,  a preparation of heat-stable ketokinase  
could be obtained that was free from phosphatase and heat-labile ketokinase.  

Purification of the heat-stable ketokinase 

A survey of the ketokinase  act iv i ty  content  in tile intestinal mucosa  of several 
species of m a m m a l s  was  carried out. Dog, sheep, cow and horse intestinal mueosa  
was found to contain approximate ly  the same act ivi ty .  Horse small  intestine was 
chosen as starting material  because the mucosa  can be removed  easily and also a 
single long piece of small  intestine provided enough material  to  carry out tile puri- 
fication. The procedure for the purification of the heat-stable ketokinase  consists  
essential ly  of a short heating at 7 °0 followed by a m m o n i u m  sulfate fractionation in 
order to concentrate  the e n z y m e  (Table IV). 

In each step of the purification, the ketokinase  act iv i ty  was assayed by the 
esterified phosphorus formation with sorbose as substrate.  In step I the ratio between 
the rates of phosphorylat ion of sorbose at 2. lO -1 M and 5" lO-a M initial concen- 
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T A B L E  IV 

P U R I F I C A T I O N  O F  T H E  H E A T - S T A B L E  K E T O K I N A S E  F R O M  H O R S E  I N T E S T I N A L  M U C O S A  

S t a r t i n g  m a t e r i a l :  46o g of sc rapp ings  of i n t e s t i n a l  mucosa  from ti le  sma l l  in tes t ine  of a horse. 
The k e t o k i n a s e  a c t i v i t y  is g iven  in #mole s  of o.oo5 M sorbose p h o s p h o r y l a t e d  by  i ml  of e x t r a c t  
in 1.5 rain. Step i, p r e pa ra t i on  and cen t r i fuga t ion  of the  homogena te .  A piece of sma l l  in tes t ine  
(about  6 me te r s  long) was  t a k e n  from a s l augh te red  horse and  chi l led in ice. The con ten t s  were 
washed off w i t h  cold w a t e r  and  the  in t e s t ine  was opened lengthwise .  The mucosa  was  renloved 
ca re fu l ly  wi th  a s p a t u l a  in the cold room. The sc rapp ings  (460 g) were homogenized  wi th  2 w~lumes 
of o.oo5 i l l  Versene in  a XVaring t y p e  b lendor  for 2.5 rain.  The homogena t e  was k e p t  ove rn igh t  
a t  - lo° .  After  t h a w i n g  it  was  cen t r i fuged  a t  I4,OOO × g f o r I 5 m i n .  The s u p e r n a t a n t  was  r emoved  
and the p rec ip i t a t e  discarded.  Step 2, hea t ing .  F rac t ions  of loo ml  of the  s u p e r n a t a n t  (900 ml) 
were hea ted  in a 25o-ml E r l e n m e y e r  p laced in a water  b a t h  wi th  cont inuous  s t i rr ing.  The t e m p e r a -  
tu re  of t i le  fluid rose up to 7 °o in 2 m in  and was  m a i n t a i n e d  at  7 °o for 3 a d d i t i o n a l  minutes .  
The E r l e n m e y e r  was  then  cooled wi th  ice w a t e r  and  the  fluid was kep t  frozen ove rn igh t  a t  -18 °, 
Af ter  t h a w i n g  the  r e su l t ing  c l o t t y  suspens ion  was  cen t r i fuged  a t  I4,OOO × g for 15 rain. The 
s u p c r n a t a n t  was  r emoved  and the  p rec ip i t a t e  discarded.  Step 3, f r ac t iona t ion  wi th  a m m o n i u m  
sulfate.  Solid a m m o n i u m  su l f a t e  ( i7o g) was  added  to  the  s u p e r n a t a n t  (870 ml) to give a 33 % 
s a t u r a t e d  solution.  After  a l lowing  ~2 h at  2 ° for p r e c i p i t a t i o n  i t  was  cen t r i fuged  a t  IO,OOO × g 
for io min.  The p rec ip i t a t e  was  d i sca rded  and  to the s u p e r n a t a n t  (92o ml) solid a m m o n i u m  
sul fa te  was  added  (98 g) to g ive  a 5 ° % s a t u r a t e d  solut ion.  This  was lef t  ove rn igh t  a t  2 ° and  
cen t r i fuged  as before. The p r e c i p i t a t e  was  suspended  in 0.oo 5 M Versene and d ia lyzed  aga i n s t  

r enewed  w a t e r  for 4 h. 

Ketokinase Protein Recovery Step Volume activity mg/ml Purification 
ml l*moles/ml/~5 rain ~o 

i 9o0 1 13 
2 87 ° i 4 × 3.3 96 
3 i i  28 34 × 11.7 33 

trafion varied from one preparation to another from 2.o to 3.25. In step 2 the ratio 
was consistently 2.0. These values indicate the presence in some step I preparations 
of a rather unstable ketokinase which was destroyed completely by heating at 7 °0 
for 5 rain. This heat-labile ketokinase has apparently a low affinity for sorbose since 
the rate of phosphorylation at 5"1 °-3 M sorbose was the same before and after 
heating. 

The values obtained for the ketokinase activity with low sorbose concentration 
were used to ascertain the purification of the heat-stable ketokinase attained in each 
step of the procedure. It was assumed that with low substrate concentration the 
activity measured was exclusively due to the action of the heat-stable ketokinase 
even when both ketokinases are present, i.e. in the preparation obtained in step I. 
The procedure presents a certain degree of variability in step 3 but always yielded 
in this step a preparation very suitable for the study of the properties of the heat- 
stable ketokinase. This preparation contains a relatively high ketokinase activity 
which is stable for months at - - 2 o  °, and it is free from phosphatase, hexokinase 
and heat-labile ketokinase. 

Properties of the heat-stable ketokinase 
Alfinity: The phosphorylation of fructose and sorbose by the heat-stable keto- 

kinase was followed with the photometric indicator method 8. 
The relative rates of phosphorylation of fructose and sorbose at different concen- 

trations were determined by taking the reciprocal of the time required for a given 
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decrease in O.D. The results (Fig. I) showed the Km for fructose to be approx. 
7" Io 4 M, the Km for sorbose to be approx. 5" IO a M and the ratio V m a x  sorbose/ 
Vmax fructose to be approx. 2.o. 

- -  I I [ [ t I i - I I 

Vv 

4 0  

2 0  

I I I I I I I I I I 
o looo Vs 2ooo 

Fig. z. Phosphorylation of fructose and sorbose at different concentrations by t i le heat-stable 
ketokinase. LINEWEAVER AND BURK representat ion;  v is expressed in arbitrary relative wtlues 
obtained by the photonletric indicator method and S are niolar concentrat i (ms. 0 0 O, sorbose; 

• • • ,  fructose. 

The phosphorylation of fructose was not appreciably affected by changing the 
concentration of ATP from 3 to 15" Io 3 M (Table V). This behaviour indicates that 
the affinity for the donor ATP may be as high as has been observed with other 
kinases3, s. The addition of ADP inhibits markedly the heat-stable ketokinase. The 
inhibition appears to be relieved at least partially by increasing the ATP concen- 
tration. The results obtained do not constitute enough evidence, however, to conclude 
that the inhibition by ADP is strictly competitive as it has been proved to be with 
brain hexokinase s. Liver ketokinase is also inhibited by ADP although the available 
reports are not in agreement on whether the inhibition is competitive 1~ or non- 
competitive 1.~. 

Reaction product: The product accumulated during the phosphorylation of 
sorbose by the heat-stable ketokinase was isolated as described in Table VI. The 
conclusion that the esterified sugar is sorbose monophosphate is supported by the 
results of the analysis of phosphate and ketose. That the product is sorbose-I-phos- 
phate is indicated by the rate of acid hydrolysis of the phosphate group. 

T A B L E  V 

I N H I B I T I O N  B Y  A l ) l  ) O F  T H E  P H O S P H O R Y L A T I O N  O F  F R U C T O S E  B Y  T I l E  H E A T  S T A B L E  K E T O K I N A S E  

T w o  ser ies  of  t u b e s  w e r e  p r e p a r e d  c o n t a i n i n g  in  T.9 ml ,  2 f fn lo les  of  f ruc tose ,  1 oo f fn io les  of  T r i s -  
m a l e a t e  buffer ,  p H  6.5,  8oo  f f m o l e s  of  KC1, 3 0 / t m o l e s  of  M g S O  4 a n d  the  a p p r o p r i a t e  a m o u n t s  
of  A T P  t(i g i v e  t h e  i n i t i a l  c o n c e n t r a t i o n s  of  15, 7.5 a n d  3.7" l o - a  3I ,  T h e  t u b e s  in  t h e  o n e  ser ies  
c o n t a i n e d ,  in a d d i t i o n ,  15 f f m o l e s  of  A D P .  To  e a c h  t u b e  o . i  m l  of t h e  p r e p a r a t i o n  o b t a i n e d  in  
s t e p  3 of  t h e  p u r i f i c a t i o n  p r o c e d u r e  (d i lu ted  8 t i m e s )  w a s  added .  E x c e p t  the  u n i n c u b a t e d  c o n t r o l s ,  
a l l  t h e  t u b e s  w e r e  i n c u b a t e d  a t  3 °'' for 3 ° rain.  T h e y  w e r e  d e p r o t e i n i z e d  w i t h  Ba(( ) l - l )2  a n d  Z n S O  4 
a n d  k e t o s e  w a s  d e t e r m i n e d  b y  the  m e t h o d  of  DISCHE l°. T h e  p h o s p h o r y l a t i o n  of f r u c t o s e  w a s  

e s t i m a t e d  b y  s u b s t r a t e  d i s a p p e a r a n c e .  

A T P ,  a v e r a g e  m o l a r  c o n c e n t r a t i o n  X I O  3 i 1 . . 5  t l . 9  5 . 7 5  5 . 9  2 . 8  3 . o  

A D P ,  a v e r a g e  m o l a r  c o n c e n t r a t i o n  x 1o a o.21 6. l 0.2.5 6.1 o.2 0 .0  
F r u c t o s e  p h o s p h o r y l a t e d  (referred to I ml )  o.42 o. iS o .5o  o .15  o.4~ o . l  I 
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T A B L E  V I  

A N A L Y S I S  O F  T H E  P R O D U C T  O F  T H E  R E A C T I O N  O F  P H O S P H O R Y L A T I O N  

O F  S O R B O S E  B Y  T H E  H E A T - S T A B L E  K E T O K I N A S E  

To a t u b e  c o n t a i n i n g  in  a v o l u m e  of 1.8 m l ,  I O O / l m o l e s  of s o r b o s e ;  6oo # m o l e s  of T r i s - m a l e a t e  
buffer ,  p H  6.5;  8 o o / , m o l e s  of 1¢C1; 75 t *moles  of A T P  a n d  7 5 / , m o l e s  of M g S O  4, o.2 ml  of t h e  
p r e p a r a t i o n  o b t a i n e d  in t he  s t e p  3 of t h e  p u r i f i c a t i o n  p r o c e d u r e  w e r e  a d d e d .  I t  w a s  i n c u b a t e d  
a t  3 o"  for 2 h. 8 m l  of .~- o,',o TCA w e r e  a d d e d ,  i t  w a s  s h a k e n  w i t h  1.5 g of n o r i t  A c h a r c o a l  for 
15 r a i n  a n d  f i l te red .  To  5 m l  of t h e  f i l t r a t e ,  p h e n o l p h t a l e i n  a n d  o.2 ml  of o . i  ~lI b a r i u m  a c e t a t e  
w e r e  a d d e d .  A f t e r  5 m i n  in  t he  co ld  i t  w a s  c e n t r i f u g e d  a n d  t h e  s u p e r n a t a n t  w a s  d e c a n t e d .  To 
5 m l  of t h e  s u p e r n a t a n t  2o ml  of 96°.o a l c o h o l  w e r e  a d d e d  a n d  a f t e r  45 r a i n  in  a n  ice  b a t h ,  i t  
w a s  c e n t r i f u g e d .  The  p r e c i p i t a t e  w a s  d i s s o l v e d  in  o.35 m l  of o. i N HC1. o. 4 m l  of w a t e r  a n d  o.I m l  
of o.5 M KeSO 4 were  a d d e d .  I t  was  c e n t r i f u g e d ,  c h e c k e d  for e x c e s s  b a r i u m  a n d  t h e n  n e u t r a l i z e d  
a n d  a d j u s t e d  to  3 m l  w i t h  w a t e r .  S u i t a b l e  a l i q u o t s  w e r e  t a k e n  for t h e  d i f f e r e n t  d e t e r m i n a t i o n s .  

ttmoles 

I ( e t o s e  36 
C a r b o h y d r a t e  33 
T o t a l  e s t e r i f i ed  p h o s p h o r u s  36 

A c i d  hydrolys is  in  o . I  N su l /ur i c  ac id  at zoo  "~ % o / t o t a l  

] ) h o s p h o r u s  h y d r o l y z e d  in  5 m i n  6.6 15 
IO I2 33 
6o 33 9o 

Specificity: The phosphorylation of sorbose is inhibited by fructose. The rate of 
phosphorylation of an equimolar mixture of 0.0 5 M fructose and sorbose determined 
by the photometric indicator method s was about 4 ° % of the rate of sorbose phos- 
phorylation and approximately equal to the rate of fructose phosphorylation at the 
same concentration. The phosphorylation of o.oi M sorbose was not inhibited by the 
presence of a concentration of D-arabinose IO times higher. This result is in contrast 
with the pattern of specificity of brain hexokinase. Hexokinase is inhibited by 
pentoses which differ from the corresponding hexose substrate by the absence of the 
carbon on which the phosphate should be attached. In the case of the heat-stable 
ketokinase, it appears that the sugar must be a ketose in order to combine with 
th(: enzyme. I t  was not possible to detect with the photometric indicator method s 
any phosphorylation of o.o16 M mannoheptulose by the heat-stable ketokinase. The 
supernatant obtained by centrifugation of the homogenate phosphorylates o.I M 
mannoheptulose about 1/3 as fast as o.I M sorbose (see preliminary work). This 
indicates that mannoheptulose is a good substrate for the heat-labile ketokinase but 
no1 for the heat-stable ketokinase. This difference in specificity with respect to manno- 
heptulose between the two intestinal ketokinases has its parallelism in liver and 
muscle ketokinases. KUYPER 14 found that mannoheptulose is not phosphorylated 
by liver ketokinase and VILLAR-PALASI AND SOLS 2 have reported that manno- 
heptulose is substrate for muscle phosphofructokinase. 

DISCUSSION 

Because of the possible implication in the mechanism of transport of sugars from 
the intestine, attention has been directed towards the transformation of fructose into 
glucose that takes place in the intestinal mucosa 16-1s. SOLS AND ALVARADO* have 

* A .  S O L S  A N D  F ,  A L V A R A D O ,  u n p u b l i s h e d  r e s u l t s .  
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searched insistently for the possibility of a direct transformation of fructose into 
glucose by homogenates of rat intestinal mucosa and have failed to detect any 
isomerization. Recently GALOMON A N D  J O H N S O N  7 have proposed that the trans- 
formation of fructose into glucose in the intestine may follow the same path as that 
in liver and they have reported evidence in favor of this hypothesis. Our experiments 
show the presence in the intestinal mucosa of a heat-stable ketokinase which is very 
similar in its properties to the liver ketokinase. That the role of the heat-stable 
ketokinase in the intestinal mucosa is analogous to the function of liver ketokinase 
in the transformation of fructose into glucose, although suggestive, remains to be 
proved. Evidence has been obtained indicating that in the intestinal mucosa in 
addition to a heat-stable ketokinase there is a heat-labile enzyme which also phos- 
phorylates ketoses. In homogenates of rat intestinal mucosa this latter enzyme is 
responsible for approx. 5o 1'o,, of the total phosphorylation of o.2 ~'F/ sorbose. Both 
heat-stable and heat-labile ketokinases phosphorylate fructose and sorbose in the 
I position. Aside from their different heat-stability they differ in two main charac- 
teristics : (a) The heat-labile ketokinase has a very low affinity for fructose and sorbose 
in contrast with the high affinity of the heat-stable ketokinase for both sugars and 
(b) the ratio of the relative maxinmm rates of phosphorylation of sorbose and fructose 
by the heat-stable ketokinase is 2.o and approximately o.5 for the heat-labile keto- 
kinase. It should be emphasized that the properties of the ketokinase activity present 
in homogenates and crude extracts of intestinal mucosa differ markedly from the 
properties of liver ketokinase. In fact it resembles the nmscle ketokinase activity. 
Only after purification the presence of a ketokinase similar to the liver enzyme 
becomes evident. By analogy with the observations of UILLAR-PALASI AND SOLS 2 on 
the ketokinase activity of muscle it is suggested that the heat-labile ketokinase of 
the intestinal mucosa may be a marginal activity of the intestinal phosphofructo- 
kinase. Like muscle phosphofructokinase the heat-labile ketokinase of the intestinal 
mucosa has low affinity for fructose and sorbose and phosphorylates mannoheptulose 
which is not a substrate for the intestinal heat-stable ketokinase nor the liver keto- 
kinase 1~. 
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