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INTRODUCTION 

Two natural sugars, glucose and galactose, and a synthetic derivative, 3-methyl- 
glucose are absorbed from the small intestine of the rat  and other animals at rates 
faster than any other sugars tested 1, 2 and against a concentration gradient. Fructose 
is absorbed at an intermediate rate 1. 

Some twenty years ago the hypothesis was formulated that  this "act ive" ab- 
sorption involved phosphorylation of the sugars 3. This phosphorylation hypothesis 
has been generally accepted though direct evidence for it has been lacking. Most of 
the experimental work designed to test its validity has yielded data interpreted as 
consistent with it, but until recently little was directly known about the phosphoryl- 
ating enzymes of the intestinal mucosa presumably involved in the process. Lately 
it has been reported by H E L E  4, BISEGGER AND LASZT 5, and CSAKY G that  the ability 
of intestinal mucosa homogenates or extracts to phosphorylate various sugars roughly 
parallels the absorption rates of these sugars. 

Meanwhile the pattern of substrate specificity of an isolated animal hexokinase, 
that  of the brain, was clearly establishedL The information thus obtained was of assist- 
ance in undertaking a critical study of the phosphorylation of sugars by intestinal 
mucosa homogenate s. The results presented in this paper indicate that  the intestinal 
mucosa of the rat  has a hexokinase with a pat tern of specificity of the brain type, at 
least in a broad sense. Neither galactose nor 3-methylglucose is phosphorylated to any 
appreciable extent. 

MATERIALS AND METHODS 

The  sugars  and  suga r  der ivat ives ,  all of the  D-series unless  o therwise  indicated,  were ob ta ined  
as follows: Glucose-free ga lac tose  was p repa red  by  recrys ta l l i za t ion  f rom 8o % e thano l  of a 
commerc ia l  ga lac tose  ( E a s t m a n  K o d a k  Co.); s amples  of 3 -o-methyl -g lucose  were k ind ly  fu rn i shed  
by  Drs.  J. SOWDEN AND T. Z. CSAKY; allose and  1 ,5-sorbi tan by  Dr. N. K. RICHTMYER; 2-deoxy-  
glucose by  Dr. F. B. CRAMER. 1,4-sorbi tan was a gif t  f rom the  At las  Powder  Co. O the r  sugars  
were pu rchased  as follows : glucose, mannose ,  fructose,  g lucosamine ,  L-sorbose, xylose,  and  ribose, 
f rom the  Pfans t ieh l  Chemical  Co. ; m a n n o h e p t u l o s e  f rom Genera l  Biochemicals ,  Inc. ; L-arabinose 
f rom the  Br i t i sh  D r u g  Houses ;  N-ace ty lg lucosamine  f rom the  Nu t r i t i ona l  Biochemica ls  Corp. 
Glucose -6-phospha te  was  p u r c h a s e d  f rom t he  S igma  Chemica l  Co. as t he  crys ta l l ine  h e p t a h y d r a t e  
of t he  b a r i u m  salt .  Ga lac tose -6 -phospha te  was  syn t he s i zed  b y  Dr. R. K.  CRANE b y  the  m e t h o d  
of LEVENE AND RAYMOND 8. 

* This  work  was  suppor t ed  by  t he  Consejo Super ior  de Inves t igac iones  Cientificas. 

Re/erences p. I52. 
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Adenos ine t r i phospha t e  (ATP) was p u r c h a s e d  f rom the  P a b s t  Labora to r ies  as t he  d i sod ium 
salt .  Assay  wi th  y e a s t  hexok inase  ind ica ted  a pu r i t y  of a b o u t  95 %. 

Mucosa homogenate 

Y o u n g  albino r a t s  of 15o to 200 g were used.  T h e y  were fas ted  24 hour s  pr ior  to use  excep t  as 
specifically ind ica ted  otherwise.  T h e y  were killed by  decap i t a t ion ;  t he  uppe r  two th i rds  of the  
smal l  in tes t ine  was  f lushed wi th  ice-cold saline, opened  lengthwise ,  and  the  m u c o s a  was  scraped  
off wi th  a spa tu la .  Af ter  weighing,  the  m u c o s a  was homogen ized  in a P o t t e r - E l v e h j e m  glass 
homogenizer ,  by  hand ,  with I vo l ume  of 0.25 M manni to l -o .oo5  M neut ra l ized  Versene  (e thylene-  
d i amine te t r aace t i c  acid), and  t he  resu l t ing  suspens ion  was d i lu ted  wi th  a n o t h e r  v o l u m e  of the  
s ame  m e d i u m .  Assays  of p h o s p h o r y l a t i n g  ac t iv i ty  were carr ied ou t  wi th in  a b o u t  half  an  hou r  
of t he  p r epa ra t i on  of t he  homogena te s .  To min imize  ind iv idua l  va r i a t ions  h o m o g e n a t e s  p repared  
f rom the  in tes t ina l  m u c o s a  of 2 ra t s  were genera l ly  m i xed  before use. 

Measure of hexokinase activity 

Most  of t he  e x p e r i m e n t s  were carr ied ou t  as follows: To smal l  t ubes  con ta in ing  suga r  (3 #M) ,  
A T P - M g S O ,  (15 and  7.5 f fM respect ively,  neutral ized) ,  N a F  (25 #M)  and  p o t a s s i u m  p h o s p h a t e  
and  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  ( io  # M  each,  p H  8.0) in a vo lume  of 0. 3 m l  was added  
0.2 ml  of t he  homogena te ,  and  the  m i x t u r e  was i ncuba t ed  7.5 and  15 m i n u t e s  (occasional ly 
f rom 2.5 to 30 minu tes ) .  The  reac t ion  was s topped  by  t he  add i t ion  of the  Ba(OH)2 so lu t ion  of 
SOMOGYI'S ]3a-Zn depro te in iza t ion  procedure  9. S ubs t r a t e  d i sappea rance  in compar i son  wi th  an  
u n i n c u b a t e d  control  was  e s t i ma t ed  in t he  f i l t rates by  SoMoGYI'S m e t h o d  for sugars ,  increas ing  
the  boi l ing t ime,  t he  a lka l in i ty  of t he  copper  reagent ,  or bo th  when  appropr ia t e  for a pa r t i cu la r  
suga r  (see 1°) or by  ROE'S m e t h o d  for ketoses  n .  

To ta l  ke tose  was  e s t i m a t e d  in some  cases  by  app ly ing  RoE ' s  m e t h o d  to t r ichloroacet ic  
ac id-Nor i t -A charcoa l  f i l t rates ~. 

Other  m e t h o d s  occas ional ly  used  will be descr ibed wi th  t he  cor responding  exper imen t s .  

E X P E R I 3 f f E  NTAL 

Preliminary work 

The conditions for a reliable assay of hexokinase activity were explored with glucose 
as substrate. 

The rats were fasted to minimize endogenous sugar in the preparations. The 
hexokinase activity of the homogenates appeared to be very labile, more than half 
of the activity being lost within 24 hours at 4 °. Among a number of agents tested as 
possible stabilizers, Versene has a definite though small stabilizing effect, and mannitol 
at isotonic concentration provided some stabilization. The conditions of assay were 
chosen so as to minimize phosphomonoesterase activity and to allow for the rapid 
ATP loss (Table I). Substrate concentration was kept low enough to permit a high 
relative utilization within the limits of time imposed by the instability of the enzyme 
and the destruction of the ATP. For comparable results equality of both sugar con- 

T A B L E  I 

P H O S P H O M O N O E S T E R A S E  ACTIVITY A N D  A T P  D I S A P P E A R A N C E  
IN T H E  S T A N D A R D  ASSAY C O N D I T I O N S  FOR H E X O K I N A S E  

I~M / z 5 minutes 

Hexok i nase  (on glucose) 2. 4 
P h o s p h o m o n o e s t e r a s e *  ca. o. i  
A T P  d i sappea rance*  * 5.2 

* Ga lac tose -6 -phospha te  (2. 5 # M )  as subs t r a t e .  Hydro lys i s  was  e s t i m a t e d  f rom the  appea rance  
of free sugar .  

** No suga r  added.  Res idua l  A T P  was  e s t i m a t e d  (after h e a t i n g  t he  m i x t u r e  in boil ing wate r  
for  3 minu tes )  wi th  myok inase - f r ee  y e a s t  hexok i na se  and  excess  glucose.  

Re[erences p. 152. 
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centrat ion and total  volume was maintained.  With glucose at the initial  concentra-  
t ion of 6 '  Io -a M the enzyme is sa tura ted  with substrate  unt i l  well over 5o % of the 
glucose has been utilized (see below). 

Under  these condit ions the uti l ization of glucose is of the order of 1.7 to 2.5 /z,l[ 
in 15 minutes.  This corresponds to a specific act ivi ty  of o.35 to o.5o / ,3 f /mg: i5  min- 
utes (see 12). 

Sugars which are phosphorylated 

The sugars under  invest igat ion were tested under  the s tandard  assay condit ions in 
parallel experiments;  an assay with glucose 
was always included for reference. Fig. I 
presents an experiment  with glucose, galac- 
tose, and mannose. Results with all the sugars 
tested are summarized in Table II.  

In  our studies with glucose, the difficulties 
which a t tend  the use of substrate  disappear- 
ance as an assay of ac t iv i ty  at widely different 
ini t ial  glucose concentrat ions were avoided by  
the use of an indirect method in which the 
formation of ketose ester is detected. Under  
our s t andard  condit ions of incubat ion,  phos- 
phofructokinase is of the same order of ac t iv i ty  
as hexokinase and  phosphoglucose isomerase 
is considerably higher 13. Thus, glucose phos- 
phorylat ion is accompanied by  a proport ional  
formation of ketose ester, and  no ketose ester is 
formed when either glucose or ATP is omitted. 

3 

Glucost • 

~ 2  

Y 

10 20 30 

TIME (MINUTES) 
Fig. i. Utilization of glucose and mannose 
and non-utilization of galactose in a 

parallel experiment. 

When,  using this method, an influence of glucose concentrat ion on the rate of the reac- 
t ion was looked for none was found in the range of glucose concentrat ions from 2.10 -3 
M to 4" I0-2 M, as shown in Fig. 2. The results of this experiment  indicate tha t  the 
Michaelis cons tant  (Kin) for glucose is of the order of 2"10 -4 M or less and  do not  
confirm the anomalous  rates of glucose phosphorylat ion at the higher concentrat ions 

which have been reported by  HELE 4. 

TABLE II 
PHOSPHORYLATION OF D I F F E R E N T  SUGARS RELATIVE TO GLUCOSE 

AT 6 '  I o - 3 M  SUGAR CONCENTRATION 

Relative rate Relat ive rate 

Fructose 12o 3-Methylglucose ~ 5 * 
Glucose ioo L-Sorbose <~ 5 * 
2-Deoxyglucose 90 Mannoheptulose ~ 5 * 
Glucosamine 75 N-Acetylglucosamine ~ 5" 
Mannose 75 Xylose ~ 5 * 
Allose io Ribose <~ 5 * 
Galactose ~ 5" L-Arabinose < 5" 

Assay under standard conditions. Rates were calculated from the sugar which disappeared during 
io minutes of incubation, except for allose which was incubated for 30 minutes. 

* No significant sugar disappearance within 3 ° minutes incubation. 

Re/erences p. z52. 



VOL. 19  ( i 9 5 6 )  HEXOI,:INASE OF THE INTESTINE 147  

T h e  e x p e r i m e n t  i n  F ig .  3 i n d i c a t e s  t h a t  t h e  K m fo r  f r u c t o s e  is  

4" IO-3  M .  T h e  r a t i o  V ...... f r u c t o s e / V m a  x g l u c o s e  w o u l d  b e  a b o u t  1.8.  

I001 * 

uJ 

s° I 
i 

0.;1 ' 0.02 ' 0 . ;3  ' 0.04 
GLUCOSE C O . C E ~ r m ~ .  (M0~s/urE0 

appea rance  a t  the  lowest  concen t ra t ion  was i .o 

12 
Fig. 3. The  effect of t he  concen t r a t ion  of 
f ruc tose  on the  phospho ry l a t i on  rate.  The  10 
s t a n d a r d  a s say  m i x t u r e  (o. 5 mi) was  di- 
lu ted  wi th  o, o.5, and  I. 5 ml  of wa te r  so 

8 
as to ob ta in  t he  init ial  concen t r a t ions  6, 1 
3, and  i -5" io  3 M.  As a p recau t ion  aga i n s t  V- 
unspecif ic  d i lu t ion effects glucose was  6 
tes ted  s imilar ly.  T ime  of incuba t ion ,  15 
minu te s .  F ruc tose  p h o s p h o r y l a t i o n  was  4 
e s t ima t ed  by  ketose  d i sappearance ;  glu- 
cose p h o s p h o r y l a t i o n  by  suga r  d i sappear -  2 
ance.  Ra t e s  p lo t t ed  14 aga ins t  average  sub-  
s t r a t e  concen t ra t ions .  F ruc tose  phosphor -  
y la t ion  in t he  und i lu t ed  e x p e r i m e n t  was 

a p p r o x i m a t e l y  

Fig. 2. The  effect of t he  concen t ra t ion  of 
glucose on t he  p h o s p h o r y l a t i o n  rate .  Assay  
u n d e r  s t a n d a r d  condi t ions  excep t  for sub-  
s t r a t e  concen t r a t i on  as ind ica ted  and  to ta l  
v o l u m e  which  in one series (O)  was raised to 
i .o ml  by  di lu t ion wi th  water .  I n c u b a t i o n  
t ime  io  m inu t e s .  U n i n c u b a t e d  cont ro ls  were 
p repared  for each glucose concen t ra t ion .  
E s t i m a t i o n  of to ta l  ketose.  Free suga r  dis- 

~M; ketose  fo rma t ion  t h r o u g h o u t  was ca. 0.8 I~M. 

J 

I n c u b a t i o n  unde r  s t a n d a r d  condi t ions  excep t  for the  s u g a r  concen t ra t ion .  TCA-Nor i t  f i l t rates 
were t r ea ted  wi th  excess b a r i u m  ace ta te  and  neu t ra l i zed  to p H  ca. 8.2 (phenolphtha le in) ;  af ter  
add i t ion  of 4 vo lumes  of 96 % e thano l  the  t u b e s  were chilled, cen t r i fuged  and  t h o r o u g h l y  decan ted  ; 
t he  prec ip i ta tes  were washed  wi th  8o % e t hano l  con ta in ing  b a r i u m  ace ta te ;  the  washed  precipi-  
t a t e s  were t r ea t ed  wi th  o . i  N H~SO 4 and  cen t r i fuged ;  t he  s u p e r n a t a n t  fluids were ana lysed  for 
c a r b o h y d r a t e  wi th  a n t h r o n e  15. U n i n c u b a t e d  cont ro ls  for eve ry  suga r  gave  essent ia l ly  un i fo rm 
low values .  Resu l t s  wi th  f ruc tose  and  glucose were ca lcu la ted  wi th  f ruc tose - I ,6 -d iphospha te  as 
s t a n d a r d ;  t he  o the r s  wi th  s t a n d a r d s  of t he  cor respond ing  sugars .  The  figures for i o and  3 ° m i n u t e s  
i n c u b a t i o n  were ob ta ined  wi th  different  homogena t e s .  

* Af te r  correc t ion for a 0. 7 % glucose i mpur i t y .  

Re/erences p. z5e.  

Fruc tose  io  2.20 
Glucose I o I. 15 
Glucose 3o 2.35 
Allose 3 ° 0.90 
L-Sorbose 3 ° 0.60 
Galactose 3 ° < O. IO* 
3-Methylglucose  3 ° < o . Io* 
Xylose  3 ° < o . io*  

Incubation Total ester 
minutes isolated 

I~M 

2.0 # M .  1 ~- x 10-2 
S o m e  of  t h e  s u g a r s  w e r e  a l s o  t e s t e d  a t  h i g h  c o n c e n t r a t i o n  t h r o u g h  i s o l a t i o n  o f  t h e  

p h o s p h o r y l a t e d  p r o d u c t s ,  a s  s h o w n  in  T a b l e  I I I .  T h e  r e s u l t s  c o n f i r m  t h e  h i g h  r a t e  o f  

f r u c t o s e  p h o s p h o r y l a t i o n .  T h e  r a t e  o f  a l l o s e  p h o s p h o r y l a t i o n  a p p e a r s  t o  b e  i n c r e a s e d  

w i t h  t h e  c o n c e n t r a t i o n .  A t  t h i s  h i g h  s u b s t r a t e  c o n c e n t r a t i o n  t h e r e  i s  a p e r c e p t i b l e  

p h o s p h o r y l a t i o n  o f  L - s o r b o s e .  

T A B L E  n I  

PHOSPHORYLATION AT 5.1o-2M SUGAR CONCENTRATION 
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Competition between sugars 

The principal substrates were tested in pairs to obta in  evidence that  a single enzyme 
is involved and to obta in  some indicat ion of relative apparent  affinities. Table IV 
shows tha t  glucose strongly inhibi ts  the phosphorylat ion of fructose, while fructose 
inhibi t ion of glucose is hardly detectable. The effect of different sugars on fructose 

ut i l izat ion is shown in Table V. 

TABLE IV 
C O M P E T I T I O N  B E T ' v V E E N  G L U C O S E  A N D  F R U C T O S E  

I~M phosphorylated 

Glucose Fructose 

Glucose alone i .4 - -  
Fructose alone - -  1.75 
Glucose + fructose 1. 3 o.I 

3 /,M of each sugar under otherwise standard conditions. Incubation time, io minutes. Fructose 
phosphorylation estimated by ketose disappearance; glucose phosphorylation calculated from 
sugar disappearance minus ketose disappearance. 

TABLE V 
I N H I B I T I O N  OF 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  B Y  S U B S T R A T E S  

OF H E X O K I N A S E  A N D  R E L A T E D  C O M P O U N D S  

Inhibi¢ion 
Compound ¢*M~ml per cent 

Glucose 6 9 ° 
Mannose 6 80 
N-Acetylglucosamine 2 75 
Mannoheptulose 2 65 
2-Deoxyglucose 6 60 
Glucosamine 6 60 
Xylose 6 5 ° 
Allose 6 none 
Galactose 6 none 
3-Methylgluc°se 6 none 
1,5-Sorbitan ioo 4 ° 
1,4-Sorbitan i oo none 

Assay under standard conditions with 6. io-aM fructose plus other compounds at the initial 
concentration indicated. Ketose disappearance was measured. 

Sugar disappearance from a mix ture  of 3 /~M of glucose, mannose,  or 2-deoxy- 
glucose and io  /LM of N-acetylglucosamine was smaller than  from the corresponding 
substrates  alone; tha t  from glucose plus galactose or 3-methylglucose at  equimolar  
concentrat ions was equal to tha t  from glucose alone. Both  N-acetylglucosamine and 
xylose inhibi t  the phosphorylat ion of allose. 

The inhibi t ion of glucose phosphorylat ion by  N-acetylglucosamine decreases 
with increasing subst ra te  concentrat ion.  On the assumpt ion  tha t  the inhibi t ion is 
str ict ly competit ive,  the experiment  of Fig. 4 would indicate the ratio K m N-acetyl- 
glucosamine/K m glucose to be approximate ly  4. 

Phosphoryla t ion of L-sorbose at 5" lO-2 M concentra t ion as ill the exper iment  
reported in Table I I I  was unaffected by  I .  lO -2 M N-acetylglucosamine. 

References p. I52. 
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2_ x 10 
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Fig. 4. Inhibi t ion of glucose phos-  
phoryla t ion by  N- acetylglucosamine. 
Incuba t ion  (15') as in the s tandard  
assay method except for the a moun t  
of sugar  and the total  volume which 
was 0.65 ml. Analysis by  the total  
ketose method.  Ketose format ion 
wi thou t  N-acetylglucosamine was 1.1 
#M. Rates  plotted 1~ against  average 
glucose concentrat ion.  O = glucose 
alone. • = glucose plus 6.1. lO -2 M 

N-acetylglucosamine. 

These observations suggest that  two phosphorylating enzymes are present in 
mucosa homogenates. Substrates other than L-sorbose are phosphorylated by a hexo- 
kinase for which they and certain structurally related compounds compete. The 
order of relative affinities appears to be as follows: glucose, mannose > 2-deoxyglu- 
cose, mannoheptulose, glucosamine, N-acetylglucosamine > xylose, fructose > 
allose, 1,5-sorbitan. The enzyme that  phosphorylates L-sorbose at high concentration 
is probably similar to that  found by SLEIN, CORI AND CORI in muscle TM though its 
activity cannot be very great in amount  relative to hexokinase since glucose inhibits 
fructose phosphorylation by at least 9 ° % (Table V). 

T A B L E  VI 

I N H I B I T I O N  B Y  G L U C O S E - S - P H O S P H A T E  

Average concentration*, tzM/ml Hexokinase activity, 
Additions I~M ]tee sugar 

glucose-6-P gaIactose-6-P disappeared 

None o.2 - -  o.98 
Glucose-6-phosphate 5.5 - -  o.48 
Galactose-6-phosphate o.2 8. 7 o.92 

Assay with glucose as subs t ra te  under  s t andard  conditions, with additions (4.4/~M) as indicated. 

* Calculated from the  activities of phosphoglueose isomerase, phosphofructokinase,  and 
phosphomannose  isomerase. Phosphomonoes te rase  act ivi ty under  these conditions is so low 
(Table I) t ha t  it can be neglected. 

The product o/reaction 
Phosphoglucomutase, although present 13, is not active under the standard conditions 
of incubation. This observation and the fact that  phosphorylated glucose is rapidly 
transformed into ketose esters (described above) point to glucose-6-phosphate as the 
pr imary product of the phosphorylation of glucose. I t  also may be noted that  mannose 
phosphorylation is likewise accompanied by ketose formation and that  the intestinal 
mucosa contains a phosphomannose isomeraselL Glucosamine, on the contrary, does 
not give rise to ketose formation, which indicates that  glucosamine can be phosphoryl- 
ated without prior deamination. The product of allose phosphorylation accumulates 
as an aldose reducing ester. These facts indicate that  the phosphoric group is intro- 
duced into position 6 of the substrate. Inhibition of the phosphorylation of fructose 
by 1,5-sorbitan and not by 1,4-sorbitan further indicates that  the substrates are the 
pyranose forms of the aldoses and the furanose form of fructose. 

Added glucose-6-phosphate can inhibit the hexokinase activity of the homoge- 

Re/erences  p .  x52.  
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nates. The exper iment  of Table  VI suggests t ha t  the inhibi t ion is of the same type  as 
tha t  of bra in  hexokinase  18, a l though the concentra t ion  required for 50% inhibi t ion,  
ca. 6. IO ~ M, is ten t imes higher than  tha t  required for 5O°o inhibi t ion of the par t i -  
cula te  b ra in  hexokinase.  The low appa ren t  affinity of glucose-6-phosphate  for the 
enzyme together  wi th  the high act ivi t ies  of phosphoglucose isomerase and phospho-  
f ructokinase  permi t  negligible accumula t ion  of and  au to inh ib i t ion  by  glucose-6- 
phospha te  under  our  assay condit ions.  

Phosphorylation in non-lasted animals 

In  cont ras t  to results  r epor ted  by  others  wi th  mucosa  homogenates  or ex t rac t s  from 
non-fas ted  ra t s  4, ~,6, we could not  demons t r a t e  a phosphory la t ion  of galactose,  xylose 
or 3-methylglucose in mucosa homogenates  p repared  from fas ted  rats.  This difference 
in results  is s t r ik ing and would seem to have  two possible explanat ions .  E i the r  the  
phosphory la t ion  of these sugars is accompl ished by  specific enzymes (other t han  hexo-  
kinase) which are labile and  are not  ac t ive  in our p repara t ions  or the  r epor ted  phos- 
phory la t ions  are not  real  and  result  from an unsuspected ar tefact .  The l a t t e r  poss ib i l i ty  
was s t rongly  suggested by  our ear ly  observat ion  tha t  Ba-Zn f i l t rates  p repared  from 
mucosa  homogenates  of ~¢on-/asted ra t s  conta in  significant amounts  of reducing 
substances.  Moreover,  these reducing substances  in- 
crease on incuba t ion  of the  homogenates  in the  absence 
of added  ATP and decrease when ATP is added.  Thus, 
incubat ion  even in the  absence of added  subs t ra te  of 
an otherwise comple te ly  fortified homogena te  p repared  
from non-lasted ra ts  will a lways  provide  d a t a  indica t ive  
of phosphory la t ion .  When  this endogenous phosphor-  
y la t ion  is app rop r i a t e ly  correc ted  for, it  is found t ha t  
only  those compounds  which are  subs t ra tes  for hexo- 
kinase have any  influence on sugar  d i sappearance  over 
the endogenous values.  

The poin t  is i l lus t ra ted  by  the exper iment  dep ic ted  
in Fig. 5. In  this  exper iment ,  galactose,  glucose, and 
z-sorbose were separa te ly  incuba ted  with  a mucosal  
homogena te  from a non-fas ted  rat .  When  assayed  by  
sugar  d i sappearance  with  the sugar  present  from the 
beginning of the  incubat ion ,  a decrease in reducing 
power  was observed  in all instances.  However ,  the  de- 
crease in the  presence of glucose cont inued at  a good 
ra te  for a t  least  IO minutes  whereas in the presence 
of galactose  and L-sorbose i t  ceased a b r u p t l y  at  5 
minutes.  Moreover,  incubat ion  of the  homogena te  in 
the  absence of added  sugar,  galactose  being a d d e d  
af ter  the  t e rmina t ion  of the  incuba t ion  wi th  Ba(OH) ~, 
gave precisely the  same resul t  as when galactose  was 
present  throughout .  As a fur ther  control ,  ketose was 
assayed in the  tubes  to which L-sorbose had  been added  

5o 

MINUTES 

Fig. 5. Sugar and ketose dis- 
appearance with homogenate of 
intestinal nmcosa of a non- 
fasted rat. Assay under stand- 
ard conditions except for the 
sugars (2 #M) as indicated 
below. Filtrates analysed for 
sugar disappearance with the 
aldoses and for both sugar and 
ketose disappearance with the 
ketose. Results plotted as per 
cent of the values at zero time. 
+ = galactose 
× = incubation without added 

sugar; galactose added 
alter the Ba(OH)~ 

L - s o r b o s e  : 
0 = sugar disappearance 
• = ketose disappearance 

= glucose. 

~40 

30 

2o 

10 

and  it  was found not  to have decreased to a significant extent .  I t  is, thus, clear t ha t  
the  endogenous phosphory la t ion  can cause, if not  corrected for, a considerable  
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error, especially with short incubat ion  periods such as those used 
CSAKY is. 

I5I  

by I-IELE 4 and 

DISCUSSION 

Our findings tha t  the hexokinase of the in tes t inal  mucosa has a substrate  speci- 
ficity similar to tha t  of the hexokinases of other animal  tissues 7, 20 and  dissimilar to 
tha t  of the absorption of sugar by  the intes t inal  mucosa 1,2 do not  support  the hypo- 
thesis tha t  hexokinase is involved in intes t inal  absorpt ion and, indeed, suggest tha t  
phosphorylat ion is not  a par t  of the absorptive process. Our experiments on mucosal 
homogenates  from non-fasted rats not  only failed to provide us with evidence of 
" labi le" hexose phosphorylat ing enzymes bu t  also indicated tha t  the reports of HELE 4, 
BISSEGGER AND LASZT 5 and CSAKY 6 which claim a specificity for phosphorylat ion sim- 
ilar, if not  identical,  to the specificity of intes t inal  absorpt ion are not  free of the ex- 
per imenta l  complications result ing from endogenous phosphorylat ion in these prep- 

arations. 
The quan t i t a t ive  aspects of our data  indicate tha t  the normal  role of mucosal 

hexokinase is solely to ini t ia te  glycolysis for the tissue's own needs. The hexokinase 
ac t iv i ty  of the in tes t inal  mucosa appears to be about  the same as in most an imal  
tissues 21 al though less than  tha t  of b ra in  1.. I n  the mucosa it is of the same order of 
magni tude  as the phosphofructokinase and phosphoglucomutase and much less than  
the phosphoglucose isomerase. Wi th  this in mind,  the increase in hexose phosphates 
in the mucosa dur ing absorpt ion of certain sugars 22,2s*, which has been cited as 
evidence to l ink absorpt ion with phosphorylation,  becomes only an expected conse- 
quence of the presence of hexokinase. 

ACKNOWLEDGEMENTS 

The author  wishes to express his appreciat ion to Dr. mARL F. CORI for very helpful 
advice and  criticism and to Dr. R. K. CRANE for help in the preparat ion of the manu-  
script. Mr. EDUARDO CADENAS has collaborated in some of the experiments.  

SUMMARY 

Homogenates of rat intestinal mucosa phosphorylate glucose, fructose, mannose, glucosamine, 
2-deoxyglucose, allose and L-sorbose. No phosphorylation of galactose or 3-methylglucose has 
been observed. With the exception of L-sorbose, the phosphorylations are carried out by a single 
enzyme with a pattern of specificity similar to that of brain hexokinase. The hexoses appear 
to be phosphorylated in the 6 position. Glucose-6-phosphate inhibits the enzyme. 

The data indicate that hexokinase is not a part of the mechanism of intestinal absorption 
of sugars. 

* K J I ~ R U L F ~ J E N S E N  23 has reported an ester suggesting galactose-6-phosphate during galactose 
absorption. The concentration of galactose in the cells of the intestinal mucosa might become 
so high as to allow for an appreciable "marginal" phosphorylation (secT). A non-metabolizable 
ester even if formed very slowly could easily attain a concentration of an order of magnitude 
similar to that of those in a highly dynamic state. But since other possibilities are open, identi- 
fication of the accumulated compound with more specific methods would be interesting. 
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R~SUM~ 

Les homog6n6isats de muqueuse  intestinale de ra t  phosphory len t  les sucres suivants :  glucose, 
fructose, mannose,  glucosamine, 2-desoxyglucose, allose et L-sorbose. On n'~ pas obser\-d de 
phosphoryla t ion  de galactose ni de 3-m6thylglucose. Avee l 'exception du L-s~rb~sc, les phos- 
phorylat ions  sont  r~alis~es par  un seul enzyme avec une sp6cificit6 semblable A celle de l 'hexokinase 
du cerveau. Les hexoses semblent  ~tre phosphoryl6s  dans la position 6. Le glueose-6-phosphate 
inhibe l 'enzyme. 

Les r6sultats indiquent  que l 'hexokinase ne joue aucun r61e darts le mdcanisme de l 'ab- 
sorpt ion intestinale des sucres. 

ZUSAMMENFASSUNG 

Homogenate  der Darmschle imhaut  der Ra t te  phosphoryl ieren Glucose, Fructose, Mannose, 
Glucosarnin, 2-Desoxyglucose, Allose und L-Sorbose. Es wurde weder Galactose- noch 3-Methyl- 
glucose-Phosphorylierung beobachtet .  Diese Phosphoryl ierungen wenden, mit  Ausnahme der 
L-Sorbose, yon einem einzigen E n z y m  mit  einem Spezif i t i ts typ der dem der Gehirn-Hexokinase 
/ihnelt zu s tande gebracht.  Die Hexosen scheinen in der Stellung 6 phosphoryl ier t  zu werden. 
Glucose-6-phosphat  h e m m t  das Enzym.  

Die Ergebnisse zeigen, dass die Hexokinase nicht an dem Mechanismus der Darnlresorption 
der Zucker beteiligt ist. 
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