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SUMMARY 

I. , \  p rocedure  for measur ing  in tes t ina l  up t ake  is presented.  I t  allows random-  
izat ion of smal l - in tes t ina l  pieces, yields re la t ive ly  small  ' ex t race l lu la r  space'  and allows 
the de te rmina t ion  of unidi rec t ional  flux. 

2. The in tes t ina l  up t ake  of the anomeric  forms of some ln~mosaecharides has 
been measured.  The/?- form (~f 6-deoxy->-glucose is be t t e r  absorbed  than  its a-form. 
In the case of D-glucose and of 3-O-methyl- i>glueose,  no s t a t i s t i ca l ly  significant 
difference could be ascer ta ined  between the anomeric  forms. 

3. Some specula t ions  (m the possible role of sucrase and of mu ta ro t a se  during 
the in tes t ina l  absorp t ion  of sugars  are presented.  

INTROI)UCT1ON 

Al though manv  s tudies  have been per formed,  ma in ly  by  Cl<:\xit, \VH,so.x, and 
thei r  associates (reviewed b y  Ct<',NE",a), on the  effect on absorp t ion  of the  eontigura-  
n o n  of the var ious  carbon a t o m s  of the  sugar,  l i t t le  is known of the  requ i rements  at  
C-I (ref. 4) -Tl le  anomeric  forms of monosaeehar ides  do not  seem to have ever been 
inves t iga ted  in this  respect,  p r o b a b l y  because of the  technical  difficulties i nv . lved .  
One reason for inves t iga t ing  tiffs p rob lem is to provide  fur ther  in format ion  on the 
re la t ionship  between sucrase and the sugar  t r anspo r t  sys tem in the  small  intes t ine.  
In  fact, sucrase l iberates  the  glucose moie ty  ~f the  subs t r a t e  in the  ~-form ~, and  the  
glucose moie ty  of sucrose is known to be be t t e r  absorbed  t han  free glucose a. 

For the  purpose  ~f the  present  inves t iga t ion  it was necessary to develop a 
procedure  to measure in tes t ina l  uptake .  Since it might  have  wide applicati~m, a 
de ta i led  descr ipt ion is given. 

MATEI¢IAL% AN D METHOIIS 

Chemicals 

c~-D-Glucose: a F l u k a  (Buchs, S.G., Switzerland) product .  Gas chronmtographic  
analysis  1 showed tha t  i t  con ta ined  less than  I °o . f  the  ~-fonn.  /3-D-Glucose was a 
Sigma (St. Louis,  Mo.) product .  

" V[, ref. I. 
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3-O-Methyl-1)-glucose: a product  of Ayerst ,  McKenna and Harrison (Montreal, 
Canada). I t  had an initial [c~2i) of lO3.5 ° ([=~D at equilibrium: 55.5°; IO % in water ;  
room temp.). The [~]D of the =-form is lO4.5 ° and of the /? - form 31.9 ° (refs. 6-8). 
The batch  used thus contained 1-2 % of the/3-form. 

6-Deoxy-D-glueose was a generous gift from Professor t?;. HARDEGG~.;R 9 (ETH, 
Zurich). I t  had an initial [~JI) of 64 ° (Ic~i) at equilibrium: 29°; 8.2 % in water;  room 
temp. ;  l i teraturO°: 63.1 ° and 29.1 °, respectively). I t  thus contained only traces, if 
an3-, of the fl-form. 

PreparatioJz of tiss~te 
The hamsters  were killed by  a blow on the neck. The intestines were dissected 

out, everted, washed with o. 9 ° o NaCI, then with pre-gassed Krebs-Henselei t  buffer. 
They  were then cut into pieces 1.2-I .5 cm long, randomized as recommended by  
CRANY. AND MANDELSTAM 11, and placed in a pre-gassed Krebs-Henselei t  buffer. 
These pieces were then mounted  in the appara tus  demonst ra ted  in Fig. I. The tissue 
was carefully placed exact ly in the center hole so tha t  the edges of the tissue were 
excluded from the medium by  pressure from the rubber  ring. In some experiments a 
broad rubber band was t ightened around the 'sandwich'  to reduce any leaking of 
substances from cuts in the tissue into the medium. This rubber  sealing was, however. 
soon flmnd not  to affect the results, and was thus omitted. \ \ : i th some experience 
the mount ing of tissue required only a few minutes. 

Incubation conditions 
The incubation medium had the following composi t ion:  0.05 M sodium maleate 

lmffer* (pH 6.5), o.o6 M NaC1, o.oo6 M KC1, o.ozo M Tris-HC1. This solution was 
gassed with O._, short ly  before the preincubation.  The final concentrat ion of sugar 
(o.oo5 or o.oxo M) was obtained by  adding a calculated amount  of the solid crystalline 
sugar immediately beflwe incubation, or by  adding a small volume of a known 
amount  of sugar equilibrium mixture. Experiments  on the absorption of glucose 
were performed in the presence of L-glyceraldehyde (0.005 M) (see under I~IGSULrS 
AX1) DISCUSSION). 

4-5 Pieces (each held in the tissue-holding appara tus  of Fig. I) were placed in a 
beaker containing 2o ml of the incubat ion medium (~: glyceraldehyde) at 37 or at 25 ~ 
in a metabolic incubator  of the Dulmoff type (Gallenkamp), and preincubated for 
3-4 rain. Tile sugar was added and the beakers were gently shaken at the same tem- 
perature during the incubat ion t ime (generally 3 min). At the end of the incubation 
the apparatuses were removed and rinsed with cold Krebs-Henselei t  buffer. The 
tissue at the center of each appara tus  was cut out with the punch (see legend of Fig. i), 
gent ly blot ted dry  and prepared for analysis as described below. The remaining 
tissue was discarded. 

A nal3,ticaI procedures 
Tile 4 or 5 pieces of tissue which had been incubated in tile same beaker were pro- 

cessed together.  After being weighed on a torsion balance, they were deproteinized 

* P h o s p h a t e  buffers were avo ided  because t h e y  are known  to increase  the  m u t a r o t a t i o n  
ra te  t2-14. A s l igh t ly  ac idic  p H  was  preferred,  in order  to  approach  the  p H  of m i n i m u m  m u t a r o t a -  
t ion  r a t O  ~. 

t~iochim. Biophys. Acta, 173 (t969) I O 4 - I I 2  



i o 6  G. SEMENZA 

according to NELSON 1., i.e., they were homogenized in I - I .5  ml of 5 % ZnSO~'7 H20. 
An equal volume of exactly matched CO2-free 4.73 % Ba(OH) ~. 8 H20 was then added 
and the samples were spun down. Aliquots of the media were subjected to the same 
procedure. Alternatively, deproteinization was carried out with HC104 plus KOH. 

3-0-Methyl-D-glucose was determined by a reducing lnethod~6; 6-deoxy-D- 
glucose, by the method of DISCHE AND SHETTLES 17 ; D-glucose, by the glucose-oxidase- 
peroxidase method ~8. In all cases, tissue blanks, i.e., from intestine incubated in the 
absence of sugar were subtracted. The results are expressed as/m~oles of sugar taken 
up per rain per ml of tissue water (assumed to be 8o % of the tissue wet wt)  1) and 
were corrected for the 'extracellular' space. 

The extracellular space was determined with [3H~mannitol (Amersham, 5oo 
/~C//~mole) (mannitol concentration in the medium: o.38 nmole/ml). After deprotein- 
ization as above, 3H was determined in a scintillation counter. As internal standard 
~z-[3Hlhexadecane (Amersham) was used. Fig. 2 reports the values of the extracellular 
space found at various incubation times. Since the extracellular space was found to be 
rather consistently, 8 % after 3 rain of incubation, it was not deternlined in each 
experiment; the uptake data were simply corrected for this value. 

RESULTS AND DISCUSSION 

The method 
For the present investigation, it was advantageous to establish a procedure 

which would permit an adequate randomization of intestinal pieces, yield a small 
extracellular space, and allow only the mucosal side to be exposed to the medium. 
As BIHLER AND CRANE ~9 originally pointed out, the extracellular space increases 
when the small intestine is cut. This extracellular space may actually be, in part, 
'intracellular space', because interepithelial cell membranes do not offer great re- 
sistance to diffusion ~. Thus, the nlethods based on randomization of cut intestinal 
pieces l~,2t expose both mucosal and serosal sides to the medium and are subject to a 
large correction for the extracellular space. The methods using isolated intestinal 
cells ~2-~-4 are likely to suffer similar limitations. On the other hand, the classical 
everted-sae technique 25, or other methods using intact intestinal sacs (recently 

Fig. I .A. T i ssue-ho ld ing  appara tus .  This  consis ts  of th ree  pieces, a lower componen t  (a), an upper  
.(b), and  a rubbe r  r ing  (c), which  fits in to  the  s lot  of the face of piece b. The r ing  c has  a cross- 
sec t iona l  d i a m e t e r  of 1. 4 m m  and  the  s lot  has  a dep th  of 1.2 ram, so t h a t  the  lower and  upper  
halves ,  (a) and  (b), do no t  qu i t e  touch  even when  held t oge the r  wi th  the  c lamp (d). Componen t  a 
has  two  pins  and  c o m p o n e n t  b has  co r respond ing  slots, which assure the  exac t  a l i g n m e n t  of the  
hole  wh ich  is t h r o u g h  the  cen te r  of each piece. The holder  (e), which  fac i l i t a tes  the  a s sembl ing  of the  
appa ra tu s ,  is shown from the  top  v iew and  from the  s ide wi th  piece a in place. I n  order  to m o u n t  
the  pieces of t issue,  piece a is he ld  by  holder  e, the  cy l inde r  of eve r t ed  in t e s t ine  is p laced onto  it, 
piece b w i t h  the  rubbe r  r ing  is p u t  onto  the  t issue,  and  the  whole ' s andwich '  is he ld  toge the r  w i t h  
c l a m p  d. The oute r  d i a m e t e r  of the  punch  (f) (o.78 cm) is s l i gh t ly  smMler  t h a n  the  d i a m e t e r  of the  
hole in  c o m p o n e n t  b, b u t  s l i g h t l y  l a rger  t h a n  the  d i a m e t e r  of the  hole in c o m p o n e n t  a. At  the  end 
of the  incuba t ion ,  the  punch  is used  to cu t  the  t i s sue  onto  the  p r o t r u d i n g  border  of the  hole of 
c o m p o n e n t  a. A modif ied  lower  c o m p o n e n t  (a') w i t h o u t  a center  hole was used to  i n c u b a t e  broad  
pieces  of i n t e s t i ne  (e.g. f rom rabbi t )  ; t h e  serosa surface was p laced  on piece a'. In  th i s  a r r angemen t ,  
therefore,  the  in t e s t ine  cut  b y  the  punch  has  an area  of approx,  o.48 cm 2 (serosal area). Pieces  a, 
a', b, and  e are  m a d e  of p lexiglass ,  pieces  d and  f of s ta in less  steel.  B. Tissue-hold ing  appa ra tus .  
a, e: ho lder  e and  lower  piece a d u r i n g  the  m o u n t i n g  of the  in tes t ine ,  b, c: upper  p a r t  b wi th  
rubbe r  r ing  c. g: eve r t ed  h a m s t e r  i n t e s t ine  r e a d y  for incuba t ion ,  h : p u n c h i n g  af ter  incuba t ion .  
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reviewed by  PARSONS26), or even the newly developed procedure for measuring 
unidirect ional  flow 27 do yield small extracellular space values, bu t  require large 
pieces of intest ine or ra ther  complicated equipment  for each sample;  they make it 
impractical  to randomize an adequate  n u m b e r  of specimens. 

The procedure described in detail in this paper combines the advantages  of 
methods which use small- intest inal  pieces (easy randomizat ion) with advantages  
of the methods which use relat ively intact ,  large intes t inal  pieces (small extracellular 
space; possibil i ty of exposing to the medium either the mucosa or the serosa, or both). 
The extracellular space ot)tained with the present method, althougt~ larger than the 
one obta ined with in tact  tissues ~", is smaller than  that  obtained with cut intes t inal  
pieces of comparable size (Fig. 2). Furtherm(we, it permits  very short incubat ion 
tilnes (Fig. 3) and  so inables an easy measurement  of unidirect ional  flow. This method 
has been main ly  used with hamster  intest ine but  it was also at)plied successfully in 
our lal)oratory to rat  and rabl)it intest ine.  In the la t ter  case, the intest ine was cut 
~)pen and layered onto  par t  a' (Fig. I) with the mucosal side facing up. 
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Fig. e. Mannitol space in pieces of halnster small intestine:O, free intestinal pieces; O, pieces 
mounted in the tissue-holding apparatus of Fig. i. The free pieces and the inounted ones (punched 
part) had comparable size (four pieces of 45-5o lng fresh wt. in (ach incubation mixture). Incuba- 
tion temperature, 3 7 °. 

Fig. 3. Time-course of tile uptake of 6-dcoxy-D-glucose (equilibrium mixture) in hamster small 
intestine at 37% The pieces of intestine were mounted in the apparatuses of Fig. i, with the mucosal 
side only exposed to the me(lium. 6 Deoxy-D-glucose in the medium: lo raM. The data are not 
corrected for the negligible extracellular space. The unidirectional flow of 6-deoxyglucose from the 
mucosaI medium into the tissue (,/me) is, therefore, 4.2/zlnoles-rain 1. ml 1 tissue water. 

One of the disadwmtages  of our method,  however, is tha t  it requires a relatively 
large v(dume of medimn (_oo ml), and consequently,  greater a lnounts  of expensive 
chemicals. Another  d isadvantage is tha t  the intest ine of w~ry young animals  may be 
too fragile for the rather  s t rong clan~l)S used in the s tandard  procedure. 

The specificity of the small-iJzteslim~l sugar tra~zsport s3,slem for the coJzformatiou ojC-I 
of some free moJmsacckarides 

Tile configurational  requirements  of the intes t inal  sugar t ranspor t  system fo~ 
most carbon atom.~ of the substrates  have been very thoroughly investigated,  mainly 
by C~¢~x~;, \V . . sox  and  their associates (reviewed by Cl<~x~.2,a). Apart  from the work 
of LANI)AU, BI{RNSTEIN AND W I L S O N  4, however, little is known about  the effect ot 
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changes in the configuration of C-I. Using a series of ~- and fl-glycosides, and nleasuring 
the accumulation ratios in intestinal sacs, these authors did not detect a significant 
preference for either configuration. The uptake of a/fl-anomers of free monosaccharides 
apparently has never been investigated in this system, although similar studies were 
carried out on the sugar transport system in erythrocytes 2s,29. 

T A B L E  I 

U P T A K E  O F  S U G A R S  I N  H A M S T E R  S M A L L  I N T E S T I N E  F R O M  T H E  M U C O S A L  S I D E  A T  3 7  ° 

Utl take  is g iven  in /* inoles ,  rain 1. ml-1 t i ssue  wa te r  :2 S.D. Unless  s t a t ed  otherwise,  the  subs t r a t e s  
were io  mM. 

b'ugars u Starting from P* 

o ~ - f o r m  Equilibrium fl-form 
mixture 

t)-Deoxy-D-glucose 25 2.74 - 0.77 3.04 ± o.6z 
3-O-Methyl-D-glucose 15 1.8i r_ 0.54 1.71 ± 0.69 
D-Glucose (5 raM) 9 2.56 _-_ o.86 2.57 ~ o.72 
D-Glucose (at 25= ) 9 1.53 - o.93 1.73 ± i .o  4 
D-Glucose (5raM) 15 5.27 }_ 1.35 5.76 ± 1.38 

" ~  O . O 2  

n .  S. 

n . s .  

n . s .  

n . s .  

m 

* Calcu la ted  from the  differences in u p t a k e  in pa i r ed  expe r i men t s ;  n.s. = non significail t .  

Our data on a few free aldohexoses (Table I) are consonant with the conclusions 
of LAX~)AV, BERXSTEIN AND WlLSOX ~ on glycosides. In fact, the differences in uptake 
between the anomeric forms are small, and only in the case of 6-deoxy-u-glucose was 
a statistically significant difference ascertained. At the present time it is not clear why 
such a difference could not be detected for 3-methylglucose, for example. Other 
inconsistencies of this kind have been pointed out recently by CRAXE a. Apparently, 
however, whenever a change in configuration affects intestinal sugar uptake, an 
equatorial hydroxyl group makes the sugar more absorbable. This conclusion, which 
was reached for other carbon positions by CRANE 2 and by ALVARADO a°, seems to hold 
for C-I also, although this position is a rather ' tolerant'  one. The few monosaccharides 
we investigated all show a 'normal'  mutarotation. The anomeric forms involved were 
therefore the a-pyranosic and the/~-pyranosic only. The short incubation times used, 
together with the strong functional asymmetry of the small-intestinal sugar transport 
system, make the uptake a measure of the unidirectional flux (see also Fig. 3). Thus, 
the ambiguity related to the dual nature of carrier kinetics a~ is avoided* and a larger 
uptake indicates a snlaller Km and/or a larger maxinmm velocity. In the case of 
glucose, a different metabolic utilization of the two anomeric forms, combined with 
the short incubation times used, may have been a source of error. Although this 
error is likely to be minimal because of the high mutarotase activity present in the 
tissue (see below), we still tried to reduce it by using the hamster as an experimental 
animal (hamsters utilize less glucose than other species 251 and by adding 5-glyceralde- 
hyde to the incubation lnediuln. Although never tested on the small intestine, thi~ 
substance reportedly inhibits glucose utilization in a variety of tissuesa2,aa,'~L A few 

* The two groups  of sc ien t i s t s  who i n v e s t i g a t e d  the  same p rob lem in e ry throcy tes ,  i.e. in a 
svinnletric,  t r a u s p o r t  sys tem,  a r r ived  a t  c o n t r a s t i n g  conclus ions  in spi te  of h a v i n g  ob ta ined  coin- 

2S 9 c i d i u g r e s u l t s  ,2 . 

I3iochim. Biophys. Acta, 173 (I969) IO4 r t :  



I i o  G. SEMENZA 

experiments were also carried out in the absence of L-glyceraldehyde ; they also failed 
to show any difference in the uptake of the two anomeric forms of glucose. 

Some speculations on the role of sucrase and mutarotase in connection with intestinal sugar 
transport 

In 1961 MILLER AXD CRAXE 5 showed that  the glucose moiety of sucrose is bet ter  
absorbed than free glucose by hamster intestine, i.e., tile tissue-glucose to mediuln- 
glucose ratio is larger if the intestine is incubated in sucrose than in free glucose (see 
also ref. 35). This observation was interpreted as showing a close spatial relationship 
of sucrase and sugar carrier. In 1967 we showed that  intestinal sucrase liberates tile 
glucose moiety of the substrate in the c~-form only I. Thus, an alternative explanation 
to the observation of MILLER AND CRANE became possible: if the sugar transport  
system happened to prefer tile c~-fonn of glucose over its fi-fonn, the kinetic advantage 
of the glucose liberated by sucrase would be explained by the identity of the anomeric 
form arising from sucrose with that  possibly preferred by the carrier. The data pre- 
sented in this paper (Table I) show, however, that  this hypothetical alternative is not 
tenable. 

Thus, the kinetic advantage of the glucose moiety of sucrose over free glucose 
unequivocally shows a close spatial relationship between sucrase and the sugar 
carrier, as MILLER AND CRANE 5 originally suggested. To explain this kinetic advantage, 
at least three possibilities can be envisaged: (a) Sucrase liberates c~-glucose and fruc- 
tose very close to their carriers; these monosaccharides, therefore, are transported 
through the membrane before they diffuse into the medium. For this, no special 
anatomical arrangement needs to be postulated; a simple Nernst diffusion film 
O.OI--O.OOI cnl thick 36 suffices. The local hyperconcentration in the innuediate prox- 
imity of the carrier is responsible for the kinetic advantage of glucose. (Fructose also 
can yield tissue to medimu ratios larger than the one under these conditionsS.) (b) 
Sucrase may act as a permease (defined by  KEPES37), transferring free glucose onto the 
carrier. However, the development of intestinal sucrase is not acconlpanied by any 
detectable decrease of the apparent Km for the intestinal uptake of free glucose (G. 
SEMENZA AND V. COLOMBO, unpublished observations). (c) Sucrase may act as a 
transglucosidase, transferring the glucosyl moiety onto the carrier which would be 
the 'natural  acceptor '  for such transglucosidase activity. This sucrase-induced 
asymmetry  of the carrier, rather than a local hyperconcentration of free substrate, 
would be the reason for the kinetic advantage of the glucosyl moiety of sucrose. This 
hypothesis, which at present cannot be proved or disproved, would explain why most 
intestinal membrane-bound hydrolases have strong transferase activity as, whereas 
most soluble hydrolases, e.g., pancreatic hydrolases, do not. 

I t  should be noted that  these possibilities are not mutually exclusive. Possibility 
(c) fails to account for the kinetic advantage of the fructose moiety quoted above. 
Intestinal sucrase, in fact, has no transfructosidase activity a" (G. SESIEXZA ;'~ND V. 
COCOSIBO, unpublished observations) (see, however, ref. 4o). 

As pointed out earlier by other workers, a remarkable parallelism exists between 
mutarotase activity and sugar transport  capacity. Mutarotase activity is high in 
tissues which can transport  sugar actively4L is inhibited by phlorizin 4t, and has a 
substrate specificity similar to the sugar t ransport  svsteln41, 42. I t  has thus been 
suggested that  mutarotase is the carrier for sugar transport  across the membranO 1,4a. 

Biochim. Biophys. Acta, 173 (1969) 104--112 



INTESTINAL SUCRASE AND SUGAR TRANSPORT I I I  

This hypothesis was criticized because 1,5-anhydroglueitol and the glucosides (which 
obviously do not mutarotate) are absorbed by the sugar transport system 44, the 
nmtarotase activity is not associated with the brush borders of columnar cell 45 which 
certainly contain the sugar transport systen?6, 47, and because the similarity in sub- 
strate specificity between mutarotase and sugar transport system is less marked 
than previously believed3, 4s. Finally, the rate of enzyme-catalyzed mutarotation of 
glucose in the intestine is at least one order of magnitude greater than that of glucose 
absorption (ref. 48)*. Still, the parallelism between mutarotase and sugar transport 
is too puzzling to be dismissed as merely coincidental. The broad tolerance of the sugar 
transport system for the configuration of C-I (Table I), together with the narrow 
specificity of some of the first enzymes in some metabolic pathways49, 5° indicates 
a possible metabolic role for mutarotase in one of the first steps of intermediary 
metabolism, rather than in the transport proper. 
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