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SUMMARY 

A fl-glucosidase activity catalyzing phlorizin hydrolysis to phloretin and 
glucose is present in the microvillus membrane of hamster  intestinal brush border. 

The pH optimum, Km and the effects of Tris, galactono- and gluconolactones, 
sulfhydryl reagents and heavy metals were studied. This /3-glucosidase is distinct 
from the other brush border glycosidases documented in the literature. 

The presence of this enzyme serves to rationalize the divergent observations 
that  cellular entry of low concentrations of mucosally added phlorizin has not been 
detected although high concentrations have been reported to inhibit intracellular 
metabolism. 

INTRODUCTION 

Phlorizin, a naturally occurring plant glucoside, has found frequent use as a 
potent, competit ive inhibitor of the glucose transport  system in mammalian intes- 
tine ~,2. Although a variety of other aliphatic and aromatic glucosides have been found 
to be actively transported by mammalian intestine and to share a common pathway 
with glucose a, phlorizin appears to be different. Phlorizin strongly interacts with the 
transport  system, which provides for cellular accumulation of other glucosides, yet it 
is, itself, not accumulated by epithelial cells, at least to an extent measurable chemi- 
cally 3 or autoradiographically 4. Interaction of phlorizin with the intestinal wall has 
been said to involve two binding sites; one for the glucose moiety which is the same 
as the initial binding site of glucose transport  and another for the aglycone, phloretin ~. 
Phloretin is not a potent inhibitor of sugar transport  in the mammalian intestine. 
A degree of inhibition by  phloretin comparable to that  by phlorizin requires concen- 
trations at least I ooo times greater. However, the phloretin moiety binds and the 
presence of two membrane binding sites, one of them not identical with the binding 
site of transport,  may  explain the failure of phlorizin to be transported. However, if 
phlorizin does not enter the cell, inhibition of cellular metabolism by high concen- 
trations of phlorizin 6 would appear to be anomalous. 

Recently, an additional new finding which must be taken into account in 
a t tempts  to understand the interaction of phlorizin with mammalian intestine has 
been made. We have observed a rapid hydrolysis of phlorizin by  hamster  intestine 
brush borders with the release of free glucose. Extensive studies of this phenomenon 
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have now documented  the presence at tile brush border membrane of a hitherto 
unrecorded enzymic act ivi ty;  namely, a fl-glucosidase active against phlorizin and 
not identical with any  previously known brush border enzyme. Al though earlier 
workers recorded ~-glucoside-splitting act ivi ty  by everted sacs and rings of hamster  
small intestine t,v and bv homogenates of rat and pig intestinal mucosa s,:~, positive 
identification of the site of the act ivi ty  was not made. 

3IATEI~.IAI.S AND METHODS 

Most conlpounds used were obta ined fronl the same commercial  sources 
previously notedLa. Gentiobiose and cellobiose were obtained from Sigma Chemical 
Co., St. Louis, Mo. in a prel iminary communicat ion we reported tha t  cellobiose 
had considerable inhibi tory action on fl-glucosidase m. The particular preparat ion of 
cellobiose u~ed, however, was obtained froln a different commercial  source and was 
found to be grossly contamina ted  as revealed by  uncharacterist ic  absorption in the 
5 .6-5 .8 / ,  region of tile infrared speetrunl. The cellobiose obtained from Sigma Chem. 
Co., which was used in all experilnents reported below, did not  exhibit  any  unusual 
absorption bands and showed a spectral absorption comparable to tha t  described by 
KUHN 11. Phlorizin, phloretin, saliein and arbut in were recrystallized from ethanol-- 
water  before use. 

Most of this s tudy  was carried out with hamster  intestinal brush borders 
isolated as previously and extensively described'". In brief, animals were s tarved 
overnight  and killed by  stunning. The small intestine was excised and its contents  
washed out with cold isotonic saline. Tile mucosa was removed by scraping, homoge- 
nized in cold 5 mM E D T A  (pH 7.4) and the brush borders separated by centrifugation. 
In experiments where further localization was desired, the brush borders were disrupted 
with I M Tris (pH 7.4) and the resultant fractions, wlfich include one composed 
only of microvillus membranes,  were separated on a glycerol densi ty gradient  in the 
manner detailed by EICHHOLZ AND CRANIa, la. A few experinlents with everted sacs 
were carried out by the method of \VILsox :\ND \~'ISEMAN 14. 

:1 ssav melhods 

Unless otherwise stated, /3-glucosidase was measured at pH 6.0 in McIlvaines 
ci trate-t)hosphate buffer 1~ using as substrate phlorizin or p-nitrophenol-fl-D-glucoside 
at concentrat ions of 2.5 mM and at 37"./3-Galactosidase act ivi ty  was measured under 
similar conditions using p-nitrophenol-t3-D-galactoside (2.5 raM) as substrate.  Ordi- 
narily the reaction was arrested by  the addit ion of o.I 9 M ZnSO 4 and protein-free 
filtrates prepared by  further  addit ion of 0.3 N Ba(OH) 2 according to S()}Io(;Y[ 16. 
However, when very  low concentrat ions of substrates were used, as in the deterufi- 
nat ion of Michaelis' constants,  the reaction was s topped by ilmnersing the tubes in 
a boiling water bath  for 3 rain so as to avoid excessive dilution of the hydrolysis 
products  to be assayed. 

Disaccharidases were assayed according to the method of DAHLQVIST iv. 
\Vhen phlorizin was used as substrate,  l iberated glucose was measured by the 

reducing sugar method  of SO,~{OGYI 's. Inasmuch as phloretin, the aglycone released 
upon hydr(flysis of phlorizin, also causes some reduction of Cu 2+, s tandards for 
comparison were prepared from equimolar mixtures of glucose and phloretin. Unhy-  
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dro lyzed  phlorizin con t r ibu tes  no color in this  react ion.  In  expe r imen t s  using p -n i t ro -  
pheny l  glycosides,  l i be ra t ed  p -n i t ropheno l  was measured  at  42o m/z in a Beckman DU 
spec t ropho tome te r  a f te r  add i t i on  of o.o5 M Na2CO a. 

P ro te in  was de t e rmined  b y  the m e t h o d  of LOWRY et al. 19. Specific a c t i v i t y  is 
measured  as nmoles  of subs t r a t e  hyd ro lyzed  per  rain per  mg prote in .  

R E S U L T S  A N D  D I S C U S S I O N  

]'he presence and locus of fl-glucosidase activity in hamster intestine 
In  our earl iest  s tudies  of the  effects of incuba t ion  of phlor iz in  wi th  i so la ted  

brush  borders ,  the  fact t ha t  glucose was l i be ra t ed  was ind i ca t ed  b y  a small  bu t  
posi t ive  color react ion wi th  the  Tr is -g lucose  oxidase  reagent .  Careful inves t iga t ion  
of the  phenomenon revealed  tha t  ptf loret in and,  to a lesser ex tent ,  phlor iz in  in ter fere  
in the  assay  reac t ion  and  reduce the  amoun t  of color produced.  When  we tu rned  to 
SOMOGYI'S reducing sugar  me thod  is, b rush  border  ca ta lys is  of phlor iz in  hydro lys i s  
was ve ry  evident .  Accordingly ,  the  ab i l i ty  of b rush  borders  to ca ta lyze  hydro lys i s  of 
a va r i e t y  of g lycos ides  was tes ted .  

TABLE [ 

HYDROLYSIS OF floGLYCOSIDES BY HAMSTER BRUSH BORDERS 

The assay mixture contained buffer, io /~moles of substrate and i.o mg of brush border protein 
in a vol. of 1 ml. Gentiobiose, cellobiose and lactose splitting was assayed by the glucose oxidase 
method, the others by reducing sugar. Incubations were for 6o rain at 37 °. 

Subslrate Specific acticity 
O~moles/min per rag) 

Phlorizin 48.0 
p-Nitrophenyl-fl-glucoside 42.o 
Cellobio;e I o.S 
Salicin 8.0 
Arbutin 4.o 
Phenyl-fl-glucoside 3.4 
Gentiobiose Nil 
Methyl-fl-glucoside 2.8 
Lactose 58.0 
p-Nitrophenyl-fl-galactoside 35.8 
p-Nitrophenyl-fl-xyloside i. 15 
Methyl-fl-xyioside o.o2 
p-Nitrophenyl-fl-glucuronide 0.67 
Methyl-fl-arabinoside o.o2 

The resul ts  are assembled  in Table  I. Under  the  cond i t ions  of the  exper iment ,  
glueosides and ga lac tos ides  were hyd ro lyzed  to  the  g rea tes t  ex ten t  dur ing  the  a r b i t r a r y  
t ime  in t e rva l  of incubat ion .  Also ary l  g lycosides  were hyd ro lyzed  to  a g rea te r  ex ten t  
t han  the  corresponding a lky l  analogues.  Only  one compound  t e s t ed ;  namely ,  gent io-  
biose-(6-0-(f l -glucopyranosyl)-D-glucopyranose)  was no t  hyd ro lyzed  b y  brush  borders  
nor,  indeed,  by  a n y  k ind  of p r epa ra t i on  from ha ms te r  in tes t ine .  A l though  it  a t  first 
seemed possible  t h a t  one enzyme migh t  account  for the  hydro lys i s  of bo th  glucosides 
and  galactosides ,  fu r ther  expe r imen t s  ind ica t ed  the  presence of two separa te  act iv i t ies .  
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From reports in the literature 2°-°-5, it may  be concluded that there are at least 
two intestinal/3-galactosidases; one, a particle-bound or brush border enzyme opti- 
mally active near neutral pH and preferentially hydrolyzing lactose, and the other, 
a cytoplasmic enzyme with a more acid pH opt imum and no pronounced specificity 
for the aglycone. There was no information on the possible number of fl-glucosidases. 
Studies of the effect of pH on hydrolysis of a representative /3-glucoside and /3- 
galactoside by brush borders and brush border-free homogenates gave information on 
this point. The results are shown in Fig. I. Hamster  intestine shows two/3-galactosidase 
activities; namely, a cytoplasmic, presumable lysosoanal,/3-galactosidase, optimally 
active at pH 3.5, and a brush border/3-galactosidase with an opt imum at pH 5.5. 
There is, however, only one apparent/3-glucosidase activity, namely that  in the brush 
border. Little or no activity could be detected in the brush border-free homogenates 
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Fig. i .  f l -Galactos idase  and fl-glucosidase ac t iv i t i e s  in the  i n t e s t i na l  mucosa.  The assay  me thods  
are  descr ibed in the  text .  C i t r a t e - p h o s p h a t e  buffers were used a t  al l  pH  values.  O,  expe r i men t s  
wi th  b rush  borders ;  O, e xpe r im e n t s  wi th  brush border-free homogenates .  - -  , f l -glucosidase;  

, /~-galactosidase. The subs t r a t e s  used were, in bo th  ins tances ,  the  p -n i t ropheny lg lycos ide  
a t  a concen t r a t i on  of 2.5 raM. I n c u b a t i o n  t i m e  was IO min  excep t ing  i ncuba t ion  of b rush  border-  
free h o m o g e n a t e  w i t h  fl-glucoside which  was for 60 rain. I" = specific ac t iv i ty .  

T A B L E  I [ 

LOCALIZATION OF /J-GLUCOSIDASF IN ttAMSrER INTESTINAL MUCOSA 

The nmcosal  homogena t e  is a p r e pa r a t i on  of mucosa l  sc rap ings  suspended and  homogen ized  in 
5 mM EDTA.  The s u p e r n a t a n t  f rac t ion is t h a t  r e m a i n i n g  af ter  a low-speed cen t r i fuga t ion  to 
remove  brush  borders.  

Fractio~z Specific activity 
(nmoles/mi~z per rag) 

Hydrolysis of Hydrolysis of 
phlorizi** p-lzitrophe*Tyl- 

fi-glucoside 

Mucosal homogena t e  3.95 
Brush  borders  48.5 
S u p e r n a t a n t  f rac t ion o.69 

3.2f) 
3S.4 

o.$6 
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over a wide range of pH and with up to 6o min of incubation. As expected then and 
shown in Table II ,  all the ~-glucosidase act ivi ty of a mucosal homogenate is recoveied 
in isolated hamster  brush borders at a greater than Io-fold increase in specific act ivi ty 
over that  in the homogenate. A similar localization of ]~-glucosidase act ivi ty in the 
brush borders obtained trom rat and mouse intestine was also observed. 

Although this evidence for localization of ~-glucosidase activity would ordinarily 
satisfy us, we felt the implications of this finding required some additional effort. I t  
has lately become increasingly evident that  a number of glycosidases are present in 
the lysosomes of various mammalian tissues including the intestine, and in the latter 
the lysosolnes have been reported to be particularly concentrated in the apical area 
of the mucosal cells 26-33. Moreover,/3-glucosidase activity of liver lysosomes has been 
reported to be membrane bound 3°. Inasnmch as some subjacent cytoplasm adheres 
to some brush borders in even the most successful preparations, the possibility of 
lysosoinal enzyme contamination of our brush border preparations seemed very real. 
To eliminate this possibility, we carried out the following experiment. Intact  everted 
sacs of hamster  intestine were incubated with phlorizin on the nmcosal side only. 
The free glucose liberated with time was assaved in the nmcosal medium, in the 
carefully blotted tissue sac and in the serosal fluid. We found no measurable glucose 
in either the tissue or the serosal fluid, whereas an average of o.95 mM glucose 
(4 experiments) was contributed linearly over 15 rain to the nmcosal medium. These 
results can be explained only if the ~-glucosidase responsible for phlorizin hydrolysis 
is peripherally si tuated in the brush border. Glucose would be liberated preferentially 
into the inedium because it would be prevented entry and accumulation in the cell 
by the presence of tb_e phlorizin serving as substrate. 

As expected on the basis of the foregoing, the/3-glucosidase activity of hamster  
intestine was found in the membrane fraction when isolated brush borders were 
treated in the manner described by EICmlOLZ AND CRAXE 'a. As shown in Table I I [ ,  
Fraction C, which consists of microvillus membranes 34, has a specific act ivi ty for 
]3-glucosidase that  is several-fold increased over that  of the brush borders. This is 
in accord with earlier observations 3a on other brush border hydrolases. 

The enzymic activities present in the microvillus membrane can be sequentially 
removed by the action of papain; the digestive disaccharidases are removed at the 
earliest period of papain action, the peptidases after longer periods of digestion, 
and some alkaline phosphatase and most trehalase remain bound to the residual 

T A B L E  [ I I  

LOCALIZATION" OF /~-GLUCOSIDASE ACTIVITY" IN FRACTIONS OF TRIS-DISRUPTED BRUSH BORDERS 

T h e  s u b s t r a t e  u sed  w a s  ph lo r i z i n  a t  a c o n c e n t r a t i o n  of 2.5 raM. F r a c t i o n  C c o n t a i n s  t h e  m e m b r a n e s  
of t h e  m i c rov i l l i .  

Fraction ,5"pecific activity 
(**moles/min per rag) 

A nil  
B 52.0 
C 208.0 
C 1 50.0 
D 30.0 

Biochin~. Biophys. Acta, 173 (1969) 245-25(~ 
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membrane  aG. Like the  digest ive  disacchar idases ,  /3-glucosidase is also cleaved from 
the  membrane  by  papa in  and is found in the  same fract ion.  Abou t  75 % of the  a c t i v i t y  
ix recovered (Tal)le IV). 

"I'AI~I ,I: IV 

R E L E A S E  OF [~ G L U C O S I I ) A S E  FROM T i l l ;  M I C R O V I L L U S  M E M B R A N F  BY P A P A I N  

The isolated lnembrane fraction (Fraction C, Table [[ i )  was digested for the t ime period indicated 
under  the conditions described by ]£mHHOLZ s6. 

l)igtslicm a,ith A clivily rccourred (%) 
l~apain (mh;) . . . . . .  

Sztcrasc l.aclasc fl-Ghtcosidasr 

5 So 7 ° 70 
t5 ')"; h i )  75 

t'ro/oerlies of brush border ~-g/ucosidase 
/)H d@eudence amt aclivalioJz h 3, sodium 15ho@hale 
I t  has been po in ted  out t ha t  the  kinet ic  character is t ics  of sodium ac t iva t ion  

of in tes t ina l  t r anspo r t  of sugars bear  a s t rong resemblance to  sodium ac t iva t ion  of 
sucrase, and  it has been sugges ted  tha t  these two funct ions  share a common site av. 
Al though  there  ix evidence from which to  conclude tha t  these two funct ions  do not  
occur at the  same site, the  poss ib i l i ty  of a close spa t ia l  re la t ionship  between two 
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Fig. 2. The pi t  <Icpendcl)ce of/3-glu¢osidasc in the presence and absence of sodiunl phosphate.  The 
lmiTcrs used were: citric acid ]<( ) l t ,p l l  3.o (>.o;Tris malcicacid, p H 5 . o  & 5 ; a n d a m m c d i o l  HC1, 
p ! t  S.o o. lo. \Vhen sodium phost)hate was added (o.o 5 51), care was taken to correct pI1 shifts. 
@ O, so(liunl pl~osphate absent:  • - - • ,  sodium phosphate  present. V -- specilic activity. 

Fig. 3. IAncwcaxer-Burkc  plots for /~-glucosidase :~ith and wi thout  added sodium phosphate.  
The subs t ra t t  was phlorizin. The reaction (in i ml) was stopped by immersion in boiling water. 
I{( ' ( [LlCi l lg  v a l u e  W a s  l l lC[ /Sl . l rc( l  o i l  t i l e  e l l t i l ; e  [ I sHay I l l i x t l l r e  a t  s u l ) s t l - a t e  C O l l C e l l t r a t i o l l S  l ) (? ]ow i l l l ~ [  

{,r in a l iquots  of the assay mixture  at higher concentrations.  The reliability o f  the assay at low 
concentrat ions  of redncing sugar  was increased by replicate determinations.  • -  • ,  in the 
pro>once of sodium phosphate;  O - 0 ,  in the allsencc of sodium 1)hosphatc. 
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such dissimilar but sequentially operative functions cannot lightly be dismissed. 
There is merit in the suggestion that the same entity may catalyze both. Consequently, 
the presence of a fl-glucosidase which has no obvious important digestive function in 
the same region of the cell as the sugar carrier was of great potential interest. Studies 
designed to elucidate the relationship, if any, were carried out. 

Fig. 2 shows that fl-glucosidase has a pH optimum at 5.0 when tested in buffers 
containing no Na +. Addition of Na + as NaG changed neither the pH optimum nor 
the velocity of reaction. However, when sodium phosphate was added to the buffer 
systems, there was a substantial increase in reaction rate accompanied by a shift of 
pH optinmm from 5.o to 6.o. Further studies showed that this effect was produced 
only when Na ~ and POa a- were present together (Table V). As to the question of a 
possible relationship between transport and membrane /3-glucosidase, it may be 
noted that sodium phosphate activation of fi-glucosidase differs markedly from Na + 
activation of hamster intestinal sugar transport and hamster sucrase. Sodium phos- 
phate does not appear to influence the Km of fi-glucosidase. All of tile effect is an 
enhancement of the maximal velocity (Fig. 3). Contrary to this, the effects of Na-  
on transport and sucrase, specifically in the hamster, are clearly on the carrier -sugar 
and enzyn,.e-sugar affinities av,~. Moreover, the Ki for phlorizin binding at the carrier 
site for sugars is on the order of Io 6 M (ref. 3), whereas the Km for phlorizin hydrolysis 
by the fl-glucosidase is Io -4 M (Fig. 3). These disparities seem to rule out any possi- 
bility that B-glucosidase and sugar transport share a common site. 

TA13I.]'; V 

A C T I V A T I O N  OF I ; R U S H  B O R D E R  f l - G L 1 7 C O S n ) A S E  B Y  S O D I U M  P H O S P l t A T E  

The subs t r a t e  was 2.5 mM phlor iz in .  All buflers  and add i t ions  of sal ts  were a t  a concen t ra t ion  of 
o.o 5 M, pH 6.o. I ncuba t ion  was for io  rain a t  37 • 

I~et.fl}'r ,",'pecific activity 

Tris chlor ide 
Tris  chlor ide plus NaC1 
Tris  chlor ide  phts sod ium phospha t e  
Tris  phospha t e  
"l'ri-; phospha t e  plus Na( ' l  
Po t a s s ium phospha t e  
Po t a s s ium phospha t e  phts NaCI 
Sodium p h o s p h a t e  

(mnoh's/min p::* rag) 

32.0 
.;2.0 
4 2.o 
33.o 
.t-.o 
3 2 . 0  

4 2  .O 

4 2 o  

A search of the literature shows that tile properties we have found are more or 
less characteristic of B-glucosidases. Some preparations of fl-glucosidase from other 
sources are activated by citrate-phosphate buffer and neutral salts and are reported 
also to exhibit shifts in pH optima depending on the nature of the buffer used a'a. 
The reasons for such effects remain obscure. 

Spcczfici(y 
The presence of cellobiase activity in intestinal tissue inseparable from and 

closely associated with lactase activity has led some to conclude that fl-glueosidase 
and lactase activities are exerted bv the same emzyme 9,23, despite evidence that 
fl-glucosidase, hetero-/?-galaetosidase and lactase are separable activities in the rat s. 

14iochim. l~iophys. Acla, 173 (~969) 245-256 
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In recent years fi-glucosidase has been separated from/9-galactosidase in other tissues 
like brain 4° and liver 3°. Consequently it should not be entirely unexpected that hamster 
intestinal fl-glucosidase emerges as distinct from brush border ]~-galactosidase, that 
is, from lactase. The experiments which prove this follow. 

Effect of  Tris  
Tris is a competitive inhibitor of several carbohydrases including intestinal 

lactase41, 42. Our first positive indication that brush border/3-glucosidase activity was 
not due to lactase was the finding that brush border hydrolysis of phlorizin remained 
unchanged in the presence of the Tris used for Na + replacement in experiments on 
Na + activation (Table V). Carrying this observation further, it is shown in Table VI 
that hydrolysis of phlorizin remains quite unaffected by concentrations of Tris 
strongly inhibitory to lactase, sucrase and cellobiase. Tris inhibition is attributed 
to the unionized free base because it increases with alkaline pH 4t. However, even at 
higher pH ranges, Tris did not affect phlorizin hydrolysis. For contrast, note that the 
sensitivity of the hydrolysis of cellobiose to Tris is similar to that of sucrose and 
lactose in spite of the fact that it is a fl-glucoside. 

TABLE VI 

E F F E C T  O F  T R I S  ON T H E  H Y D R O L Y S I S  O F  S E V E R A L  G L Y C O S I D E S  B Y  B R U S H  B O R D E R  E N Z Y M E S  

Conch. of Inhibition of hydrolysis (°/o) 
Tris (raM) . . . . . . . . . . . . .  

Sucrose Lactose Cellobiose Phlorizin 

i 3 5  5 o o 

5 68 24 18 o 
io ~6 5 ° 3 ° o 
5 ° 95 95 65 o 

IOO 99 99 64 5 

The fact that cellobiose hydrolysis was not completely inhibited by Tris suggests 
that lactase is not the only enzyme capable of splitting this/3-glucoside. Although 
we at first believed that cellobiose inhibited fl-glucosidase activity and thus could 
account for the discrepancy in Tris inhibition, further investigation revealed that the 
sample of cellobiose used was grossly impure. Sigma cellobiose does not inhibit 
/9-glucosidase activity (see below). Consequently, there is a modest basis for an 
inference that a second/9-glucosidase, i.e., an enzyme distinct from both lactase and 
"phlorizin hydrolase", is present in these tissue and membrane preparations. 

E~ect of  heavy metals and sulfhydryl reagents 
Since Tris is without effect on brush border/~-glucosidase, there is no basis for 

assuming that imidazole groups implicated in the active centers of Tris-sensitive 
carbohydrases 41,42 are involved in the catalytic site of this glucosidase. Tests for 
sensitive sulfhydryl groups were consequently made. At I raM, Ca 2+, Ba 2+, Mg 2+, 
Mn ~+, Zn 21-, Cu 2+ and Hg+ were without effect as were the sulfhydryl reagents 
p-chloromercuribenzoate (I raM), N-ethyl maleimide (I mM) and iodoacetate (Io 
raM). However, the enzyme was inhibited by o.i mM Ag+ and Hg 2+ to 48 % and 26 o/ ~o~ 

respectively. 
The inhibition caused by Ag+ and Hg 2+ to an activity not inhibited by Tris or 

Bioehim. Biophys. Acta, I 73 (~969) 245-256 
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sulfhydryl reagents is rather curious. However, this heavy metal inhibition is not 
reversible by dialysis and may reflect a partial denaturation similar to that described 
for calf lactase by WALLENFEHLS AND FISCHER 42. 

Inhibition by lactones 
Various glycosidases are competitively inhibited by aldonolactones correspond- 

ing to the substrates in configuration 43. Accordingly, the effects of glucono- and 
galactonolaetone were tested. The results, displayed in Table vii, show clear differences 
between brush border/3-glucosidase, brush border lactase and cytoplasmic/3-galacto- 
sidase. /~-Glucoside hydrolysis was powerfully inhibited by gluconolactone but not 
at all by galactonolactone, even at very high concentrations (5" lO-2 M). On the other 
hand, lactose and cellobiose hydrolysis was inhibited by gluconolactone as well as 
galactonolactone. Cytoplasmic ~-galaetosidase was not inhibited by gluconolactone 
but was sensitive to galactonolactone. 

T A B L E  V I I  

EFFECTS OF LACTONES ON INTESTINAL fl-GLYCOSIDASE ACTITIVIES 

K ,  v a l u e s  w e r e  d e t e r m i n e d  b y  D i x o N ' s  g r a p h i c a l  m e t h o d  45 in  w h i c h  I/V is p l o t t e d  a g a i n s t  t h e  
c o n c e n t r a t i o n  o f  t h e  i n h i b i t o r  ( l a c tone )  u s i n g  t w o  o r  m o r e  d i f f e r e n t  c o n c e n t r a t i o n s  of  s u b s t r a t e .  
L a c t o s e  a n d  c e l l o b i o s e  w e r e  t e s t e d  a t  i ,  5 a n d  IO m M ,  p - n i t r o p h e n y l - / 5 - g a l a c t o s i d e  a t  i ,  2. 5 a n d  
5 r aM,  a n d  p h l o r i z i n ,  a t  0. 5, I a n d  2 rnM. G l u c o n o l a c t o n e  w a s  u s e d  a t  0 .025 ,  0 .05 ,  o . i ,  0 .25  a n d  
0. 5 m M .  G a l a c t o n o l a c t o n e  w a s  u s e d  a t  0 .25 ,  0. 5, I.O, 2 .5 ,  a n d  5 .0  m M .  Al l  a c t i v i t i e s  w e r e  a s s a y e d  
a t  o p t i m a l  p H .  

Subslrate K,  (M) 

Gluconolactone Galaclonolactone 

B r u s h  b o r d e r s  P h l o r i z i n  1 .8 .  IO 4 N o t  i n h i b i t e d  
L a c t o s e  2 .75 -  IO -a  2 .  IO -3 
C e l l o b i o s e  3 .00"  lO -4  1 .9 .  lO -3 
p - N i t r o p h e n y l - / 5 - g a l a c t o s i d e  2 .1 .  IO -a  1. 3 • i o  -a  

B r u s h  b o r d e r - f r e e  
h o m o g e n a t e  p - N i t r o p h e n y l - / ~ - g a l a c t o s i d e  N o t  i n h i b i t e d  I. 3 5 '  10 -3 

In comparing the K, values given in Table vii, it should be noted that the 
K, values with galactonolactone, which were Io times greater than those with 
gluconolactone, may be an artificial result of using the ~,-lactone (galactono 1- 4 
lactone). The inhibitory species is thought to be the 8 (I-5) lactone, which is formed 
from the 7-1actone in solution a4. 

Specificity for C-4 configuration in the glycone 
Additional evidence that fl-glucosides (other than cellobiose) and fl-galactosides 

do not interact with the same catalytic site on the brush border was obtained from 
kinetic studies. Using equal relative concentrations (6) = [SJ/Km) (ref. 45) of p-nitro- 
phenyl-fl-glucoside (Kin = 5" 1°-4 M) and p-nitrophenyl-fl-galactoside (Kin = 6" lO -3 
M) the mixed substrate velocity was always the sum of the individual velocities 
obtained with the two substrates separately (Table VIII). Moreover, in other experi- 
ments, it was found that lactose and ceUobiose, even at relatively high concentrations 
(IOO raM), did not affect the hydrolysis of p-nitrophenyl-B-glucoside whereas the 
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T ABE]'; VIII 
RATFS OF IIx/I)ROLYSIS OF /)-NITROI,IIENYL-~-GLUCOSIDE ANI} ]% NITROPttt£NYL-~- GALACTOSIDE 

ALONI,2 ANI) IN MIXTURE 

[[S]/ l (m />Nifr,,pkc~ud [l'be "at 'd,/J i /)or mg /~t',)tci17 (i~,~olls) 

p-Ni&opke~z~,l- p-Nilrophenyl- p-A'itropt,'nyl- 

:!'.  O 

l.O 
o.H 
o,5 

(}.2 

{~-ghtcosidc [J-galactoside []-ghtcosidc pl.s 
/~ ~dtroplwJ~3,l- 
[3 ga !a '~ ~o s*:dc 

29, o 3 (} 4 6{;.o 
23.o  2S.S 53 ,o  

2o.0 -4,"; 44o 
I ~.8 I4.,"; 20.o  

8.9 ';. 75 ~ 7.3 

hydrolysis of the galactoside analogue was considerably (80 %) depressed t)3: both.  
It  may  be concluded that  the fi-galactr}sides are hydrolyzed at a different site. 

C o m m e n t s  on the speci f ic i ty  q f  laclase 
The seemingly anomalous behavior  of cellobiase act ivi ty  in being a proper ty  of 

lactase rather than of phlorizin hvdrolase requires comlnent.  It  is known that  glyco- 
sidases from various sources exhibit a rather rigid specificity for the glycone residue 
of the substrate  molecule and are less discr iminatory with regard to the aglycone, 
al though the latter may  strongly influence enzylne-subst ra te  affinity 4~. Intestinal  
lactase is a j3-galactosidase which hydrolyses lactose much lnore readily and hetero-/~- 
galactosides nmch less readily than do /?-galactosidase from other  sources ~'2. Thus, 
it seen> possible that  lactase is UllllSllal in having considerable specificity for both 
the glycone and aglycone moieties of the substrate  molecule. I t  appears to prefer a 
/bgalactosyl glycone and a glucosyl "aglycone" .  ()n this basis, lactose (4-(/~-D-galacto- 
side)-D-glucose), cellobiose (4-(/?-D-glucoside)->-glucose) and even a bet ero-/3-galactoside 
(/5-nitrophenyl-/g-galactoside) c .u ld  be imagined to undergo hydrolysis at the salne 
site since these substratcs lnt!et the speciticity required of at least om~ of the t w ,  
portions of the molecule, i.e., either the glycone, the aglycone, or both. It would not 
be expected that  hetero-/g-glucosides, like fl-nitrophenyl-/~-glucoside and phlorizin, 
would undergo hydrolysis,  since they fail to meet the specificity required of eitheI 
the glycone ()r aglycone. Some suppm-t f{~r this analysis seems to l)e provided by the 
inhibition {,f brush border lact~/sc by both galactono- and gluconolact~mes (Table VII) 
and thu abselaCC of inhibiti{m I )v  a hetero-/~-gluc{}side ('fable VII  I). 

T h e  p e r m e a b i l i t y  o f  mucosa!  cells to p k l o r i z i u  
The anomaly  of the apparent  inhibition of cellular metabolism by high concen- 

t rat ions of mucosaIlv added pldorizin, a compound which in low concentrat ions 
appears not to enter the lnUCosal cells, was mentioned in the 1NTI~.ODUCTION. One 
possible answer to this anomaly  c{}mes out of the present work. It  seems possible tha t  
inhibition of cellular metabolism is accomplished by phloretin rather  than phlorizin. 
Formation of phloretin as a product  of phlorizin hydrolase ac t iv i tvwouldoccur  most  
markedly at concentrat ions {}f plllorizin above IO ~ M, the K, ,  of the enzyme. Phloretin, 
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in contrast to phlorizin, i~ a lipid soluble molecule which can penetrate the cell in 
the absence of a specific transport system. The result of tlfis coInbination of factors 
could be an inhibition of cellular metabolism by phloretin which would not readily 
be distinguishable from a direct effect of phlorizin especially as phlorizin is known 
to inhibit a number of enzymes ~-. 

On the twin bases of this analysis of the significance of phlorizin hydrolase 
and the failure of intracellular phlorizin to be detected when the compound is present 
luminally at low concentrations, there is adequate reason for taking the position that 
phlorizin :'~tnll()t penetrate the brush border membrane of hamster epithelium. 
\Vhether this position will remain tenable depends upon the results of a comt)letc 
reinvestigat%n of hitherto well-accepted older work. 

ACI'~NOWLEI )GEMI';NT 

The support of this work by a grant from the National Science 1;oundation is 
appreciated. 

1¢ E1"1'2 R I;.NC l.'S 

[ ];. 
2 R, 
3 F. 
-t ('. 
5 V. 
0 H. 
7 B .  
,"; A .  

9 A. 
I0  P.  
I I L .  
] 2  l ) .  

:\LVARADO AND l{. 1",~. CRANE, Biochim. Biophys. Acta, 93 11904) 116. 
K. CRAXt;, l~hysiol. Rev., 4 ° (196o) 789. 
ALVARADO AND R.  K.  CRAXE, Biochim. Biophys. Acta, 56 11962) 17o. 
E.  ,%TIRLIXG, J. Cell Biol., 35 11907) 6o5.  
ALVAR:\DO, Biochim. Biophys. Acta, 135 11967) 483 . 
NFWEY, B. J.  PARSONS AND D. f{. SMYTH, J. Physiol. London, 148 (1959) 83. 
R. I,.~,NDAtJ, L. ]~ER,','STEIN AND T. H. WILSON, Am. J. Physiol., 203 ( i962)  237. 
I)AHLt2VlST, B. BULL AND 1). L. THOMPSON, Arch. Biochem. Biophys., lO 9 (1905) i 59  
I)aULQV[ST, 13iochim. Bi@hys. dcta, 5 ° ( i 9 6 i )  .55. 
~IALATHI AND l'~. 1~. CRANE, Federation Prec., 27 (I968) 385 . 
P. ] ,2unx, Anal. Chem., 2z 1195 o) 270. 
MILLER AND R. K. CRANE, Biochim. Biophys. Acla, 52 ( t 9 6 I )  293. 

13 A. EICHHOLZ ANI) R. I':. CRANE, J .  Cell Biol., 26 (~965) 687. 
14 T. H. \VILSON AND (;.  \VIsE,MAN, J .  Physiol. London, 123 (1954) 116. 
I 5 T. C. McI Ix .a Ix t . ; , . ] .  Biol. Chem., 49 (1921) 183 . 
16 M. SOMO(;','t / .  Biol. Chem., lOO (1945) 69 . 
1 7 A. I)XtlLQVIST, AJzal. Bioch*m., 7 (I96-1) I8.  
] 8  M. S,)MOOVI, J. Bi*d. Chem., 195 (1952) 19. 
1,) (). H. ].,)wt~v, X. J. IavOSt-BROUGtt, A. I,. ]?ARR AND R. L. RkNDALL, jr. Biol. Chem., Iq 3 (~9.5[) 

2()-5. 
2o t[ .  S. C. H ~ILSKOV, Aeta Physi,/. Scand., 24 ( I954)  84. 
21 ]{. ( ; .  DOlg, LL AND N. KRFTCHMER, Biochim. Biophys..4eta, 62 11962 ) 353- 
22 R. G. I)OV.LL :\Xl) N. I'~m,:TCUMER, Bioehim. iqiophys. Actor, 67 11963) 516. 
23 (;. SUMENZA, S. AURICCHIO AND A. RUI~INO, Biochim. Biophys. Acta, 96 11965) 4~7 . 
2 I 1). Y. Y. t{st . \ ,  M. 3.[AI,ZLEI~, (;-. SFMENZA AXE) A. PR\I)ER, Biochim. P, iophys. Acta, rt 3 1101i6) 

,,;rio. 

25 N. ( ; . . \ S P  AND n .  DAHLQVIST, l]ioclzem../., lO6 ([06,S) 841. 
20 (;. V:\l.zs, in E. F. .~EUIrELD AND V. (]INSBU'RG, 3I('lhods i ,  En;ymologv, Vol. V I I I ,  . \ c a d c m i c  

Press ,  N e w  York ,  1066, p. 5o9 . 
27 1~. \Vi,;ISSMAXN, (; .  ROW[N, J..XIARSHALL .\Xl) D. FRIEI)ER1CI, t4iochemistry, 6 (I967)  2o 7. 
28 l).  I:ISm,~R, M. llu;u.~.~l, P. \V. KENT AXl) P. PiaITCnar l ) ,  Biochcm. J., ()8 ([966) 40 l  '. 
20 (; .  :\. I,l,:Vvv AND A. 1Mr:ALLEN, l~iochtm. J., So ( i961)  435. 
3 ° ('. BECK a x l )  :\. L. TAPPEL, Bi(~chim. lib)phys. Acta, [51 (190S) 159. 
31 P. lrRIC ANI) Z. LOJDA, ./Iota (;aslroenler, d. [3elg., 27 (19154) 520. 
32 Z. L o j t ) a ,  Histochemie, 5 (I965) 339. 
2~i~ E.  (). RIECKEN, N. A. SCtlMII)T, I ( .  \VAcIVI'LER AND A. (]. ]g. PI£ARSE, Klin. Woellschr., 45 

{r967) 383 . 
]} t J" ()VERTON, ~\. EICIIHOLZ AND I{. 1"~. ('RANE, .jr. Cell Hinl., 26 (z965) (;93- 

Biochim. Biophvs. Acta 173 (1069) 245 25o 



256 P. MALATHI, R. K. CRANE 

35 A. J~ICHHOLZ, Biochim. Biophys. ,4cta, 135 (1967) 475. 
36 A. EICHHOLZ, Biochim. Biophys. Acta, 163 (1968) IOI. 
37 G. SEMENZA, •. TOSI, M. C. VALLATON-DELACHAUX ,\ND ]L. 3IULHAUPT, Biochim. Biophys. 

/tcta, 89 (1964) lO9. 
38 R. I(. CRANE, G. FORSTNER AND A. EICHHOLZ, Biochim. ]3iophys. ~4cta, lO 9 (1965) 467 . 
39 S. VEIBEL, in J.  B. SUMXER ,\.xr~ I'L MYRBXCK, The Enzymes, Vol. 1, par t  J, Academic Press, 

New York, 195o, p. 583 . 
4 ° S. GATT AND M. ~I. RAPPORT, Biochim. Biophys. Acla, 113 (I966) 567. 
41 J. LARNER AND R. E. GILLESPlE, .]. Biol. Chem., 223 (1956) 7o9 . 
42 K. "VVALLENEELS AM) J. FISCHER, Z. Physiol. Che~., 321 (I96o) 223. 
43 J. CONCHIE, A. J. }-lAY, I. STRACHEN AND G. A. gEvv' ; ,  t3ioclzem..[., lO2 (1967) 929. 
44 M. DlXOX, Biochem..[., 55 (1953) 17o. 
45 M. D lxox  AXD E. C. Wm3B, Enzymes, Academic Press, New York, 1964, p. 84. 
46 K. WALLENFELS AN[) (). 19. MALI{OTRA, in P. D. BOYER, A. LARDY AND t'[. ]~YRB'X.CK, "J']t£, 

En~:ymes, \:ol. 4, Acadenlic Press, New York, 196o, p. 4o9. 

Biochim. t3iophys. ,4cla, 173 (1969) 245--256 


