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SUMMARY 

The inhibition by phlorlzln of rabbit  intestinal D-glucose-6-phosphate phospho- 
hydrolase (EC 3 I 3 9) and of PPl-glucose phosphotransferase activity also catalyzed 
by this enzyme was investigated Studies were carried out with freshly prepared, 
unsupplemented mlcrosomes and with mlcrosomal suspensions to which various 
concentrations (o o5-o 3o %, w/v) of the cationic detergent cetylhexadecylammonaum 
bromide ("cetrlmlde") had been added prior to assay Inhibitions of both activities 
were found to rise progressively with increasing concentrations of phlorlzm Kinetic 
studies Indicated that  inhibitions were noncompetitive with respect to all substrates 
tested, including glucose 6-phosphate, PP1 and glucose Pretreatment  of mlcrosomes 
with cetrxmlde accentuated the extent of inhibition by phlorlzln of phosphotransferase 
activity but significantly ameliorated phlorlzm-effected Inhibition of glucose-6-phos- 
phate phosphohydrolase activity Consistent with these observations, K, values for 
phlorlzin determined with the former activity decreased from a value of 5 5 mM, noted 
in the absence of detergent, to i 3 mM following pretreatment  of microsomes with 
o lO% (w/v) cetrlmlde, while similar t reatment  caused an increase in K,  values de- 
termined with the phosphohydrolase activity from I 5 mM (no detergent) to 5 o mM with 
o lO% (w/v) cetrimxde These observations are interpreted as indicating the presence 
on the enzyme molecule of two effective, activity-specific nlhibltor-bandmg sates with 
varying affinities for phlorazan and differing with respect to modification by cetrlmlde 
Bound inhibitor molecules are postulated to prevent the formation of phosphoryl-  
enzyme intermediates from binary enzyme-glucose 6-phosphate and enzyme-PP~ 
complexes 

INTRODUCTION 

In a recent pubhcatlon from this laboratory SOODbMA el al 1 described the 
detergent-sensitive, klnetacally noncompetitive inhibition by phlorazln of rat  kidney 
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microsomal  D-glucose-6-phosphate phosphohydro lase  (EC 3 i 3 9, Reac t ion  I) and  
PPl -g lucose  phosphot ransfe rase  ac t i v i t y  (React ion 2) also ca t a lyzed  b y  this  enzyme ~ 
More recent ly ,  ZERR AND NOVOA 3 have  repor ted  s tudies  which also indica te  the  non- 
compet i t ive  na tu re  of  inhib i t ion  b y  this glycoside of  this  phosphohydro lase  a c t i v i t y  
of ra t  k idney  In  contras t ,  however,  the  

Glucose-6-P + H20 ~ glucose + Pl (i) 
PPI + glucose -+ glucose-6-P + PI (2) 

l a t t e r  workers  observed  t ha t  inhibi t ion  of  ra t  hver  g lucose-6-phosphatase  was kinet l -  
cal ly  compe t i t ive  wi th  respect  to sugar  phospha te  subs t ra te  Because of  this  appa ren t  
va r i a t ion  in proper t ies  of the  enzyme from these two tissues, the  effects of  phlor lzm 
on g lucose-6-phosphatase  from a th i rd  m a j o r  s o u r c e - - t h e  small  i n t e s t i n e - - h a s  become 
of  pa r t i cu l a r  in teres t  W e  4 recen t ly  descr ibed some ca ta ly t i c  proper t ies  of  var ious  
syn the t i c  and  hyd ro ly t i c  ac t iv i t ies  of  this  enzyme from mlcrosomes of mucosa  of  r abb i t  
smal l  in tes t ine  The  inhibi t ions  b y  ph lonz ln  of these in tes t ina l  ac t iv i t ies  have  now 
been s tud ied  in some detai l ,  as have  the  modi fy ing  effects thereon of  the  cat ionic 
de te rgen t  t r l m e t h y l h e x a d e c y l a m m o n I u m  bromide  ( "ce tnmide" )  which previously  
was found to po ten t i a t e  s ignif icant ly the  inhibi t ion  b y  this  glycoside of  phospho-  
t ransferase  ac t i v i t y  of  the  k idney  enzyme 1. Resul ts  of  these s tudies  are descr ibed in 
th is  pape r  

MATERIALS AND METHODS 

E n z y m i c  assays  and  sources of  most  chemicals  were as descr ibed previously1,5, 6 
R a b b i t  in tes t ina l  microsomes were p repa red  and  suspended  in o 25 M sucrose as 
descr ibed earher* F re sh ly  isola ted  p repa ra t ions  were used in all e x p e n m e n t s  Cetrl- 
mide  was p repa red  as a 2 %  (w/v) aqueous solut ion and  ad jus t ed  to p H  7 o wi th  di lute  
HC1 Mlcrosomal  suspensions were p re lncuba t ed  at  o ° in the  presence of  appropr i a t e  
concent ra t ions  of this  de te rgen t  solution,  or wi th  dist i l led wa te r  when ce t r lmlde  was 
absent ,  for a per iod of  15 min pr ior  to  assay  for enzymic  ac t iv i t ies  Reac t ion  mix tu re  
composi t ions  and  o ther  expe r imen ta l  deta i l s  are  g iven in legends to ind iv idua l  tables  
and  figures, and  in the  t ex t  below All  d a t a  have  been normal ized  to o 026 unit* of 
g lucose-6-P phosphohydro la se  a c t i v i t y  

RESULTS 

Inh ib i t ions  of  bo th  PP l -g lucose  phosphot rans fe rase  and glucose-6-P phospho-  
hydro lase  ac t iv i t ies  were s tud ied  as a funct ion of  va r i ed  ph lonz in  concent ra t ions  The 
resul ts  of such s tudies  which were carr ied  out  in the  absence of de te rgen t  are dep ic ted  
b y  open circles and  sohd lines in F igs  I A  and  IB ,  respec t ive ly  Inh ib i t ions  of  bo th  
ac t imt les  were found  to increase  progress ive ly  as a funct ion of  e levat ion  in concen- 
t r a t ion  of  ph lonz in  Since the  cat ionic  de te rgen t  ce t r imlde  has  been found to po ten t i a t e  
qui te  s ignif icant ly  inh ib i t ion  b y  ph lonz ln  of  PP . -g lucose  phosphot ransfe rase  ac t i v i t y  
of  k idney  g lucose-6-phosphatase  1, the  above  s tudies  were r epea ted  wi th  mlcrosomal  

" One umt of glucose-6-phosphatase activity is I/*mole of glucose-6-P hydrolyzed per mm 
at 3 °0 in a reaction mixture (pH 6 o) containing, in I 5 ml, IO mM D-glucose-6-P and 4 ° mM 
sodium cacodylate 
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Fig  I Effects of ce t r lmide  on inh ib i t ion  by  p h l o n z m  of (A) P P l - g l u c o s e  phosphot rans fe rase  a n d  
(B) glucose-6-P phosphohydro lase  ac t iv i t i e s  Mmrosomal  suspensions  were p r e m c u b a t e d  in the  
presence of the  ind ica ted  concen t ra t ions  of cetr imlde,  and  o I -ml  a l lquots  were then  r emoved  and  
i ncuba t ed  a t  3 °° for i o  mtn wi th  assay  m i x t u r e s  iden t ica l  w i th  those descr ibed in F ig  2, excep t  for 
add i t ion  of the  ind ica t ed  concen t ra t ions  of p h l o n z m  Inh ib i t i ons  In all  cases were ca lcu la t ed  rela-  
t ive  to  a c t i v i t y  (defined as in F ig  2) observed in the  absence of phlor iz in  The legend of ce t r lmlde  
concen t ra t ions  g iven in F ig  IB  is in t e rms  of concen t ra t ions  (w/v) in mlcrosomal  suspensions,  and  
appl ies  to  bo th  (A) and (B) 

Fig 2 Effects of v a n e d  concen t ra t ions  of cetrlmxde on in tes t ina l  mlcrosomal  P P r g l u c o s e  phos- 
pho t rans fe rase  ([~) and  glueose-6-P phosphohydro la se  ((2)) ac t iv i t i e s  Assay  m i x t u r e s  (pH 6 o) 
con ta ined  in i 5 ml, i o  mM phospha t e  subs t ra te ,  18o mM glucose (transferase) and  4 ° mM sod ium 
cacodyla te  buffer Fresh  microsomal  suspensions  were p r e incuba t ed  a t  o ° for 15 mln  wi th  the  
ind ica t ed  concen t ra t ions  of ce tnmide ,  and  o i -ml  ahquo t s  then  were i ncuba t ed  for io  mln  a t  3 °0 
wi th  the  assay  m,-xtures A c t i v i t y  -- /~moles of g lucose-6-P hydro lyzed  (phosphohydrolase)  or 
syn thes ized  (phosphotransferase)  per io -min  m c u b a t m n  a t  3 °0 Re la t ive  a c t i v i t y  = IOO > 
(ac t iv i ty  observed when  the  mmrosomes  were p r e m c u b a t e d  wi th  ce t r imlde  -- a c t i v i t y  obse rved  
wi th  wa te r -p r e t r ea t ed  mlc rosomes ) / ( ac t lv i ty  wi th  w a t e r - p r e t r e a t e d  microsomes) 

preparations which had been supplemented with this detergent  to final concentrations 
(w/v) o fo  o5%,  o IO%, o 20% and o 30% Results of  these studies are also presented, 
as broken or dashed lines, In Figs IA  and IB  As was noted in the absence of  cetrlmlde, 
inhibitions were observed to increase as ph lonzm concentrat ions were elevated How- 
ever, in all instances the extent  of  inhibitions by  unit  concentrat ions of phlorlzmn of  
phosphotransferase act ivi ty  were quite significantly increased as the concentrat ion of 
cetrlmlde to which mlcrosomes were exposed prior to assay was increased (Fig IA) 
For example, o 71 mM phlorlzln produced IO % Inhibition in the absence of  cetrlmide, 
while inhibition was increased to 24% with o 05% cetrlmide m mlcrosomal sus- 
pensions, and to 4o%,  60% and 63%,  respectively, when cetrlmlde concentrat ions 
were increased to o IO%, o 20% and o 30% (w/v) In  marked contrast ,  inhibitions by  
ph lonzm of glucose-6-P phosphohydrolase  a c hv l t y  were progressively diminished as 
cetnrmde levels were increased in this same range of  concentrat ions (see Fig IB) 

The direct effects of  cetrlmlde on enzymic activities are described In Fig 2 
Maximal stimulations of  both  phosphotransferase act ivi ty  (to 225 % of control values) 
and phosphohydrolase act ivi ty  (to 145 % of control value) were observed when o 075 % 
(w/v) cetrlmlde was included in mlcrosomal suspensions A decrease in extent  of  
act ivat ion (phosphohydrolase) or an actual net  inhibition (phosphotransferase) was 
noted with higher concentrat ions of  this detergent Interestingly,  even those concen- 
trat ions of  cetrlmlde which were supraoptlmal for the production of direct increases in 
levels of  enzymic act ivi ty  (, e concentrat ions > o 075 % (w/v), see Fig 2) progressively 
modified the inhibitions by phlorizln of these same activities (see Figs IA and IB).  
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T A B L E  1 

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

M I X T U R E  p H  

Mlcrosomal  suspens ions  w i t h o u t  or  wi th  ce t r lmide  s u p p l e m e n t a t i o n  (o IO, w/v) were i n c u b a t e d  
in a s s a y  m i x t u r e s  c o n t a i m n g  in I 5 ml, IO m M  p h o s p h a t e  subs t r a t e ,  18o m M  glucose (phospho-  
t ransferase) ,  4 ° m M  s o d m m  cacodyla te  buffer  (4 ° m M  s o d i u m  c a c o d y l a t e - s o d i u m  ace t a t e  buffer  
below p H  5 o) and  e i ther  no or o 57 m M  phlor iz ln  A s s a y  m i x t u r e s  were p repa red  In d u p h c a t e ,  
ac t iv i ty  was  m e a s u r e d  in one series and  p H  was  d e t e r m i n e d  wl th  a B e c k m a n  e x p a n d e d  scale 
m e t e r  in t he  second series P e r cen t  inh ib i t ion  = ioo x (ac t iv i ty  w i t h o u t  ph lonz ln  --  ac t iv i ty  
plus phlorxzin) / (act lvi ty  w i t h o u t  phlorlzin) 

p H  Inhzb*t*on (%) 

PP,-glucose phosphotrans- 
.[erase 

Glucose-6-Pphospho- 
hydrolase 

W,thout Plus W*thout Plus 
cetrzm~de celrzm,de cetr, mzde cetr,m~de 

4 I 3 ° 5 46 4 15 I 17 7 
4 7 23 I 48 6 2o 2 18 6 
5 i 16 6 5 ° 7 25 2 18 o 
5 6  155  49 I 2 9 2  164  
6 o 21 6 41 8 35 7 16 o 
6 6 12 3 32 4 22 o 15 9 
7 ° 125  6 0 3  155  193  
7 4  - -  - lO2  8 1  

Inhibitions of both phosphotransferase and phosphohydrolase activities were 
generally observed, with minor vanatlons, over a rather broad range of pH values 
(pH 4 1-7 o), as indicated by data in Table I And at all pH values, inhibition by 
phlonzln of phosphotransferase activity was significantly higher when cetnmlde- 
supplemented (o 1%, w/v) mlcrosomal preparations were employed, while inhibition 
by phlonzm of glucose-6-P phosphohydrolase activity was ameliorated by the de- 
tergent (compare values in third and fifth vertical columns In Table I with corre- 
sponding values in the second and fourth columns) 

K ,  net, c S tudies  

In order to provide further insight into the mechanism of action of phlonzm 
on the two activities and of modifications of this action by cetnmlde, a series of kinetic 
studies was carried out at pH 6 o Phosphohydrolase activity was measured as a 
function of glucose-6-P concentrations, which were varied in the range i - i o  mM In 
corresponding studies of the phosphotransferase activity, either glucose concentrations 
were vaned from 30 to 18o mM with a constant PPi level (IO mM), or PP~ concen- 
trations were varied from I to IO mM with a constant glucose level (18o mM) Studies 
were made with both untreated and cetnmlde-supplemented mlcrosomes, and activities 
w e r e  m e a s u r e d  b o t h  In  t h e  a b s e n c e  a n d  p r e s e n c e  o f  p h l o r l z l n  T h e  r e s u l t i n g  d a t a  w e r e  

p l o t t e d  i n  c o n v e n t i o n a l  d o u b l e - r e c i p r o c a l  f a s h i o n  7, a n d  K r a  a n d  K ,  v a l u e s  w e r e  

c a l c u l a t e d  a s  d e s c r i b e d  b y  DIXON AND W E B B  8 R e s u l t s  o f  t y p i c a l  e x p e r i m e n t s ,  m w h i c h  

t h e  i n h i b i t i o n  b y  o 57  m M  p h l o n z m  w a s  s t u d i e d  w i t h  r e s p e c t  t o  g l u c o s e - 6 - P ,  g l u c o s e  

a n d  P P I ,  a r e  d e s c r i b e d  i n  F i g s  3, 4 A a n d  4 B ,  r e s p e c t i v e l y  K i n e t i c  p a r a m e t e r s  e v a l u a t e d  

f r o m  t h e s e  a n d  s i m i l a r  s t u d i e s  a r e  c o m p i l e d  i n  T a b l e  I I  I n  a l l  i n s t a n c e s ,  i n h i b i t i o n  
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T A B L E  I I  

fk" m V A L U E S ,  A N D  /k" z V A L U E S  F O R  P H L O R I Z I N ,  D E T E R M I N E D  I N  T H E  A B S E N C E  A N D  P R E S E N C E  O F  

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

G L U C O S E - 6 - P H O S P H A T A S E  

Assay m i x t u r e s  ( t ransferase,  p H  6 o) con ta ined  in  i 5 ml, 4 ° m M  sod ium cacody la te  buffer, 
18o mM glucose when  PP1 was  var ied  ( I - iO  mM) and  io  mM PPI  w h e n  glucose was  var ied  (3 ° -  
18o mM) Glucose-6-P was  v a n e d  from i to i o  mM Phlor lzm,  o 57 mM, was  found to be a non- 
compe t i t i ve  mhxbltor  w i th  respec t  to each reference subs t r a t e  

Reference No cetrzmzde o to% (w/v) cetr~mzde 
substrate 

I~ m K~ Km I(~ 
(raM) (phlorzz*n) (raM) (phlor~zzn) 

(mM)  (rnllI ) 

Glucose-6-P 2 i i 5 o 6 5 o 
PPI  i 8 5 2 o 7 i 2 
Glucose 7 ° o 5 7 7 ° o i 4 

by phlorlzm was noncompetitive with respect to each substrate tested Cetnmade 
sharply reduced the Km values for PP1 and glucose-6-P, but did Inot alter Kglueose 
In the presence of detergent, the K,  (phlorlzln) value was Increased from I 5 to 5 o mM 
with respect to glucose-6-P hydrolysis and was decreased from 5 5 to I 3 mM with 
respect to the phosphotransferase activity Similar inhibitor constant values were 
obtained with respect to both glucose and PP1 an the phosphotransferase reaction 
(See Table II) Km values for glucose were unaffected by the detergent 
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Fig 3 Kine t ics  of inh ib i t ion  by  phlor lz ln  of g lucose-6-P phosphohydro la se  a c t i v i t y  in the  ab- 
sence of c e t n m l d e  Assay  m i x t u r e s  (pH 6 o) con ta ined  in i 5 ml, 4 ° mM sodmm cacody la te  buffer 
and  the  ind ica ted  glucose-6-P concen t ra t ions  A c t i v i t y  (v, defined as in Fig 2) was measured  in 
the  absence (O) and  presence (0) of o 57 mM p h l o n z l n  The K~ va lue  was  ca lcu la ted  to  be i 5 mM 
(see text )  

Fig 4 Kinet ics  of inh ib i t ion  by  p h l o n z m  of P P i - g l u c o s e  phospho t rans fe rase  (A) Inh ib i t i on  
wi th  respec t  to  glucose Assay m]x tures  (pH 6 o) contaxned in I 5 ml, 4 ° mM sodium cacody la te  
buffer, i o  mM PP i  and  i nd i ca t ed  glucose concen t r a t i ons  (B) Inhlba t lon  w i t h  respect  to  PPI  
Assay m i x t u r e s  (pH 6 o) con ta ined  in I 5 ml, 4 ° mM sod ium cacodyla te  buffer, 18o mM glucose 
and  ind ica t ed  levels  of PP1 Mlcrosomal  p r e pa r a t i ons  employed  were supp lemen ted ,  to  o lO% 
(w/v), wi th  c e t n m l d e  In  bo th  ins tances ,  ac t iv i t i e s  (v, defined as in F ig  2) were de t e rmined  m the  
absence (1~) and  presence (11) of o 57 mM p h l o n z m  /f,  va lues  wi th  respec t  to  glucose and  PP,  
were i 4 and  i 2 raM, respec t ive ly  

B,ochzm B~ophvs Acta, 185 (1969) 360-366 



PHLORIZIN AND GLUCOSE-6-PHOSPHATASE 365 

DISCUSSION 

The effects of phlonzln on PPi-glucose phosphotransferase and glucose-6-P 
phosphohydrolase activities of rabbit intestine resembled generally those previously 
noted with the rat kidney enzyme by SOODSMA et al 1 Inhibitions of both synthetic 
and hydrolytic activities of the enzyme from both sources were klnetlcally of the non- 
competitive type (see Figs 3 and 4 and RESULTS) Furthermore, the extent ofphlorlzm- 
effected inhibition of phosphotransferase activity was in both instances significantly 
potentiated by pretreatment of mlcrosomal preparations with cetrimlde The amelio- 
rating effects of this same cationic detergent on the inhibition by phlorizln of glucose- 
6-P phosphohydrolase activity is described In detail for the first time in this paper 
(see Fig IB, Tables I and II, and RESULTS) The same general effect (a reduction in 
inhibition by o 57 mM phlonzln of glucose-6-P phosphohydrolase activity at pH 6 5 
from 38~/o in the absence of cetrlmlde to 29% in the presence ofo  2% (w/v) cetrlmlde 
In mlcrosomal suspensions) was, however, previously noted (see Fig 3 in ref I), 
although the observation was not discussed 

The intestinal and kidney preparations differ in that  activities of the former 
appear generally less susceptible to inhibition by phlorizln than do those of the latter 
preparations K, values for phlonzln depicted in Table II for the intestinal enzyme are 
considerably larger than corresponding values of o 57 mM (both achvltles, cetrlmlde 
absent) and o 22 mM (phosphotransferase, o 20/0 cetrlmlde supplementation) obtained 
with the kidney preparation at pH 5 5 (ref I) These differences may be explained by 
the fact that, in contrast with the kidney, the lumen of the small intestine, *n wvo,  is in 
continuous contact with bile salts and acids which are introduced from the gall bladder 
Into the intestine, where they are reabsorbed v,a the enterohepatlc circulatory path- 
way Deoxycholate and cholate previously have been found partially or completely 
to abolish sensitivity of activities of glucose-6-phosphatase to inhibition by phlorIzln 1, 
and the intestinal preparations thus undoubtedly were moderately desensitized while 
still m the intestinal mucosal cell 

SOODSMA et al 1 previously have suggested that potentiation by cetrlmide of 
Inhibition by phlorlzin of PPl-glucose phosphotransferase activity of kidney micro- 
somal glucose-6-phosphatase might involve an inactivation by the detergent of 
ineffective "silent" phlorxzin binding sites on the enzyme, thus making added phlorizin 
molecules more available for interaction with the enzyme at the "effective" inhibitory 
sites The present data suggest that two effective phlorizln-bmdxng sites with varying 
affinity for phlorlzln and differing with respect to susceptibility to modification by 
cetnmxde--one specifically affecting phosphotransferase activity and the second 
specific for glucose-6-P phosphohydrolase ac t iv i ty- -may be involved The effectiveness 
of phlorxzln-bmdxng to the latter site appears to be diminished by cetrlmlde, as revealed 
by lowered extents of inhibition and increased K, values for phlorxzln noted in the 
presence of cetrxmlde with this activity (see Fig IB and Tables I and II) In contrast, 
the enhancement of inhibition (Fig IA and Table I) and lowenng of K, value for 
phlorlzin (Table II) noted in the presence of various concentrations of cetrlmlde with 
the phosphotransferase activity Indicate that  the detergent treatment increases the 
affinity of this receptor site for phlonzln 

On the basis of kinetic studies described above It is clear that phlorlzln does 
not compete with substrates PPI, glucose, or glucose-6-P for active enzymic sites In 
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terms of the mechanism prewously proposed by ARION AND NORDLIE 9 to describe th~s 
multlfunctlonal enzyme system*, it appears that  the binding of two molecules of 
mhlbltor per complete enzymic active site could produce the observed activity- 
discriminating effects either by  (a) mterfermg mdivldually with the formation of 
mtermedlate phosphoryl-enzyme complex from, respectively, enzyme-PP~ and 
enzyme-glucose-6-P complexes, or (b) by  lnhlbltmg the transfer of phosphoryl groups 
from the common phosphoryl-enzyme intermediate alternatively to (1) water (phos- 
phohydrolase) or to (n) glucose (phosphotransferase) I f  the latter posslblhty were true, 
the effects of cetrlmlde-produced modifications of phlorlzln lnhlbltmn of PP~ phospho- 
hydrolase should follow those ofglucose-6-P phosphohydrolase, while ff the mechanism 
considered In (a), above, were to prevail, morganlc pyrophosphatase activity would 
be predicted to respond to cetrimide-modificatlon of phlorlzin inhibition in a manner 
similar to that  of PP.-glucose phosphotransferase Prehmlnary experiments, carried 
out with kidney mlcrosomes, mdlcate that  cetrlmlde produces an increase in extent 
of lnhibatmn by phlonzln of inorganic pyrophosphatase activity at pH 5 5 of 6 5 I ust 
as it does PP.-glucose phosphotransferase, thus supporting the situation described 
under possibility (a), above, as the most hkely stage for phlorlzln to exert its inhibitory 
effect. 

Further detailed studies are contemplated on the mechanism of actmn of 
phlorlzln and cetnmlde on activities of this enzyme smce these compounds, acting in 
concert, appear from the present studies to constitute an extremely interestmg model 
system permitting the control, in a predetermined, differential manner of the rates of 
synthesis and degradatmn of the key metabohc mtermedlate glucose-6-P by thas 
multffunctional enzyme 
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