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SUMMARY 

I. Inorganic pyrophosphate hydrolysis by rat-liver microsomes has been studied. 
2. On the basis of ac t iv i ty -pH studies, it appears that  such microsomes contain 

two and possibly more enzymes capable of hydrolyzing inorganic pyrophosphate. 
3- Michaelis constants for added pyrophosphate have been calculated as I • lO -4 M 

at  p H  8.1 in the presence of Mg z+ concentrations initially three times those of pyro- 
phosphate, and as 6.1- lO -4 M at pH 5.0 without added ;,~g2+. 

4- Unlike its mitochondrial counterpart,  microsomal inorganic pyrophosphatase 
(Pyrophosphate phosphohydrolase, EC 3.6.1.1) inhibition by nucleotides appears to 
be due entirely to chelation of Mg z+, since for the latter activity, (a) relatively high 
concentrations of nucleotides are required for inhibition, (b) ATP inhibition is reversed 
by  elevated Mg 2+ concentrations, (c) GTP inhibits to an even slightly greater extent 
than does ATP, (d) AMP, is without effect. 

5- While F -  inhibits the microsomal activity just as it did that  in mitochondria, 
ATP does not partially reverse this inhibition with the former preparation. 

INTRODUCTION 

Inorganic pyrophosphatases (Pyrophosphate phosphohydrolase, EC3.6 . I . I )  play 
an important  role .in the overall metabolism of living organisms, since pyrophos- 
phate  is a reaction product of many  synthetase-catalyzed reactions involved in the 
formation of such complex, physiologically significant compounds as proteins, 
glycogen, phospholipids, cholesterol, chondroitin sulfate, and others. The hydrolysis 
of PPi  produced in some of the individual steps in such processes preveflts reversal 
by  pyrophosphorolysis 1, and, coupled with synthetase reactions, makes the overall 
thermodynamics more favorable for the synthetic processesZ, s. A number of syn- 
thetase reactions for example, cytidine-5-diphosphorylcholine synthesis 4, cholyl- 
coenzyme A formation 5, activation of some long-chain fa t ty  acids 6, and several 
reactions involved in the rather complicated synthesis of cholesterol from CoASAc 7,8, 
in which PPi is liberated, are known to occur in the endoplasmic reticulum 
(microsomes). 

Inorganic pyrophosphatase has been detected in guinea-pig-liver microsomes s. 
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NORDLIE AND LARDY 9 observed  t h a t  microsomes,  mi tochondr ia ,  and  nuclei,  as  well  
as soluble por t ion  of  ra t  l iver,  conta in  apprec iab le  amoun t s  of  such act ivi t ies .  Some 
proper t ies  of  two inorganic  p y r o p h o s p h a t a s e  ac t iv i t ies  present  in mi tochondr i a  
recen t ly  have  been considered 1°. The resul ts  of  s tudies  of  the  hydro lys i s  of  PPI  b y  
ra t - l ive r  microsomal  enzymes  are r epor ted  in this  pape r ;  a compar ison  is m a d e  of  
the  proper t ies  of  enzymic  ac t iv i t ies  associa ted  wi th  ra t - f iver  microsomal  and  mi to-  
chondr ia l  fractions.  

M ATERIALS  A N D  METHODS 

All nuclo t ides  were suppl ied  b y  P a b s t  Labora to r i es ,  Milwaukee,  Wisc.  (U.S.A.) 
NaaP207 • IO H20 was ob ta ined  from Fisher  Scientific Co., F a i r  Lawn,  N.J .  P i  and  
PP i  were assayed  according to FLYNN et al. n and  pro te in  according to  NORDLIE AND 
LARDY 1° and LAYNE 12. The  procedure  for measur ing  inorganic  p y r o p h o s p h a t a s e  
a c t i v i t y  has  been descr ibed prev ious ly  1°. E n z y m e  concen t ra t ions  and  incuba t ion  
per iods  were so ad jus t ed  t h a t  enzymic  ac t iv i t ies  were in all  ins tances  based  on 
measu remen t s  of in i t ia l  reac t ion  velocit ies.  Microsomes were i so la ted  b y  conven-  
t iona l  different ia l  cen t r i fuga t ion  me thods  13 f rom l ivers  of  male,  young  adul t ,  a lb ino  
ra t s  (Badger  Research  Corp., Madison,  Wisc. (U.S.A.)) The  washed  microsomes  were 
suspended  in 0.25 M sucrose solut ion (I ml/g wet liver),  and  were m a i n t a i n e d  frozen 
( - -15  ° ) unt i l  used. 

RES ULTS 

Effects of pH on microsomal inorganic pyrophosphatase activity 

In the  absence of  a d d e d  Mg 2+ a p y r o p h o s p h a t a s e  a c t i v i t y  m a x i m u m  was ob-  
served at  p H  4.3, while in the  presence of  in i t ia l ly  equ imola r  Mg*+ and  PPi ,  two  
a c t i v i t y  peaks  were appa ren t ,  a t  p H  5.I  and  8.15 (Fig. I).  Whi le  the  d a t a  p resen ted  
are for a r ep resen ta t ive  exper imen t ,  these same p H  op t ima ,  as well  as the  shoulders  
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Fig. I. Variation of rat-liver microsomal inorganic pyrophosphatase activity with pH. Assay 
mixtures contained 40 mM buffer (~---~) and [ ] - -  10, glycylclycine; O- -O  and I---m, acetate; 
(~- - (~  and 1 - - ~  histidine; or C)---C) and [3- -D,  Tris-HC1), 42 mM sucrose, 5 mM sodium 
pyrophosphate, 3.54 mg microsomal protein and 5 mM (squares) or no (circles) added magnesium 
sulfate in a total volume of 3.o ml. Incubation was for 5 min at 3 o°. Enzymic activity (vi) is 

expressed as the decrease in/~moles of PPI per 3.0 ml reaction mixture per 5 rnin incubation. 
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in the range pH 5-7 (no added Mg~+). and pH 6.5 7.5 (Mg 2+ initially equimolar 
with PPi), were observed in repeated experiments. In some studies enzymic activity 
at pH 4-3 without added Mg 2÷ was greater that  that  at pH 8.15 in the  presence of 
Mg=+; however, in no instance did the non-Mg2÷-requiring activity at pH 5-55 
exceed that  of the Mg2+-stimulated activity at pH 7.25 as previously observed 9. 

Effect of Mg 2+ concentration on pyrophosphatase activity 

A study of the effects of variation of Mg ~÷ concentration in the presence of 
0.6, 2.5, and 5.0 mM PPi (Fig. 2) indicated that  in all three instances maximal 
enzymic activity was obtained when the initial Mg2÷/PPi ratio was between 2 : I  

oo ~ ;, ; ; ,o ,~ ,:~ ,; 
[MgS04]  x 10 3 

Fig. 2. Effect of magnes ium ion concen t r a t i onon  microsomM inorganic pyrophospha tase  act ivi ty 
at  p H  8.1. Assay mixtures  contained 4 ° mM Tris HC1, 42 mM sucrose, 0.70 mg microsomal 
protein,  indicated amoun t s  of magnes ium sulfate (parentheses indicate molar  concentrat ions in 
all figures), and:  C) O, 5rnM; × - - × ,  2.5 mM; or Q - - Q ,  o . 6 m M  sodium pyrophospha te  in 
a total  volume of 3.0 ml. Incubat ion  t ime and tempera ture ,  and definition of enzymic act ivi ty  

(vi), are as in Fig. I. 

and 3:1. Supraoptimal Mg 2÷ concentrations were slightly inhibitory. While the 
inclusion of Mg 2÷ initially equimolar with PPi stimulated guinea -pig-liver microsomal 
inorganic pyrophosphatase activity but 22% at pH 7.4 (see ref. 5), this same amount 
of Mg 2÷ caused an 8-fold increase in the rat-liver enzyme activity at this pH (Fig. I). 

Effects of PPi concentration on enzymic activity 

Variations in enzymic activity with PPi concentration (a) at pH 5.0 without 
Mg 2+, (b) at pH 8.1 with initial Mg2+/PPi ratio of 3:1, are depicted in Figs. 3 and 4, 
respectively. In the latter instance; ha l f -maximal  initial reaction velocity was 
obtained with an initial PPi concentration of approx. I .lO -4 M (Fig. 4), while in 
the former experiment /~m for PPi was calculated 14 as 6.1 • lO -4 M. 

Effects of F-  and EDTA on enzymic activity 

All KF  concentrations tested (0.33, 3.33 and 15 mM) markedly inhibited the 
Mg2+-dependent activity at pH 8. 4, while only the latter two concentrations were 
effective inhibitors at pH 5.0 without added Mg 2+ (Table I). The stimulation of 
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Fig. 3. Effect  of  PPI  concen t r a t i on  on mic rosomal  inorganic  p y r o p h o s p h a t a s e  ac t i v i t y  a t  p H  5.0 
in t he  absence  of  a d d e d  m a g n e s i u m .  Assay  m i x t u r e s  con ta ined  4 ° m M  ace ta t e  buffer,  4 2 m M  
sucrose,  ind ica ted  s o d i u m  p y r o p h o s p h a t e  concen t ra t ions ,  and  2.3 8 m g  mic, rosomal  p ro te in  per  
3.o ml.  I n c u b a t i o n  t ime  a n d  t e m p e r a t u r e ,  and  defini t ion of  enzymic  activi ty.  (vi), are  as  in Fig. I. 

the former activity by  o.33 mM EDTA, and inhibition by higher concentrations 
of this compound (Table I), are similar to observations by  SWANSON 15 and NORDLIE 
AND MIDBOE 16 with PPi activity of soluble fraction of rat  liver. Stimulation of 
this enzyme was shown 15 to be due to removal of endogenous, highly inhibitory 
Ca 2+ by the chelating agent• Interpretat ion of the data  as they bear on the possible 
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Fig. 4. Effect  of  PP i  concen t r a t i on  on mic rosomal  inorganic  p y r o p h o s p h a t a s e  ac t iv i ty  a t  p H  8. I 
in t he  presence  of  m a g n e s i u m .  Assay  m i x t u r e s  con ta ined  4 ° m M  Tris-HC1, 42 m M  sucrose ,  
s o d i u m  p y r o p h o s p h a t e  as indica ted ,  m a g n e s i u m  sul fa te  a t  concen t r a t i ons  ini t ia l ly  3 t i m e s  
those  of  s o d i u m  p y r o p h o s p h a t e ,  and  0.67 m g  mic rosomal  p ro te in  per  3.0 ml. I n c u b a t i o n  t i m e  

and  t e m p e r a t u r e ,  and  defini t ion of  enzymic  ac t i v i t y  (vi), are  as in Fig. i .  

involvement of a MgZ+-contammg enzyme, active at pH 5, is complicated by (a) 
the relatively low affinity of EDTA for divalent cation at low pH (see ref. I7), (b) the 
fact that  F -  inhibits certain enzyme systems not involving Mg 2+ activationlS, 19 
as well as a large number of Mg~+-stirrfulated enzymes 2°. 

Effects of nucleotides on enzymic activity 

On the basis of a specific adenine nucleotide inhibition, independent of Mg z+- 
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T A B L E  [ 

EFFECTS OF FLUORIDE ION AND E D T A  oN HYDROLYSIS OF P P i  
BY RAT-LIVER MICROSOMES 

A s s a y  m i x t u r e s  ( p i t  8.4) c o n t a i n e d  4 ° m M  Tr i s -HC1 ,  42 m M  sucrose ,  I m M  m a g n e s i u m  s u l f a t e ,  
0 .60  m M  s o d i u m  p y r o p h o s p h a t e ,  a n d  1.5o m g  m i c r o s o m a l  p r o t e i n  in  a t o t a l  v o l u m e  of  3.0 ml .  
A s s a y  m i x t u r e s  ( p H  5.0) w e r e  i d e n t i c a l  w i t h  t h e  p H - 8 .  4 m i x t u r e s ,  e x c e p t  t h a t  a c e t a t e  r a t h e r  
t h a n  Tr i s  bu f fe r  w a s  used  a n d  m a g n e s i u m  s u l f a t e  w a s  o m i t t e d .  I n c u b a t i o n s  w e r e  c a r r i e d  o u t  
for  i o  m i n  a t  3 o°. E n z y m i c  a c t i v i t y  is  e x p r e s s e d  as  t h e  f fmoles  of  P P i  h y d r o l y z e d  p e r  3.0 m l  

r e a c t i o n  m i x t u r e  p e r  IO min .  

pH 8. 4 pH 5.0 
A ddition ..I Hmoles PPI Inhibition .1 Hmoles PP, Inhibition 

( ) (%) ¢ ) (%) 

N o n e  0.79 .... 0.92 
K F  (0.33 mM) 0.24 7 ° 0.88 4-5 
K F  (3.33 raM) o.o 4 95 o.16 83 
K F  (15 mM) o.o2 97 o.o4 95 
E D T A ( o . 3 3 m M )  1.34 69 o.98 - -6 .5  
E D T A  (3-33 mM) o.o5 93 o.95 3.2 
E D T A  (15 mM) o .o i  99 o.88 4-5 

binding, of a rat-liver mitochondrial inorganic pyrophosphatase, and partial reversal 
of F -  inhibition of this activity by these same nucleotides, it has been suggested 1° 
that  there may  be some relationship between a mitochondrial inorganic pyrophos- 
phatase and some of those enzymes involved in the process of oxidative phosphoryla- 
tion accompanying electron transport. To determine whether these properties are 
unique to a mitochondrial inorganic pyrophosphatase,  or whether th, 'y are more 
general properties of mammalian-liver pyrophosphatases, some of the experiments 
originally performed with rat-liver mitochondria 1° were repeated with microsomes 
fl-om this same source. 

ATP inhibited microsomal pyrophosphatase (Fig. 5); however, 8 .IO 4 M 
nucleotide was required to produce 5o% inhibition. This is equivalent to an initial 
ATP/PPi  ratio of 1.33, while 5o% inhibition of rat-liver mitochondrial pyrophos- 
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Fig .  5. E f f ec t s  o f  A T P  c o n c e n t r a t i o n  on  m i c r o s o m a l  i n o r g a n i c  p y r o p h o s p h a t a s e  a c t i v i t y .  A s s a y  
m i x t u r e s  c o n t a i n e d  4 ° m M  Tr i s  HCI,  42 m M  sucrose ,  o.6 m M  s o d i u m  p y r o p h o s p h a t e ,  i . o  M 
m a g n e s i u m  su l f a t e ,  i n d i c a t e d  a m o u n t s  of  A T P ,  a n d  2.56 m g  m i c r o s o m a l  p r o t e i n  pe r  3.o m l  a t  
p H  8. 4. I n c u b a t i o n  t i m e  a n d  t e m p e r a t u r e ,  a n d  d e f i n i t i o n  of  e n z y m i c  a c t i v i t y  (vi), a re  as  in  F ig .  i .  
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phatase activity was obtained with an initial adenine nucleotide/PPi ratio of only 
0.006 (see ref. IO). With both microsomal and mitochondrial pyrophosphatases,  
the initial PPi  concentrations were in the range where initial reaction velocity was 
proportional to substrate concentration (i.e., the enzyme was in neither instance 
fully saturated with substrate, and the possibility of obscuring competitive in- 
hibition by  a large excess of substrate was avoided). Calculations of the sort pre- 
viously employed by  ROBBINS AND BOYER 21 with the hexokinase system, in which 
we used binding and acid dissociation constants tabulated in ref. 22 and assumed 
that  the ionic species present were Mg 2+, HPPi  a-, ppj4-, HATPa-,  ATP4-, Mgppi  2_ 
and MgATP 2- indicated that  an appreciable amount  of Mg 2+ was made unavailable 
to PPi  by  the inclusion in reaction mixtures of concentrations of ATP found effective 
as inhibitor (Fig. 5). (For example, it was calculated that  when 2.5" lO _3 M ATP 
was included, approx. 65% of added PPi was in the form of MgPPi 2-, 31.5% as 
HPPi  3-, and 3.5% as PPi 4~. In the absence of ATP, 98.8% of the added PPi was 
calculated to be present as MgPpi2-). 

However, the assumptions made in these calculations necessarily involved 
certain oversimplifications (e.g., it has been shown 2~ that  as much as 2/3rds of added 
PPi may  be present as the Mg2PPi complex, a species not considered, in the presence 
of excess Mg 2+ at pH 8) ; in addition, the nature of the true substrate for this micro- 
somal pyrophosphatase is unknown. For these reasons, additional proof for the 
nature of the ATP inhibition of the activity was sought by direct experimentation. 
Nucleotide inhibition of microsomal inorganic pyrophosphatase appears to be due 
only to Mg2+-binding, since GTP inhibits the microsomal enzyme as well as does 
ATP (Table II, Series II), AMP does not inhibit (Table II, Series II), and the in- 
hibition due to ATP can be reversed completely by  elevation of Mg 2÷ concentration 
(Table II, Series I). Fluoride inhibition of the microsomal enzyme is unaffected by 
nucleotides (Table II, Series I I I ) ,  while inhibition of the mitochondrial enzyme by 
this ion is partially reversed by  adenine nucleotides 1°. 

DISCUSSION 

Rat-liver microsomes and mitochondria 1° are similar in that  they both contain at 
least two inorganic pyrophosphatase activities, one of which has no requirement for 
added Mg z+, is optimally active in the acidic pH range, and is inhibited by F - ;  
and a second which is markedly stimulated by Mg 2÷, is optimally active near neu- 
trali ty (mitochondria) or in the alkaline pH range, and is highly fluoride- and EDTA- 
sensitive. The presence of a third pyrophosphatase activity is suggested by the 
shoulders on the pH profile (Fig. I);  experimental evidence also indicates a third 
pyrophosphatase in mitochondria 1°. Activity maxima (at pH 4.3 without added 
Mg 2+, and at pH 5.I and 8.15 with Mg 2+ and PPi initially equimolar, for microsomes; 
at pH 5.7 without added Mg 2+, and at pH 5.45 and 6.7 with initial Mg2+/PP i = I, 
for mitochondrial°), which were determined in essentially identical reaction mixtures 
with both particulate preparations, suggest that  PPi hydrolysis is not due principally 
to identical enzymes present in both particulate preparations. T h e  differences in 
optimal Mg2+/PPi ratios (Fig. 2 and ref. IO), studied at pH's  found optimal when 
this ratio was i : i  (Fig. I), also suggest that  the Mg2÷-stimulated enzymes in these 
two particles are dissimilar. While this ratio might vary with PPi concentration 
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T A B L E  I I  

E F F E C T S  OF N U C L E O T I D E S  ON P P I  H Y D R O L Y S I S  BY R A T - L I V E R  MICROSOMES 

Assay  mix ture  compos i t ion  and exper imenta l  condi t ions  were identical  w i th  the  pH-8.  4 react ion 
mix ture  described in Table I, except  t h a t  2.56 mg microsomal  protein and indicated a m o u n t s  
of  m a g n e s i u m  sulfate,  nucleotides,  and p o t a s s i u m  fluoride were included per 3.o ml  react ion 
mixture .  PPI disappearance was measured directly.  E n z y m i c  act iv i t ies  are expressed a s  in  

Table I. 

Addition 

n _ _  

N o n e  
N o n e  
N o n e  
A T P  (2 m M )  
A T P  (2 raM)  
A T P  (2 m M )  

MgSO 4 /1 amoles PPi Inhibition 
(raM) ( - )  (%) 

Series I 

i o.91 - -  
3 i .07 - -  

i o  0 .85  - -  
i 0 .07  92 
3 1.1o - - 2 . 8  

i o  o .81 4-7 

Series I I  

N o n e  i 0 . 90  - -  
A T P  (1 m M )  i 0 .52 42 
G T P  (I m M )  i o.41 54 
A M P  (i  m M )  i 0 .87  3.3 

Series I I I  

None  i o .91 - -  
K F  (3 .33 raM)  i 0 .07  92 
K F  (3-33 m M )  plus A T P  (i  raM)  i 0 . 0 6 - -  93  
K F  (3 .33 raM)  p l u s  A T P  (3 m M )  i 0 .o  7 92 

employed if, for example, a MgPPI 2- or Mg2PPI complex were to serve as substrate, 
effects of variation of Mg 2+ concentration were studied in each instance in the 
presence of two or more PPi concentrations which were known to be in the range 
where enzymic activity was dependent- upon PPi concentration (see Fig. 4 and ref. IO). 
Apparent Michaelis constants for added PPI (9.5" lO-3 M and 2. 9.  lO -4 M for mito- 
chondria 1°, x. lO -4 M for microsomes), determined for Mg2+-stimulated activities at 
their pH optima, also vary for the two particulate preparations, although the 
significance of the difference between the last-mentioned value for mitochondrial 
enzyme and that for microsomal pyrophosphatase is left open to question due to 
the fact that these parameters were based on measurement made in crude pre- 
parations in the presence of other pyrophosphatases. Mg2+-stimulated inorganic 
pyrophosphatase of rat-liver microsomes also differs from this enzyme in mito- 
chondria 1° since nucleotide inhibition of the former appears to be due solely to non- 
specific chelation of Mg *+ by nucleotides, as discussed in the RESULTS section. 

In addition to variations in degree of Mg*+-stimulation discussed in the RESULTS 

section, rat-liver microsomal inorganic pyrophosphatase differs from its guinea-pig- 
liver counterpart 6 in that, while we obtained 95% or greater inhibition of the rat- 
liver activity both at pH 5.o and 8.4 by inclusion of 15 mM KF in reaction mixtures 

Biochim. Biophys. Acta, 77 (1963) l O O - l O 7  
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(Table I), ELLIOTT 5 observed appreciable activity with guinea-pig-liver preparations 
even in the presence of 25 mM KF. Further, while no reversal of F-  inhibition of 
the rat-liver-enzymic activity (pH 8.4, Mg z+ added) was obtained by addition of 
ATP (Table II, Series III), this nucleotide reversed F-  inhibition of the guinea- 
pig-liver microsomal enzymic activity (assayed at pH 7.4 with Mg ~+ added). 

NORBERG ~s has observed activity peaks for PPj hydrolysis by rat-liver homo- 
genates at pH's 4-4.2, 5, 5.8-7, and 8-8.4. While pH optima determined in crude 
mixtures of enzymes are not necessarily the same as those which would be observed 
with the individually purified enzymes due to possible overlapping of activities, it 
is none-the-less interesting to note that microsomal pyrophosphatase p H  optima, 
pH 4.3 and 8.1, correspond closely to the two extreme values of NORBERG 23. And 
one pH optimum for mitochondrial enzyme 1° falls within the pH 5.8-7 range while 
the second optimum at pH 5.45 is not too far removed from the pH 5 value reported 
by NORBERG 23. It must be pointed out, however, that the very active, highly specific 
inorganic pyrophosphatase present in soluble portion of rat liver 15 exhibits a sharp 
activity maximum, when assayed under the conditions used for study of microsomal 
and mitochondrial activities, at pH 7.5 which is between two of NORBERG'S 2z activity 
peaks 16. 
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