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SUMMARY 

I. In subcellular fractions of bone homogenates, obtained by differential cen- 
trifugation, the distribution patterns of phosphoprotein phosphatase (phosphoprotein 
phosphohydrolase, EC 3.I.3.I6), acid inorganic pyrophosphatase, acid fl-glycerophos- 
phatase (orthophosphoric monoester phosphohydrolase, EC 3.1.3.2) and of various 
other acid phosphatase activities are closely similar to those reported by G. Vaes and 
P. Jacques iBiochem. J. 97,389 392 (I965)1 for the other acid hydrolases of this tissue. 
The highest specific activity of these enzymes is found in the light-mitochondrial frac- 
tion. The highest specific activity of alkaline inorganic pyrophosphatase and of vari- 
ous other alkaline phosphatase activities (orthophosphoric monoester phosphohydro- 
lase, EC 3.1.3.1) is found in the microsomal fraction. 

2. In cytoplasmic extracts of bone, the various acid phosphatase activities occur 
in latent form to the extent of 50-60% of their total activity. The latent enzymes are 
unmasked by a number of treatments (Triton X-Ioo, Ultra-Turrax, low osmotic pres- 
sure, freezing and thawing) that unmask the lysosomal fl-glucuronidase (EC 3.2.1.31) 
in a closely parallel manner. 

3. These results support the concept of an association of phosphoprotein phos- 
phatase, acid inorganic pyrophosphatase, acid/~-glycerophosphatase and the other 
acid phosphatase activities with lysosomes in bone. Alkaline inorganic pyrophos- 
phatase and the other alkaline phosphatase activities are largely attached to micro- 
somal elements. 

INTRODUCTION 

In the preceding paper 1, the demonstration in bone homogenates of phosphatase 
activities exerted at either acid or alkaline pH on inorganic pyrophosphate, phospho- 
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protein and several phosphomonoesters was reported and methods for the quantita- 
tive assay of these activities were described. Some of these enzymes are thought to be 
involved in either bone formation or bone resorption2-L I t  was therefore important to 
investigate their intracellular localization in order to obtain a better understanding of 
the cellular physiology of these processes. This was done by studying both the distri- 
bution of the phosphatases in subcellular fractions of bone homogenates isolated by 
differential centrifugation and the structure-linked latency of these enzymes. 

The study allows one to conclude that  the various acid phosphatase activities 
investigated, including acid inorganic pyrophosphatase, phosphoprotein phosphatase 
(phosphoprotein phosphohydrolase, EC 3.1.3.16) and acid fl-glycerophosphatase 
(orthophosphoric monoester phosphohydrolase, EC 3.1.3.2), a r e  all associated with the 
lysosomes in bone and that  the alkaline phosphatase activities (orthophosphoric 
monoester phosphohydrolase, EC 3.1.3.1) are largely attached to microsomes. 

E X P E R I M E N T A L  

Homogenates of calvaria from newborn rats were prepared in ice-cold o.25 M 
sucrose and fractionated as described by Vaes and Jacques s according to a scheme 
identical with that  adopted for rat liver by de Duve et al), isolating successively the 
so-called nuclear (N), heavy-mitochondrial (M), light-mitochondrial (L), microsomal 
(P) and final supernatant (S) fractions. The fractions were assayed for the various 
acid and alkaline phosphatase activities I as well as for other reference enzymes (~- 
glucuronidase, EC 3.2.1.31, and cytochrome oxidase, EC 1.9.3.1 ) and for proteins 
according to the methods previously described TM. 

Latency studies were performed at 37 °C on cytoplasmic extracts (cell-free 
supernatants obtained after centrifugation of the homogenates at 6o0 × g for IO rain) 
as rel~orted by Vaes n, free activities being measured in the presence of 0.25 M sucrose 
and at pH 5.8 for all the acid hydrolases and total activities being assayed similarly in 
the additional presence o f o . I %  Triton X-Ioo to disrupt the particles12 ; the incubation, 
time was usually limited to 60 rain. I t  was verified that  the soluble acid hydrolases 
were neither activated nor inhibited by Triton X-ioo at the concentration used. For 
several of these latency studies, the cytoplasmic extracts were obtained after washing 
of the N fraction with 0.25 M sucrose containing 0.3 M KC1 as described in the pre- 
ceding paper1 ; these extracts will be further refered to as "KCl-cytoplasmic extracts". 
Free activity measurements were then done in the presence of 0.3 M KC1 in the incu- 
bation flasks. 

RESULTS 

Fractionation by differential centrifugation 
The results obtained in the fractionation experiments are listed in Table I. The 

corrected distribution patterns are shown in Fig. I in the manner proposed by de Duve 
et al ).  

The distribution of the various acid phosphatase activities between the sub- 
cellular fractions is similar to that  of/5-glucuronidase and of the other lysosomal acid 
hydrolases previously studied in bone tissueS, TM ; their highest relative specific activity 
was found in the light-mitochondrial (L) fraction. This distribution contrasted with 
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Fig.  I. Distr ibut ion patterns  of e n z y m e s  or e n z y m e  activit ies  : (a)-(e)  : acid phosphatase  act ivi t ies  
a s sayed  on (a) inorganic pyrophosphate ,  (b) p-n i trophenylphosphate ,  (c) /%glycerophosphate,  
(d) phosphoprote in  (casein) and (e) phospho-L-serine; (f) /~-glucuronidase; (g)-(k): alkaline phos-  
phatase  act ivi t ies  assayed  on (g) inorganic pyrophosphate ,  (h) phenylphosphate ,  (i) /%glycero-  
p h o s p h a t e ,  (j) phosphoethano lamine  and (k) phospho-L-serine; (1) cy tochrome  oxidase.  The results 
are presented in the  manner  used by  de D u v e  et al.  9. The ordinate shows the mean  relative specific 
ac t iv i ty  of the fractions. On the abcissa the  fractions are represented by  their mean relat ive pro-  
t e i n  content ,  in the order in which they  are isolated, i .e .  from left to right: N, M, L,  P and S (see 
Table  I). 

that of cytochrome oxidase, a marker for mitochondria, which shows the highest 
specific activity in the heavy-mitochondrial (M) fraction, whereas alkaline inorganic 
pyrophosphatase and all the other alkaline phosphatase activities are particularly 
concentrated in the microsomal (P) fraction. 

The recovery values are satisfactory in most cases although they are usually 
somewhat lower for the acid phenyl-, p-nitropheny]- and inorganic pyrophosphatase, 
presumably because of the lack of stability of the enzyme that is responsible for these 
activities 1. A still lower recovery (67%) was obtained for acid phenylphosphatase in 
previous experiments 8, when this enzyme was assayed in the absence of ascorbic acid; 
addition of ascorbic acid to the incubation flasks brought the mean recovery to 84% 
but did not change significantly the distribution pattern of the enzyme. 

Structure-linked latency of acid phosphatase activities 
In the presence of ascorbic acid 1, the reaction rates remained linear for at least 
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I h in a cytoplasmic extract  incubated under the conditions of both the free and total  
activity assays. The free activity measurements could thus be extended over one hour. 

All the acid phosphatase activities under study displayed an important degree 
of latency in cytoplasmic extracts. In the absence of washing of the N fraction with 
KC1, a higher proportion of free activity (51%) was obtained for acid fl-glycerophos- 
phatase than for the other acid phosphatase activities exerted on inorganic pyrophos- 
phate, p-nitrophenylphosphate or phosphoprotein (33 360/0) • However, a significant 
amount of soluble activity of these other acid phosphatases was released from the N 
fraction into the cytoplasmic extract when the N fraction was washed with 0.25 M 
sucrose supplemented with 0. 3 M KC1 ("KCl-cytoplasmic extract"),  as reported in the 
preceding paper 1. Thus this raised the proportion of flee activity found in the cyto- 
plasmic extracts for these phosphatases up to values comparable to those found for 
acid fl-glycerophosphatase. The percentage of free activity of this last enzyme was not- 
significantly affected by the KC1 washings. The free activities of alkaline p-nitro- 
phenyl- and of inorganic pyrophosphatase were not significantly different from their 
total activities. 

A graded release of the latent acid phosphatases could be evoked by exposing 
cytoplasmic extracts to various treatments injurious to the particles. The release of 
the latent acid p-nitrophenylphosphatase, acid pyrophosphatase and phosphoprotein 
phosphatase was closely parallel to that  of acid fl-glycerophosphatase providing that  
the cytoplasmic extracts included washings of the N fraction with o.3 M KC1 and that  
KC1 had been added at the same concentration to the incubation flasks for the assays ; 
when this was not done, their release was slower than that  offi-glycerophosphatase, as 
already observed with acid phenylphosphatase in previous experiments n. These 
observations suggest that  part  of the acid phenyl-, pyro- and phosphoprotein phos- 

100 

75 

"5 50 
¢ 

c~ 2: 

#_ 

I I I I 
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Concentrotion of triton X-IO0 (mg/rnl) 

Fig. 2. lnf luence  of p r e t r e a t m e n t  of K C l - c y t o p l a s m i c  e x t r a c t  wi th  Tr i ton  X - i o o  on free ac t iv i t i e s  
of acid f l -g lycerophospha tase  ( ~ ) ,  acid p h e n y l p h o s p h a t a s e  (©), acid inorganic  p y r o p h o s p h a t a s e  
([~) and  phosphopro te in  phos pha t a s e  ( . ) .  The de t e rgen t  was added  to  the  cy top la smic  e x t r a c t  
a t  o °C up to  the  concen t r a t ion  ind ica t ed  on abcissa.  Approp r i a t e  a m o u n t s  of these  m i x t u r e s  and  
of u n t r e a t e d  cy top lasmic  e x t r a c t  were then  used for the m e a s u r e m e n t  of free ac t iv i ty .  Tota l  ac t iv i -  
t ies  were measured  in the  usual  manner ,  in the  presence of i mg of Tr i ton  X - i o o  per  ml  in the  as- 
says. Resu l t s  are expressed  as percentages  of the  cor responding  to ta l  a c t i v i t i e s ;  in th is  e x p e r i m e n t  
the  t o t a l  ac t iv i t i e s  were unaffected by  the  t r e a tm e n t s .  
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phatase is bound by adsorption on subcellular particles of the cytoplasmic extract as 
well as on particulate components of the N fraction in a manner  that  prevents the 
action of the enzymes on their substrates, but that  this action becomes possible when 
the enzymes have been desorbed by KC1. 

The release of the latent enzymes could be achieved by exposure of the KC1- 
cytoplasmic extracts to increasing concentrations of a detergent, Triton X-Ioo (Fig. 
2). Total release of latent activity was obtained in all cases with less than o. 1% Triton 
X-Ioo, thus establishing the validity of the assays for total activity. Treatment  of a 
cytoplasmic extract with o.1% Triton X-ioo caused the transfer of a considerable 
proportion of the acid phosphatase activities from the particulate to the soluble phase. 
Progressive release of the latent phosphatase activities with a simultaneous solubiliza- 
tion of the enzymes was still obtained by treating the KCl-cytoplasmic extract with 
an Ultra-Turrax homogenizer for increasing lengths of time (Fig. 3), by exposing it to 
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Fig. 3. Influence of t r ea tment  for increasing periods of time in the Ul t ra -Turrax  on free activities 
of acid/~-glycerophosphatase (A),  acid phenylphospha tase  ((2)) and acid inorganic pyrophospha-  
tase (D) in KC1 cytoplasmic extract .  Values are expressed as percentages of the corresponding 
total  activities. These were essentially unaffected by the t r ea tment  for acid/~-glycerophosphatase;  
the other  activities suffered a 20-_30% inactivation in the treated extracts.  

Fig. 4. Correlation coefficient, r, between the free activities of the acid phosphatases  and of  fl- 
glucuronidase, in unt rea ted  KCl-cytoplasmic extracts  (O),  in KCl-cytoplasmic extracts  t reated 
with increasing amoun t s  of Tri ton X- ioo  (0), subjected to the action of an Ul t ra-Turrax for increa- 
ing lengths of t ime (A),  exposed to decreasing sucrose concentrat ions (A) or frozen-and-thawed 
once or several t imes (EJ). The free activities were measured in 1-h assays and expressed as per- 
centage of the corresponding total activities. 

decreasing osmotic pressure or by treating it by an increasing number of freezing-and- 
thawing cycles. In all these experiments, good correlations were obtained between the 
free activities measured for fl-glucuronidase, a lysosomal enzyme in bone cells n, and 
those measured for either acid fl-glycerophosphatase, acid phenylphosphatase, phos- 
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phoprotein phosphatase and acid inorganic pyrophosphatase (Fig. 4), suggesting 
strongly that  the latency of these enzymes is due to their association inside typical 
lysosomes. 

DISCUSSION 

The observations reported in the present paper should be interpreted at the 
light of previous studies on the acid hydrolases of bone tissue, bearing either on the 
distribution of these enzymes in subcellular fractions 8 or on the activation and release 
of the latent acid hydrolases n. 

In the present study of the fractions obtained by differential centrifugation of 
bone homogenates, the acid and alkaline phosphatase activities exerted on many dif- 
ferent substrates, including inorganic pyrophosphate, phosphoprotein (casein), p- 
nitrophenylphosphate and ~-glycerophosphate, were found to occur part ly in soluble 
form and part ly in association with cytoplasmic particles. The particle-bound acid 
phosphatases sediment more slowly than the mitochondrial cytochrome oxidase and 
become concentrated in the L fraction, as do the other acid hydrolases 8. The particle- 
bound alkaline phosphatases sediment at a slower rate than the acid phosphatases and 
become most concentrated in the P fraction. This strongly suggests that  the acid 
phosphatase activities are associated with lysosomes and that  the alkaline activities 
are bound to the rather poorly characterized "microsomes", a group of particles that,  
in liver, contains both rough and smooth membranes of the endoplasmic reticulum as 
well as fragments of the plasma membrane la. Thus the cytological nature of the 
material bearing the alkaline phosphatases in bone cells remains to be elucidated. 

Further support for an association of the various acid phosphatases activities 
within lysosomes comes from the study of their latency in cytoplasmic extracts of 
bone tissue. The latency belongs exclusively to the particle-bound form of the enzyme 
and no latent activity was found for the soluble enzyme of the S fraction. I t  was 
decreased or suppressed by various treatments that  affect the integrity of the lyso- 
somal membrane, such as by exposure to Triton X-Ioo or to media of low osmotic 
pressure, by mechanical disruption in an Ultra-Turrax or by freezing and thawing; 
suppression of the latency was accompanied by the solubilization of the enzymes. The 
significance of all these properties has been discussed at length previously it. Of 
particular interest were the close correlations found between the progressive release of 
fl-glucuronidase, a lysosomal enzyme in bone tissue 11, and that  of the various acid 
phosphatases observed under a graded application of these membrane-disrupting 
agents (Fig. 4) : it gives a strong support for the association of all these enzymes inside 
typical lysosomes in bone cells. In liver, only part  of acid p-nitrophenylphosphatase 15 
and of phosphoprotein phosphatase 16 is present in the lysosomes although acid 8- 
glycerophosphatase 9 and acid inorganic pyrophosphatase 17 are lysosomal. 

The precise extent into which the various acid or alkaline phosphatase activities 
are associated with one or more acid or alkaline phosphatase enzyme is at present un- 
known. However, the experiments reported in the preceding paper 1 indicate that  
there may exist at least three different acid phosphatases in bone homogenates (acid 
fl-glycerophosphatase, phosphoprotein phosphatase and acid inorganic pyrophos- 
phatase, an enzyme that  appears identical to acid p-nitrophenylphosphatase). I t  was 
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o b s e r v e d  also t h a t  a l k a l i n e  i n o r g a n i c  p y r o p h o s p h a t a s e  c o u l d  be  i d e n t i c a l  to  a l k a l i n e  

p - n i t r o p h e n y l p h o s p h a t  ase. 
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