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SUMMARY 

I. Some properties of the soluble Zn2+-stimulated p-nitrophenyl phosphatases 
active at acid and neutral  pH have been studied with (NH4)2SO4-precipitated prepa- 
rations from the soluble cytoplasm fraction of homogenates from chick liver, duode- 
num and metanephros.  Analogous Zn2+-stimulated phosphatase activity was not 
found in the particulate fraction from these tissues or in any fraction from homoge- 
nates of chick brain or heart muscle. 

2. The pH opt ima of these soluble, Zn2~-stimulated enzymes were at pH 4.9, 
6.2 and 6. 7, respectively, for duodenum, liver and metanephros. The enzymes re- 
sponsible for the low level of soluble activity without added Zn ~+ or with added Mg"* 
showed maximal activity at pH 5.4-5.8 in all three tissues. 

3. The soluble Zn2+-stimulated p-nitrophenyl phosphatase enzymes of liver 
and duodenum were similar in most other properties examined. With preparations 
from both tissues, a marked (i o- to 2o-fold) stimulation of p-nitrophenyl phosphatase 
activity was elicited only by Zn 2+, but Mg 2+, Mn 2+ and Co s÷ caused some stimulation. 
The optimal concentration of Zn 2÷ varied over the range 3 Io mM, depending on pH 
and type of buffer used. A marked and specific st imulatory effect of Zn 2+ was seen 
only for hydrolysis of p-nitrophenyl phosphate, of the many  phosphate compounds 
tested. Hydrolysis of ATP by these preparations was moderately stimulated by both 
Mg 2+ and Zn 2+. Indirect evidence suggests that  the ZnZ~-stimulated hydrolysis of 
p-nitrophenyl phosphate was not due to the inorganic pyrophosphatase (pyrophos- 
phate phosphohydrolase, EC 3.6.I.I), fructose-I,6-diphosphatase (fructose-I,6-di- 
phosphate i-phosphohydrolase, EC 3.1.3.11), or ATPase (ATP phosphohydrolase, 
EC 3.6.1.3) present in these preparations. 

INTRODUCTION 

Zinc has been identified as an essential component or potent activator of vari- 
ous alkaline phosphatase (orthophosphoric monoester phosphohydrolase, EC 3.1.3.1) 

Abbreviat ion:  MES, 2(N-morpholino) ethanesulfonic acid. 
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preparations from microbial 1 and animal 2-5 sources, which usually show substantial 
activity with a variety of substrates. Zinc has also been implicated in the function 
of certain phosphatases that  are active at neutral or acid pH and that  usually show 
more restricted substrate specificity, e.g. 5'-nucleotidase (EC 3.1.3.5) and cyclic 
phosphodiesterase from Escherichia coli 6, and cyclic phosphodiesterase 7, glyceryl- 
phosphoryl choline diesterase (EC 3.I.4.2) s and dinucleotide pyrophosphatase (EC 
3.6.1.9) 9 from mammalian tissues. Some phosphatases that  either have no apparent 
metal  requirement or are activated by Mg 2+ are inhibited by 1- 5 mM Zn ~+ 10 12. i t  
is, therefore, of interest that  chick liverl2,13 and chick duodenum 12 contain substantial 
levels of soluble p-nitrophenyl phosphatase (p-nitrophenyl phosphate phosphoric 
monoester hydrolase) activity at neutral or acid pH that  is activated by 5 mM Zn 2+, 
whereas the particulate p-nitrophenyl phosphatase activities of these tissues at the 
same pH values are inhibited by  this concentration of Zn ~+. This study was under- 
taken to characterize further the Zn2+-stimulated p-nitrophenyl phosphatases of chick 
liver and duodenum. Other chick tissues were also examined for the presence of similar 
enzymatic activities. 

METHODS 

Tissue preparations 
Homogenates and cell fractions were prepared from organs of 4-day white 

Leghorn chicks, essentially by the procedures previously described 12. The degree of 
homogenization was adjusted to give about 75-90% cell breakage for the various 
tissues. The initial homogenates, after being strained through gauze, were made up 
with the 250 mM sucrose-I  mM EDTA (pH 7.0) homogenizing medium (sucrose 
EDTA medium) to contain IOO mg wet wt tissue per ml. After removal of the fraction 
containing nuclei and whole cells by  centrifugation at 700 × g for IO rain, the super- 
natant  fluid was centrifuged at IOO ooo × g for 60 rain. The resulting precipitate 
was resuspended in IO mM Tris-maleate buffer (pH 7.0) containing I mM EDTA 
(Tr is -malea te-EDTA medium) to give a "particulate fraction" (P), and the super- 
natant  solution was made up with Tr i s -malea te -EDTA to the original volume of 
homogenate used, to give a "soluble fraction" (S). Samples of Fraction S were taken 
to 75% saturation with (NH4)2SO 4 by addition of saturated (NH4)2SO 4 solution at 
0-2 °C ; after standing 15 min, the mixture was centrifuged at 2o ooo × g for io rain, 
and the precipitate resuspended in the Tr i s -malea te -EDTA medium to give the "so- 
luble-precipitated fraction" (SP). Homogenates and fractions routinely were frozen 
immediately after preparation and were stored at --15 °C until thawed for assay or 
additional treatment.  

Assays 
Phosphatase activities were assayed either by  determination of inorganic phos- 

pilate released, as previously describedX2,14, or by determination of p-nitrophenol 
formed 15. For either procedure the standard incubation mixture contained in a total 
volume of I.O ml: buffer, usually 5 ° mM acetate (pH 5.o), 50 mM Tris-maleate (pH 
6.2), or IOO mM 2-amino-2-methyl-I-propanol (pH 9.5); substrate, usually 3 mM 
p-nitrophenyl phosphate; metal  ion, either IO mM MgC12 or io mM ZnSO4, as noted; 
and o.I mM EDTA. The SP fractions of liver and duodenum gave maximal  Zn ~+- 
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stimulated p-nitrophenyl phosphatase activity in Tris-maleate buffer (pH 6.2) and 
acetate buffer (pH 5.0), respectively, and these buffers were routinely used for the 
characterization studies on the enzymes in these fractions. The reaction was initiated 
by  addition of enzyme to the pre-warmed incubation mixture, and incubation con- 
tinued for 15 min at 37 °C. The reaction was stopped by addition of either 0. 5 ml 
cold I0% trichloroacetic acid for the inorganic phosphate assay, or 1.0 ml 0.2 M 
NaOH, for the p-nitrophenol assay. After centrifugation of the cooled mixture, sam- 
ples of the supernatant  fluid were assayed for inorganic orthophosphate released by 
the procedure of Lowry and Lopez 14 or for p-nitrophenol formed by reading absorbance 
at 410 nm. 

The protein content of enzyme preparations was determined by the micromethod 
of Lowry et al. 16, with bovine serum albumin as standard. 

Chemicals 
Substrates, most of them in the form of sodium salts, were obtained from Sigma 

Chemical Company, as were 2-amino-2-methyl-I-propanol, 2(N-morpholino) ethane- 
sulfonic acid (MES), diethylenetriaminepentaacetic acid and bovine serum albumin. 
Other chemicals were reagent or certified grade materials obtained from Fisher Che- 
mical Company. All solutions were made with double glass-distilled water. 

RESULTS 

Zn 2+- and Mg2+-stimulated p-nitrophenyl phosphatase activities in chick tissues and cell 
fractions 

Table I summarizes the distribution of p-nitrophenyl phosphatase activities at 
acid, neutral and alkaline pH, in the particulate fraction (P) and soluble, (NH4)2SO 4- 
precipitated fraction (SP) of homogenates prepared from various tissues of 4-day 
chicks, and the effect of I0 mM Zn 2÷ and Mg 2+ on these activities. Liver, duodenum, 
metanephros and brain contained substantial activity at acid or neutral pH which 
was slightly stimulated by  addition of Mg 2÷ and was localized primarily in the parti- 
culate fraction (P). These particulate activities were strongly inhibited by I0 mM 
Zn 2+, and activities in the presence of I0 mM Mg ~+ plus I0 mM Zn 2+ (not tabulated) 
were similar to the activities with I0 mM Zn 2+ alone. The substantial activities at 
alkaline pH in duodenum and metanephros were also primarily associated with the 
particulate fraction ; these activities were substantially stimulated by Mg 2+ and mode- 
rately stimulated by i0 mM Zn 2+, while the combination of Mg 2+ and Zn 2+ resulted 
in activities higher than those seen with Zn ~+ alone. The soluble-precipitated (SP) 
fractions from the 5 tissues studied showed only low levels of p-nitrophenyl phospha- 
tase activity with or without added Mg 2+, at acid, neutral or alkaline pH. However, 
Table I shows that  the SP fractions from liver, duodenum and metanephros con- 
tained substantial levels of Zn*+-stimulated p-nitrophenyl phosphatase activity at 
acid or neutral pH. 

Effects of preparative procedures on Zn2+-stimulated activities 
The data in Tables I and I I  suggest that  the soluble-precipitated fraction (SP) 

of liver and duodenum can account for all of the Zn2÷-stimulated p-nitrophenyl phos- 
phatase activity at acid and neutral pH found in homogenates of these tissues. As 

Biochirn. Biophys. Acta, 284 (1972) 196-2o7 
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T A B L E  I I  

S P E C I F I C  A C T I V I T Y  O F  p - N I T R O P H E N Y L  P H O S P H A T A S E  I N  S O L U B L E  F R A C T I O N  A F T E R  V A R I O U S  

T R E A T M E N T S  

Homogena te s ,  soluble fraction (S) and soluble-precipitated fraction (SP) were prepared from 4-day 
chick liver and duodenum as described under Methods.  The soluble, twice  precipi tated fraction 
was obtained f rom SP fraction by  a second precipi tat ion wi th  75°.o saturated (NH4)eSO 4. TII¢ 
5o-65°4) (NH4)2SO 4 fraction was  that  obta ined between  5o and 65% saturat ion wi th  (NH4)2SO 4 
by stepwise  addit ions of saturated (NH4)2SO 4 a t  o-2 °C to SP fraction suspended in o.o2 M Tris-  
maleate  (p t l  6.5)-1 mM E D T A  ( io  mg  protein/ml)  and centrifuging 15 min after each addition. 
D ia lyzed  SP fraction was ob ta ined  by  dialysis  at  2 °C for 18 h aga i n s t  2o mM T r i s - m a l e a t e  (pH 
6.5)- I  nlM EDTA,  then for 6 h a g a i n s t  2o mM Tr i s -n I a l ea t e  (pH 6.5). The p-ni tropheuyl  phos- 
p h a t a s e  act iv i ty  was  determined with and wi thout  IO mM added  ZnSO 4, by the  p-nitrophenol  
as say  described under Methods,  a t  p H  6.2 for preparat ions  from liver and a t  p H  5.o for the  prepa- 
r a t ions  from duodenum.  Specific act iv i t ies  arc expressed as nmoles  p-ni trophenol  formed/miu per 
mg protein in the  preparation,  and protein content  of  the  preparation as mg pro te iu  in the  prepa- 
r a t ion  ob t a ined  f rom I g wet  wt  of l iver  or duodenum.  The  results  g iven are for a typical  experi- 
ment.  

P r e p a r a t i o n  and  t reatment  L iver  D u o de ~ u m 

Speci f ic  Protein Specific Protein 
act iv i ty  content  act iv i ty  content 
- -  Z n  2+ ( m g / g )  - -  Z n  2~ (rag~g) 

H o m o g e n a t e  49 99 18o 53 48 152 
Soluble  fraction (S) 25 253 57 36 13o 4 ° 
Soluble-precipi tated fraction (SI)) r 5 3o5 53 3 ° 255 35 
Soluble,  2 × p r ec ip i t a t e d  12 300 52 28 260 33 
5o -65% (NH~)2SO ~ f ract ion 32 I O 2 0  1 2  3 0  5 1 0  I O  

Dia lyzed  SP fraction 12 270 52 20 92 35 

may be calculated from data in Table II, the total activity in the SP fraction is greater 
than in the original soluble fraction (S), particularly in the case of  the duodenum; 
the mechanism responsible for the apparent increase has not been identified. Frac- 
tionation of liver and duodenum homogenates by a classical differential centrifu- 
gation procedurO 7 resulted in high recovery and high specific activity in the S and 
SP fractions (data not tabulated) similar to that obtained by the fractionation proce- 
dures routinely used in this study. Minor purification of the Zn2+-stimulated p-nitro- 
phenyl phosphatase enzyme was obtained by fractionation of the SP preparations 
with (NH4)2SO 4 (Table II). 

Omission of EDTA from the media for homogenization and for resuspension of 
fractions and omission of EDTA from the standard assay medium did not alter the 
activities of  SP preparations more than ± Io%. Dialysis of  SP fractions of either 
liver or duodenum against I mM EDTA in 2o mM Tris-maleate buffer (pH 6.5) 
(Table II), or against Io mM EDTA, I mM diethylenetriaminepentaacetic acid or 
I mM 8-hydroxyquinoline in Tris-maleate (pH 6.5), did not substantially reduce 
the activity without added Zn 2+. The major loss of  Zn2+-stimulated activity in the 
duodenal SP preparation during dialysis (Table II) may  reflect thermal lability of 
the duodenal enzyme, since similar losses of activity occurred when dialysis was 
carried out in the absence of chelating agent, and since the duodenal SP preparation 
lost 3o% of its activity when stored at 2 °C for 24 h. 

On the basis of  these results, the soluble-precipitated preparations (SP) were 
used for initial characterization of the Zn2+-stimulated p-nitrophenyl phosphatases 
of  chick liver and duodenum. The enzymes in SP preparations from both tissues were 

B i o e h i m .  B iophys .  Ac ta ,  284 (1972) I96 207 
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stable for several months if stored at --15 °C as either a dry pellet or suspended in 
Tr i s -malea te -EDTA medium (pH 7.0). Under the standard conditions of assay, the 
p-nitrophenyl phosphatase activities in these preparations from liver and duodenum 
were linear for at least 20 min, and there was no initial lag period. 

Effect of pH on activity 
The effect of pH on p-nitrophenyl phosphatase activity in the SP preparations 

from 4-day chick liver, duodenum and metanephros, in the presence or absence of 
added Zn 2+, is summarized in Fig. i. The pH profiles of the high activities with added 
Zn 2+ were significantly different for the three tissues, with sharp peaks at pH 4.9 
and 6.2 for the duodenum and liver enzymes, respectively, while the metanephros 
preparation showed a peak at pH 6. 7 and a pronounced shoulder at lower pH. For 
each tissue, the low activity of the SP preparation without added Zn 2+ showed a broad 
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Fig. i .  Effect  of  p H  on Zn2+-s t imula ted  p - n i t r o p h e n y l  p h o s p h a t a s e  act ivi t ies .  The  ac t iv i t ies  of 
t he  so luble-prec ip i ta ted  f rac t ions  (SP) f rom 4-day  chick  liver, d u o d e n u m  and  m e t a n e p h r o s  were 
d e t e r m i n e d  a t  va r ious  p H  va lues  by  t he  p -n i t ropheno l  a s s ay  descr ibed unde r  Methods ,  in t he  
presence  or absence  o f  io m M  ZnSO4, and  wi th  3 m M  p - n i t r o p h e n y l  p h o s p h a t e  as subs t r a t e .  Buffers  
used  were 5 ° m M  ace ta t e  for p H  range  4.0-6.0,  50 m M  T r i s - m a l e a t e  for  p H  range  5.5-8.5,  and  
ioo  m M  2 - a m i n o - 2 - m e t h y l - i - p r o p a n o l  for t he  p H  range  8.5-1o.  I n  t he  regions of  p H  overlap,  
the  ac t iv i t ies  wi th  two sets  of  buffers  were essent ia l ly  t he  s ame  u n d e r  t he  a s s ay  condi t ions  used.  
A, l iver;  B, d u o d e n u m ;  C, m e t a n e p h r o s .  O---Q,  ac t iv i ty  wi th  added  Zn ~+, p lo t t ed  as pe rcen tage  oi 
t he  ac t i v i t y  obse rved  a t  op t ima l  pH.  Specific ac t iv i t ies  (nmoles  p -n i t ropheno l  f o r m e d / m i n  per  
m g  protein)  a t  o p t i m u m  p H  were, for l iver SP, 31o; for d u o d e n u m  SP, 275; for m e t a n e p h r o s  SP, 
16o. O - - Q ,  a c t i v i t y  w i t h o u t  a d d e d  Zn ~+. For  d u o d e n u m  a n d  m e t a n e p h r o s ,  ac t iv i ty  w i t h o u t  
Zn a+ is p lo t t ed  on t he  s a m e  scale as a c t i v i t y  wi th  Zn2+; for l iver (A), ac t iv i ty  w i t h o u t  added  Zn 2~ 
ha s  been  mul t ip l i ed  by  4 for be t t e r  v isual iza t ion.  
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peak in the pH range 5.4-5.8. Profiles obtained for each preparation over the pH 
range 4.0-8.0 with IO mM Mg 2+ added (not plotted) were very similar to those ob- 
tained without added metal, except that  the activities were lO-25% higher over the 
pH range studied. The pH profiles of the total particulate fractions (P) from liver and 
duodenum (not plotted), obtained by the same procedures as for the profiles of Fig. I 
over the pH range 4.5 to 7.0 with and without io mM added MgC12, were similar to 
those obtained for the analogous SP preparations; peak activity was at pH 5.5-5.8 
for both tissues, with or without added Mg ~÷. 

Effects of metal ions on activity 
As is illustrated in Fig. 2, the st imulatory effects of Zn 2+ vary with buffer and 

pH. However, io mM Zn ~+ gave maximum activities with the SP fractions from both 
liver and duodenum with the standard assays used in this study, and higher zinc 
concentrations were generally inhibitory. Lineweaver-Burk plots from data obtained 
over the range 0.05 to IO mM Zn 2+, all with 3 mM p-nitrophenyl phosphate, gave the 
following apparent  KM values for stimulation by Zn2+: for tile liver SP fraction in 
50 mM Tris-maleate (pH 6.2), 1. 7 mM Zn2+; for liver SP fraction in 50 mM MES 
(pH 6.2), 0.5 mM Zn2+; for liver SP fraction in 5 mM acetate (pH 5.o), 3.4 mM Zn2÷; 
and for duodenum SP fraction in 50 mM acetate (pH 5.o), 2.3 mM Zn 2+. 

I I I I 140 ~ I I 
L20 

~100 "" 

\ 

I I I I /  
5 iO I 5 20 

EZn2÷~ m M 

Fig. 2. Effect of Zn 2+ concentrat ion on activity. Activi ty of the liver SP and duodenum SP frac- 
t ions were assayed by  the p-ni t rophenol  procedure described under  Methods, in the presence of 
various concentrat ions  of  ZnSO4, wi thou t  addit ion of EDTA. The curves represent  relative activi- 
ties obtained wi th  var ious buffers: © - - © ,  liver SP in 5 ° mM Tris -maleate  (pH 6.2); [ ] - - [ ~ ,  
liver SP in 5 ° mM MES (pH 6.2) ; ~ - - A ,  liver SP in 5 ° mM acetate (pH 5.o) ; × - -  × ,  duodenum 
SP in 50 mM acetate (pH 5.o). Activi ty in 5 ° mM Tr is -malea te  (pH 6.2) with io mM Zn *+ is 
taken as the point  of reference for liver SP (specific act ivi ty = 29o nmoles p-ni t rophenol  formed/  
rain per  mg protein). For  duodenum SP, the point  of reference is the act ivi ty in 5 ° mM acetate 
(pH 5.0) with io mM Zn 2+ (specific act ivi ty = 26o nmoles p-ni t ropheno!  formed/rain per mg pro 
tein). 

That  the optimal concentration of Zn *+ at pH 6.2 was lower with MES than 
with Tris-maleate  (Fig. 2) may at least in part  be due to binding of Zn z* by the Tris-  
maleate buffer. When the SP fraction of liver was assayed with 3 mM p-nitropheny! 
phosphate in 25, 50 or 75 mM Tris-maleate (pH 6.2) and with varying concentrations 
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of Zn 2+, max imum activity was obtained with 5 raM, IO mM and 13 mM Zn ~+, re- 
spectively, for the three buffer concentrations. In analogous experiments using MES 
(pH 6.2) as buffer, maximum activity was obtained with 3-3.5 mM Zn 2+ at all three 
buffer concentrations. 

Other metal  ions in I mM or IO mM concentrations did not effectively substi- 
tute for Zn 2+ in stimulating the p-nitrophenyl phosphatase activities of the SP prepa- 
rations, assayed at optimal pH (liver SP in Tris-maleate buffer, pH 6.2, and duode- 
num SP in acetate buffer, pH 5.0). Maximum activities obtained, expressed as percen- 
tages of the activity of a given preparation with IO mM Zn 2+, were 8% without added 
metal  ion, 12% with Mg 2+, 21% with Mn 2+, and 17% with COS+; Pb ~÷ and Ca 2÷ were 
inhibitory, and (NH4)÷ or K + produced no change. The activity with combinations 
of IO mM Zn 2+ plus Mg ~÷, Mn 2+ or Co 2+ was always less than with io mM Zn 2+ alone. 

Preineubation of SP preparations (4 mg protein/ml) from liver and duodenum 
for I tl at 2 °C in 20 mM Tris-maleate (pH 6.2) with IO mM Zn 2+ did not produce any 
significant change in the activity of the preparations in subsequent assays with or 
without added Zn 2÷, as compared to preparations that  had not been preincubated. 

Variation of activity with substrate concentration 
The activities of SP preparations from liver and duodenum were determined 

by the p-nitrophenol assay, with p-nitrophenyl phosphate concentrations varied over 
the range 0.02 mM to IO mM, both without added Zn 2+ and with IO mM Zn z+. Line- 
weaver-Burk plots of the data gave the following apparent  KM values for p-nitro- 
phenyl phosphate: for liver SP in 5 ° mM Tris-maleate (pH 6.2), 0.50 mM p-nitro- 
phenyl phosphate without Zn 2+ and 1.3 mM p-nitrophenyl phosphate with Zn2+; 
for duodenum SP in 5 ° mM acetate buffer (pH 5.o), o.15 mM p-nitrophenyl phosphate 
without Zn 2+ and o.71 mM p-nitrophenyl phosphate with Zn 2+. When liver SP was 
assayed in 50 mM acetate (pH 5.o), the apparent  KM values were similar to those 
found for duodenum SP: o.13 mM p-nitrophenyl phosphate without Zn 2+ and 0.40 
mM p-nitrophenyl phosphate with IO mM Zn ~+. 

Substrate specificity 
The hydrolytic activities of SP preparations from 4-day chick liver and duode- 

num on various substances in 3 mM concentration were determined at both pH 6.2 
in 50 mM Tris-maleate buffer and at pH 5.0 in 50 mM acetate buffer, without added 
metal  and with 3 mM Mg 2+ or 3 mM Zn 2+. Table I I I  lists those phosphorylated sub- 
stances which gave activities at either pH 5.0 or pH 6.2 of at least 5% of the activity 
obtained with p-nitrophenyl phosphate as substrate in the presence of 3 mM Zn 2+ 
at the optimal pH for that  tissue. The activities with the following substances were 
less than 5% of that  seen for p-nitrophenyl phosphate with preparations from either 
tissue, under all of the assay conditions defined above : a-glycerophosphate,/5-glycero- 
phosphate, glucose-6-phosphate, glucose-l-phosphate, galactose-6-phosphate, galac- 
tose-I-phosphate, AMP, GMP, UMP, casein (2 mg/ml), and phosvitin (2 mg/ml). 
Cyclic 3' ,5'-AMP phosphodiesterase activity, assayed by  the procedure of Cheung is, 
was negligible. In assays with the p-nitrophenol procedure, the following substances 
also showed less than 5% of the activity seen with p-nitrophenyl phosphate: his 
(p-nitrophenyl) phosphate, p-nitrophenyl acetate, o-nitrophenyl acetate and p-nitro- 
phenyl sulfate. 
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T A B L E  I I [  

R E L A T I V E  R A T E S  O F  H Y D R O L Y S I S  O F  V A R I O U S  S U B S T R A T E S  B Y  T H E  S O L U B L E - P R E C I P I T A T E D  I " R A C  

TIONS (SP) FROM LIVER AND DUODENUM 

SP fractions from 4-day chick liver and i luodenum were assayed by  the inorganic phosphat ,  
procedure as described under Methods, in 5 ° mM Tris -maleate  buffer (pH 6.2) and 5 ° mM acetat, 
buffer (pH 5.o) with 3 nlM substrate ,  wi thout  added metal  ion and with 3 mM MgCI 2 or 3 m.X 
ZnSO4. "['he activities are expressed relative to the act ivi ty observed with p-n i t rophenyl  phosphat~ 
as subs t ra te  in the presence of Zn 2+ at the preferred pH of the tissue, i.e. p H  6.2 for liver SP (Spe 
cific act ivi ty -- 23 ° 25o nmoles/min per mg protein), and p H  5.o for duodenum SP (specifi( 
activity = 240-280 ). 

Subslrate p H  Relative activity in S P  fraction f rom 

Duodenum 

. _ 3Jg 2 ~ Zn~+ Mga+ Zn=+ 

p Ni t rophenyl  phospha te  6.2 6 9 ioo 6 i i  44 
5.0 io i i  62 7 i i  ioo 

Phenyl  phospha te  6.2 4 4 3 2 2 2 
5 .o 5 5 4 2 2 2 

AT P 6.2 3 I I 9 3 8 6 
5.o 2 6 4 I 3 2 

ADP 6.2 I IO I o 5 o 
PPj 6.2 2 43 ° 3 3 560 4 
Fruc tose - I ,6 -P  2 6.2 I 41 2 2 I I 2 
DL-Phosphoserine 6.2 i 9 i o o o 

Liver 

0 0 2  

'L 

0OI 

I 2 

Fig. 3. Inhibi t ion of Zn=+-stimulated p-ni t rophenyl  phospha tase  by  ATP. Aliquots of SP frac- 
tion f rom liver containing O.Ol mg protein were assayed by  the p-ni t rophenol  procedure described 
under  Methods in 5 ° InM Tr is -malea te  (pH 6.2) with IO inM Zn 2+ and wi th  concentrat ions of A T I  
and pmi t ropheny l  phospha te  varied as indicated. The reciprocal of the act ivi ty is plot ted against 
reciprocal o fp-n i t rophenyl  phospha te  concentrat ion.  Less than  IO~o of  the subs t ra te  was consumec 
with the lowest p-n i t rophenyl  phospha te  concentrat ion used. Q - - O ,  no ATP;  © - - © ,  i miX. 
ATP;  × - - x ,  3 mM ATP. Subst ra te  concentrat ion in inmoles/1, velocity in nmoles p-n i t ropheno 
formed/min  per mg protein. Specific act ivi ty of  prepara t ion  wi th  3 mM p-n i t rophenyl  phosphat(  
and no ATP -= 295 nmoles p-ni t rophenol  formed/rain per  mg protein. 

W i t h  t h e  c o m p o u n d s  t e s t e d ,  o n l y  t h e  h y d r o l y s i s  o f  p - n i t r o p h e n y l  p h o s p h a t e  

w a s  m a r k e d l y  s t i m u l a t e d  b y  Z n  2~. T h e  h y d r o l y s i s  o f  A T P  b y  S P  p r e p a r a t i o n s  f r o m  

b o t h  l i ve r  a n d  d u o d e n u m  w a s  m o d e r a t e l y  s t i m u l a t e d  b y  Z n  2+, b u t  in  e a c h  ca se  the  

s t i m u l a t i o n  w a s  less  t h a n  t h a t  e l i c i t ed  b y  Mg 2+ ( T a b l e  I I I )  ; t h e s e  s t i m u l a t o r y  effects 

o f  Z n  2+ a n d  Mg 2+ w e r e  n o t  a d d i t i v e  ( d a t a  n o t  t a b u l a t e d ) .  A T P  w a s  f o u n d  to  i n h i b i t  
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the Zn2+-stimulated p-nitrophenyl phosphatase activity of liver SP preparations, and 
this inhibition could be reduced by increasing the concentration of p-nitrophenyl 
phosphate or Zn 2+, relative to ATP, over certain concentration ranges. However, as 
is illustrated in Fig. 3 for such a set of conditions, the inhibition by ATP appeared 
to be of a non-competitive or mixed type with respect to p-nitrophenyl phosphate, 
rather than typical competitive inhibition. 

DISCUSSION 

The soluble cytoplasm fractions of chick liver, duodenum and metanephros 
contain substantial Zn2+-stimulated p-nitrophenyl phosphatase activities whose pH 
optima are in the region of pH 5-7 but are different in the three tissues. These activi- 
ties are distinct from the particulate p-nitrophenyl phosphatases of these tissues, 
which are most active at pH 5.5-5.8 and are inhibited by concentrations of Zn 2+ 
that  are optimal for the soluble activities 12. The pH optimum of 6.2 obtained for the 
SP fraction of liver is similar to the value of 5-8 found by Wang 13 for the total soluble 
fraction of chick liver. I t  is not known whether the low activity of the SP fraction with- 
out added Zn 2+ is a property of the enzyme(s) responsible for the high activity with 
added Zn 2+. In each of the three tissues, the pH optimum of this activity without 
added Zn 2+ in the SP preparation was similar to that of the particulate p-nitrophenyl 
phosphatase activity in the acid and neutral pH range. 

The studies on substrate specificity suggest that the enzyme(s) in liver and duo- 
denum responsible for Zn~+-stimulated p-nitrophenyl phosphatase activity at neutral 
or acid pH are phosphoric monoester hydrolases of restricted substrate specificity, 
whose probable physiologic substrate(s) cannot be identified at present. I t  cannot be 
ruled out that this activity is a property of some other phosphatase known to be pre- 
sent in the crude SP preparations, or that several enzymes contribute to the activity. 
It  appears unlikely that  the Zn2+-stimulated p-nitrophenyl phosphatase activity is 
catalyzed by the fructose-I,6-diphosphatase (fructose-I,6-diphosphate I-phosphohy- 
drolase, EC 3.1.3.11) or inorganic pyrophosphatase (pyrophosphate phosphohydro- 
lase, EC 3.6.1.1) present at high level in the SP preparations: both ffuctose-I,6- 
diphosphatase and inorganic pyrophosphatase require Mg 2+ for activity and are mark- 
edly inhibited by the concomitant addition of Zn 2+ 12, and the patterns of change in 
the activity of these enzymes in liver and duodenum during development are different 
from the changes in Zne+-stimulated p-nitrophenyl phosphatase activity 12. The inhi- 
bition of Zn2+-stimulated p-nitrophenyl phosphatase activity by ATP suggested a 
possible relation between this enzyme and the ATPase (ATP phosphohydrolase, EC 
3.6.1.3) activity in the SP preparation. However, this inhibition by ATP did not ap- 
pear to represent typical competition of substrates for the same enzyme site(s) 
(Fig. 3), and may in part be due to binding of Zn 2+ by ATP 19. 

The low activity of the soluble Zn2+-stimulated p-nitrophenyl phosphatase 
preparations from the chick tissues toward most other substrates tested suggests 
that these enzymes are different from previously described acid or neutral phospha- 
tases of microbial cells or mammalian tissues that are active with various physio- 
logical and non-physiological substrates6, s,~°-~6. The marked stimulation by Zn ~+ of 
the soluble p-nitrophenyl phosphatases described in this paper also appears to dis- 
tinguish them from various acid or neutral phosphatases of mammalian cells that  are 
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highly active with p-nitrophenyl phosphate as substrate 22,~5,2w-al, but the effects of 
Zn 2+ were not always examined in those earlier studies. 

The role(s) of Zn 2÷ in the stimulation of soluble p-nitrophenyl phosphatase 
activity remains unclear. Zn 2+ is the most effective if not the specific ion for this stimu- 
latory effect. There appears to be a direct and rapid interaction of Zn 2+ with some com- 
ponent of the catalytic system, since no lag period is observed in the assays. There 
is no evidence of an additional requirement for firmly-bound Zn ~+ or other metal as 
an essential component of tile enzyme. The high concentration of Zn 2+ required for 
maximum activity is more typical of a metal  activator than of a metalloprotein 
component 32, and the apoenzymes of some metalloprotein phosphatases are reacti- 
vated by preincubation with O.Ol-O.O3 mM Zn 2+ (refs 8, 9, 33). Stimulation of the 
soluble p-nitrophenyl phosphatases by Zn 2+ may  involve formation of a metal com- 
plex with substrate rather than with enzyme. Formation of such complexes was pro- 
posed for the Mg2+-stimulated enzymatic hydrolysis of inorganic pyrophposhate34, 35 
and for the Zn2+-stimulated hydrolysis of ATP by inorganic pyrophosphatase a". 
Since Zn 2+ did not stimulate the hydrolysis of phenyl phosphate by the soluble p- 
nitrophenyl phosphatases (Table I I I ) ,  the formation of a complex involving the elec- 
tronegative nitro group in p-nitrophenyl phosphate and the Zn 2+ and/or a charged 
group on the enzyme may  be a factor in enhancing either binding of p-nitrophenyl 
phosphate to the enzyme or catalytic action on this substrate. 
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