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of co2+ 
Two active centers have been found par molecule 

and Zn2'- alkaline phosphatase of E. Coli. They c?rc 
hoth phosphorylated at acidic pH with 3~P-labelleil orthophos- 
pk,a.te , AMP or ATP. The pII-dcycndencc of the covalent phos- 
phorylation shows that only one site is phospf,orylated at 
alkaline pH with organic substrates. Equil?brium binding 
studiss have shown a st;rcng snticooperativity in the non 
covalent binding of orthophosphate to the enzyme. 

The alkaline phosphatase of E. coli is a dimeric molecule former 
of 2 identical subunits (1). This enzyme appears to possess 4 Zn atom: 
per molecule ; 2 of them are functional and the 2 others have a struc- 
tural role (2,3). However the determination of the number of active ct 
ters is still an unresolved problem. Evidences for 1 or 2 active cents 
have been obtained with each one of the main techniques used so far : 
isolation of the phosphoserine of the active center (4 - 61, rapid kil 
tics (7 - lo), spectrophotometric techniques using the Co2+-enzyme 
(2,ll). The results presented in this paper indicate 2 active centers 
per molecule which are both phosphorylated at acidic pH, and a strong 
anticooperativity in the non-covalent binding of orthophosphate to the 
enzyme. 
Results and discussion 

A- Covalent bindinq 
The time and concentration dependences of the covalent phosphory 

tion of alkaline phosphatase are presented in fig. 1. 
The maximal amount of covalent phosphorylation at different pH's 

and with various substrates is presented in fig. 2. Several interesti; 
remarks or conclusions can be drawn from these results. 

1) There are 2 active sites which can be phosphorylated both in 
Zn2+ and Co2+-phosphatases. The maximal phosphorylation of these Site 
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Fig: 1 A. Time dependence for the covalent phosphorylation of the 
active cefiters with orthophosphate (lo-PM) at O" in 0.5 M NaCl. 
(a) pH 4 - (b) PH 5. B. The concentration dependence for the cova- 
lent phosihorylation of-the active centers with orthophosphate (Cl) 
and AMP (0). pH 4, O". 

E, and T are the concentrations of the enzyme and the cova- 
lently bound phosphate respectively. The enzyme was phosphorylated by 
incubation with radioactive substrates such as j2P-AMP, ATP (y), or 
orthophosphate. The isolation of the phosphoryl-enzyme after quen- 
ching at acidic pH was done according to Lazdunski (18) and Petitclerc 
et al. (13). Control experiments have shown that neither a denatured 
phosphatase nor the apoensyme incorporate radioactive ph phate. No 
radioactivity was incorporated after an incubation with 41 C-AMP. 

EZn * 

l- 

2 3 L 5 6 7 8 9 
PH 

Fig. $ pH-dependence of phosphorylation of the activ centers of 
".~:"f~~~,~~o~~h~t~s~~~t~~~~o~~~o~~~~~~~~~~h~tas~o~~)p~~~~~~~a~~ ) . 
(a) 32P-AMP * (b) 3 P-orthophosphate. The c&?entrations of the phos- 
phorylating igent were chosen to obtain the maximal amount of phos- 
phorylation at all pH's, 
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can only be obtained at very acidic pH's with all substrates. Under tl 
conditions the dephosphorylation of the diphosphorylated derivative ii 
clearly the rate determining step in the reaction mechanism. 

2) Labeling of Zn2+ or Co2+-phosphatase with 32P-ATP or 32P-AMP 
shows that only one site can be phosphorylated in the alkaline pH-ran, 
where the enzyme is normally functional. 

3) The pH-profiles for the covalent incorporation of phosphate 
from 32P-ATP and 32P-AMP are nearly identical. This was expected from 
substrates with the same kinetic properties (12). The pH profile is 
quite different with orthophosphate ; the phosphorylation of both sit 
is still possible at acidic pH, but no covalently bound phosphate can 
be obtained at alkaline pH. Thus, phosphorylation of the active cente 
is much slower with orthophosphate than with organic phosphates at hi 
pH's. The mid-point of the curves in fig. 2 is displaced by 1.5 pH un 
with the Zn2+-phosphatase on replacement of organic substrates by or- 
thophosphate. It is shifted from pH 4.65 to pH 5.6 for the Co2+-enzym 
A more detailed discussion of the enzyme mechanism with an interpreta 
tion of the pH-profiles will be published elsewhere (13). 

4) The replacement of Zn2+ by Co2+ in the native enzyme does no 
change the values of phosphorylation plateaus at acidic or alkaline 
pH's with organic phosphates as substrates. However the mid-point of 
the n/E, - pH curves is shifted considerably from pH 6.6 to pH 4.65 
when Co2+ is substituted for Zn 2+. Conversely a small shift from pH 5 
to pH 5.6 can only be observed with orthophosphate as the phosphoryla 
ting agent. However, no more than 1.25 covalently bound phosphate can 
be incorporated at acidic pH with saturating concentrations of the 
substrate. It is probable that under these conditions, in the system 

Co2+-phosphatase-orthophosphate, the dephosphorylation of the diphos- 
phorylated phosphatase is no longer the determining step in the cata- 
lysis. 

The catalytic properties of the Zn2+ and Co2+-phosphatases have 
already been compared and discussed for pH's higher than 5.5 (12,141. 
Some kinetic data obtained with both metalloenzymes at acidic pH's 
are shown in fig. 3. The activity of the Co2+-phosphatase is only 10 
of that of the Zn2+-enzyme at alkaline pH. The situation is complete1 
reversed at pH 3-4 where the Co 2t-phosphatase is a much more active 
enzyme. We previously reported (12) that the exchange of Zn2+ for Co2 
decreased the phosphorylation rate of the active serine by a factor 0 
about 16 for most substrates at alkaline pH. The exchange increases 
the dephosphorylation rate of the diphosphorylated derivative by a fa 
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Fig. 3 A. pH dependence of kcat (sec'i). Vm 
B. Ionic strength (u) dependence of the activity o 
at pH 3.4, 25O. Similar results have been obtained with the Zn2+- 
enzyme. 

Substrate : p-nitrophenylphosphate. 

tor of about 20 at pH 3-4. These observations seem to be a first step 
toward an understanding of the role of the functional metals. Other 
metallophosphatases are presently being studied. 

An increase of the ionic strength decreases considerably the 
dephosphorylation rate of the diphosphorylated derivative both for the 
Zn2+ and Co2+ phosphatases (fig. 3). The situation is very different 
from that which has been observed at alkaline pH where the ionic 
strength increases considerably the maximal rates of both metallo- 
enzymes (12). 

B- Non-covalent binding 
Since orthophosphate forms no covalent phosphorylated derivative 

with the enzyme at pH higher than 7.5-8, it was of a great interest to 
determine the number of substrate molecules bound in the non-covalent 
(Michaelis) phosphatase-orthophosphate complex. Scatchard's representa- 
tions of equilibrium dialysic experiments are shown in fig. 4. An im- 
portant result appears immediately : the adsorption of 2 phosphate mole- 
cules on the enzyme is an anticooperative process. A similar result has 
been found with the Zn2+-enzyme in Vallee's laboratory (14). One site 
binds phosphate strongly and its saturation occurs at very low phospha- 
te concentrations ; the saturation of the second site is then much more 
difficult and much higher concentrations of phosphate are necessary. 
This anticooperative character of the alkaline phosphatase has also been 
shown (13) using Hummel and Dreyer's technique (15). Fig. 4B shows that 
the variation of KI with pH determined from Scatchard's plots for the 
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t\ . (a) 

Fig. 4 A. Scatchard's plots for the binding of orthophosphate (Pi) 
to the Zn2+-phosphatase. v : mole binding ratio Pi/dimer ; c : equi- 
librium concentration of orthophosphate. If the 2 sites were iden- 
tical, a single straight line should be obtained with an extrapola- 
tion at Ti = 2. Equilibrium dialysis was carried out according to 
Gilbert and Mtiller-Hill (17) at 25' with 0.4 M NaCl. (a) pH 8? 
(b) pH 8.8, (c) pH 10. g. Variation of pKI with pH. (A> kinetic 
determinations (16). (0) pKI was calculated from the slope (l/KI) 
of the v/c - V plots for the saturation of the first site. 
41 and D. Enzyme concentration dependence of the orthophosphate- 
phosphatase complex. The enzyme-phosphate complex "9: 
incubation of high concentrations of Zn2+ (c) or Co 

formed by 

(d) with radioactive orthophosphate (low2 
-phosphatase 

M). The complex was isola- 
ted on Sephadex G 25 and analysed for radioactivity content. The 
same operation was repeated at different dilutions of the isolated 
complex. 

saturation of the first site is identical to that previously obtained 
from kinetic data (16). The non-covalent complexes can be isolated in 
the stable form provided that high enough concentrations of enzyme ar 
used (fig. 4C and D). With the Zn 2+-phosphatase a concentration of 
4-5 x 10-6 M of enzyme is sufficient to prepare the complex with only 
one bound phosphate. A concentration higher than 2 x 10-5 M would be 
necessary to obtain the complex with 2 non-covalently bound phosphate 
Only the complex with one phosphate has been obtained with 2 x 10m6 W 
Co2+-phosphatase. It ie probably worthwile to underline that the bin- 
ding of the functional Zn2+ -atoms to the apophosphatase also appears 
to be an anticooperative process (3). 
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