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SUMMARY 

The requirement of rabbit liver FDPase for a divalent cation for 
catalytic activity has now been correlated with the binding of 54Mn" 
in gel filtration studies. The enzyme binds four equivalents of 54Mn* 
at neutral pH and four additional equivalents above pH 8.5. Only the 
binding of the first set of four equivalents is required for catalytic 
activity, and the pK of binding is approximately 7. The results provide 
additional support for the 4-subunit model for the enzyme. 

We have previously shown that rabbit liver FDPase possesses four 

binding sites for the substrate, FDP, and an equal number for the allosteric 

effector, AMP (l-3). We have now used the Sephadex 650 gel filtration 

technique to determine the binding of 54Mnu to this protein. Two sets 

of binding sites for Mn u appear to be present. In the neutral pH range 

approximately four equivalents are bound per mole of protein, and four 

additional equivalents are bound at higher pH (> 9). The binding of the 

first set of four Mn* ions is associated with the requirement of cations 

for catalytic activity; the binding of the second set may be related to 

the inhibition which is observed with high concentrations of Mn". 

MATERIALSANDMETHODS 

Fructose 1,6-diphosphatase (FDPase) was prepared and assayed as 
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previously described (4). Specific activity was twenty international 

units per mg of protein. The molecular weight was assumed to be 130,000 

(5). Carrier free 54 MnC12 was purchased from the Radiochemical Centre, 

Amersham, England and was diluted with cold MnC12 before use. when the 

concentration of M&12 was 10 -5 M  or less, the specific activity was 

5 pC/pmole; when higher MnC12 concentrations were employed, the specific 

activity was 0.5 nC/pmole. 

Sephadex G50 (coarse) was purchased from Pharmacia, Uppsala, Sweden. 

Measurements of 54MnW binding to FDPase were carried out at 2" with 

columns of Sephadex G50 (1.2 x 37 cm) which had been equilibrated with 

0.02 M  Tris-acetate buffer so&utions at the desired pli, containing known 

concentrations of 54Mn++. The flow rate was 4 ml per min. Fractions of 

1 ml were collected. Protein concentration was measured from the absorbance 

at 280 m  standardized against a known weight of dialyzed FDPase. 

Radioactivity determinations were made in a Packard Tri-Carb liquid scintil- 

lation counter in 10 ml of Bray's solution (6). 

RESULTS 

At pH 7.5 the binding of Mn* by FDPase followed the simple mass 

action law and approximately four equivalents were bound per mole of 

enzyme, with a dissociation constant of 2.8 x 10 -6 M  (Fig. 1A). At 

pH 9.2 (Fig. 1B) a total of approximately eight binding sites were 

detected, one set of approximately four sites with a dissociation constant 

of 7.7 x 10 -7 M  and a second set with a dissociation constant of 7.7 x 10s5 M. 

These values may be compared with the apparent dissociation constants 

for MCI++ calculated from the rate of hydrolysis of fructose 1,6-diphosphate, 

which were found to be approximately 1 x 10 -5 M  at pH 9.2 and 2 x 10 -5 M  

at pH 7.5 (Fig. 2). These values were approximately ten times larger than 

the actual dissociation constants calculated from the binding experi- 

ments. It is noteworthy, however, that maximum catalytic activity 
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Figure 1. Binding of 54Mn* to FDPase as a function of Mn 4-k eon- 
centration. Binding was measured by filtration of FDPase (10 mpmole), 
dissolved in 0.5 ml of 0.02 M  'Iris-acetate buffer, through Sephadex G50 
columns equilibrated with the same buffer containing Mn* at each of 
the concentrations indicated. The temperature was 2'. (A) pH = 7.5; 
(9) pH = 9.2. 

is observed when the concentration of Mn ++ is approximately 2 x 10 -6 M  , 

where the binding studies show that four equivalents of Mn u are bound 

(compare Figs. 1 and 2). Higher concentrations of Mn* were inhibitory 

(Fig. 2). 

When the effect of pH on the binding of 54&-t to FDPase was studied, 

little or no binding was observed below pH 6, even at concentrations 
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?J!Xgme 2, Bmble ~Qxocal plo4: of the initial rate of hydrolysis 
o!ElmPaifg&w~~ cmceatratk The incubation mixtures (0.5 ml) 
ammWai~&I FDIMw (0.03 ~JIIUB~IB), 0.2 u&l FDP, Cl.02 M  Tris-acetate buffer 
ad Bkii as hd%cate& Chsed cizcles, pH = 7.5; open circles, p?I = 9.2. 

The m&tumea xmre %acubated at 2" for 10 min. The reaction was stopped 
by Zhe *itim of 0.1 ml of 3 a S&~UC&Z acid aud the orthophosphate 
fE4lmldwaa&- IQJ tbemdsod ofFL&eaud SubbaRow(7). 

109 iib +-%~a8 27#lM@lI& 3). &me pH 6, binding became apparent 

cwrd-a;lpti~ -pa B-8.5. Even &en t&e concentration 

aDIE EiDl *mas NXI @ I, mly fspl ~eqfxalents were bound at pH 7.5. Above 

#II 9) t&e sePmna set of Zour b&mdtig sites was detected. This second 

seu was curaqp-y ELIled at #I 9-2 when the concentration of Mn* was 

no0 ,j.Lt& 
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Figure 3. Binding of 54&+ to FDPase as a function of PH. lEndEn& 
was measured by filtration of FDPase (12 mumoles) di&sxsRW in 44: ml 
of 0.02 M  Tris-acetate buffer at each pH indicated i.n the Figure. throu@ 
Sephadex 650 columns equilibrated with the same buffer axsxtaining L.83: @  
( X ), 27 pM ( 0 ) and 100 uI4 (A ) MnC12. The tempera%ure was 2.". 

DISCUSSION 

Rabbit liver FDPase contains two sets of appromim&el!y four BindKrs~ 

sites each for Mn 4-k . The binding of Mn* to the first set appeamm taa k 

correlated with the requirement of Mn u for catalytic sctivf&y. Bm 

to the second set may be associated with the inhibition whkh Ba e#k#xw& 

at high concentrations of Mn -I+ . At alkaline pH, bin&w and inhfbftfass 
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are dezected in the same range of Mn ii- concentration (Figs. 1B and 2). 

At neutral pR, however, inhibition of catalytic activity becomes evident 

at toncentrations of Mn++ above 5 x 10 -6 M  (Fig. 2) although in the direct 

binding measurements (Fig. 1A) a second set of binding sites was not detected. 

ThLs suggests that at neutral pH, the presence of the substrate alters 

the ability of the enzyme to bind Mn* to the second set of sites. 

The effect of pH on the binding of Mn* to the first set of sites 

Indicates that group(s) on the enzyme with pKm 7 participate in the 

zinterections with the cation. This would appear to exclude carboxyl 

s md perhaps to implicate histidyl residues in this interaction. 

Together with our previous results on the binding of FDP and 

AYE', %?he present observations are consistent with a model for the struc- 

,tnre of FDPase based on four equivalent subunits. This result must 

!be reconciled with physical measurements (8) which show that the protein 

csn be ,dissociated in four subunits, although these are not identical 

with respect to sine. 
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