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The existence of a specific n-fructose 1,6-diphosphatase in 
mammalian liver was tist shown by Gomori in 1943 (1). The 
enzyme has subsequently been purified by Pogell, Mokrasch, 
and McGilvery and some of its properties, such as specificity, 
optimal pH, ion requirement, and activation by proteolytic 
enzymes, have been reported (2,3). 

We have recently shown (4) the presence of a sedoheptulose 
1,7-diphosphatase activity in the soluble fraction of rat and 
rabbit liver. This activity is also present in purified prepara- 
tions of fructose diphosphatase obtained according to Pogell and 
McGilvery (5). Data were also presented for the chromato- 
graphic and enzymatic characterization of the reaction product 
as sedoheptulose 7-phosphate. 

A simple purification procedure of the diphosphatase activity 
from rat liver is described in the present paper together with 
evidence for the specificity, kinetics, and stoichiometry of the 
cleavage reaction. The results obtained provide several lines 
of evidence that a single enzyme catalyzes the cleavage of both 
n-fructose 1,6-diphosphate (FDP)’ and sedoheptulose 1,7- 
diphosphate (SDP) according to the equations 

SDP + Hz0 + sedoheptulose 7-P + Pi (1) 
FDP + He0 + n-fructose 6-P + Pi (2) 

EXPERIMENTAL PROCEDURE 

Materiab 

~-Glucose 6-phosphate, n-ribose 5-phosphate, n-fructose 1,6- 
diphosphate, n-gluconate &phosphate (sodium salts), n-glucose 
l-phosphate (potassium salt), TPN, DPN, and DPNH were 
obtained from the Sigma Chemical Company. D-h&OS%? 6- 
phosphate (calcium salt), n-fructose l-phosphate (barium salt), 
hexosephosphate isomerase, aldolase, D-gh.lCOSe 6-phosphate 
dehydrogenase, D-glyceraldehyde Q-phosphate dehydrogenase, 
and glycerophosphate dehydrogenase containing triosephosphate 
isomerase were purchased from Boehringer und Soehne. Sedo- 
heptulose 7-phosphate and sedoheptulose l-phosphate were 
prepared by the procedure of Horecker, Smyrniotis, and Klenow 
(6). Sedoheptulose 1,7diphosphate was prepared according 
to Smyrniotis and Horecker (7). D-Xylulose B-phosphate was 
prepared as described by Srere et al. (8). D-RibuIoss 5-phos- 
phate was obtained from the enzymatic decarboxylation of 
D-gluconate 6-phosphate as reported elsewhere (9). D-Ribulose 
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1 The abbreviations used are: FDP, fructose 1,6-diphosphate; 
SDP, sedoheptulose 1,7-diphosphate. 

1 ,5-diphosphate was kindly supplied by Dr. B. L. Horecker of 
New York University. Sedoheptulosan employed as standard 
for the calorimetric procedures was a gift of Dr. N. K. Richtmyer 
of the National Institutes of Health. Transketolase, n-gluconate 
g-phosphate dehydrogenase, D-xylulose 5-phosphate 3epimerase, 
and D-ribOse B-phosphate isomerase were prepared as described 
elsewhere (10). 

Methoda 

Assay of Enzyme-The routine asay measures the release of 
inorganic phosphorus with the procedure of Fiske and SubbaRow 
(11). The incubation mixture (0.5 ml) contained: FDP, 1.5 X 
10Bs M, and MnC12, X lo-’ M, or SDP, 1.5 X lo+ M, and MnC12, 
7 x lo-’ M, in 5 X lo* M triethanolamine buffer, pH 9.0, and 
enzyme in the range of 0.5 to 1.5 units. After incubation for 10 
minutes at 37” the reaction was stopped by the addition of 0.1 
ml of 30% trichloroacetic acid. After centrifugation for 5 
minutes at 5000 r.p.m. an aliquot (0.4 ml) of the supernatant 
fluid was assayed for Pi. One unit of enzyme was defined as 
that amount which releases 1 pmole per hour of Pi under the 
assay conditions. Specific activity is expressed as units per mg 
of protein. The amount of Pi released is, under our conditions, 
proportional to the amount of enzyme added. 

At different stages of purifkation the calorimetric assay was 
checked by enzymatic evalmtion of the products formed. For 
fructose diphosphatase activity this was accomplished by follow- 
ing the rate of synthesis of fructose 6-P in the same assay system, 
which also contained hexosephosphate isomer&se, n-glucose 
6-phosphate dehydrogenase, and TPN. The formation of 
TPNH W~ZI followed at 340 rnp. For sedoheptulose diphos- 
phatase activity, aliquots of the incubation mixture were ana- 
lyzed with the cyst&e-sulfuric acid reaction (12) for total 
ketoheptulose and by the enzymatic assay for the residual SDP. 
This was performed in the presence of aldolase, glycerophosphate 
dehydrogenase containing triosephosphate isomerase, and 
DPNH according to the procedure previously reported (13). 
Comparison of the results obtained in the different assay condi- 
tions revealed no appreciable dserences. 

ouler Methods-Protein was determined by the method of 
Lowry et al. (14) and by the turbidimetric procedure of Biicher 
(15). SDP was analyzed for FDP content in the presence of 
aldolase, glyceraldehyde 3-phosphate dehydrogenase, and DPN. 
The total content of FDP in our SDP preparation was found to 
he 0.3%. 

Purijidion of Enzyme 

All the following operations were carried out at 2’ except when 
otherwise indicated. 
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TABLE I 

Summary of enzyme purijkation 

1’01. 238, 30. 10 

Fraction 

I Soluble fraction 16,400 100 2.4 15,000 100 2.2 

II Acid fractionation 13,260 81 11.9 12,100 80 10.8 

III First ammonium sulfate fractionation 10,400 63 64.0 9,050 60 55.6 

IV Heat treatment 9,140 56 330 8,100 54 294 

V Second ammonium sulfate fractionation 6,100 37 1,640 5,300 35 1,420 

- 
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FIG. 1. pH optimum for FDP and SDP cleavage. Activity was 
determined by the routine assay, except that each reaction mix- 
ture was adjusted to the proper pH with NaOH. 
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FIG. 2. Effect of Mg++ and Mn++ concentration on the rate of 
FDP or SDP cleavage. Activity of Fraction V was measured in 
the routine assay. The concentration of cations is expressed on 
the abscissa as molarity X 10L for FDP cfull line) and as molarity 
x 10’ for SDP (dotted line). 

So2ub.k Liver Fraction-Livers of Sprague-Dawley rats (180 
to 220 g) were used. The soluble fraction was prepared by 
centrifugation for 60 minutes at 32,000 X g of a 20% homogen- 
ate in 0.15 M KC1 containing 2 X lo-’ M NaHCOz (Fraction I; 
300 ml). 

Acid Fractionation-The soluble fraction was adjusted to pH 
3.7 with 0.5 N lactic acid. The heavy precipitate was immedi- 
ately discarded by centrifugation for 7 minutes at 30,000 x g 
and the supernatant was brought to pH 7.7 with 1 N NaOH. 

Specific 
actiwty 

T 

Fructose diphosphatase (b) 

Total units RW3Wy 

.- 

Specific 
activity 

1.09 

1.10 
1.15 
1.13 

1.15 
-- 

A clear supernatant was obtained after removal of the precipi- 
tate as above (Fraction II; 310 ml). 

First Ammonium Sulfate Fractionation-The proceeding frac- 
tion was treated with 75 g of ammonium sulfate and after 10 
minutes the precipitate was centrifuged and discarded. To the 
supernatant solution were added 13.5 g of ammonium sulfate 
and the precipitate was collected and dissolved in water (Frac- 
tion III; 9.2 ml). 

Heat Treatment-In order to reach the proper pH (4.7 and a 
suitable protein concentration (11 to 12 mg per ml), Fraction III 
was diluted with 9.3 ml of 0.2 M sodium acetate buffer, pH 4.5. 
The dilute fraction was heated in a water bath at 70” for 7 
minutes and chilled to 0”, and the precipitate was centrifuged at 
30,000 x g for 10 minutes and discarded (Fraction IV; 18 ml). 

Second Ammonium Sulfate Fractionation-To Fraction IV an 
equal volume of a saturated ammonium sulfate solution (OO), 
pH 6.4, was added. The mixture was immediately centrifuged 
at 30,000 x g for 10 minutes and the precipitate was suspended 
in a 0.41 saturated ammonium sulfate solution (O’), pH 3.7 
(Fraction V; 4.0 ml). The preparation was stored at - 10” with 
practically no loss of activity for 2 months. 

In preliminary experiments the enzyme has been further 
purified to approximately 1500-fold by dialysis against increasing 
concentration of ammonium sulfate. 

RESULTS 

Purijkation of Enzyme-Table I summarizes the course of 
enzyme purification. The ratio of the two diphosphatases 
remains constant throughout the purification. The purified 
enzyme does not contain detectable amounts of aldolase, trans- 
ketolase, or transaldolase. 

pH Optimum-The maximal rate of cleavage for both SDP 
and FDP occurred at about pH 9.0 (Fig. 1). The shapes of the 
curves were similar for the two substrates. Identical results 
have been observed with different buffers such as triethanol- 
amine, barbital, and Tris. 

Effects of Cations-At all stages of purification hIg++ or Mn* 
is required for activity with both substrates. The effect of 
cation concentration on the rate of hydrolysis is shown in Fig. 2. 
With FDP optimal concentrations were 1 X lo-’ M for MnClz 
and 7 X lo-’ M for MgClp. With SDP optimal concentrations 
were 7 X lo-’ M and 7 X lop3 M for RlnC12 and MgClr, respec- 
tively. At high concentrations of both cations a decrease in the 
rate of hydrolysis has been constantly observed. These results 
are not dependent on the nature of the anion utilized. No re- 
quirement for cysteine was observed at any stage of purifica- 
tion. 
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Substrate Afinity-The K, values were calculated by the 
method of Lineweaver a,nd Burk (16). At pH 9.0 in triethanol- 
amine buffer, with the optimal levels of MnClz indicated in 
Fig. 2, the values for FDP and SDP were, respectively, 1.2 X 

10e5 M and 3 X lop4 M. 

The two substrates behave as reciprocal competitive inhibitors. 
In Fig. 3 the effect of SDP on the rate of FDP hydrolysis is shown. 
The Ki for SDP calculated from the data reported in Fig. 3 
was equal to 4 X 10e4 M, which corresponds within experimental 
error, to the K, for this substrate. In the presence of 1 X 
10e3 M FDP and an equal concentration of SDP, no detectable 
sedoheptulose 7-phosphate is formed and all of the Pi liberated 
closely corresponds to the fructose B-phosphate formed. 

Substrate Xpecijicity-The relative activities with FDP or 
SDP as substrates did not change significantly throughout the 
purification, as mentioned above (Table I). A number of mono- 
phosphate and diphosphate esters, such as n-glucose B-phosphate, 
n-glucose l-phosphate, n-fructose l-phosphate, n-fructose B- 
phosphate, n-ribose 5-phosphate, n-ribulose 5-phosphate, D- 

xylulose 5-phosphate, n-ribulose 1,5diphosphate, sedoheptu- 
lose l-phosphate, and sedoheptulose 7-phosphate, were tested 
as substrates for the purified enzyme. Under the conditions 
of the standard assay, with substrate concentrations equal to 
2 X 10e3 M, none of these compounds was cleaved at a significant 
rate. 

Heat Denaturation-The purified enzyme has been exposed to 
different temperatures as shown in Table II. The relative 
rates of hydrolysis of the two substrates did not change during 
the course of heat inactivation. 

Products of Cleavage and Stoichiometry of Reactions-The 
cleavage products obtained from FDP and SDP with the purified 
enzyme preparation have been characterized as n-fructose 6- 
phosphate and sedoheptulose 7-phosphate, respectively. The 
identification was based on enzymatic and chromatographic 
analysis of the reaction products as described elsewhere (5). 

30 
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FIG. 3. Effect of FDP and SDP concentration on the rate of 
FDP cleavage. Activity in Fraction V was measured by the en- 
zymatic method which evaluates the appearance of fructose-6-P. 
FDP was present at the concentrations indicated either alone or 
with SDP, 7 X lo-” M. MnCls concentration was 1 X W4 M; tri- 
ethanolamine buffer was 4 X 1O-2 M at pH 9.0; temperature, 37”. 

TABLE II 

Heat inactivation 
Samples of purified enzyme (Fraction V) were heated at differ- 

ent temperatures as indicated. After cooling in ice, the samples 
were centrifuged and the supernatant solutions were tested for 
sedoheptulose diphosphatase and fructose diphosphatase activity 
with the routine assay. 

I I Relative activity remaining 

Tempera& Heating period 
Fructose 

diphosphatase 

70” 
75 
75 
80 
80 

min 

10 
7 

15 
7 

15 

100 100 
96 94 
92 93 
88 86 
52 50 
32 30 

- 
Sedophetulose 
diphosphatase 

TABLE III 
Occurrence of diphosphatase in mammalian tissues 

Tissues were homogenized in 4 volumes of isotonic KC1 and 
centrifuged for 60 minutes at 30,000 X g. The supernatant solu- 
tions were tested for fructose diphosphatase (activity A) and for 
sedoheptulose diphosphatase (activity B) with routine assay. 
Activity is expressed as micromoles per hour of Pi released per 
g of wet tissue (total activity) and per mg of soluble protein 
(specific activity). 

Total activity 
Tissue 

A / B 

Rat liver. 270 
Rabbit liver. 240 
Guinea pig liver. 170 
Pig liver 390 
Calf liver. 210 
Rat kidney. 320 
Guinea pig kidney. 165 

290 
275 
185 
410 
175 
360 
190 

Specific activity 

A B 

2.4 2.6 
2.1 2.4 
1.5 1.7 
3.2 3.4 
1.9 1.6 
4.2 4.7 
2.1 2.4 

The stoichiometry of the over-all reaction was found to be in 
perfect agreement with Equations 1 and 2; the amounts of Pi 
liberated, of monophosphate ester formed, and of diphosphate 
ester which disappeared were equivalent. 

Distribution of Enzymatic Activity-Both fructose diphospha- 
tase and sedoheptulose diphosphatase activities have been de- 
tected in the soluble fractions of rabbit, guinea pig, calf, and 
pig liver and in the supernatant fraction of rat and guinea pig 
kidney. Neither activity is present in cell extracts of rabbit 
bone marrow, Ehrlich ascites carcinoma, or Cracker ascites 
sarcoma 100 (see Table III). 

DISCUSSION 

A diphosphatase which converts SDP to sedoheptulose-7-P 
has been identified in the soluble liver fraction of different ani- 
mals. The enzyme activity has been purified almost 700-fold 
from rat liver and shown also to hydrolyze FDP to fructose-6-P. 

Several lines of evidence strongly suggest that the same en- 
zyme is responsible for the cleavage of both SDP and FDP. 
The ratio of activities with the two substrates remains constant 
throughout the purification. Each substrate behaves as a 
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competitive inhibitor in the hydrolysis of the other substrate. are metabolically oriented in the direction of rapid glucose syn- 
K, for SDP is equal to Ki for this compound when it is tested thesis. 
as an inhibitor of FDP hydrolysis. Finally, both activities 
show similar responses to Mg++ or Mn++, pH changes, and heat 

SUMMARY 

treatment. A simple procedure is described for the purification, from rat 

None of a variety of other monophosphate and diphosphate liver, of a diphosphatase activity which cleaves both fructose 

esters tested as substrates was cleaved by the purified enzyme diphosphate and sedoheptulose diphosphate to fructose 6-phos- 

at significant rates. These results suggest an absolute require- phate and sedoheptulose 7-phosphate, respectively. 

ment for the presence of two phosphate groups and also for the Evidence that a single enzyme is responsible for both reactions 

configuration found in FDP and SDP. n-Bibulose 1,5-diphos- is derived from the results of the purification steps, from kinetic 

phate differs in the configuration at C-3 and is not attacked. measurements, and from other properties. The enzyme has no 

With respect to the physiological role of the diphosphatase, activity with a variety of monophosphate esters and other di- 

although it has been generally recognized that fructose diphos- phosphate esters. 

phatase may represent a key enzyme in the synthesis of glycogen Both activities are present in the liver of all mammalian species 

from 3 carbon fragments, no direct evidence for a role of sedo- studied. 
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