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ABSTRACT: Diadenosine-5’,5”’-P1,P“-tetraphosphate pyrophosphohydrolase (diadenosinetetraphosphatase) 
from Escherichia coli strain EM2003 1 has been purified 5000-fold from 4 kg of wet cells. It produces 2.4 
mg of homogeneous enzyme with a yield of 3.1%. The enzyme activity in the reaction of ADP production 
from Ap,A is 250 s-l [37 OC, 50 m M  tris(hydroxymethyl)aminomethane, pH 7.8, 50 p M  Ap,A, 0.5 p M  
ethylenediaminetetraacetic acid (EDTA), and 50 p M  CoC12]. The enzyme is a single polypeptide chain 
of M, 33#, as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis and 
high-performance gel permeation chromatography. Dinucleoside polyphosphates are substrates provided 
they contain more than two phosphates (Ap4A, Ap4G, Ap4C, Gp4G, Ap3A, Ap3G, Ap3C, Gp3G, Gp3C, Ap5A, 
Ap6A, and dAp,dA are substrates; Ap2A, NAD, and NADP are not). Among the products, a nucleoside 
diphosphate is always formed. ATP, GTP, CTP, UTP, dATP, dGTP, dCTP, and dTTP are not substrates; 
Ap, is. Addition of Co2+ (50 pM) to the reaction buffer containing 0.5 pM EDTA strongly stimulates Ap4A 
hydrolysis (stimulation 2500-fold). With 50 pM MnC12, the stimulation is 900-fold. Ca2+, Fe2+, and Mg2+ 
have no effect. The K,,, for Ap4A is 22 pM with Co2+ and 12 pM with Mn2+. The added metals have similar 
effects on the hydrolysis of Ap3A into ADP + AMP. However, in the latter case, the stimulation by Co2+ 
is small, and the maximum stimulation brought by Mn2+ is 9 times that brought by Co2+. Exposure of 
the enzyme to Zn2+ (5 pM), prior to the assay or within the reaction mixture containing Co2+, causes a 
marked inhibition of Ap4A hydrolysis. The inhibition is relieved by prolonged incubation of the enzyme 
with excess EDTA. 

r e  recent interest in bis(5’-adenosyl) tetraphosphate (Ap4A) 
arose from the correlation between its intracellular concen- 

tration and cell proliferation, its ability to trigger DNA rep- 
lication, and its involvement in the priming reaction of rep- 
lication possibly through specific binding to DNA polymerase 
cy [reviewed in Zamecnik (1983) and Grummt (1983)]. 

In pursuit of the initial observation that bis( 5’-adenosyl) 
t Groupe de Biophysique. 

Laboratoire de Biochimie. 

0006-2960/85/0424-0914$01.50/0 0 1985 American Chemical Society 



E .  COLI D I A D E N O S I N E T E T R A P H O S P H A T A S E  V O L .  2 4 ,  N O .  4 ,  1 9 8 5  915 

presence of Mg2+, Ca2+, Zn2+, Co2+, or Mn2+ (Barnes & 
Culver, 1982). 

In the present study, we report the Occurrence of a unique 
enzyme species in Escherchia coli cells capable of cleaving 
Ap4N as well as Ap3N. The specificity of this enzyme depends, 
however, on the nature of the metal ions in the hydrolytic 
assay. 

MATERIALS AND METHODS 
EM2003 1 cells were cultured and harvested as described 

earlier (Cassio & Waller, 1971). 
Blue dextran was covalently bound to CNBr-activated Se- 

pharose by the method of Ryan & Vestling (1974). The blue 
dextran-Sepharose used in this study contained about 4.79 mg 
of blue dextran per g of dry Sepharose. Sephadex G200, 
DEAE A25, DEAE A50, and Sepharose 4B were from 
Pharmacia, TSK 3000 was from Beckman, and Chelex 100 
was from Bio-Rad. Ultrafiltration was performed with a 
Sartorius SM 16525 apparatus. 

Diadenosinetetraphosphatase was stored in 50 mM tris- 
(hydroxymethy1)aminomethane hydrochloride (Tris-HC1) 
buffer (pH 7.8) containing 0.1 mM ethylenediaminetetraacetic 
acid (EDTA) and 0.1 mM dithioerythritol, either at 4 "C as 
a precipitate in an ammonium sulfate solution (2.9 M) or at 
-20 OC in 50% glycerol. Enzyme concentration was estimated 
by assuming a specific extinction coefficient at 280 nm of 1 
mg-'.cm2 (i.e., 1 optical density unit through 1-cm light path 
corresponded to a 1 mg/mL enzyme solution). 

When necessary, buffers were freed of contaminating di- 
valent ions by passage through a Chelex 100 column. 

Assay for  Diadenosinetetraphosphatase. Two different 
methods were used. In the first one, the incubation mixture 
(100 pL) in 50 mM Tris-HC1 (pH 7.8) contained 150 pM 
C0C12 and 50 pM Ap,A. The reaction was initiated by the 
addition of enzyme (20 pL) diluted in 50 mM Tris-HC1 buffer 
(pH 7.8) containing 100 pM EDTA, 100 pM dithioerythritol, 
and 200 pg/mL bovine serum albumin. The incubation was 
monitored at 37 OC for various times and quenched by the 
addition of HClO, (10% w/w final concentration). The sample 
was then centrifuged, the supernatant was removed, neu- 
tralized (pH -7) by the addition of a 5 M K2C03 solution, 
and centrifuged, and the supernatant was submitted to high- 
performance liquid chromatography (HPLC) in order to de- 
termine the amount of the synthesized products (AMP, ADP, 
and ATP). This procedure was used to study the activity of 
homogeneous diadenosinetetraphosphatase toward different 
nucleotides or in the presence of various metals. The samples 
with Ap2A Ap3A A p A  AP& AP@, GP&, GP@, 
Ap&, Ap3C, Gp3C, dAp4dA, Ap,, or NAD were analyzed by 
using ion-paired HPLC (see below). In this case, the reaction 
was terminated by freezing the sample in liquid nitrogen, 
instead of quenching with HClO,. 

The second method, designed to follow the purification of 
the enzyme, consisted of a radioisotopic assay of the enzyme 
activity using [3H]Ap4A as the substrate. Enzyme was in- 
cubated (100 pL, 37 "C) in Tris-HC1 buffer (50 mM, pH 7.8) 
containing 150 pM CoCl,, 50 pM [3H]Ap4A (20 Ci/mol, from 
Amersham), and 30 units/mL alkaline phosphatase (from 
Boehringer). This amount of phosphatase was sufficient to 
transform all the nucleotides formed during the incubation 
(AMP, ADP, and ATP) into adenosine. The reaction was 
stopped by adding 200 pL of a solution containing 100 pL of 
DEAE-Sephadex A25 resin equilibrated in 5 mM phosphate 
buffer (pH 6.75) and 1 mM EDTA. In these ionic strength 
conditions, Ap4A binds to the resin, and adenosine does not. 
The solution was then centrifuged (1 2,00Og, 1 min), and 100 

tetraphosphate (Ap,A) occurred in vivo (Zamecnik & Ste- 
phenson, 1969) and that its intracellular level varied with the 
proliferation activity of the animal cells or tissues examined 
(Rapaport & Zamecnik, 1976), members of the family of 
bis(5'-nucleosidyl) oligophosphates (Ap,N), where A stands 
for adenosine, N for any nucleoside, and n = 3 or 4, were 
identified as natural compounds (Gilmour & Warner, 1978; 
Plesner et al., 1979; Plesner & Kristiansen, 1979; Plesner & 
Ottesen, 1979; Nierenberg et al., 1980; Ogilvie, 1981; Flod- 
gaard & Klenow, 1982; Grummt, 1983; Luthje & Ogilvie, 
1983; Ogilvie & Jakob, 1983; Lee et al., 1983a; McLennan 
& Prescott, 1984; Garrison & Barnes, 1984). The cellular 
concentration of these compounds is susceptible to vary with 
cell function, cycle, and environment (Plesner et al., 1979; 
Probst et al., 1983; Lee et al., 1983a,b; Weinmann-Dorsch et 
al., 1984; McLennan & Prescott, 1984; Bochner et al., 1984). 

The unusual Ap,N nucleotides are produced in vitro by 
aminoacyl-tRNA synthetases through the reversal of en- 
zyme-bound aminoacyl adenylate by NTP (Zamecnik et al., 
1966, 1967; Randerath et al., 1966; Zamecnik & Stephenson, 
1968, 1969; Rapaport et al., 1975; Plateau et al., 1981; Plateau 
& Blanquet, 1982; Brevet et al., 1982; Goerlich et al., 1982; 
Blanquet et al., 1983; Traut, 1983; Jakubowski, 1983; Goerlich 
& Holler, 1984). In the case of a few prokaryotic as well as 
eukaryotic aminoacyl-tRNA synthetases, the rate of Ap,N 
synthesis can be greatly enhanced upon addition of small 
amounts of zinc (Plateau et al., 1981; Plateau & Blanquet, 
1982; Brevet et al., 1982; Goerlich et al., 1982; Blanquet et 
al., 1983; Jakubowski, 1983; Goerlich & Holler, 1984). This 
relation enabled us to propose a role of Zn2+ in regulating the 
intracellular pool of Ap,N nucleotides (Plateau & Blanquet, 
1982; Blanquet et al., 1983). 

Enzymes which hydrolyze Ap,N have been described in 
mammalian tissues (Vallejo et al., 1973, 1976; Lobaton et al., 
1975a,b; Sillero et al., 1977; Cameselle et al., 1982, 1984; 
Hohn et al., 1982); Ehrlich ascites tumor cells (Ogilvie, 1981; 
Moreno et al., 1982), human leukemia cells (Ogilvie & Antl, 
1983), yellow lupin seeds (Jakubowski & Guranowski, 1983), 
Artemia salina (Vallejo et al., 1976; Moreno et al., 1982), 
Physarum polycephalum (Barnes & Culver, 1982; Garrison 
et al., 1982), and Escherichia coli (Guranowski et al., 1983). 
However, from one organism to another, the hydrolases 
markedly vary in their substrate specificities and hydrolysis 
products. There appear to be distinct Ap,N and Ap3N hy- 
drolases in rat liver (Sillero et al., 1977) and in lupin seeds 
(Jakubowski & Guranowski, 1983). On the other hand, A p A  
is cleaved to two ADP's by the Ap,A hydrolase isolated from 
Physarum polycephalum (Barnes & Culver, 1982) or Es- 
cherichia coli (Guranowski et al., 1983), while the hydrolysis 
products of the other enzymes are AMP + ATP (Lobaton et 
al., 1975; Vallejo et al., 1976; Ogilvie, 1981; Cameselle et al., 
1982; Hohn et al., 1982; Ogilvie & Antl, 1983; Jakubowski 
& Guranowski, 1983). 

Moreover, the effect of divalent metal ions on hydrolytic 
activity differs, depending on the origin of the hydrolase. 
Enzymes from rat liver, human leukemia cells, and lupin seeds 
strictly require the presence of Mg2+ (Sillero et al., 1977; 
Cameselle et al., 1982; Ogilvie & Antl, 1983; Jakubowski & 
Guranowski, 1983). Rat liver and lupin seed Ap,A hydrolases 
are inhibited by Ca2+ (Cameselle et al., 1982; Jakubowski & 
Guranowski, 1983); rat liver Ap4A hydrolase and lupin seed 
Ap3A hydrolase are inhibited by Zn2+ (Cameselle et al., 1983; 
Jakubowski & Guranowski, 1983). E.  coli enzyme is strongly 
stimulated by Co2+ and Mn2+ (Guranowski et al., 1983), while 
P.  polycephalum enzyme is only slightly affected by the 
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pL of the supernatant was mixed with 2.5 mL of Picofluor 
scintillation cocktail (from Packard) and counted in an In- 
tertechnique SL3 counter. 

Assay of enzyme activity by both methods gave identical 
results, either with a crude extract or with the purified enzyme. 

High-Performance Liquid Chromatography. A Model 1 12 
pump, a Model 210 injector, and a Model 160 absorbance 
detector (from Beckman) were used. To follow the hydrolysis 
of a nucleotide by diadenosinetetraphosphatase, we applied 
the sample (20 or 100 pL) onto a 0.46 X 20 cm column packed 
with Lichrosorb RP18 (Merck). The substrates and enzyme 
products were isocratically eluted with one of the following 
buffers: 20 mM potassium phosphate, pH 5.3, in the case of 
Ap& and dAW, 35 mM potassium phosphate, pH 5.3 (AMP, 
ADP, ATP, GTP, dGTP, dTTP, and NADP); 50 mM po- 
tassium phosphate, pH 6.4, 0.6 mM tetrabutylammonium 
bromide, and 9% methanol (Gp3C) or 14% methanol (Ap,A, 
AP3k AP~A, Ap5A AP,A, AP@, AP3G, Gp4G, Gp3G9 AP4G 
Ap3C, Ap,, and NAD) or 18% methanol (dAp4dA); 50 mM 
potassium phosphate, pH 6.4, 1.5 mM tetrabutylammonium 
bromide, and 11% methanol (CTP, UTP, and dCTP). The 
absorbance of the column effluent was followed at 254 nm. 
The concentrations of each nucleotide in the samples were 
estimated by comparison with the chromatogram of standard 
solutions of known nucleotide concentrations. 

Nucleotides. Ap,G, Ap,C, Ap3C, and dAp4dA were en- 
zymatically synthesized by using purified E.  coli lysyl-tRNA 
synthetase (Plateau & Blanquet, 1982). The reaction mixture 
(1 mL) contained 20 mM Tris-HC1 (pH 7.8), 10 mM MgC12, 
150 pM ZnC12, 2 mM L-lysine, 0.01 mg/mL yeast pyro- 
phosphatase (Boehringer), and 500 nM lysyl-tRNA synthetase; 
5 mM ATP and 10 mM GTP were added for Ap,G synthesis, 
5 mM ATP and 10 mM CTP for Ap,C synthesis, 3 mM ATP 
and 5 mM CDP for Ap3C synthesis, and 5 mM dATP for 
dAp4dA synthesis. After consumption of -90% of the initial 
ATP or dATP, the nucleotides present in the sample were 
separated by HPLC on a Lichrosorb RP18 column. Ap4G was 
isocratically eluted with 30 mM ammonium acetate (pH 6.2), 
Ap,C with 20 mM potassium phosphate (pH 6.4), 0.6 mM 
tetrabutylammonium bromide, and 12.5% methanol, Ap3C 
with 35 mM potassium phosphate (pH 6.4), 1.5 mM tetra- 
butylammonium bromide, and 11% methanol, and dAp4dA 
with 50 mM potassium phosphate (pH 6.4), 3 mM tetra- 
butylammonium bromide, and 17% methanol. Fractions 
containing the desired nucleotide were pooled and lyophilized. 
For removal of salts, 30 mL of NH4HC03 (10 mM, pH 8.2) 
was added, and the sample was applied onto a 2.5 X 9 mm 
column of DEAE-Sephadex A25 equilibrated with 10 mM 
NH4HC03 (pH 8.2). The bound nucleotide was recovered 
from the resin with a linear gradient (2 X 20 mL) of 10-1000 
mM NH4HC03 (pH 8.2). Fractions containing the nucleotide 
were pooled and lyophilized. The identity and the concen- 
tration of the final products were checked by complete hy- 
drolysis with E .  coli diadenosinetetraphosphatase, analysis of 
the formed compounds by HPLC, and measurement of their 
concentrations as described above. Other nucleotides were 
obtained from P-L Biochemicals (Gp4G, Gp3G, Gp3C, and 
Ap3G), Sigma (Ap2A, Ap3A, A p d ,  and Ap,), and Boehringer 

UTP, dATP, dGTP, dCTP, and dTTP). All nucleotides were 
at least 95% pure, as analyzed by HPLC, except for GTP 
which was found to contain 10% GDP, dGTP (10% dGDP), 
Ap4 (10% ATP), and Ap6A (25% unidentified compound). 
Ap,A was purified by HPLC (Lichrosorb RP18 column, 50 
mM potassium phosphate, pH 6.4, 0.6 mM tetrabutyl- 

(ApdA, ApSA, NAD, NADP, AMP, ADP, ATP, GTP, CTP, 

P L A T E A U  E T  A L .  

ammonium bromide, and 14% methanol) and desalted as 
described above for Ap4C. Other nucleotides were used 
without further purification. 

RESULTS 
Diadenosinetetraphosphatase Activity in E. coli Extracts. 

The diadenosinetetraphosphatase activity in E.  coli extracts 
was demonstrated by adding cellular extracts to 50 pM 
[3H]Ap,A at 37 "C in 50 mM Tris-HC1 (pH 7.8). Analysis 
of the products by HPLC revealed the formation of 3H-labeled 
AMP, ADP, and ATP. As shown further below, the homo- 
geneous enzyme cleaved Ap4A into 2 mol of ADP, and the 
products above were likely to reflect an adenylate kinase ac- 
tivity in the extracts. Under the above assay conditions, ra- 
dioactive Ap,A had to be used because of the high contami- 
nating nucleotide concentrations in the cellular extracts. The 
hydrolyzing activity of the E.  coli extract was stimulated 
100-fold by the addition of 150 pM Co*+, as already observed 
by Guranowski et al. (1983). With Coz+, diluted extracts could 
be assayed with nonradioactive Ap4A as a substrate. 

In a preliminary attempt to purify the hydrolase, a marked 
lability of the activity (4 "C) in 50 mM Tris-HC1 (pH 7.8) 
was observed with a half-life of 3 days. Enzyme activity was 
not protected by the addition of either 10% glycerol, 10 mM 
2-mercaptoethanol, 100 pM dithioerythritol, or 150 pM Co2+. 
It was weakly protected by EDTA (half-life of 20 days). The 
combination of 100 pM EDTA and 100 pM dithioerythritol 
fully protected the activity, and 100% of the initial activity 
remained after 60 days storage at 4 "C. These conditions were 
therefore adopted to monitor the purification of the E.  coli 
diadenosinetetraphosphatase. 

Purification of Diadenosinetetraphosphatase. Di- 
adenosinetetraphosphatase was purified from Escherichia coli 
EM20031 (F32). All buffers contained 0.1 mM EDTA and 
0.1 mM dithioerythritol. 

( A )  Step 1 :  Preparation of Crude Extract. Four kilograms 
of wet cells was suspended in 4 L of 20 mM potassium 
phosphate (pH 8.0) at 0 "C. Cells were disrupted by two 
successive passages through a refrigerated Menton Gaulin 
apparatus (500 kg/cm2). Then the extract was centrifuged 
for 3 h in a refrigerated Sharples centrifuge (15,OOOg). The 
pellet was discarded. All the following steps were carried out 
at 4-8 OC. 

(B)  Step 2: Streptomycin Precipitation. Nucleic acids and 
ribosomes were precipitated by addition of a streptomycin 
solution to the supernatant from step 1 (final streptomycin 
concentration 57 g/L), which was then centrifuged for 2 h 
(15,OOOg). 

( C )  Step 3: Ammonium Sulfate Fractionation. The su- 
pernatant from step 2 was brought to 50% ammonium sulfate 
saturation, left to stand overnight, and centrifuged 2 h (8OOOg). 
The pellet was dissolved in a minimal volume of 20 mM po- 
tassium phosphate (pH 8.0) and dialyzed against 40 L of the 
same buffer. 

( D )  Step 4:  Sephadex G2OO Column Chromatography. 
The solution (2.1 L from step 3) was applied upwards at a flow 
rate of 0.2 L/h on two Sephadex G200 columns (25 X 41 cm) 
coupled in series. Phosphate buffer (20 mM) (pH 8.0) was 
pumped upwards at a flow rate of 0.7 L/h, and 0.7-L fractions 
of the eluate were collected and assayed for diadenosine- 
tetraphosphatase activity. 

( E )  Step 5: DEAE-Sephadex Chromatography, pH 8.0. 
The fractions from the elution profile of the chromatography 
in step 4 were pooled (19.5 L) and applied on a column of 
DEAE-Sephadex A50 (1 5 X 35 cm) equilibrated in 20 mM 
potassium phosphate (pH 8.0). Enzyme activity was eluted 
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Table I: Purification of E. coli Diadenosinetetraphosphatase 
purification 

step 
extract 
supernatant after streptomycin pptn 
ammonium sulfate fraction, 0-50% 
Sephadex G200 
DEAE-Sephadex A50 (pH 8.0) 
DEAE-Sephadex A50 (pH 6.75) 
Sephadex (3200 
blue dextran-Sepharose 
TSK 3000 
TSK 3000 

protein 

420000' 
395000' 
290000" 
133000" 
27700" 
8200".b 
37006 

1156 

(mg) 

5.46 
2.4b 

total act. 
( ~ 1 0 ~  units)c 

19.1 
35.1 
31.6 
28.4 
26.7 
16.8 
15.2 
9.9 
2.1 
1.1 

sp act. 
(units/mg) 

45.5 
88.9 

109 
213 
928 

2050 
4100 

86000 
430000 
458000 

yield 
(W) 

100 
90 
81 
76 
48 
43 
28 
6.0 
3.1 

re1 
purification 

1 
1.2 
2.4 

10.4 
23.1 
46.1 

967 
4840 
5150 

'Protein analysis according to Lowry et al. (1951). bProtein amount determined from UV absorbancy, assuming A280 = 1 mg-'.cm2. 1 unit = 
enzyme activity cauable of transforming 1 nmol of AuaA per min (37 OC, 50 mM Tris, pH 7.8, 50 ALM AhA,  and 150 WM CoC1,). 

from the column with a 2 X 50 L linear gradient of 0.05-0.45 
M NaCl in the same buffer. 

( E )  Step 6 DEAE-Sephadex Chromatography, pH 6.75. 
Fractions containing activity in step 5 were pooled (8.6 L), 
concentrated to 1.45 L by ultrafiltration, and dialyzed over- 
night against 40 L of 20 mM potassium phosphate (pH 6.75). 
Enzyme was then applied on a column of DEAE-Sephadex 
A50 (8 X 20 cm) equilibrated in the same buffer. Fractions 
containing enzyme activity and recovered from the column by 
using a 2 X 10 L linear gradient of 0.1-0.4 M NaCl were 
pooled (2.2 L) and brought to 70% ammonium sulfate satu- 
ration. 

( G )  Step 7: Sephadex G200 Column Chromatography. 
Proteins precipitated in step 6 were centrifuged 2 h (8OOOg). 
The pellet was dissolved in a minimal volume of 20 mM po- 
tassium phosphate, pH 8.0, dialyzed, and applied upwards on 
two Sephadex G200 columns (4.4 X 72 cm) coupled in series. 
Fractions containing diadenosinetetraphosphatase activity were 
pooled and concentrated with ammonium sulfate as in step 
6. 
(H) Step 8: Blue Dextran-Sepharose Column Chroma- 

tography. The enzyme from step 7 was dissolved and dialyzed 
overnight against 50 mM Tris-HC1 buffer (pH 7.8). After 
dialysis, the volume of the enzyme pool was adjusted to 0.4 
L, and MnCl, was added at a final concentration of 0.2 mM. 
Fractions of 0.2 L were applied on a column (4.4 X 10 cm) 
of blue dextran-Sepharose equilibrated in 50 mM Tris-HC1 
buffer containing 0.2 mM MnC1,. After application of the 
sample, each column was washed with 0.8 L of the equili- 
brating buffer, and the enzyme was then eluted with a 2 X 
1 L linear gradient of 0-0.8 M NaCl in the same buffer. 
Fractions containing enzyme activity were pooled and con- 
centrated by ammonium sulfate precipitation. 

( I )  Step 9: High-Performance Gel Filtration Chromatog- 
raphy. The enzyme was further purified by high-performance 
gel filtration chromatography onto a Beckman TSK 3000 
column (0.7 X 30 cm) equilibrated in 50 mM Tris-HC1 (pH 
7.8) and 150 mM NaCl (Figure 1). The buffer flow rate was 
0.5 mL/min. After dialysis in the same buffer, samples of 
100 pL containing 20 mg of protein per mL were successively 
applied on the column. After this step, the purity of the 
enzyme was close to 90% as assessed by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis analysis. To reach 
homogeneity, enzyme activity was pooled, concentrated by 
ammonium sulfate precipitation, and dialyzed against 50 mM 
Tris-HC1 buffer (pH 7.8) containing 150 mM NaCl, and a 
second high-performance gel filtration chromatography was 
performed under conditions identical with those above. 

The purification procedure gave 2.4 mg of homogeneous 
enzyme as evidenced by sodium dodecyl sulfate-polyacryl- 
amide gel electrophoresis analysis (Figure 2), with a yield of 

E 
0 4 1.5 
a 

u f 

1 .o 

0.5 

0 

n / I  
i l  

15 30 45 

elution time ( m i d  

FIGURE 1: High-pressure gel filtration chromatography of E .  coli 
diadenosinetetraphosphatase on TSK 3000. After blue dextran- 
Sepharose chromatography, the fractions containing enzyme activity 
were concentrated by ammonium sulfate precipitation and dialyzed 
against 50 mM Tris-HC1 (pH 7.8), 0.1 mM EDTA, 0.1 mM di- 
thioerythritol, and 150 mM NaC1. Elution in the same buffer was 
performed at 0.5 mL/min. The sample was applied in 100 r L  at a 
protein concentration of 20 mg/mL. The absorbance of the column 
effluent was followed at 280 nm. Diadenosinetetraphosphatase activity 
(0) was measured by the standard assay described under Materials 
and Methods. 

3.1% (Table I). Homogeneous diadenosinetetraphosphatase 
migrated as a unique polypeptide chain of M, 34K f 1K. 

On the other hand, the molecular ratio of the native enzyme 
could be estimated by high-performance gel filtration chro- 
matography. It was 33 f lK,  as deduced from the cochro- 
matography with proteins of known molecular weight. 

The following comments on the purification procedure can 
be made: after streptomycin precipitation, the total activity 
increased markedly (Zfold), if compared to the activity in the 
cell extract. This behavior can be explained by an inhibition 
effect of nucleic acids on the enzyme activity, as observed by 
Guranowski et al. (1983). In Table I, the yield of the puri- 
fication was estimated with respect to 100% activity in the 
supernatant after streptomycin precipitation, rather than with 
respect to the lower activity in the cell extract. A 967-fold 
purification factor was reached after blue dextran-Sepharose 
chromatography, with a yield of 28% [to be compared to 
390-fold and 37% in the work of Guranowski et al. (1983)]. 
Among the various chromatographic procedures assayed to 
obtain homogeneous enzyme, hydroxylapatite and amino- 
hexyl-Sepharose appeared inefficacious at this stage. Two 
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Table II: Initial Rates of AppppA Hydrolysis in the Prcxncc of 
Various Divalent Cations. 
metal ion present rate (s-‘) metal ion present rate (c‘) 

none 1.2 Mg” 1.3 
Ca’+ 1.1 M d f  90 
CO’f 250 Nilt 3.8 
Fc’f 1.1 Z”’f 0.5 

7 6 K  - - 
6 4 K  - - 
4 5 K  - - 

-- 3 4 * t  K 
3 1 K - -  

21.5 K - - 
12.5 K -- 

FIGURE 2: Sodium dodccyl sulfattpolyacrylamide gel elstmpbrcsis 
of E. coli diadenarinetetraphcsphatase. Electrophoresis was wormed 
according to Laemmli (1970). using a 12.5% polyacrylamide gel. The 
gel was stained with Coomassie blue R-250 (Sigma). (Lane A) 
Molecular weight markers: E .  coli methionyl-tRNA synthetase (M, 
76K): trypsin-modified E. coli methionyl-tRNA synthetase (M, 64K); 
ovalbumin (M, 45K); bovine erythrocyte carbonic anhydrase (M, 31 K); 
soybean trypsin inhibitor (M, 21.5K); horse heart cytochrome c (M, 
12.5K). (Lane 6) Purified E .  coli diadenosinetetraphosphatase. 

successive HPLC steps on TSK 3000 separated the enzyme 
from the ultimate contaminating proteins. The relative yields 
of these chromatographic steps were both of the order of 90%. 
However, marked losses of activity were observed during the 
concentration of the samples by ammonium sulfate precipi- 
tation before each HPLC step. 

Metal Ion Requirements of Diadenosinefefraphosphafase. 
Homogeneous diadenosinetetraphosphatase converted Ap,A 
into ADP, whatever the assay conditions used here. 

The rate of production of ADP in 50 mM Tris-HCI buffer 
(pH 7.8) containing 50 p M  Ap,A was reduced from IO to 0.1 
s-I (37 “C) by adding EDTA to the reaction mixture. This 
reduction was completed with the addition of 0.5 pM EDTA 
and remained unchanged in the presence of up to 50 pM 
EDTA. A similar effect on the rate of the hydrolysis (1.2 s?) 
was obsc~ed  upon treatment of the assay solution with Chelex 
100 prior to the reaction. These results indicated the im- 
portance of divalent ions in sustaining the maximal rate of 
Ap,A hydrolysis by the E. coli enzyme. 

In a w a n d  set of experiments, the effect of various divalent 
metal ions on the enzyme activity was investigated by adding 
a 50 p M  concentration of each metal to the assay solution 
systematically pretreated by Chelex 100 chromatography. The 
results are shown in Table 11. While most of the assayed 
metals had no effect on the Ap,A hydrolytic activity, clearly 
two metal ions, C d +  and Mn’*, strongly stimulated the activity 
(250 and 90 s-I, respectively). The stimulation factors re- 
mained unchanged upon doubling the concentration of these 
metals. The stimulating effects of these two metal ions were 
not additive; i.e., adding 50 pM M d +  to an assay solution 
containing 50 pM Co’+ did not lead to further increase of the 
enzyme hydrolytic activity. 

Finally, for evaluation of the report by Guranowski et al. 
(1983) of a synergistic activity of Mg2+ on the E. coli di- 
adenosinetetraphosphatlse activity sustained by cobalt, 50 pM 
Mg’+ was added to the assay solution containing either 2 pM 
Co” or 2 pM Mn’+. As shown in Figure 3, this treatment 
had no significant effect on the activity of the homogeneous 
enzyme. At the highest Mg’+ concentrations, the activity 

‘The sample (0.1 mL), buffered with 50 mM Tris-HCI (pH 7.8). 
wnlained 50 pM A@, 40 pg/mL bovine serum albumin. and cata- 
lytic amounls of E. coli diadencrinetctraphmphatase. For removal of 
divalent cations. each of the buffer and nuclmtide solutions was pasred 
through a Chclcx 100 column (0.5 X I cm) previous to the incubation. 
The metal under study was added at a final concentration of 50 pM. 
The reaction (IO min. 37 ‘C) was stopped by adding HCIO, (IO% 
w/w final volume). Rates were obtained under conditions of initial 
velocity. Products were measured by high-performance liquid chro- 
matography as dcscribcd under Materials and Methods. 

s - 

0 2 5  50 500 1wO 

MgC12 (pM) 

FIGURE 3 Dependena on MgCI’ conantration of the initial rate of 
Ap,A hydrolysis catalyzed by E. coli diadenosinetetraphosphatase. 
The sample (Io0 pL). buffered with 50 mM Tris-HCI (pH 7.8). 
contained 25 pM Ap,A, 40 pg/mL bovine %rum albumin, 2 pM CoCI, 
(0) or 2 pM MnCI, (0). catalytic amounts of E .  coli diadenmine- 
tetraphcsphatase. and various MgCI, concentrations. The reaction 
(IO min, 37 “C) was stopped by adding HClO, (10% w/w final 
concentration). Products were measured by high-pressure liquid 
chromatography as  described under Materials and Methods. 

decreased, probably reflecting the competition between Cd+ 
(or Mn2+) and the marked ex- of Mg” toward a common 
target, Ap,A or the hydrolase itself, as will be discussed further 
below. The discrepancy between our result and that of Gu- 
ranowski et al. (1983) can be explained by the fact that these 
authors followed the effect of Mg’+ under conditions where 
most of the cobalt might have been complexed with the nu- 
cleotide. Magnesium addition could have stimulated the en- 
zyme hydrolysis rate by displacing part of the cobalt complexed 
with Ap,A. 
Effect of Zinc Ions on Diadenosinetetraphosphatase Ac- 

tiuify. The activity of the enzyme in the presence of 150 pM 
Co’+ (250 s-I) decreased to 50 6’ upon the addition of 2 pM 
Zn’+ in the assay solution. Since the possibility existed that 
this inhibition resulted from a time-dependent effect of the 
zinc ion during the incubation (IO min) of the assay. another 
experiment was designed where the enzyme was first incubated 
for I min in the presence of 5 pM Zn2+, then diluted IO-fold 
in 50 mM Tris-HCI buffer (pH 7.8) with 100 pM EDTA and 
200 pg/mL bovine serum albumin, and immediately assayed 
for IO min after a further 5-fold dilution in the assay solution 
containing 150 pM CoCI, and 50 pM Ap,A. These conditions 
showed an enzyme activity of 80 s-’, while the control ex- 
periment with the enzyme directly assayed in the presence of 
0.1 pM Zn*+ and 20 pM EDTA gave the normal rate of 250 
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FIGURE 4: K, value for Ap4A. The sample (100 pL), buffered with 
50 mM Tris-HCl (pH 7.8), contained 40 pg/mL bovine serum al- 
bumin, catalytic amounts of E. coli diadenosinetetraphosphatase, 
various Ap,A concentrations, and a cobalt concentration fixed to 20 
pM (O), or equal to the A p d  concentration plus 20 pM (a), or equal 
to the double of the Ap4A concentration plus 20 pM. (0), or a 
manganese concentration fixed to 20 pM (M) or equal to the AplA 
concentration plus 20 p M  (0).  The reaction (10 min, 37 "C) was 
stopped by adding HC104 (10% w/w final concentration). Rates were 
obtained under conditions of initial velocity. Products were measured 
by high-pressure liquid chromatography as described under Materials 
and Methods. 

s-l. I t  could be therefore concluded that the observed inhi- 
bitory effect of zinc was nqt instantaneously reversible. The 
above effect of the incubation of the enzyme with 5 pM Zn2+ 
was eliminated, however, upon prolonged incubation (6 h) in 
the presence of EDTA and bovine serum albumin prior to 
assaying the enzyme activity. 
K, Value for Ap4A. The initial rate of Ap4A hydrolysis 

was followed as a function of Ap,A concentration in the assay 
mixture (Figure 4). Since the possibility existed that the 
stirnulatin8 effect of cobalt resulted from its complexation to 
Ap4A, Ap;A concentration was varied from 1 to 100 pM in 
the presence of various cobalt conditions. In the first exper- 
iment, total cobalt concentration was fixed at  20 pM. In the 
others, total cobalt concentration was equal to the Ap4A 
concentration plus 20 pM, or to double the Ap4A conpntration 
plus 20 pM. As shown in Figure 4, the rates of catalysis were 
the same in the three experiments, giving a K, value for AplA 
of 22 f 2 pM and a maximal rate of 390 s-l. The fact that 
the enzyme rate in the presence of a fixed 20 pM Co2+ con- 
centration (close to the Ap,A K, value above) followed the 
same variation suggests that the cobalt ion acts directly on the 
enzyme or on the enzyme-Ap4A complex rather than through 
the formation of an Ap4A-cobalt complex. Similar results 
were obtained in the presence of manganese instead of cobalt. 
In this case, the K, value for Ap,A was 12 f 2 pM and the 
maximal rate 130 s-l. 

Substrate Specificity. The initial rates of hydrolysis of 
nucleotides structurally related to Ap,A were measured in the 
presence of either 10 pM CoC1, or 10 pM MnCl,. In each 
case, the nucleotide concentration was 50 pM, and the products 
(<5 pM) were identified and quantified by high-performance 
liquid chromatography, as described under Materials and 
Methods. 

As summarized in Table 111, diadenosinetetraphosphatase 
catalyzed the cleavage of all assayed dinucleoside poly- 
phosphates, provided the phosphate chain contained at  least 
three phosphates. Ap3N (for N = A, C, or G), Ap4N, Gp3G, 
Gp3C, Gp4G, Ap,A, and A p d  were substrates, whereas Ap2A, 

Table 111: Substrate Specificity of E. coli 
DiadenosinetetraphosDhatase" 

initial rate of 
hydro 1 y s i s 

(s-') 
substrate Co2+ Mn2+ products 

AP4A 250 89 ADP 
APlA 126 36 ADP + ATP 

AP4G 84 33 A D P + G D P  
AP4C 85 21 A D P + C D P  
GP4G 43 24 GDP 
dAp4dA 200 58 dADP 
AP3A 5.2 1 3  ADP + AMP 
GP3G 27 43 G D P + G M P  
AP3C 5.1 7.4 ADP + CMP 

4.2 7.1 CDP + AMP 
AP3G 62 31 A D P + G M P  

< 1  < 1  G D P + A M P  
GP3C 50 15 CDP+GMP 

< 1  <1 G D P + C M P  
AP4 14 3.7 ADP+PP,b 

ATP, ADP, AMP 
GTP, CTP, UTP 
dATP, dGTP, dCTP, dTTP 

50 15 ADP + Ap4 

A P ~ A ,  NAD, NADP < 1  < 1  

ATP-Mg", GTP-Mg2+ 
CTP-Mg2+, UTP-Mg2+' 

nThe reaction mixture (20 or 100 pL), buffered with 50 mM Tris- 
HCI (pH 7.8), contained 10 pM CoCl2 or 10 pM MnC12, 50 pM nu- 
cleotide, 40 pg/mL bovine serum albumin, and catalytic amounts of E. 
coli diadenosinetetraphosphatase. The reaction (5-20 min, 37 "C) was 
stopped by freezing the sample in liquid nitrogen. Rates were obtained 
under conditions of initial velocity. Products were measured by high- 
performance liquid chromatography as described under Materials and 
Methods. It was systematically verified that hydrolysis of the nucleo- 
tide was negligible (less than 1%) in a control experiment without en- 
zyme. bPP, is supposed to be the other product of Ap4 cleavage. 
cMagnesium was added at a 50 pM concentration, stoichiometric to 
that of the nucleotide in the assay. 

NAD, and NADP were not. A nucleoside diphosphate was 
always one of the products. Ap4N was hydrolyzed into 
equimolar concentrations of ADP and NDP, Ap,A into ADP 
plus ATP, etc. Since dAp4dA was also a substrate, the re- 
placement of Ap4A riboses by deoxyriboses apparently did not 
change the enzyme action. 

The case of Ap3N was particular. The expected products 
were ADP, NDP, AMP, and NMP. This was the case with 
Ap3C, where ADP, CDP, AMP, and CMP appeared at similar 
rates. In contrast, Ap3G and Gp3C were cleaved asymmet- 
rically, the only products being ADP + GMP and CDP + 
GMP, respectively. 

None of the assayed nucleoside triphosphates (ATP, GTP, 
CTP, UTP, dATP, dGTP, dCTP, and dTTP) was hydrolyzed 
either in the absence or in the presence of Mg2+. However, 
Ap, was cleaved into ADP and, presumably, PPI. 

Finally, a possible inhibitory effect of ATP on Ap4A hy- 
drolysis was searched for by adding ATP to an assay con- 
taining 25 pM Ap4A, 50 pM Co2+, and 2 mM MgC1,. 
Magnesium was added to minimize a displacement of free 
Co2+ by the possible formation of ATP-Co2+, and also to 
mimic the probable in vivo conditions. Under such conditions, 
the addition of 500 pM ATP decreased the rate of Ap4A 
hydrolysis by less than 20%. 

With Ap4N as well as with Gp4G, ApSA, and Ap6A, 10 pM 
Co2+ systematically sustained better rates of hydrolysis than 
10 pM Mn2+ (Table 111). In contrast, 10 pM MnC12 displayed 
the strongest stimulatory effect on Ap3A or Gp3G hydrolysis. 
For further comparison of the roles of these two metals toward 
the substrate specificity of the hydrolase, cobalt and manganese 
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FIGURE 5 :  Dependence on C&12 or MnCI2 concentration of the initial 
rate of Ap,A (A) and Ap3A (B) hydrolysis by E .  coli diadenosine- 
tetraphosphatase. The sample (100 pL), buffered with 50 mM 
Tris-HC1 (pH 7.8), contained 25 pM Ap& or Ap3A, 0.5 pM EDTA, 
40 pg/mL bovine serum albumin, catalytic amounts of E.  coli di- 
adenosinetetraphosphatase, and various CoClz (0) or MnC12 (0) 
concentrations. The reaction (10 min, 37 "C) was stopped by adding 
HClO4 (10% w/w final volume). Products were measured by high- 
performance liquid chromatography as described under Materials and 
Methods. The rate of Ap4A cleavage in the absence of metal was 
0.07 s-I. 

concentrations were varied from 0 to 250 pM in an assay 
solution containing 0.5 p M  EDTA, and the rates of Ap4A and 
Ap3A hydrolysis were compared. As shown in Figure SA, 
Ap4A hydrolysis was stimulated better by cobalt than by 
manganese, whatever the concentration of the metal ion. A 
maximum stimulation of 2500-fold was observed at  50 pM 
Co2+ (900-fold with Mn2+). Half-maximum stimulations were 
reached at  2.5 pM Co2+ and 5 pM MnZ+, respectively. In 
contrast, the maximum rate of Ap3A hydrolysis brought by 
Mn2+ was 9 times greater than that brought about by Coz+, 
although Co2+ stimulated the hydrolysis better than MnZ+ at 
concentrations less than 1 pM (Figure 5B). 

DISCUSSION 
In this study, the E .  coli Ap4A-hydrolyzing activity was 

followed in order to purify the enzyme and to describe its 
properties. A 5000-fold purification factor was necessary to 
obtain the homogeneous hydrolase. The enzyme behaves as 
a monomer of M, 33K, slightly different from the molecular 
weight of 27K estimated by Guranowski et al. (1983) after 
a 400-fold purification. However, some of the properties 
already described by these authors, such as the mode of 
cleavage of dinucleoside oligophosphates and the stimulatory 
effect of cobalt, are also displayed by the homogeneous enzyme 
studied here. 

As shown in this paper, the stimulation of Ap4A hydrolysis 
brought about by the cobalt ion is considerable. A variation 
of cobalt concentration from 0 to 50 pM is capable of in- 
creasing the initial rate of hydrolysis by the enzyme from 0.1 

to 250 s-l. The purification enables us to estimate a di- 
adenosinetetraphosphatase concentration in E .  coli of 0.58 
nmol/g of wet cells. By assuming 10l2 cells per g, a cell volume 
of L, and a water space of the E. coli cell of 72% (Roberts 
et al., 1957), the cellular Ap4A hydrolase would be capable 
of hydrolyzing 200 pM Ap4A per s provided Ap4A and Co2+ 
are nearly saturating. In the absence of metal cofactor, it could 
hydrolyze 0.08 pM Ap4A per s. 

Little information is available concerning cobalt concen- 
tration in bacteria. In E .  coli cells harvested by centrifugation 
late in the exponential phase of growth, Rouf (1964) was not 
able to detect this metal by spectrochemical analysis and 
excluded a cobalt concentration greater than 0.5 ppm/g dry 
weight cells [3 pM cellular cobalt concentration assuming that 
1 g dry weight accounts for 2.9 mL of cell water, according 
to Roberts et al. (1957)l. However, in various archaebacteria, 
Scherer et al. (1983) found 20-120 ppm of cobalt per g dry 
weight cells (120-700 pM), using inductively coupled plasma 
emission spectrometry. Clearly, in the case of E .  coli, further 
measurements of cobalt should be performed, particularly as 
a function of growth stage and of environmental stresses in 
order to possibly compare the cellular concentration of this 
metal and the Ap4A variations observed by Bochner et al. 
(1984) in response to oxidizing stresses. In this context, it is 
tempting to relate the high concentration of cobalt in ar- 
chaebacteria to the strict anaerobic conditions under which 
these cells were cultivated. 

As shown in this study, Mn2+ is also capable of sustaining 
a marked activity of diadenosinetetraphosphatase. The con- 
centration of this metal in E .  coli was estimated by Rouf 
(1 964), who measured 20 ppm of manganese per g dry weight 
cells (125 pM intracellular concentration). This value is in 
reasonable agreement with the estimation of Jones et al. (1979) 
for E .  coli cultivated in basal seawater medium at 20 OC to 
late exponential growth. Their value (2.7 ppm/g) enables us 
to deduce a cellular manganese concentration of 17 pM. On 
the other hand, from Scherer et al. (1983), we calculate 
30-250 pM manganese in a variety of archaebacteria. By 
comparison of this set of values to the metal requirements of 
the diadenosinetetraphosphatase in this study, an in vivo role 
of manganese in regulating the catabolism of dinucleoside tri- 
and tetraphosphates can be proposed, although it remains to 
be determined whether, in the cell, the metal is free or not. 

The study of the substrate specificity of diadenosine- 
Sr,Srrr-P1,P'-tetraphosphate pyrophosphohydrolase from E .  coli 
has revealed some properties similar to those exhibited by the 
corresponding enzyme from Physarum polycephalum (Gar- 
rison et al., 1982). Ap4A and Gp4G are symmetrically hy- 
drolyzed to 2 mol of ADP and GDP, respectively. In contrast, 
the cleavage of Ap4A in higher eukaryotic organisms yields 
ATP and AMP. Other substrates of the E.  coli enzyme are 
Ap,, Ap3A, Ap,A, and Ap6A; in each case, ADP is one of the 
products. The enzyme also hydrolyzes all of the dinucleoside 
triphospates that we have examined: Ap3A, Ap3C, Ap3G, 
Gp,G, and Gp3C. Ap3G and Gp3C are cleaved asymmetrically 
to ADP + GMP and CDP i- GMP, respectively, whereas 
cleavage of Ap3C is symmetric, giving rise to comparable 
concentrations of ADP + CMP and AMP + CDP. Thus, the 
adenosine and cytosine moieties of dinucleoside triphosphates 
appear to be attacked similarly, due maybe to matters of 
conformation. 

The substrate specificity of E .  coli diadenosinetetra- 
phosphatase was examined in the presence of Co2+ or Mn2+, 
the two metals identified as potent stimulators of the enzymic 
Ap4A cleavage. This systematic comparison reveals that Co2+ 
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favors the hydrolysis of the Ap4N series, while Mn2+ favors 
that of Ap3A, Ap3C, and Gp3G. The cases of Ap& and Ap3A 
were studied thoroughly by varying Co2+ and Mn2+ concen- 
trations and measuring initial rates of hydrolysis. The ex- 
periment shows that the hydrolysis of Ap3A is strongly dis- 
favored by the absence of manganese. This point raises the 
possibility that the in vivo balance of the two metal ions, Co2+ 
and Mn2+, may control the expression of the specificity of the 
hydrolase toward the set of substrates identified here. Bochner 
et al. (1 984) have characterized different oxidizing stress 
conditions resulting in the marked increase in S.  typhimurium 
of either Ap4A or Ap3A. Such responses to various stresses 
may reflect distinct cellular metallic contents causing the 
activation of different catabolic pathways of dinucleoside 
polyphosphates. 

Another aspect of the regulation of the catabolic pathway 
of Ap4A and of the related nucleotides concerns the role of 
zinc. A marked inhibition of Ap4A or Ap3A hydrolases from 
several eukaryotic organisms has been observed in the presence 
of micromolar concentrations of zinc (Cameselle et al., 1983; 
Jakubowski & Guranowski, 1983). This opened the possibility 
that the same coenzyme factor, zinc, could serve to stimulate 
the synthesis of Ap4A by aminoacyl-tRNA synthetases and 
to block its degradation. In this study, the observation of the 
effect of zinc is extended to the E. coli hydrolase. However, 
it is shown that the effect of zinc on the enzyme is not simply 
reversible and that a prolonged incubation in the presence of 
excess EDTA must be applied in order to recover the initial 
enzyme activity. This may reflect a zinc-induced enzyme 
aggregation which causes an inactivation such as that described 
for other proteins by Mayaux & Blanquet (198 1) and Goerlich 
& Holler (1984). Such an effect of zinc on the di- 
adenosinetetraphosphatase activity in vivo, particularly under 
oxidizing conditions, deserves further investigation. 

In view of the proposal of a biosynthetic pathway of Ap4A 
controlled by the binding of zinc to a few aminoacyl-tRNA 
synthetases (Blanquet et al., 1983), the demonstration of the 
occurrence in cell extracts of specific Ap4A catabolizing ac- 
tivities justifies the present interest for the biological function 
of this unusual nucleotide and the related ones. The char- 
acterization in E.  coli of a single enzyme molecule capable 
of hydrolyzing all dinucleoside polyphosphates should help in 
the search for mutants, which are expected to have a modified 
Ap4A cellular pool. Such mutants should be invaluable in the 
deciphering of the biological role of this nucleotide. 
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ABSTRACT: Sarcoplasmic reticulum ATPase is phosphorylated by ATP in the presence of calcium, with 
a consequent reduction of the affinity of the binding sites for calcium and dissociation of the divalent cation 
from the enzyme. ATPase phosphorylation with Pi, on the other hand, requires prior removal of calcium 
from the enzyme, indicating that the energy requirement for phosphorylatiun of the enzymecalcium complex 
can be met by ATP but not by Pi. We find that when the energy yield of the Pi reaction with the enzyme 
is increased by the addition of dimethyl sulfoxide to the medium, ATPase phosphorylation with Pi occurs 
even in the presence of calcium, and the binding sites undergo a reduction in affinity with consequent 
dissociation of Ca2+ from the enzyme, in analogy to the effect of ATP. It is thereby demonstrated ex- 
perimentally that an essential step in the coupling of catalytic and transport activities is an interdependence 
and mutual ligand exclusion of the phosphorylation and calcium sites, in which ATP does not play a direct 
role. An important difference between the effects of ATP and Pi is that the former produces dissociation 
of Ca2+ inside the vesicles as the result of advancement of the catalytic cycle in the forward direction, while 
Pi produces dissociation of calcium into the outer medium as a consequence of equilibration of enzyme states 
producing a shift in the reverse direction of the enzyme cycle. These observations demonstrate how 
equilibration of intermediate enzyme states determines extent and direction of overall reaction flow. It is 
also found that in the presence of dimethyl sulfoxide ATP can undergo hydrolysis (at very low rates) even 
in the absence of calcium, indicating that the coupling rules are not absolute, and it is possible for the reaction 
flow to proceed through shunted pathways depending on the experimental conditions. 

I t  is well established that active transport of Ca2+ in sarco- 
plasmic reticulum (SR) vesicles requires a change in orien- 
tation and a reduction of the affinity of the ATPase sites for 

Ca2+ (Inesi et al., 1978a; de Meis & Vianna, 1979). This 
transformation occurs as a consequence of phosphoryl transfer 
from ATP to an aspartyl residue of the ATPase catalytic site 
(Yamamoto & Tonomura, 1967; Makinose, 1969; Bastide et 

required for this transformation is derived. The phosphory- 
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