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Study of the Interaction of Adenylyl Imidodiphosphate with Rabbit 
Muscle Phosphofructokinase? 

Neil M. Wolfman,$ W. Reid Thompson,§ and Gordon G. Hammes* 

ABSTRACT: Equilibrium binding studies have been used to 
characterize the interaction of adenylyl imidodiphosphate, an 
adenosine S’-triphosphate analogue, with rabbit muscle 
phosphofructokinase. Binding isotherms were obtained at  pH 
7.0,4 OC, in 50 mM KCI, 20 mM imidazole, 5 m M  MgC12, 1 
m M  ethylenediaminetetraacetic acid, 1 mM dithiothreitol, plus 
5 mM fructose 6-phosphate, 5 mM fructose 1,6-bisphosphate, 
10 mM potassium phosphate, or 5 m M  fructose 1,6-bisphos- 
phate-5 mM citrate. In these cases, the binding could be 
characterized by one site of high affinity (with a dissociation 
constant of -1 pM),  and one site of low affinity (with a dis- 
sociation constant of -100 pM) per polypeptide chain, with 
varying degrees of negative cooperativity within each type of 
site. With 10 mM phosphate-50 pM cAMP present, the 
binding at  the weaker site was abolished. Since cAMP is a 
known activator of the enzyme, this suggests that the “tight” 
site may be identified with the catalytic site, while the “loose” 
site is probably the regulatory site. The enzyme is predomi- 
nantly tetrameric under the conditions employed, except with 
5 mM citrate present where the enzyme is a mixture of dimers 

Phosphofructokinase plays a key role in the regulation of 
glycolysis. The activity of the enzyme from rabbit skeletal 
muscle has been shown to be dependent on several factors in- 
cluding the presence or absence of various effectors (Passoneau 
& Lowry, 1962, 1963). The enzyme exhibits association-dis- 
sociation equilibria which may be physiologically important 
in the control of the enzymatic activity (Lad et al., 1973; Hofer 
& Krystek, 1975). The multisubunit protein is composed of 
identical polypeptide chains, and the active tetramer has a 
molecular weight of about 320 000 (Coffee et al., 1973; Pa- 
velich & Hammes, 1973). The monomer and dimer are es- 
sentially inactive (Lad et al., 1973). 

In the work presented here, the interaction of adenylyl im- 
idodiphosphate (AMP-PNP)’  with rabbit muscle phospho- 
fructokinase has been studied. This analogue of ATP was 
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and tetramers. The binding isotherm was unaffected by dou- 
bling the enzyme concentra‘ion in the presence of 5 mM 
fructose 6-phosphate. However, the affinity of the enzyme for 
adenylyl imidodiphosphate was greatly weakened after mod- 
ification of a single sulfhydryl group of the enzyme with 7- 
chloro-4-nitrobenzo-2-oxa-1,3-diazole. When the citrate 
binding site of the enzyme was modified with pyridoxamine 
S’-phosphate, the binding a t  the “tight” site in 10 mM phos- 
phate was enhanced; the pyridoxamine 5’-phosphate modified 
enzyme was primarily dimeric under the experimental condi- 
tions employed. The binding of adenylyl imidodiphosphate to 
the enzyme causes a quenching of the protein fluorescence. 
Although the fluorescence changes can be interpreted in terms 
of a binding isotherm in 10 mM phosphate, the isotherm ob- 
tained is greatly different from that derived by direct mea- 
surement: the fluorescent changes apparently are caused by 
binding at  a relatively low affinity site. This illustrates the 
danger in determining binding isotherms with indirect meth- 
ods. 

chosen for study since it has been shown to be very similar 
structurally to ATP (Yount et al., 1971a,b) but is not a sub- 
strate of the enzyme and is not hydrolyzed by the minor AT- 
Pase activity of the enzyme (Uyeda, 1970; Colombo et al., 
1975). At  a concentration where the enzyme is primarily tet- 
rameric (0.6-0.7 mg/mL) and at  pH 7.0 where the enzyme 
displays allosteric kinetic behavior (Hofer & Pette, 1968), one 
“tight” site and one “weak” site for AMP-PNP per 80 000 
molecular weight of enzyme are observed in the presence of 
5 mM fructose 6-phosphate, 5 mM fructose 1,6-bisphosphate, 
10 mM potassium phosphate, or 5 mM fructose 1,6-bisphos- 
phate-5 mM citrate at  4 OC. Some of the binding isotherms 
are complex and suggest cooperative effects, but the stoichi- 
ometry is the same in all cases. The presence of 10 mM phos- 
phate-50 pM cAMP (an allosteric activator) eliminates the 
binding at  the “loose” site, suggesting the “tight” site is the 

I Abbreviations used: AMP-PNP, adenylyl imidodiphosphate; NBD-CI, 
7-chloro-4-nitrobenzo-2-oxa- I ,3-diazole; PMP, pyridoxamine 5’-phos- 
phate; EDTA, ethylenediaminetetraacetic acid; CAMP, cyclic adenosine 
3’,5’-monophosphate. 
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catalytic site and the “loose” site is the regulatory site. When 
a single sulfhydryl group of the enzyme is modified with 
NBD-CI, the binding of AMP-PNP to the enzyme is greatly 
reduced; on the other hand, modification of the citrate binding 
site with pyridoxal 5’-phosphate and subsequent borohydride 
reduction led to a dimeric enzyme in which the affinity of 
AMP-PNP for the “tight” site was enhanced. 

Experimental Section 
Materials. The [3H]AMP-PNP (30.6 Ci/mmol) and 

AMP-PNP were obtained from ICN and purified according 
to Yount et al. (1971a,b). The AMP-PNP containing fraction 
was lyophilized and stored as a powder or in 0.1 m M  EDTA 
(pH 9.0) at  -23 “C.  The pyridoxal 5’-phosphate, ATP, CAMP, 
fructose 6-phosphate, fructose 1,6-bisphosphate, dithiothreitol, 
aldolase, glucose oxidase, a-glycerophosphate dehydrogenase, 
pyruvate kinase, triosephosphate isomerase, and serum albu- 
min (bovine) were purchased from Sigma Chemical Co. The 
NBD-CI was obtained from Pierce Chemical Co., and all other 
chemicals were the best available commercial grades. All so- 
lutions were prepared with deionized distilled water. 

Phosphofructokinase. Rabbit skeletal muscle phospho- 
fructokinase was purified by the method of Ling et al. (1966). 
The final ammonium sulfate precipitate was dissolved in 0.1 
M potassium phosphate, 1 .O m M  EDTA, 1 m M  dithiothreitol 
(pH 8.0) and dialyzed against the same buffer to give a stock 
solution of 10-16 mg/mL. The protein concentration was 
determined from the absorbance a t  280 nm using an extinction 
coefficient of 1.02 mL/(mg cm) (Parmeggiani et al., 1966). 

Enzymatic activity was determined using coupled enzyme 
reactions (Ling et al., 1966; Lad et al., 1973). Assays were 
carried out in the following mixture: pH 8.0, 33 m M  Tris-CI, 
2 m M  ATP, 5 m M  MgC12, 2 m M  fructose 6-phosphate, 0.1 
m M  NADH, 2 m M  dithiothreitol, 0.20 units/mL of aldolase, 
35 units/mL of triosephosphate isomerase, 3.2 units/mL of 
a-glycerophosphate dehydrogenase, and 0.1-0.2 pg/mL of 
phosphofructokinase in a total volume of 3.0 mL. Assays were 
initiated by the addition of phosphofructokinase, and the ve- 
locity of the enzymatic reaction was recorded spectrophoto- 
metrically a t  340 nm on a Cary 1 I8 spectrophotometer ther- 
mostated at  23 O C .  The specific activity of the native enzyme 
in 0.1 M potassium phosphate, 1.0 m M  EDTA (pH 8.0) was 
100- 120 units/mg, where a unit of enzyme activity is defined 
as the production of 1 pmol of product per min. 

Phosphofructokinase Deriuatiues. Phosphofructokinase was 
modified with pyridoxal 5’-phosphate as previously described 
(Wolfman & Hammes, 1977) except that 1.0 m M  fructose 
1,6-bisphosphate was substituted for 1.0 m M  ATP in the di- 
alysis buffer and reaction medium. The NBD modified enzyme 
was prepared as described elsewhere (Lad et al., 1977) in 25 
m M  potassium phosphate, 25 m M  diglycine, 5 m M  fructose 
6-phosphate, 5 m M  MgC12, 1 m M  EDTA (pH 7.0). 

Gel Chromatography. The average molecular weight of the 
native enzyme was determined using column chromatography 
as previously described (Wolfman & Hammes, 1977). Aldo- 
lase (mol wt 150 000), glucose oxidase (mol wt 186 000), 
pyruvate kinase (mol wt 240 000), and native phosphofruc- 
tokinase (0.19 mg/mL, mol wt 320 000) in 0.1 M potassium 
phosphate (pH 8.0) were used as molecular weight stan- 
dards. 

Fluorescence Measurements. Fluorescence titrations of 
phosphofructokinase with AMP-PNP were performed with 
a Hitachi Perkin-Elmer MPF-3 fluorescence spectropho- 
tometer thermosrated a t  4 OC. Dry nitrogen was circulated 
through the sample compartment to prevent condensation. The 
excitation wavelength was 280 nm, and the changes in the 

emission at  328 nm were recorded. The excitation slit was 4 
nm, while the emission slit ranged from 2 to 4 nm. Ail mea- 
surements were made in square ( I  X l cm) cuvettes with an 
initial solution volume of 2.5 mL. Fluorescence intensities were 
corrected for protein dilution due to the addition of ligand: 
these corrections were never more than 10%. A correction also 
was made for the increase in the absorbance of the solution at 
the exciting wavelength during the course of the titration. This 
was done by constructing a calibration curve from a fluores- 
cence titration of tryptophan with ATP. 

Equilibrium Binding Measurements. Binding measure- 
ments were carried out a t  4 O C  using the forced dialysis tech- 
nique (Cantley & Hammes, 1973). Typically the enzyme, 
native or modified, was dialyzed at  4 “ C  into the appropriate 
buffer for 16 h, filtered through 0.45-llm Millipore filters, and 
diluted to the desired concentration. Varying amounts of the 
radioactive ligand were added to 0.5-mL samples of protein 
solution and allowed to equilibrate for 2 h. The total ligand 
concentration of each sample was determined by measuring 
the radioactivity of a 10-pL sample in Beckman Ready-Soh 
using a Beckman LS 255 liquid scintillation counter and using 
the known specific activity. The protein solutions were then 
placed in a Metalloglass ultrafiltration cell fitted with Diaflow 
XM-50 membranes, and a pressure of 25-40 psi of nitrogen 
was applied for several minutes until 20-30 FL of solution were 
forced through the membrane. Duplicate 10-pL samples were 
taken from the underside of the membrane, and the concen- 
tration of free ligand determined from the radioactivity as 
before. The amount of ligand bound to the enzyme was cal- 
culated by subtracting the free ligand concentration from the 
total ligand concentration. The XM-50 membranes do not bind 
the ligands, and the enzyme does not pass through the mem- 
brane (Hill & Hammes, 1975). 

Data ~ n a l y s i s .  The data were fit to the specified equations 
on a PDP-11 computer using a weighted nonlinear least- 
squares procedure. A few points greater than 1.9 standard 
deviations from the calculated curves were omitted in the final 
fitting iteration, although this made no appreciable change in 
the values of the fitting parameters. 

Results 
The isotherms for the binding of AMP-PNP to rabbit 

muscle phosphofructokinase at  4 OC in 50 m M  KCI, 20 m M  
imidazole, 5 m M  MgC12, I m M  EDTA, 1 m M  dithiothreitol 
(pH 7.0) plus various effectors are shown in Figure 1 as plots 
of r ,  the moles of ligand bound per mole of polypeptide chain 
(mol wt 80 000) vs. the concentration of free AMP-PNP. The 
effectors used were 10 m M  potassium phosphate-50 p M  
CAMP, I O  m M  potassium phosphate, 5 m M  fructose 6-phos- 
phate, 5 m M  fructose 1,6-bisphosphate, and 5 m M  fructose 
1,6-bisphosphate-5 m M  citrate. The enzyme remained fully 
active throughout the binding experiment a t  the normal spe- 
cific activity for each set of conditions, but the enzyme was 
quite unstable in the absence of any effectors. 

The only simple binding isotherm obtained is that in the 
presence of CAMP (Figure lA) ,  and the data were fit to the 
equation 

where K1 is the dissociation constant characterizing the in- 
teraction of the ligand L with the protein. A single binding site 
per polypeptide chain is found, and the dissociation constant 
obtained is given in Table I; the line in Figure 1A has been 
calculated according to eq 1 with the constant in Table I .  

Under all other conditions, the binding isotherms are com- 
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TABLE 1: Equilibrium Dissociation Constants.' 

KI  K2 K3 K4 
Effectors present (rM) ( r M )  ( r M )  ( r M )  

Phosphate ( I O  mM)-CAMP 0.909 

Fru 1,6-P ( 5  mM)-citrate ( 5  0.730 67.1 

Phosphate ( I O  mM) 1.32 10.1 178 
Fru 6-P ( 5  mM) 0.917 19.6 270 502 

Fru 1,6-P (5 mM) 4.55 221 

mM) 

a With 50 mM KC1, 20 mM imidazole, 5 mM MgC12, 1 mM 
EDTA, 1 mM dithiothreitol, pH 7.0, plus effectors as listed at 4 
O C .  

plex, and the data were fit to a large variety of binding models. 
The only models which adequately describe the data require 
approximately two binding sites per polypeptide chain with 
either more than one class of binding sites or negative coop- 
erativity. Since evidence already exists for both a catalytic site 
and a regulatory site, the data were fit assuming two classes 
of sites. In some cases, cooperativity within a given class of sites 
also was required to fit the data. The binding models presented 
here can be regarded as minimum, but not unique, represen- 
tations of the data. In all cases the dissociation constants ob- 
tained from the data are summarized in Table I, and the lines 
in Figure 1 are calculated with the appropriate equations and 
the dissociation constants. 

In the presence of fructose 1,6-bisphosphate (Figure 1B) and 
fructose 1,6-bisphosphate-citrate (Figure lC) ,  the data are 
well described by assuming two classes of sites, that is 

(2) 
(L )  + (L) r =  

KI + (L) K2 + U-1 
In the presence of 10 m M  potassium phosphate (Figure IA) ,  
the data a t  high ligand concentrations cannot be fit by as- 
suming simple binding to the second site; therefore the addi- 
tional assumption was made that binding to the weaker class 
of sites is cooperative with two dissociation constants charac- 
terizing the cooperativity. This gives rise to 

(3) 

Finally, in the presence of fructose 6-phosphate (Figure lD) ,  
the data require the assumption of cooperativity within each 
class of sites. The binding equation used to fit the data is 

(L) + W L ) / K 2  + (L)2/K2K3 r =  
K1 + (L) 1 + (L)/K2 + (L)'/K2K3 

Although the enzyme concentration was kept constant in 
the binding experiments for which data are reported in order 
to maintain a constant enzyme aggregation state, in one set of 
experiments in the presence of 5 m M  fructose 6-phosphate the 
enzyme concentration was doubled (from 0.7 to 1.4 mg/mL) 
with no discernible effect on the binding data (filled squares 
in Figure 1 D). 

The  average molecular weight of the enzyme was deter- 
mined by gel chromatography under the conditions of the 
binding experiments, 0.7 mg/mL enzyme, 50 m M  KCl, 20 
m M  imidazole, 5 m M  MgC12, 1 m M  EDTA, 1 m M  di- 
thiothreitol (pH 7.0), 4 "C. The average molecular weight was 
found to be 408 000 in the presence of 5 m M  fructose 6- 
phosphate, 405 000 in the presence of 10 m M  potassium 

2 0  , , I ,  I I ,  I I 

A 

o u k c o  ' 40 ' $0 ' 8'0 ' IO0 ' Ib0 ' I46 
(AMP-PNP) ( u M )  

FIGURE 1: A plot of r ,  the number of moles of AMP-PNP bound per 
80 000 molecular weight of phosphofructokinase (0.7 mg/mL except for 
the filled squares in D where the concentration was 1.4 mg/mL) vs. the 
free AMP-PNP concentration at 4 OC in 50 mM KCI, 20 mM imidazole, 
5 mM MgC12, 1 mM EDTA, 1 mM dithiothreitol, pH 7.0, and 10 mM 
potassium phosphate-50 pM CAMP (A, lower curve), 10 mM potassium 
phosphate (A, upper curve), 5 mM fructose 1,6-bisphosphate (B) ,  5 mM 
fructose 1,6-bisphosphate-5 mM citrate (C), or 5 mM fructose 6-phos- 
phate (D, upper curve). The bottom curve in D is for AMP-PNP binding 
to NBD-modified enzyme (1.4 mg/mL) in the presence of 5 mM fructose 
6-phosphate. The lines are calculated with the equations in  the text and 
the constants in Table I for binding to the native enzyme; for binding to 
the NBD-modified enzyme, eq 1 and K I  = 93 pM are used. 

phosphate, and 260 000 in the presence of 5 m M  fructose 
1,6-bisphosphate-5 m M  citrate. Thus the enzyme is predom- 
inantly tetrameric under all conditions studied, except in the 
presence of citrate where a mixture of dimers and tetramers 
is probably present. 

To study the binding of AMP-PNP to NBD modified 
phosphofructokinase, it was necessary to modify the enzyme 
in the absence of ATP. The reaction between NBD-CI and 
enzyme in the absence of ATP was faster than with ATP 
present (Lad et al., 1977), but was still quite specific for a 
single sulfhydryl group. The NBD derivative used in binding 
experiments contained 1.2 mol of N B D  per 80 000 molecular 
weight. The binding isotherm (1.4 mg/mL enzyme) in the 
presence of 5 m M  fructose 6-phosphate is shown in Figure 1 D, 
and the data were fit to a simple one site model (eq 1). The 
calculated dissociation constant is 93 pM.  

The binding of AMP-PNP to PMP-modified phospho- 
fructokinase also was studied; the P M P  specifically blocks 
citrate binding (Colombo & Kemp, 1976). As with the N B D  
derivative, the modification was carried out in the absence of 
ATP: 1.0 m M  fructose 1,6-bisphosphate was present to ensure 
enzyme stability. Both the specificity and the rate of reaction 
were not significantly altered (Wolfman & Hammes, 1977). 
Binding to the PMP-modified enzyme was carried out under 
conditions where the enzyme is predominantly dimeric (0.2 
mg/mL, 50 m M  KCl, 20 m M  imidazole, 5 m M  MgC12,l m M  
EDTA, 1 m M  dithiothreitol, 10 mM potassium phosphate, pH 
7.0, 4 "C). Although the data at low ligand concentrations 
could be fit to a model of a single binding site with a binding 
constant of 0.72 pM, the considerable scatter in the data as- 
sociated with enzyme instability, particularly a t  high ligand 
concentrations, precluded a detailed analysis of the data. 

The interaction of AMP-PNP with phosphofructokinase 
also was investigated by titrating a protein solution with 
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I I I I I I I I 1 I catalytic site. While this interpretation cannot be excluded, 
it is less probable since the primary regulatory effect of CAMP 
appears to be relief of MgATP inhibition, rather than a 
tightening of the binding of MgATP at the catalytic site. 
Whether the blockage of the inhibitory site by CAMP is com- 
petitive or allosteric is not known. 

A previous study of the binding of ATP to rabbit muscle 
phosphofructokinase has suggested that three ATP sites are 
present per polypeptide chain (Kemp & Krebs, 1967). When 
sulfhydryl group reactivity was used as a monitor of binding 
to the inhibitory site, the dissociation constant for MgATP 
binding to the inhibitory site was estimated to be less than I O  
pM (Kemp, 1969). However, the results reported here repre- 
sent the first direct detailed investigation of binding to ATP 
sites on the rabbit muscle enzyme. Studies of the binding of 
ATP to the sheep heart enzyme indicated 3.6 mol of A T P  per 
100 000 molecular weight, but the precise stoichiometry was 
dependent on the protein concentration (Lorenson & Mansour, 
1969). We have found no dependence of the binding isotherm 
on the protein concentration under one set of conditions, al- 
though this aspect of the binding process was not studied in 
detail. The same binding stoichiometry was observed for the 
tetrameric enzyme and for the enzyme in a tetramer-dimer 
mixture (5 m M  fructose 1,6-bisphosphate-5 mM citrate). 

The binding models used to fit the data should not be taken 
too literally. This is especially true with regard to character- 
izing the nature of the cooperativity in binding to the “loose” 
site since reliable data could not be obtained at  high r values 
and ligand concentrations while maintaining a constant protein 
concentration. However, the nature of the cooperativity ob- 
served clearly depends on the effectors present. The aggrega- 
tion state of the enzyme does not seem to be a major factor in  
the nature of the cooperative binding. Negative cooperativity 
is observed within both classes of sites. A previous study of 
fructose 6-phosphate binding to rabbit muscle phosphofruc- 
tokinase has indicated the occurrence of negative cooperativity, 
positive cooperativity, and no cooperativity (Hill & Hammes, 
1975) depending on the specific conditions. Obviously a 
complex model will be needed to explain quantitatively the 
complex binding equilibria observed. 

The dissociation constant characterizing binding to the 
“tight” site is about 1 pM: it is decreased in the presence of 
citrate and cAMP and is somewhat larger in the presence of 
sugar phosphates. Binding to the “loose” site follows 
a similar pattern. Citrate has been shown previously to enhance 
A T P  binding (Colombo et al., 1975). The binding of AMP- 
P N P  to the catalytic site is also enhanced in the dimeric 
PMP-modified enzyme, although this enzyme is essentially 
inactive. This finding further supports the idea that citrate 
inhibition and the lack of activity in the dimer are due to al- 
terations in the intrinsic catalytic activity and are not due to 
major alterations in binding at  the catalytic site (Lad & 
Hammes, 1974). The NBD-modified enzyme binds AMP- 
P N P  very weakly. I f  the observed binding is attributed to the 
catalytic site, it is consistent with the large increase in the 
AMP-PNP steady state competitive inhibition constant (Lad 
et al., 1977). 

The binding of AMP-PNP to the enzyme produces a marked 
quenching of fluorescence under some conditions. However, 
this fluorescence quenching cannot be reliably interpreted in 
terms of a binding isotherm. Although the data in Figure 2 can 
be quantitatively described by eq 5 ,  the calculated binding 
isotherm bears little resemblance to that determined by a direct 
method under identical conditions (Figure 1 A vs. Figure 2) .  
I n  fact, the dissociation constant determined from the fluo- 
rescence data is close only to the constant K3 used to charac- 

I I I I 1 I I I 1  
80 I60 240 320 400 

( A M P - P N P )  ( p M )  

FIGURE 2: A plot of F ,  the fluorescence intensity, vs. the total AMP-PNP 
concentration present at  4 OC in 50 mM KCI, 20 mM imidazole, 5 mM 
MgC12, 1 mM EDTA, 1 mM dithiothreitol, pH 7.0, and 10 mM potassium 
phosphate. The excitation wavelength was 280 nm, the emission wave- 
length was 328 nm, and the protein concentration was 0.7 mg/mL. The 
fitted line is calculated according to eq 5 with FO = 82.7, F ,  = 61, and K I  
= l 77~1M.  

AMP-PNP and monitoring the protein fluorescence under 
conditions identical with those used in obtaining the binding 
data. With 10 m M  potassium phosphate present, the 
quenching data presented in Figure 2 were obtained. These 
data can be fit to a single binding constant according to the 
equation 

(5) F - Fo - (L)  r = - -  
F , - F o  K I  + (L) 

where F is the measured fluorescence, Fo is the fluorescence 
in the absence of ligand, and F ,  is the fluorescence when the 
enzyme is saturated with the ligand. The best fit of the data 
was obtained with K I  = 177 pM, Fo = 82.7, and F ,  = 61, 
where the units of fluorescence are arbitrary; the line in Figure 
2 has been calculated with these parameters and eq 5. In  the 
presence of fructose 6-phosphate, the extent of fluorescence 
quenching is extremely small (an average maximum of 7%), 
so that the data cannot be analyzed quantitatively in terms of 
a specific binding model. 

Discussion 
The use of AMP-PNP as an A T P  analogue is well docu- 

mented (Yount et al., 1971a,b; Maguire & Gilman, 1974; 
Melnick et al., 1975). I n  the case of rabbit muscle phospho- 
fructokinase, steady-state kinetic results have shown that 
AMP-PNP is a strong competitive inhibitor of the substrate, 
MgATP (B$rzu et al., 1977; Lad et al., 1977). The binding 
isotherms reported indicate that two specific AMP-PNP 
binding sites are present per polypeptide chain: measured 
values of r do not exceed 2, and the data can be fit with rea- 
sonably simple binding models. These data cannot, of course, 
rule out the possibility of additional weaker binding sites. The 
results are most easily explained in terms of one “tight” binding 
site and one “loose” binding site per polypeptide chain. In view 
of the fact that ATP is both a substrate and an  allosteric in- 
hibitor, it is reasonable to assign one site as catalytic and the 
other as regulatory. This interpretation is supported by the 
binding isotherm obtained in the presence of 50 pM CAMP, 
an allosteric activator of the enzyme: only a single tight binding 
site per polypeptide chain is found. This suggests the “tight” 
site is the catalytic site and the “loose” site is the regulatory 
site. An alternative explanation is that the “tight” site is the 
regulatory site and that cAMP both blocks the regulatory site 
and greatly enhances binding to the “loose” site which is the 
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terize the binding isotherm determined by forced dialysis. The 
agreement between K3 and the dissociation constant derived 
from the fluorescence measurements is suggestive but most 
likely is fortuitous. This finding again emphasizes the danger 
in using an indirect method, such as fluorescence changes, to 
measure binding isotherms. 

In summary, the binding of AMP-PNP to rabbit muscle 
phosphofructokinase can be interpreted in terms of a relatively 
tight binding catalytic site and a relatively loose binding in- 
hibitory site per polypeptide chain. 
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