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The binding of AMP to activator sate N and to inhibitor sate I In glycogen phosphorylase b has been characterized by 
calorimetry, potenttometry and ultracentrifugation in the pH range 6.5-7.5 at 25°C (p = 0.1). Calorimetric titration data of 
phosphorylase b with adenosine 5’-phosphoramidate are also reported at pH 6.9 (T = 25°C p = 0.1). Calorimetric curves have 

been analyzed on the basis of potentiometric and sedimentation velocity results to determine thermodynamic quantities for 
AMP binding to the enzyme. The comparison of calorimetric titration data of AMP and adenosine S-phosphoramidate at pH 
6.9 supports the hypothesis previously suggested that the dianionic phosphate form of the nucleotide preferentially binds to the 
allosteric activator site. The thermodynamic parameters for AMP binding to site N are as follows: AGo = -22 kJ mol-‘, 
AH” = -34 kJ mol-’ and AS’ = -40 J mol-‘K-‘. The binding of the nucleotide to site I was found to he strongly 

dependent on the pH. This behaviour may be explained in terms of coupled protonations of three groups having pK, values of 
6.0, 6.0 and 6.1 in the unbound form and 7.0, 7.5 and 7.2 in the enzyme-nucleotide complex. The thermodynamic parameters 
for nucleotide binding to site 1 for the enzymatic form in which all the modified groups are completely deprotonated or 
protonated have been calculated to be: AC0 = - 7.7 kJ mol-‘, A Ho = - 28 kJ mol-’ and AS’= -68 J mol-‘K-’ and 
AGo = - 28 kJ mol-‘, A Hi = - 10 kJ mol-’ and A&$‘, = 61 J mol-‘K-l, respectively. These results suggest that attractive 

dispersion forces are of primary significance for AMP binding to activator site N, although electrostatic interactions act as a 

stabilizing factor in the nucleotide binding. The protonation states of those residues of which the pKa values are modified by 

AMP binding to site I highly influence the thermodynamic parameters for the nucleotide binding to this site. 

1. Introduction 

Glycogen phosphorylase b (EC 2.4.1.1) a dimer 
of molecular weight 194000 [l], is a key control 
enzyme of glycogen metabolism [2]. Phosphorylase 
b depends on AMP for catalytic activity [3]. AMP 
affects both the V,,, and the K, of the enzyme 
(41. It has been shown that the binding of AMP to 
phosphorylase b is followed by conformational 
changes [5-81, as well as by an enhanced tendency 
of the enzyme to associate into tetramers [9,10]. 

* To whom correspondence should be addressed. 

Abbreviation: Pipes, 1.4.piperazinediethanesulfonic acid 

AMP has two different binding sites on the en- 
zyme monomer [7,11,12]. The first one is the allos- 
teric activator site, called site N, which is close to 
the subunit/subunit interface and is on the oppo- 
site face of the protein with respect to the active 
site. The second one is the inhibitor site, called site 
I, which is located at the surface of the enzyme 10 
A away from the catalytic cleft where glucose and 
glucose 1 -phosphate bind [ 111. 

The interaction between AMP and phosphory- 
lase b has been studied by several authors using 
calorimetric methods [13-161. Unfortunately, the 
reported Kd and AH values, especially those for 
the nucleotide binding to the inhibitor site, are in 
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disagreement. Recently, Cortijo and co-workers 
[16] have suggested that the biphasic shape of the 
calorimetric data may arise from the enzymatic 
conversion of AMP to IMP by traces of a con- 
taminating AMP-aminohydrolase that may be pre- 
sent in purified enzyme preparations. These con- 
flicting results suggest that the thermodynamics of 
AMP binding to phosphorylase h should be rein- 
vestigated in more detail. 

In the present work, the interaction of AMP 
with glycogen phosphorylase h has been studied in 
the pH range 6.5-7.5 (T= 25°C p = 0.1). The 
influence of pH on the binding process and conse- 
quently on the thermodynamic parameters govern- 
ing the interaction was analyzed by calorimetric, 
potentiometric titration and ultracentrifugation 
techniques. The absence of contaminating traces 
of AMP-arninohydrolase in the enzyme prepara. 
tions was carefully checked in all enzymatic sam- 
ples used during this work. 

Calorimetric titration curves were analyzed on 
the basis of the information provided by potentio- 
metric titration data and sedimentation velocity 
experiments. The thermodynamic parameters for 
the nucleotide binding, to either the activator (site 
N) or the inhibitor (site I) locus, were corrected for 
the contributions arising from the different 
processes that are associated with the nucleotide 
binding. 

2. Materials and methods 

Glycogen phosphorylase b was prepared from 
rabbit skeletal muscle by the methods of Krebs et 
al. [17]. using P-mercaptoethanol instead of cy- 
steine. The enzyme was recrystallized at least three 
times. Phosphorylase b crystals were freed from 
AMP by chromatography on a Sephadex G-25 
column and by treatment with activated charcoal. 
The pH of all solutions was carefully checked 
before and after experiments. 

The protein concentration was determined spec- 
trophotometrically at 280 nm with an absorbance 
index E:& of 13.2 [18]. The 260 nm/280 nm 
absorbance ratios of the enzyme solutions were 
always below 0.54. 

Prior to use, the purity of all enzyme prepara- 

tions used in this work was routinely checked in 
order to detect the possible presence of con- 

taminating AMP-aminohydrolase [16]. Phos- 
phorylase h solutions were incubated with 10 mM 
AMP (under the same conditions as for the calori- 
metric experiments) and their ultraviolet spectra 
were registered at different incubation times dur- 
ing a 2 h period, after diluting 1 : 100 with buffer. 
We could not detect any shift in the characteristic 

AMP absorption spectrum (A,,,,, = 259 nm) to 
shorter wavelengths, which would have indicated 
the conversion of AMP to IMP (A,,,,, = 250 nm) 
by the action of AMP-aminohydrolase [16]. 

Glycogen and AMP were purchased from Merck 
and phosphoglucomutase and glucose-&phosphate 
dehydrogenase were obtained from Boehringer. All 
other chemicals were purchased from Sigma. 

The buffer consisted of 50 mM glycylglycine or 
Pipes, 50 mM KCI, 0.1 mM EDTA and 0.6 mM 
B-mercaptoethanol, except for potentiometric 
titrations which were performed in 0.1 M KCI. 

An enzyme concentration of 3 mg/ml was used 

in all experiments unless otherwise stated. 

2. I. Calorimetry 

Calorimetric measurements were performed at 
25.00 c 0.02”C with LKB flow and batch micro- 
calorimeters, calibrated as previously described 
[19,20]. In the experiments performed with the 
flow microcalorimeter, a flow rate of 0.13 ml min ’ 
and a flow time of 15 min for reading the steady- 
state rate of heat evolution were employed. The 
dilution heat signal of the ligand was taken as the 
baseline for each experiment. In the batch micro- 
calorimeter measurements the heat of dilution of 
the ligand was automatically subtracted in the 
reference cell. The heat of dilution of the protein 
solutions was determined in a separate run and 
subtracted from the total. 

2.2. Potentiometry 

Potentiometric titrations were performed with a 
Radiometer TTA3 pH-stat coupled with a Radi- 
ometer PHM28 pH-meter. The titrant, 0.01 M 
HCl, was added by means of a microburet in 
portions of 0.2-0.4 ~1 to 10 ml of phosphorylase b. 



Proton uptake titrations were performed by mix- 
ing equal volumes of phosphorylase h and AMP 
solutions, both at identical pH and ionic strength, 
and titrating the resulting solutions back to the 
initial pH with 0.01 M HCI. All titrations were 
performed under a nitrogen atmosphere at 25°C 
and in 0.1 M KCI. 

2.3. Ultracentrifugation 

Sedimentation velocity experiments were per- 
formed using Schlieren optics in a Spinco model E 
analytical ultracentrifuge at 60000 rpm and at 
25’C, in glycylglycine buffer. Sedimentation coef- 
ficients were corrected for the viscosity and den- 
sity of the buffer relative to water at 20°C. The 
Schlieren patterns were resolved into their two 
components (dimer and tetramer) by using a 310 
DuPont Curve Resolver. The constants of tetra- 
merization were calculated from the area under 
each peak. 

2.4. Activity assays 

The initial reaction rates for the glycogen phos- 
phorolysis reaction were determined by the proce- 
dure described by Helmreich and Cori [21]. The 
enzyme was discarded when a maximum specific 
activity lower than 33 U/mg was measured at 
30°C. The reaction mixtures were composed of 1 
mM AMP, 12 mM Pi, 16 mM glycogen in glucose 
residues, 9 mM magnesium acetate and 0.003 FM 
phosphorylase b, in glycylglycine buffer, pH 6.9. 

3. Results 

3.1. AMP binding to phosphotylase b 

3. I. I. Calorimetric measurements 
Figs. 1 and 2 show the experimental results for 

the calorimetric titration curves of phosphorylase 
b with AMP, at several pH values (6.5, 6.7, 6.9, 
7.05 and 7.5) in glycylglycine buffer at 25°C. 
From pH 6.5 to 6.9 the calorimetric curves have a 
biphasic shape, possibly arising from the satura- 
tion of two different binding sites per monomer of 
enzyme [13,14], because AMP-aminohydrolase was 

1 2 3 4 5 G 7 8 9 10 

[AMP]X 10’ M 

Frg. 1. Calorimetric titration of phosphorylase b with AMP in 

gtycylglycine buffer at pH 6.5 (A). pH 6.7 (0) and pH 6.9 (e). 
(T= 25°C. p= 0.1). The plotted curves correspond to the 
theoretical fitting of the experimental data, using eq. 1, for the 
thermodynamrc quantities reported in tables 2 and 3. 

not present in the enzyme samples. This behavior 
disappears at pH 7.05 and 7.5. In addition, the 
affinity and the enthalpy change associated with 
AMP binding to sites N and I are also a function 
of pH. 

This dependence upon the pH might indicate a 
change in the ionization state of the enzyme in- 
duced by the nucleotide binding. Therefore, calori- 
metric measurements of AMP binding to the en- 
zyme were performed at pH 6.9 in Pipes buffer 
(fig. 3) which has an enthalpy change of protona- 
tion (A HP = - 11.6 kJ mol-’ [22]) very different 
from that of glycylglycine (A HP = -44.3 kJ mol-’ 

Fig. 2. Calorimetric titration of phosphorylase b with AMP in 
glycylglycine buffer at pH 7.05 (A) and pH 7.5 (0). (T = 25°C. 
p = 0.1). The plotted curves correspond to the theoretical fit- 
ting of the experimental data, using en. 1. for the thermody- 
namic parameters reported in tables 2 and 3. 



P’-’ K;(xlO-‘)(M-‘) Kf(xlOF’)(M-‘) 

6.5 8.0 i 0.6 4.5 kO.3 

6.1 7.6 i 0.5 4.5 * 0.3 

6.9 7.2 i 0.5 4.4 * 0.3 

1 2 3 4 5-k 7 
7.U6 6.2 i 0.4 5.2kO.4 

7.2 5.2 i 0.4 4.2kO.3 

Fig. 3. Calorimetric titration of phosphorylase h with AMP in 
7.4 4.5 i 0.3 4.2kO.3 

Pipes buffer at pH 6.9 (T = 25°C. p = 0.1). The continuous line 
7.5 4.5 f 0.3 3.7kO.3 

was calculated as described in the text using eq. 1. 

[23]). These results clearly show that the apparent AMP-phosphorylase b complexes was investigated 
enthalpy change depended on the buffer. over the pH range studied at AMP concentrations 

of 1.4 and 8.4 mM. These concentrations of AMP 
3. I.2. Proton uptake almost saturate one or two binding sites per mono- 

The proton uptake induced by formation of mer of enzyme, respectively. The number of pro- 
ton equivalents absorbed per mol enzyme mono- 
mer, AN,+, by formation of the nucleotide-en- 

A 

1.6 - 
zyme complexes are shown in fig. 4A. 

0 
3.1.3. Ultracentrifugation 

The AMP-induced aggregation of the enzyme 
was studied in the pH range 6.5-7.5. Sedimenta- 
tion velocity experiments show that in the pres- 
ence of AMP, at 25”C, phosphorylase h (3 mg/ml) 

‘. 
remains mostly as a dimer (Sag.+,, = 8.4 S), although 

‘C 

1 1 I I 
a slight enhancement of the population of the 

I a 1 tetrameric form (sZoW = 12.0 S) is observed as 
AMP concentration rises to 1.2 mM; the tetra- 
merization is also favored by acidic pH values. 
Further increases in the nucleotide concentration 
result in a partial reversal of enzyme association to 
a level which is practically independent of pH. The 
tetramerization constants of phosphorylase 6, at 
saturation of one or two classes of binding sites 

I 
I I _-J per monomer of enzyme calculated as described in 

G5 70 25 section 2, are reported in table 1. 
PH 
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Table 1 

Tetramerization constants of phosphorylase b in the presence 
of AMP 

Kp and K+ are, respectively. the tetramerization constants at 
saturation of one or two AMP sites per monomer. 

Fig. 4. Proton uptake by formation of AMP-phosphorylase b 
complexes (T= Z”C, p = 0.1). (A) AN. experimental data at 
1.4 mM AMP (0) and 8.4 mM AMP (0). AN;*. number of 
proton equivalents absorbed by the AMP-phosphorylase b 
complex at saturation of site 1. The full curve in B was 

calculated using eq. 4 and assuming the dissoclatlon constants 
reported in table 4. 

3.2. Binding of adenosine 5’-phosphoramidate to 
phosphoryiase b 

Kinetic studies using several AMP analogs 
[7,24-271 have demonstrated the importance of the 
AMP diphosphate anion for nucleotide binding to 
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1 

120- 

Fig. 5. Calorimetric titration of phosphorylase b with adenosine 

5’-phosphoramidatein glycylglycine buffer at pH 6.9 (T= 25°C. 

p = 0.1). The full and broken lines were calculated as described 

m the text and considering one or two binding sites per enzyme 

monomer, respectively. 

the activator site. Later results from X-ray diffrac- 
tion studies show the existence of electrostatic 
interactions between the phosphate dianion of the 
nucleotide and three arginines (308, 309 and 242) 
at site N [2,11,36]. These data suggested that a 
preferential binding of the AMP diphosphate an- 
ion to site N is likely to occur. For this reason the 
binding of adenosine 5’-phosphoramidate to the 
enzyme has been studied by calorimetry in 
glycylglycine buffer (pH 6.9) at 25’C. Adenosine 
5’-phosphoramidate, which binds to site N [27], 
has only a single negative charge on its phosphate 
moiety and thus provides an excellent AMP ana- 
log for testing the importance of the overall charge 
of the nucleotide phosphate in its binding to the 
enzyme. The experimental results obtained for the 
calorimetric titration curve of phosphorylase 6 with 
adenosine 5’-phosphoramidate, plotted in fig. 5, 
clearly show that also in the absence of substrates 
the loss of one negative charge on the phosphate 
group decreases the nucleotide affinity by a factor 
of ten. 

3.3. Potentiometric and calorimetric titration of the 
ionizable groups of phosphotylase b 

The ionization behavior of phosphorylase b has 
been characterized by calorimetric and potentio- 
metric titration measurements between pH 6.0 and 
8.0. At lower pH values the enzyme solutions 
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Fig. 6. Enthalpic titration curve of the protonable groups of the 

enzyme between pH 8.0 and 6.0 (A), p = 0.1 and T = 25°C. (B) 

Enthalpy change, AH,. vs. number of proton equivalents ab- 

sorbed by the protein from pH 8.0 to 6.0. 

became opalescent which indicated that some en- 
zyme denaturation had occurred. The molar en- 
thalpy change, AH,, associated with the titration 
of the free enzyme from pH 8 to any other pH 
above 5.8 vs. pH and vs. the number of protons 
absorbed per mol protein determined by potentio- 
metric titration has been plotted in fig. 6. The 
slope of the straight line (fig. 6B) yields a value of 
- 27 + 3 kJ mol-‘, for the apparent average pro- 
tonation heat value of the enzymatic groups which 
are titrated in that pH region. 

3.4. Analysis of results 

The experimental results reported in this paper 
show that the heat evolved at each AMP con- 
centration is a complex function of several contri- 
butions that should be taken into account in 
analyzing the calorimetric titration curves: the in- 
trinsic binding to sites N and I, the enzyme tetra- 
merization induced by the nucleotide, the change 
in the ionization state of such groups whose pK, 
values are modified by AMP binding and ioniza- 
tion of the buffering species. 

The calorimetric results of adenosine 5’-phos- 
phoramidate binding to phosphorylase h show 
that the number of charges on the phosphate 
moiety highly influence the apparent affinity of 
the nucleotide towards.site N, supporting the hy- 
pothesis that AMP binds to the activator site 



mainly as the AMP diphosphate anion. 
Calorimetric titration curves of AMP binding to 

phosphorylase h were analyzed by using the allo- 
steric model of Monod et al. [28] to describe the 
nucleotide binding to the activator site (pref- 
erential binding of the AMP diphosphate anion 
was taken into account) and considering that the 
binding of the second molecule of nucleotide per 
monomer occurs when the activator site becomes 
saturated. It was also assumed that the protona- 
tions of those groups modified by the nucleotide 
are coupled to AMP binding. The enthalpy change 
associated with AMP binding to sites N (i = 1) or 
I (i = 2) may be then expressed as follows: 

r-2 

AH= c ~[E'A](AH:,,+AH,,,A~~+) 
r=l 

[H+l 
+[T’A]AHk)+ [H+,+K,_AMPAH~.AMP 

(1) 
where [E’A] is the fraction of the enzyme having 
site i saturated; AH.&,, the enthalpy change asso- 
ciated with the interaction of AMP at the i-bind- 
ing site of the enzyme, corrected for the buffering 
contributions; A Nt;+ the number of proton equiv- 
alents absorbed at saturation of site i; AH,,, the 
enthalpy change per mol protons associated with 
the buffering action of the system; AH+ the tetra- 
merization enthalpy at saturation of site N (i = 1) 
or both sites N and 1 (i = 2) and [T’A] the fraction 
of tetramer having one site (for n = 1) or two sites 
saturated (for n = 2). The last term in eq. 1 repre- 
sents the contributions from the AMP-phosphate 
dissociation, arising from AMP binding to site N 
as the phosphate dianionic form; KI,AMP and 

AH,.,,, are the dissociation constants and the 
enthalpy change for the dissociation of the second 
ionizable group of phosphate in the AMP mole- 
cule, respectively [29]. 

In Pipes (pH 6.9), the buffering capacity of the 
piperazine (pK, 6.9 [22]) accounts Cor more than 
90% of the total buffering capacity of the system 
and AH,,, is almost equal to the ionization en- 
thalpy change of the piperazine. However, for the 
experiments performed in glycylglycine (pK, 8.2 

[23]), the contribution of the buffering capacity of 
AMP (pK, 6.4 [29]) to the total buffering capacity 
of the system becomes significant below pH 7.5 at 
nucleotide concentrations above 0.5 mM. Thus, 
the ionization enthalpy changes of both AMP [29] 
and glycylglycine [23] contribute significantly to 

AH,,,, which should be calculated for each pH 
and AMP concentration as indicated in the ap- 
pendix (section A3). 

The values of K:,, (the apparent dissociation 
constants of AMP), AH.&,,, and Lj, (the transcon- 
formational constant for the enzymatic state 
stabilized by AMP binding to site N) were de- 
termined at each pH using eq. 1 in order to fit the 
calorimetric titration curves. The saturated frac- 
tions of the dimcric and tetrameric species were 
calculated as described in the appendix. 

The tetramerization cnthalpy at saturation of 
the two binding sites per monomer of enzyme 
(AH: = - 5 + 2 kJ (mol monomer)-’ [30]) makes 
the contribution of this term to eq. 1 insignificant. 
AH: was taken as - 39 + 4 kJ (mol monomer)- ’ 

[301* 
The values of AN,!,+ were first assumed to be 

those experimentally determined from the 
potentiometric titration of the AMP-phosphory- 
lase b complex formation at 1.4 mM AMP for site 
N (i = 1) and 8.4 mM AMP for sites N and I. 
Once the values of K6 and Ll, were determined, 
AN;,+ was corrected for the fractions of saturation 
of sites N and I at 1.4 and 8.4 mM AMP. This 
correction revealed that the protonations observed 
at 1.4 mM AMP were due to the saturated fraction 
of site I which is present at this concentration of 
nucleotide (fig. 4R). Apparently, it seems that the 
saturation of site N between pH 6.5 and 7.5 in- 
volves the ionization of the AMP-phosphate group 
arising from the preferential binding of the di- 
anionic phosphate form of the nucleotide. 

The set of values for K:,,, A Ha,,, Lh and A NA + 
which give the best fitting of the calorimetric data 
are reported in tables 2 and 3. 

The thermodynamic quantities for AMP bind- 
ing to site N are as follows: AC”’ = -22.0 k 0.4 
kJ mall’, AH”’ = - 34 f 3 kJ mol ’ and AS” = 
-40 + 5 J mall’ Km’. 

The simplest scheme to account for AMP bind- 
ing to site I in phosphorylase b is that the nucleo- 
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Table 2 

Thermodynamic quantities for the binding of AMP to the activator site of phosphorylase b at 25’C 

AH0 is the enthalpy change corrected for the buffering effect and the P, dissociation. 

Buffer 

Glycylglycine 

Pipes 

PH K:,, (x 10“) (M) 

6.5 1.6+0.2 
6.1 1.5+0.2 

6.9 1.4kO.2 
7.05 1.350.2 
7.5 1.3kO.2 

6.9 1.3kO.2 

-AH’ (kJ mol-‘) AN,!,+ (P;) 

33k2 0.45 
33+2 0.33 
34+2 0.24 
33k2 0.18 
36~2 0.07 

37?2 0.24 

Lo 

1.5kO.2 
1.5kO.2 

1.5+0.2 
1.5*0.2 
1.5+0.2 

1.5 *0.2 

tide binding and proton uptake are coupled and 
that the protonation of all residues modified by 
the nucleotide binding are independent of the free 
enzyme and of its complex with AMP. From these 
assumptions, the thermodynamic relationships for 
AMP binding to site I would be given by eqs. 2-4 

1311. 

AC,& = AC0 - RT 5 In 
(1 + W+l/K;) 

/-I (I+ [H+l/‘K,) 
(2) 

(3) 
;=I 

where AGO and AH0 are the standard free energy 
and the enthalpy changes associated with the bind- 
ing of AMP to site I, respectively, for an enzyme 
in which all the modified residues were unproto- 
nated; r;l and f, are the fractional degrees of proto- 
nation of the j-th group and A Hp., and A Hi., are, 

respectively, the enthalpies of protonation of the 
j-th group in the free and AMP-associated state of 
the enzyme. 

The thermodynamic relations for the reaction 
of AMP with an enzyme in which all the modified 
residues were protonated are given by eqs. 5 and 6 

1311. 

AGE = AGO* - RT i ln( K,/K,‘) (5) 
J=l 

AH;*=AH”“+ k (AH;,,-AH,.~) (6) 
j=l 

where K,’ and Kj are the ionization constants of 
the j-th residue of the AMP-associated and free 
states of the enzyme, respectively. 

The analysis of the proton uptake by formation 
of the AMP-phosphorylase b complex (site I) in 
terms of eq. 4 showed that at least three groups 
were modified by the nucleotide binding. The K, 
and K; values were allowed to vary over a wide 
range. The best fitting of the experimental data 

Table 3 

Thermodynamic quantities for the binding of AMP to the inhibitor site of phosphorylase b at 25°C 

K,Zpp and AH& are the apparent thermodynamic estimates corrected for the buffering effect as described in the text. 

Buffer PH K& (~10~) (M) -AH.&, (kJ mol-‘) AN,?,+ 

Glycylglycine 6.5 0.5 *0.1 58*3 1.55 
6.7 1 .o f 0.2 59&3 1.8 
6.9 2.0 f 0.2 63*3 1.7 
7.05 3.OkO.3 57*3 1.6 
7.5 7.0 f 0.4 47*3 0.85 

Pipes 6.9 2.0 f 0.2 64*4 1.7 



was obtained by assuming that the pK, values of 
three groups were modified from 6.0 + 0.1, 6.0 + 
0.1 and 6.1 k 0.1 to 7.6 + 0.1. 7.0 f 0.1 and 7.1 + 
0.1, respectively. 

The dependence of AC,&, and A H;f,, upon pH 
was analyzed according to eqs. 2 and 3, respec- 
tively. They were assumed as K, and K,’ values 
estimated from the fitting of the proton uptake 
using eq. 4. A HP,, and Ax,, were approximated 
to their average values, s,,, and m;I,,, in this 
pH range. The value of AH,. ,, was taken as ~ 27 
kJ molt ’ (the one derived from fig. 6B) and a;, , 
was allowed to vary within small limits. The best 
fitting of the experimental data (fig. 7) was ob- 
tained for AC” = - 7.7 * 0.3 kJ mol- ‘. AH” = 
-28~2kJmol-‘andAH;,,= -21+2kJmol-‘. 

The thermodynamic quantities for AMP binci- 
ing to phosphorylase h (site I) in the fully proto- 
nated state of the residues modified by the 
nucleotide were computed from AC”, AH” and the 
average values of A Hr., and A HI:, ,, by using eqs. 5 
and 6. 

Table 4 summarizes the average values of the 
thermodynamic parameters for AMP binding to 
site 1 which provide the best fit obtained from the 
experimental data. 

Calorimetric titration data for the interaction of 
adenosine 5’-phosphoramidate with phosphorylase 
b were analyzed considering one class of binding 
sites per enzyme monomer. The heat evolved at 
each ligand concentration may be expressed as 
follows: 

A H = A I&, [ EA] (7) 

where A Hi,pp is the enthalpy of binding and [EA] 
is the fraction of the enzymic sites saturated by the 

Table 4 

A 

PH 

Fig. 7. Apparent thermodynamic parameters for AMP binding 
to site I vs. pH (T= 25°C. p = 0.1). The plotted curves in A 
and B were calculated by means of eq. 2 or 3 and using the 
thermodynamic parameters reported in table 4. 

&and. [m] was calculated in the same way as for 
the AMP binding to site I (see appendix). The best 
fitting of the experimental data was obtained for 
AH = - 74 k 3 kJ (mol monomer)- ’ and Kd_,p = 
3.9 k 0.2 mM. The value computed for the ap- 
parent enthalpy of binding is of the same order as 
those found at saturation by AMP (this paper)), 
adenine or adenosine [32], of both sites N and 1 in 
the enzyme. Thus, adenosine 5’-phosphoramidate 
might also bind to both sites N and I, as described 

Average values of the best fitting thermodynamic parameters describing the reaction of AMP with phosphorylase h at site I at 25”C, 
between pH 6.5 and 7.5 

The term protonated or deprotonated state refers to the ionization state of the groups which arc modified by the nucleotide binding. 

pK, PK; Phosphorylase h 

Deprotonated state Protonated state 

6.0 7.6 AC’= -7.7*0.3kJmol-’ AC:, = -28.2+0 kJ mol-’ 
6.0 7.0 AH’=-28 &2 kJmol_’ AHi = -10 &2 kJ mol-’ 

6.1 7.1 AS’= -68 k6 J mol-’ K-’ AS,!, = 61 k6 J mol-’ K-’ 
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previously for several nucleotides, bases and 
nucleosides [7,11,12], with similar binding con- 
stants for the two binding sites, as occurs with 
adenine and adenosine at 25’C [32]. For this rea- 
son, the calorimetric data for the interaction of 
this AMP analog with the enzyme were also 
analyzed in terms of two binding sites per mono- 
mer of phosphorylase h. This adjustment was as 
good as that obtained for one class of binding sites 
(see fig. 5). The best fit of the calorimetric results 

was achieved for the following set of values: AH’ 
= -3Oh2 kJ molP’, KCi,,=1.5&0.2 mM, AH2 

= -37 & 2 kJ mol-’ and K&, = 2.5 _C 0.2 mM. 
The enthalpy change evaluated for adenosine 5’- 

phosphoramidate binding to site N is the same as 
that for AMP binding to the activator site. On the 
other hand, the enthalpy change for this AMP 
analog binding to site I is in agreement with those 

;dn;o;;dafo;;;z W;pp I 1;; : ; ;; ;z; 1; ; 
‘WP 

- binding to the inhibitor site [32]. 

4. Discussion 

Calorimetric and potentiometric data on AMP 
binding to phosphorylase h reported in the present 
work show a dependence of the apparent thermo- 
dynamic quantities upon the pH value that may be 
attributed mainly to the protonations of several 
groups induced by the nucleotide binding to site I. 

As observed from the results of figs. 1-3 the 

existence of two binding sites per monomer might 
be overlooked on the basis of the calorimetric 
curves only, because the biphasic shape of the 
curves virtually disappears at pH > 7.0. This pH 

dependence of the calorimetric curve shape is 

higher for the experiments performed in 
glycylglycine buffer (fig. 2), since for this system, 

AH,,, depends strongly on the pH and on the 
AMP concentration. 

The comparison of the calorimetric titration of 
phosphorylase b by AMP or by adenosine 5’-phos- 
phoramidate at pH 6.9 supports the previous hy- 
pothesis suggesting the preferential binding of the 
dianionic form of AMP to the activator site. This 
would also explain that the activation parameters 
of adenosine 5’-phosphorothiodate (pK, 5.3 [32]), 

which binds to the activator site as a dianion 

around neutrality, are similar to those of AMP 
[33]. Further, the fact that the binding of either 
AMP or adenosine 5’-phosphoramidate to site N 
(two binding sites are taken into account for the 

latter one) have the same enthalpy change (within 
experimental uncertainty) would indicate that the 
difference in their AC values for the activator site 
arises from the entropic contribution. Since attrac- 
tive electrostatic interactions are usually followed 
by positive entropy changes and very low en- 
thalpic changes, these results would also suggest 
that the number of negative charges on the phos- 
phate moiety would be responsible for the dif- 
ference in the affinity of both ligands. This is in 
agreement with crystallographic studies that have 
shown the existence of electrostatic interactions 
between the phosphate dianion and three arginines 
at the activator site [2,11]. 

The thermodynamic quantities found herein for 
AMP binding to the activator site N are similar to 
those reported from calorimetric experiments by 
several authors [13,15,16], since the enthalpy 
change of -33 kJ mol-’ computed for AMP 
binding has been corrected for the contributions 
arising from enzyme tetramerization and prefer- 
ential binding of the AMP-phosphate dianionic 
form, as well as from the saturated fraction of site 
I which is present at AMP concentrations of about 
1 mM. On the other hand, the values found for the 
average dissociation constant, K&,, and the 
Monod transconformational constant, L,, are in 
agreement with the values reported by Steiner et 
al. [34] from equilibrium dialysis for the two step- 
wise equilibrium constants of the AMP binding to 
the activator site. 

Thermodynamic parameters for AMP binding 
to site N show that this enzyme-nucleotide interac- 
tion is driven enthalpically, the molar entropy 
change being equal to -40 J mol ’ K-‘. The 
enthalpic character of this process may be attri- 
buted to the interaction between the base ring of 
the nucleotide and that of Tyr 75 [ 11 ,X,36], since 
attractive dispersion forces are usually char- 
acterised by negative enthalpic and entropic con- 
tributions [31]. 

The analysis of calorimetric results and proton 
uptake data, under saturation of site I by AMP, 
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indicate that three different groups of the protein 
may be modified in the AMP-bound state of phos- 
phorylase b. 

The thermodynamic parameters governing the 
interaction of AMP at the inhibitor site (table 4) 
show that for the phosphorylase b ‘deprotonated 
state’ (in terms of the ionization state of those 
groups which are modified by the nucleotide), the 
binding process is enthalpically driven. It thus 
appears that attractive dispersion forces may be of 
primary significance, which would agree with the 
reported stacking of the nucleotide base between 
Tyr 612, Phe 285 and Met 614 [36,38]. The proto- 
nation of the groups modified in the AMP-bound 
state of the enzyme makes the entropic contribu- 
tion also favor the binding reaction. 

Recent studies on AMP binding to phosphory- 
lase b crystals [36] showed that the region of chain 
containing residues His 570 and Glu 571 may have 
a genuine conformational heterogeneity, which 
could be significant for catalysis. His 570 and Glu 
571 are located near site I and C (the catalytic 
center) and may contribute to either or both sites 
[36]. Further, X-ray crystallographic studies on 
inhibitor binding to site I in phosphorylase LI [38] 
have shown that the most significant structural 
change associated with this interaction is a shift of 
the His 570 side chain towards the interior of the 
active-site pocket and closer to the Asp 283 side 
chain. This increase in the hydrophobicity of the 
environment of His 570 may favor the formation 
of a His 570-Asp 283 hydrogen bond or ionic pair. 

Although it would be rather speculative to assess 
which amino acid residues may be modified by 
nucleotide binding to this site (many abnormal 
ionizations have been reported in the neutral pH 
range), the crystallographic data above might sug- 
gest that His 570 might be one of the amino acid 
residues whose pK, values are sensitive to the 
AMP binding to site I. 

Finally, the thermodynamic results reported in 
the present paper point out the influence of bind- 
ing protein-linked processes on the thermody- 
namic quantities and their relevance to account for 
the energetics of ligand-protein reactions. In this 
sense, AMP binding to site I constitutes a clear 
example of the role that proton uptake or release 
may play on binding processes, as found for 3’- 

CMP-ribonuclease A [39,403 and NAD+-horse liver 
alcohol dehydrogenase interactions [41L43], or te- 
trameric hemoglobin oxygenation [44] and oligo- 
saccharide reaction with lysozyme [45-481. 

Appendix 

Al. Calculation of the saturation fraction for AMP 

The binding of AMP to the activator site (site 
N) of glycogen phosphorylase b can be described 
following the concerted allosteric model of Monod 
et al. [28]. The saturation fraction of site N for 

AMP, [%I, can be calculated using eq. Al, previ- 
ously derived by Monod et al. [28]. 

(Al) 

a = [Al/k&, 
where L, is the transconformational constant in 
terms of the Monod nomenclature, and [A] the 
AMP free concentration and k&r its average dis- 
sociation constant. 

The saturation fraction of site I (the inhibitor 
locus) has been calculated considering that the 
nucleotide binding to this site occurs when site N 
is saturated, as stated above. On the basis of this 
assumption, eq. A2 was derived from the expres- 
sion for the average dissociation constant of AMP 
for this site, k& (two binding sites per dimer of 
enzyme have been considered); 

[ 1 m=Y. a + a* 

t1 +Y) L,+(l +a)’ 
(A21 

the second term on the right of eq. A2 represents 
the fraction of enzyme that may bind the second 
molecule of nucleotide per monomer of enzyme. 

AZ. Determination of the tetramer fraction induced 
by AMP 

The concentration of tetramer formed in the 
presence of AMP, by saturation of site N, has 
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been calculated from the tetramerization constant, 
K:, defined as: 

K;- LT’] (A3) 

where [D’] is the concentration of dimeric form 

which has only saturated its high-affinity binding 

site. 

The total concentration of phosphorylase b 
molecules which have only saturated site N can be 

expressed in terms of monomer concentration as: 

4[P] + 2[ D’] = [ E’A] - [EVA] (A4) 

If [D’] is substituted in eq. A3 hy the expres- 
sion derived from eq. A4, the fraction of tetramer, 

defined as [T’] = 4[T’]/[E,], can easily be derived. 

[F] =4% = 2K,t,E ] 
t T t 

x (1 +2K:([E’A]-[E*A]) 

+[I +~K:([E’A]-[E’A])]“‘} (A5) 

A3. Determination of hr&ering cupucities and the 
enthulpy change associuted with the buffering action 

The buffering effect of a component k in a 

system may be defined as 

Ph = C, = 2.303C&,(l - <,) (A6) 

where C, is the molar concentration of that com- 

ponent, N/, the number of protons absorbed by 

that component at a given pH and & the fraction 

of the acidic form [37]. The total buffering capac- 

ity of the system, /3, is the sum of the buffering 

capacities for the individual component system. 

Similarly, the heat associated with this buffering 

action, A Hhulr may be expressed as 

AH hui = CAHp.,b 
k 

(A7) 

where AH,., is the enthalpy of protonation of the 
k component and b, = &//_I is the relative buffer- 
ing capacity of component k. 

Acknowledgements 

This work was supported by a grant from the 

Spanish ‘Comision Asesora de Invcstigacion 

Cientifica y Tecnica’. We wish to thank Dr. H. 
Vogel, Dr. F. Garcia Blanco, Dr. C. Gutierrez 
Merino, Dr. J.J. Araghn and Dr. K.F. Buecheller 

for their comments and help in the revision of the 
manuscript and to C. Watt for her skilled technical 
work. 

References 

1 K. Titani, A. Koide, J. Hermann, L.H. Ericsson, S. Kur- 
man, R.T. Wade, K.A. Walsh, H. Neurath and E.H. Fischer, 
Proc. Natl. Acad. Sci. U.S.A. 74 (1977) 4762. 

2 R.J. Fletterick and N.B. Madsen, Annu. Rev. Biochem. 49 

(1980) 31. 
3 A.A. Green and G.T. Cori, J. Biol. Chem. 151 (1943) 21. 
4 W.J. Black and J.M. Wang, J. Biol. Chem. 243 (1968) 5892. 
5 L.L. Knstenschmidt, J. Kastenschmidt and E. Helmreich, 

Biochemistry 7 (1968) 3590. 
6 D.J. Birkett, R.A. Dwek, G.K. Radda, R.E. Richards and 

A.G. Salmon, Eur. J. Biochem. 20 (1971) 494. 
7 M.Morange, F. Garcia Blanco, B. Vandenbunder and H. 

But. Eur. J. Biochem. 65 (1976) 553. 
8 M. Hoerl, K. Feldman, K.D. Schnackerz and E.J.M. 

Helmreich, Biochemistry 1X (1979) 2457. 
9 J.H. Wang, S. Kwok, E. Winch and 1. Suzuki, Biochem. 

Biophys. Res. Commun. 40 (1970) 1340. 
10 F. Muhoz, M. Mentndez, G. Echcvarria and F. Garcia 

Blanco. Anal. Quim. 79 (1983) 217. 
11 L.M. Johnson, EA. Stura, KS. Wilson, M.S.P. Sansom and 

I.T. Weber, J. Mol. Biol. 134 (1979) 639. 
12 J.P. Kasvinsky, N.B. Madsen, J. Sygusch and R.J. Flet- 

terick, J. Biol. Chem. 253 (197X) 3343. 

13 H. Ho and J. Wang, Biochemistry 12 (1973) 4750. 
14 C.G. Merino. F. Garcia Blanco. M. Pocovi, M. Menendcz 

15 

16 

17 

18 

19 
20 
21 

22 
23 

and J. Laynez. J. B&hem. 87 (1980) 1483. 
R.F. Steiner. L. Greer, C. Gunther and C. Horan, Biochim. 
Biophys. Acta 445 (1976) 610. 
C. Baron. J.S. Jimenez, P.L. Mateo and M. Cortijo, J. Biol. 
Chem. 2~57 (19X2) 1121. 
E.G. Krebs, D.S. Love. C.F. Bratold, K.A. Trayser. W. 
Meyer and E.H. Fischer, Biochemistry 3 (1964) 1022. 
M.H. But, A. Ullman. M. Goldberg and H. But, Biochimie 

3 (1971) 283. 
P. Monk and 1. Wadso, Acta Chem. Stand. 22 (1968) 1482. 
I. Wadso. Acta Chem. Stand. 22 (1968) 927. 
E. Helmreich and F. Cori, Proc. Natl. Acad. Sci. U.S.A. 51 
(1964) 131. 
L. Beres. and J.M. Sturtevant. Biochemistry 10 (1971) 2120. 
R.M. lzzat and J.J. Christensen. in: Handbook of biochem- 
istry, ed. H.A. Sober (Chemical Rubber Co., Cleveland, OH 

1968) p. J-92. 



260 M. Menendez et al./AMP-phosphorylnse h; thrrmodynumics 

24 T. Okazaki, A. Nakazawa and 0. Hayaishi, J. Biol. Chem. 
243 (1968) 5266. 

25 D.M. Mott and A.L. Bieher, J. Biol. Chem. 245 (1970) 4058. 
26 J.H. Wang, J. Tu and F.M. Lo, J. Biol. Chem. 245 (1970) 

3115. 

27 S.G. Withers and N.B. Madsen, Biochem. Biophys. Res. 
Commun. 97 (1980) 513. 

28 J. Mono& J. Wyman and J.P. Changeux, J. Mol. Biol. 12 
(1965) 88. 

29 R.M. Izzat and J.J. Christensen, in: Handbook of biochem- 

istry. ed. H.A. Sober (Chemical Rubber Co., Cleveland, 
OH, 1968) p. J-56. 

30 M. Menendez, Ph.D. Thesis, University of Madrid, Spain 

(1980). 
31 M. Eftink and R. Biltonen, in: Biological microcalorimetry, 

ed. A.E. Beezer (Academic Press, London, 1980) p. 343. 
32 E.K. Jaffe and M. Cohn, Biochemistry 17 (1978) 652. 
33 A.W. Murray and M.R. Atkinson, Biochemistry 7 (1968) 

4023. 
34 R.F. Steiner, L. Greer, R. Baht and J. Otbn, Biochim. 

Biophys. Acta 611 (1980) 269. 
35 N.B. Madsen, P.J. Kasvinsky and R.J. Fletterick, J. Biol. 

Chem. 253 (1978) 9097. 

36 E.A. Stura, G. Zanotti, Y.S. Babu, M.S.P. Sansom. D.I. 
Stuart, K.S. Wilson, L.N. Johnson and G. Werve, J. Mol. 
Biol. 170 (1983) 529. 

37 J.T. Edsall and J. Wyman, in: Biophysical chemistry 
(Academic Press, New York, 1958) vol. 1, p. 420. 

38 S. Sprang, R. Fletterick, M. Stern, D. Yang. N. Madsen and 
J. Sturtevant, Biochemistry 21 (1982) 2036. 

39 M. Flogel and R.L. Biltonen, Biochemistry 14 (1975) 2603. 
40 M. Flogel and R.L. Biltonen, Biochemistry 14 (1975) 2610. 

41 C.J. Branden, H. Jornvall, H. Eklund and B. Furugren, 
Enzymes 11 (1975) 103. 

42 K. Dalziel, J. Biol. Chem. 238 (1963) 2850. 
43 J.D. Shore, H. Gutfreund, R.L. Brooks, D. Santiago and P. 

Santiago, Biochemistry 13 (1974) 1485. 

44 G.K. Ackers, Biophys. J. 32 (1980) 331. 
45 S.K. Banerjee and J.A. Rupley, J. Biol. Chem. 248 (1973) 

2117. 

46 F.W. Dahlquist and M.A. Raftery, Biochemistry 7 (1968) 
3271. 

47 J.A. Rupley, L. Butler, M. Gerring, F.J. Hartdegen and R. 
Pecovaro, Proc. Natl. Acad. Sci. U.S.A. 57 (1967) 1088. 

48 B.D. Sykes, C. Parravano, I. Biol. Chem. 244 (1969) 3900. 


