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Abstract—Kinetic analysis of the glycogen chain growth reaction catalyzed by glycogen phosphorylase b from rabbit skeletal
muscle has been carried out over a wide range of AMP concentration under the saturation of the enzyme by glycogen.
Applicability of some variants of the kinetic model involving the interaction of AMP- and glucose 1-phosphate-binding sites
in the dimeric enzyme molecule is considered. A kinetic model of the enzymatic reaction describing adequately the activa-
tion of the enzyme by AMP and inhibition at sufficiently high concentrations of AMP is proposed.
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Glycogen phosphorylase (1,4-o-D-glucan:ortho-
phosphate glycosyltransferase, EC 2.4.1.1) catalyzes the
reversible phosphorolytic splitting of the terminal glycosyl
residues from polysaccharide chains of glycogen in the
form of glucose-1-P [1]. The dephosphorylated form of
the enzyme (glycogen phosphorylase ») from rabbit skele-
tal muscles consists of two identical subunits and reveals
catalytic activity only in the presence of the allosteric
activator AMP [2]. The activating action of AMP is due
to nucleotide binding in the allosteric effector site locat-
ed in the region of the contact of enzyme subunits [3, 4].
The decrease in activating action of AMP is observed
when its concentration rises, because of nucleotide bind-
ing in the nucleoside inhibitor site [5, 6]. The latter is
located at the entrance to the channel to the catalytic site
of the enzyme [3, 4].

The activation of glycogen phosphorylase b induced
by AMP is not described by the simple equation of hyper-
bolic form: the dependence of the rate of the enzymatic
reaction on the activator concentration is not linearized
in double reciprocal coordinates [7]. Kinetic investiga-
tions of the enzyme activation showed that glycogen
phosphorylase b reveals a catalytic activity exclusively due
to the binding of two molecules of AMP and two mole-
cules of glucose-1-P by the dimeric molecule of the
enzyme under conditions of enzyme saturation by glyco-

Abbreviation: glucose-1-P) glucose 1-phosphate.
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gen [8-11]. In the present paper, the steady-state kinetics
of the reaction catalyzed by glycogen phosphorylase b
from rabbit skeletal muscles is studied over a wide range
of AMP concentration under the conditions of enzyme
saturation by glycogen. The kinetic model of the reaction
was chosen according to the following criteria [12]: 1)
convergence under regression analysis; 2) reliability of the
values of the parameters of the equation for the initial rate
of the reaction; 3) minimum of the sum of the weighted
squares of the difference between the experimental and
calculated values of the reaction rate.

MATERIALS AND METHODS

Glycogen phosphorylase b was isolated from rabbit
skeletal muscles according to Fisher and Krebs [13] using
B-mercaptoethanol instead of DL-cysteine. Fourfold-
crystallized preparation of the enzyme was used over less
than two weeks after isolation. AMP was removed from
the enzyme solution by adsorption on Norit A activated
charcoal [13]. The prepared solution of the enzyme was
used over one day. Pig liver glycogen (Olaina Chemical
Reagents Plant) was subjected to additional purification
[14]. The average molecular mass of glycogen and pro-
portion of the terminal glucose residues were 5,500 kD
[15] and 6.4%, respectively [16]. The enzyme concentra-
tion was determined spectrophotometrically at 280 nm
using the specific coefficient of absorption of 1.32
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(g/liter)":cm™! [17]. The molecular mass of the enzyme
subunit was assumed to be 97,500 daltons [18].

The catalytic activity of glycogen phosphorylase b
was determined by the turbidimetric method [19] at
310 nm using a Cary-219 spectrophotometer (Varian,
USA) at temperature 30°C. The reaction mixture con-
tained glycogen (1 g/liter), 0.2 mM EDTA, and 0.05 M
glycylglycine buffer, pH 6.8. The ionic strengths of the all
solutions were raised to 0.3 M using KCI. The
glucose-1-P and AMP increments in the ionic strength
were calculated based on the values of pK, = 6.01 [20] and
6.24 [21], respectively. The enzymatic reaction was initi-
ated by adding the enzyme. It was shown specially that
the change in the order of the addition of the components
of the enzymatic reaction and the increase in glycogen
concentration up to 5 g/liter had no influence on the ini-
tial steady-state rate. Relative error in the measurement
of the initial steady-state rate of the enzymatic reaction
was 3%.

The parameters of the equation for the initial steady-
state rate of the enzymatic reaction were computed by the
nonlinear regression method. The following modifica-
tions were incorporated into the program used [22]: 1)
instead of the approximated calculation of the partial
derivatives of the dependent variable with respect to the
parameters of the equation of the regression by the
numerical method, the explicit calculation of these values
was used; 2) the number of parameters was increased to
38; 3) the experimental data were input using a separate
file.

Disodium adenosine 5’-monophosphate and
dipotassium glucose 1-phosphate (Reanal, Hungary)
were used in the work. Other reagents were produced in
Russia.

RESULTS AND DISCUSSION

The dependence of the initial rate of the enzymatic
reaction on the AMP concentration is bell-shaped in
semi-logarithmic coordinates (Fig. 1). The ascending
branch of the bell-shaped curve characterizes the activat-
ing action of AMP caused by the binding of AMP in the
allosteric effector site of the enzyme molecule. The
descending branch reflects the inhibitory action of AMP
caused by its binding in the nucleoside inhibitor site. For
quantitative description of the kinetics observed, a model
of direct cooperativity [23] for the dimeric enzyme was
used with a condition that effector binds both in the acti-
vating sites and inhibitory sites of the enzyme subunit.
This model assumes that the sites of the binding of a lig-
and (AMP or glucose-1-P) are interacting, e.g., the bind-
ing of the ligand with one subunit results in a change in
the affinity of the other subunit to the ligand. We assumed
also that the binding of one ligand influences the binding
of the other ligand and a ternary complex of the enzyme
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with glycogen and glucose 1-P is unable to undergo the
catalytic transformation if it does not contain AMP in the
activating site of the enzyme. However, this model seems
to be not applicable to the data obtained because the cri-
terion of the convergence under regression analysis is not
fulfilled in this case. The convergence of the regression
process was not observed also for some other variants of
this model that assumes a fewer number of the complexes
of the enzymes with ligands. Some other variants of this
model that assume that the binding of AMP in the
inhibitory sites of the enzyme with unsaturated activating
sites is negligible are satisfied to the criterion of conver-
gence under regression analysis but do not reliably deter-
mine the parameters of the equation for the initial rate of
the enzymatic reaction.

The only mechanism of the enzymatic reaction satis-
fying the criteria of convergence and reliability of the
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Fig. 1. Dependences of the initial steady-state rate of the enzy-
matic reaction catalyzed by glycogen phosphorylase b (62 nM)
from rabbit skeletal muscle in the presence of glycogen
(1 g/liter) on the AMP concentration at the following concen-
trations of glucose-1-P (mM): 2.0 (7), 4.0 (2), and 8.0 (3). The
points are the experimental data; the curves are calculated
according to the equation for the initial rate using of the
parameter values given in the text.
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regression parameters is based on the following assump-
tions: 1) independent binding of the first molecule of glu-
cose-1-P, on one hand, and AMP, on the other hand, in
the allosteric effector and nucleoside inhibitor sites of the
dimeric enzyme molecule bound by glycogen; 2) binding
of AMP in one of the allosteric effector sites results in
increase in the affinity of other allosteric effector site to
AMP; 3) independent binding of AMP in the nucleoside
inhibitor sites of the dimeric enzyme molecule; 4) exclu-
sive binding of the second molecule of glucose-1-P in the
catalytic site of the dimeric molecule containing two mol-
ecules of AMP in both allosteric effector sites; 5) the cat-
alytic act occurs exclusively in the complex of the dimeric
enzyme molecule with glycogen, two molecules of AMP
occupying the two allosteric effector sites and two mole-
cules of glucose-1-P bound in the both catalytic sites. The
corresponding Kinetic scheme is shown in Fig. 2. The fol-
lowing designations are used: E is the enzyme—glycogen
complex; S is glucose-1-P; A is AMP; P is the product(s)
of the enzymatic reaction, K;; and K, are the microscopic
dissociation constants describing the glucose-1-P addition
to the enzyme—glycogen complex in the first and second
catalytic sites, respectively, K, and K,, are the analogous
microscopic dissociation constants for complexes with
AMP, K, is the dissociation constant describing AMP
addition to the inhibitory site of the enzyme, k is the rate
constant for the chemical transformation. The correspon-
ding equation for the initial steady-state rate (v) of the
reaction can be written in the following form:
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where [E],, [A]y, and [S], are total concentrations of the
enzyme, AMP, and glucose-1-P, respectively. The mean
values of the parameters for this equation were deter-
mined by the nonlinear regression: k = 84 £ 3sec™!, K, =
0.22 £ 0.02 mM, K,, = 0.088 £ 0.06 mM, K, = 4.4 +
0.4 mM, K, =1.3% 0.1 mM, K; =40 + 2 mM. The ratio
of the dispersions of the adequacy and reproducibility is
1.35. This value is less than the Fisher criterion of 2.1 for
the 95% confidence level. Thus, this equation describes
adequately the obtained dependence of the initial steady-
state rate for the reaction catalyzed by glycogen phospho-
rylase b on glucose-1-P and AMP concentrations under
the conditions of the saturation of the enzyme by glyco-
gen (Fig. 1).

Consider the possible conformational changes in the
molecule of glycogen phosphorylase b in accordance with
the proposed kinetic scheme. The circumstance that the
binding of the first molecule of AMP in the allosteric
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Fig. 2. Kinetic scheme for the allosteric regulation of glycogen
phosphorylase b by AMP.

effector site results in the increase in the affinity of the
second allosteric effector site to AMP is indicative of the
existence of the conformational changes in the dimeric
enzyme molecule at the binding of the first molecule of
AMP. AMP does not influence the binding of the first
molecule of glucose-1-P in the catalytic site. This allows
us to suggest that the conformational changes induced by
the first molecule of AMP do not influence the locus of
the binding of glucose-1-P in the catalytic site. The bind-
ing of the first molecule of glucose-1-P by the
enzyme—glycogen complex containing two molecules of
AMP results in an increase in the affinity to the second
molecule of glucose-1-P. This fact indicates that the
change of the enzyme conformation is induced by sub-
strates and AMP together. According to the proposed
kinetic scheme, the dimeric enzyme molecule saturated
by glycogen acquires the catalytically active conformation
exclusively upon the binding of both two molecules of
AMP and two molecules of glucose-1-P.
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00-15-97787 from the Russian Foundation for Basic Research.

REFERENCES

1. Oikonomakos, N. G., Acharya, K. R., and Johnson, L. N.
(1992) in Post-translational Modifications of Proteins
(Harding, J. J., and Crabbe, M. J. C., eds.) CRC Press,
Boca Raton, pp. 81-151.

2. Graves, D. J., and Wang, J. H. (1972) in The Enzymes
(Boyer, P. D., ed.) Vol. 7, pp. 435-482.

3. Johnson, L. N., Stura, E. A., Wilson, K. S., Sansom, M. S.
P., and Weber, 1. T. (1979) J. Mol. Biol., 134, 639-653.

4. Stura, E. A., Zanotti, G., Babu, Y. S., Sansom, M. S. P,
Stuart, D. I., Wilson, K. S., Johnson, L. N., and de Werve,
G. V. (1983) J. Mol. Biol., 170, 529-565.

5. Kasvinsky, P. J., Madsen, N. B., Sygusch, J., and
Fletterick, R. J. (1978) J. Biol. Chem., 253, 3343-3351.

6. Klinoy, S. V., Chebotareva, N. A., Kurganov, B. 1., Litvak,
Zh. 1., Zhilina, T. A., Glebova, G. D., Pekel, N. D., and
Berezovskii, V. M. (1984) Bioorg. Khim., 10, 1161-1170.

BIOCHEMISTRY (Moscow) Vol. 66 No. 12 2001



10.

11.

12.

13.

14.

15.

ALLOSTERIC REGULATION OF GLYCOGEN PHOSPHORYLASE b

Helmreich, E., and Cori, C. F. (1964) Proc. Natl. Acad. Sci.
USA, 51, 131-138.

Kurganov, B. 1., and Klinov, S. V. (1993) Dokl. Akad. Nauk,
329, 375-3717.

Klinov, S. V., and Kurganov, B. 1. (1994) Biochemistry
(Moscow), 59, 629-638.

Klinov, S. V., and Kurganov, B. 1. (1994) Arch. Biochem.
Biophys., 312, 14-21.

Sergienko, E. A., and Srivastava, D. K. (1997) Biochem. J.,
328, 83-91.

Bartfai, T., and Mannervik, B. (1972) FEBS Lett., 26,
252-256.

Fischer, E. H., and Krebs, E. G. (1958) J. Biol. Chem., 231,
65-71.

Sutherland, E. W., and Wosilait, W. D. (1956) J. Biol.
Chem., 218, 459-468.

Chebotareva, N. A., Lissovskaya, N. P., and Kurganov, B. I.
(1979) Mol. Biol. (Moscow), 13, 228-236.

BIOCHEMISTRY (Moscow) Vol. 66 No. 12 2001

16.

17.

18.

19.

20.

21.

22.
23.

1377

Klinov, S. V., Chebotareva, N. A., Lisovskaya, N. P,
Davydov, D. R., and Kurganov, B. 1. (1982) Biochim.
Biophys. Acta, 709, 91-98.

Buc, M. H., Ulmann, A., Goldberg, M., and Buc, H.
(1971) Biochimie, 53, 283-289.

Titani, K., Koide, A., Hermann, J., Ericsson, L. H.,
Kufmar, S., Wade, R. D., Walsh, K. A., Neurath, H., and
Fischer, E. H. (1977) Proc. Natl. Acad. Sci. USA, 74,
4762-4766.

Sugrobova, N. P., Lisovskaja, N. P., and Kurganov, B. 1.
(1983) J. Biochem. Biophys. Meth., 8, 299-306.

Palter, K., and Lukton, A. (1973) Analyt. Biochem., 53,
613-623.

Tummavuori, J., and Suntionen, S. (1980) Finn. Chem.
Lett., 113-118.

Duggleby, R. G. (1984) Comput. Biol. Med., 14, 447-455.
Volkenstein, M. V., and Goldstein, B. N. (1966) Biochim.
Biophys. Acta, 115, 478-485.



