
According to current concepts, from 5 to 40% of the

total volume of a living cell are occupied by macromole�

cules, which creates conditions of so�called crowding [1].

Molecular crowding noticeably influences interactions

between macromolecules as well as the rate and equilibri�

um of intracellular biochemical processes and stimulates

formation of compact structures [1�7]. Among such

processes are protein–protein interactions, conforma�

tional transitions of biomacromolecules, protein folding

and aggregation, as well as formation of multienzyme

complexes and supramolecular structures. It is supposed

that crowding plays a noticeable role in maintenance of

constant cell volume [8].

Glycogen phosphorylase (EC 2.4.1.1) is one of the

key enzymes of glycogenolysis and catalyzes glycogen

phosphorolysis. The enzyme molecule is a dimer of two

identical 97.4 kDa subunits [9]. In a resting muscle, the

enzyme exists as an unphosphorylated form b (Phb),

inactive in the absence of AMP. The Phb activity is regu�

lated both by phosphorylation and by means of the

enzyme conformational changes upon interaction with

allosteric effectors.

Phosphorylase kinase (PhK) (EC 2.7.1.38) plays a

key role in nervous and hormonal regulation of

glycogenolysis in skeletal muscle. PhK catalyzes the

Ca2+� and cAMP�dependent Phb phosphorylation and

activation. The 1320 kDa enzyme molecule has complex

molecular organization and is a hexadecamer [10�12] of

four different subunits characterized by stoichiometry

(αβγδ)4, the γ�subunit being catalytic while the α�, β�,

and δ�subunits are regulatory [13�16]. Ca2+ and Mg2+

ions stimulate PhK activity by induction of tertiary and

quaternary structural changes in its molecule [14, 16�18]

and by stimulation of association of the hexadecameric

enzyme [19�22].

We showed earlier with the example of Phb and PhK

that crowding influences such important biochemical

reactions of key enzymes of glycogenolysis as association,

conformational transitions, interaction with allosteric lig�

ands, denaturation, aggregation, and formation of the

enzyme supramolecular structures [7, 19�21, 23�27].
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Since many glycogenolysis enzymes are associated in

the muscle cell cytoplasm with glycogen granules [28,

29], investigation of interaction of these enzymes with

glycogen under crowding conditions imitating the intra�

cellular state should be important for understanding the

mechanism of protein–glycogen particle formation and

the mechanism of functioning of glycogenolysis enzymes.

Sedimentation analysis and turbidimetry have shown that

the interaction of PhK with glycogen is enhanced under

conditions of crowding created by trimethylamine N�

oxide (TMAO) and betaine in high concentrations [20,

30]. However the effect of crowding on the interaction of

PhK with Phb was unexpected. As shown by sedimenta�

tion analysis, crowding prevents formation of the

PhK–Phb complex [29, 30]. At first sight, the fact that

crowding conditions prevent PhK complex formation

with its substrate Phb seems physiologically inexpedient.

As far as it was shown earlier that Phb in the absence of

crowding enhances the interaction of PhK with glycogen

[31, 32], it was supposed [30] that crowding conditions

will be favorable for interactions in the ternary system

PhK–Phb–glycogen. This hypothesis is confirmed in this

work. As shown by dynamic light scattering, crowding

significantly enhances interactions in the ternary system

containing PhK, Phb, and glycogen. Crowding was

imposed by 1 M TMAO. If it is considered that the

TMAO specific partial volume is 0.96 cm3/g [33], then for

1 M TMAO solution the volume occupied by its mole�

cules should be ~10% of the total volume. The effect of

FAD (flavin adenine dinucleotide) on the ternary com�

plex formation was also studied under conditions of

molecular crowding and at ionic strength close to physio�

logical.

MATERIALS AND METHODS

Hepes, FAD, and TMAO of Sigma (USA), pig liver

glycogen (Olaine, Latvia), and NaCl (Reakhim, Russia)

were used.

Phosphorylase kinase was isolated from rabbit skele�

tal muscle according to Cohen [13] using at the final stage

of purification ion�exchange chromatography on a col�

umn of DEAE�Toyopearl 650M (Tosoh, Japan) [34]. The

enzyme purity was checked by electrophoresis according

to Laemmli [35]. The phosphorylase kinase preparations

were practically homogeneous.

Phb was isolated from rabbit skeletal muscle accord�

ing to Fischer and Krebs [36] but with dithiothreitol

instead of cysteine and with fourfold enzyme crystalliza�

tion. The Phb and PhK concentrations were determined

spectrophotometrically using absorption coefficients 13.2

and 12.4 for 1% solutions of Phb and PhK [13, 37] at

280 nm. Before experiments, Phb and PhK were dialyzed

for 2 h at 4°C against 40 mM Hepes buffer, pH 6.9, 0.1 M

NaCl.

The kinetics of the interaction of PhK with glycogen

in the absence and presence of Phb was studied by

dynamic light scattering, which makes it possible to

determine dimensions of formed particles in real time.

The kinetics of interaction of the protein with glycogen

was studied using a Photocor Complex of Photocor

Instruments (USA) as described in [38]. An HeNe laser

was used as the light source (wavelength 632.8 nm, maxi�

mal power 15 mW). Measurements were carried out at the

fixed scattering angle 90°. The polydispersity analysis pro�

gram DynaLS (Alango, Israel) was used for analysis of

autocorrelation functions.

All solutions (0.04 M Hepes buffer, pH 6.9, 0.1 M

NaCl, 0.1 mM Ca2+, and 10 mM Mg2+) were prepared in

deionized water obtained using an Easy�Pure II RF sys�

tem (Barnstead, USA). The reaction was initiated by

addition of Ca2+ and Mg2+ solution (10 µl) to reaction

mixture containing all the other components. Total vol�

ume of reaction mixture was 0.5 ml.

RESULTS AND DISCUSSION

Interaction of PhK with glycogen in the presence of
Phb. To study the kinetics of PhK binding to glycogen,

the dynamic light scattering technique was used. Figure 1

shows the enhancement of the light scattering intensity

upon addition of PhK to glycogen solution in the pres�

ence of 0.1 mM CaCl2, 10 mM MgCl2, and 0.1 M NaCl

(curve 1). The glycogen and PhK concentrations were 0.5

and 0.1 mg/ml, respectively. In the presence of Phb

(0.2 mg/ml), the increase in the light scattering intensity

for the PhK + glycogen system becomes much more pro�

nounced (curve 2). For the Phb + glycogen system, the

Fig. 1. Kinetics of interaction of PhK (0.1 mg/ml) with glycogen

(0.5 mg/ml) in the absence (curve 1) and presence of 0.2 mg/ml

Phb (curve 2). I, intensity of light scattering at λ = 632.8 nm.

Curve 3 corresponds to change in glycogen light scattering after

Phb addition. Experimental conditions: 40 mM Hepes, pH 6.9,

0.1 M NaCl, 0.1 mM Ca2+, 10 mM Mg2+, 20°C.
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kinetics of interaction is very rapid (as we showed previ�

ously, values of half�transformation time are within the

millisecond interval [39, 40]). Owing to this, at the initial

moment a jump in intensity is observed, and then just

slight growth is seen (curve 3).

The dynamic light scattering technique can be used

to estimate the dimensions of glycogen particles and of

those formed upon the interaction of glycogen with PhK

and Phb. The mean hydrodynamic radius (Rh) of the

glycogen particles was 52 ± 1 nm (Fig. 2a). The binding

of PhK to glycogen under the studied conditions is a rel�

atively slow process. The increase in Rh with time was

observed; the Rh value obtained by extrapolation to the

zero moment of time (Rh = 52 nm) coincided with Rh

value for the glycogen particles (Fig. 2b). Since the inter�

action of Phb with glycogen is a very rapid process, the

mean radius of glycogen particles containing bound Phb

did not change with time. The mean value of Rh was 62 ±

1 nm (Fig. 2c). When Phb was present in the system

simultaneously with PhK and glycogen, the rate of hydro�

dynamic radius growth noticeably increased with time

and the Rh value obtained by extrapolation to the zero

time moment was 62 nm (Fig. 2d), i.e. it coincided with

the hydrodynamic radius value for the Phb–glycogen

complex (Fig. 2c).

Effect of crowding on the interaction of PhK and Phb
with glycogen. Under conditions of crowding created by

1 M TMAO, the rate of PhK interaction with glycogen in

the presence of Phb increased significantly (Fig. 3a). This

is seen in comparison of curves 1 and 2 showing the

increase in light scattering intensity in the PhK + Phb +

glycogen system in the absence and presence of the

crowding agent (Fig. 3a). Note that control experiments

were carried out by measuring the light scattering intensi�

ty in the glycogen + PhK, glycogen + Phb, and Phb +

PhK systems both in the absence and presence of 1 M

TMAO (0.04 M Hepes, pH 6.9, 0.1 M NaCl, 0.1 mM

Ca2+, and 10 mM Mg2+, 20°C). The effect of crowding on

Fig. 2. a) Estimation of hydrodynamic radius (Rh) of glycogen particles; b�d) changes in Rh for glycogen particles in systems: glycogen + PhK,

glycogen + Phb, and glycogen + Phb + PhK, respectively. Concentrations of glycogen, Phb, and PhK were 0.5, 0.2, and 0.1 mg/ml, respec�

tively. The reactions of glycogen interaction with PhK in the absence and presence of Phb were initiated by addition of Ca2+ and Mg2+ to final

concentrations 0.1 and 10 mM, respectively.
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the increase in the light scattering intensity in the glyco�

gen + PhK and glycogen + Phb systems was significantly

lower than that in the complete system (PhK + Phb +

glycogen), whereas no interaction was observed in Phb +

PhK systems under crowding conditions.

Additional information concerning the mechanism

of enzyme binding on glycogen particles was obtained

from measurement of hydrodynamic radius of formed

particles. It is clearly seen that under crowding conditions

the PhK binding to glycogen particles having adsorbed

Phb is a two�stage process. During the first 7 min, Rh

increases and reaches a limiting value of ~220 nm (Fig.

3b, curve 2). At long time, a monotonous increase in Rh is

observed. In the absence of crowding agent, only the first

stage of Rh increase is observed during 30 min (curve 1).

Comparison of curves 1 and 2 in Fig. 3b shows that under

crowding conditions the first stage of the glycogen–

PhK–Phb complex formation accelerates.

Effect of FAD on PhK and Phb binding to glycogen
under crowding conditions. We showed earlier that FAD

binds to PhK and prevents the interaction of PhK with

glycogen [27]. It seemed interesting to determine how

FAD influences the binding of PhK to the glycogen–Phb

complex under crowding conditions. As seen in Fig. 4a, in

the presence of FAD the increase in light scattering inten�

sity in the glycogen + PhK + Phb system is lowered under

conditions of crowding created by 1 M TMAO. Note that

the inhibitory effect of FAD is not complete and reaches

a maximal value at FAD concentrations ~30 µM. The

factor responsible for incomplete inhibitory effect of FAD

becomes apparent on plotting time dependences of the

hydrodynamic radius. Figure 4b shows that FAD at high

concentrations completely inhibits the second stage of

PhK binding to glycogen particles containing Phb. In this

case, FAD does not influence the first stage of complex

formation resulting in emergence of particles with Rh

~220 nm.

The data show two types of interaction of PhK with

glycogen particles containing bound Phb. One type of

interaction is completely resistant to FAD, while the

other is practically completely inhibited at sufficiently

high FAD concentrations. To explain two types of inter�

Fig. 3. Effect of crowding created by 1 M TMAO on interaction

of glycogen with Phb and PhK. Time dependences of light scat�

tering intensity (a) and hydrodynamic radius (b) for the glyco�

gen + Phb + PhK system in the absence and presence of 1 M

TMAO (curves 1 and 2, respectively). Concentrations of glyco�

gen, Phb, and PhK were 0.5, 0.2, and 0.1 mg/ml, respectively.
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Time dependences of light scattering intensity (a) and hydrody�

namic radius (b) for the glycogen + PhK + Phb system in the

presence of 0 (1), 5 (2), 15 (3), 30, and 60 µM FAD (4).

Glycogen, Phb, and PhK concentrations were 0.5, 0.2, and

0.1 mg/ml, respectively.

3 

6

4

1 

0

8

t, min

I×
1

0
–

5
, 

p
h

o
to

co
u

n
ts

/s
e

c

10 20 30

400

0

800

R
h
, 

n
m

b

a

4 

2 

2

3 

1 

4 

2 



566 CHEBOTAREVA et al.

BIOCHEMISTRY  (Moscow)   Vol.  74   No.  5   2009

action of PhK with glycogen particles, we propose a two�

stage scheme of PhK binding to glycogen–Phb complex�

es. It is reasonable to estimate in advance relative molar

concentrations of Phb, PhK, and Phb�binding centers on

glycogen particles. The adsorption capacity of pig liver

glycogen for Phb is 3.64⋅10–6 mol Phb dimer per gram

glycogen [41]. At glycogen concentration of 0.5 g/liter, the

concentration of Phb�binding centers was 1.82⋅10–6 M.

The Phb molar concentration in our experiments was

1.03⋅10–6 M (per dimer). If it is considered that the

microscopic dissociation constant for the glycogen–Phb

complex is 2.1⋅10–6 M (0.05 M glycyl�glycine buffer,

pH 6.8, 0.1 M KCl, 20°C) [42], then, as shown by appro�

priate calculations, a significant part of added Phb binds

to glycogen particles. Note that the molar concentration

of PhK (per hexadecamer) was 0.077⋅10–6 M, i.e. it was

13.4 times lower than the molar concentration of Phb.

Since the affinity of PhK to glycogen increases in the

presence of Phb (data from [31] and those obtained in this

work), we believe that the first stage of PhK binding to the

Phb–glycogen complex is adsorption of PhK on glycogen

particles during which PhK simultaneously interacts with

glycogen and Phb (Scheme).

We discussed previously formation of a similar terna�

ry complex [31, 32]. Since the hydrodynamic radius of

particles formed in the first stage reaches ~220 nm, we

think that the first stage is not limited by adsorption of

PhK molecules on Phb–glycogen complexes but includes

formation of more complicated units containing several

glycogen particles. In these complexes, the PhK molecules

interacting with Phb molecules adsorbed on different

glycogen particles act as bridges between glycogen parti�

cles. Taking into account that the PhK binding is studied

in the presence of at least tenfold excess of Phb, we believe

that complete PhK binding takes place in the first stage of

interaction of PhK with Phb–glycogen complexes. We

have designated formed complexes as type�I complexes

(Scheme). In type�I complexes, Phb is involved in PhK

binding on glycogen particles. The hydrodynamic radius

of type�I complexes reaches with time ~220 nm. Under

these conditions type�I complexes contain tens of glyco�

gen particles with bound Phb and PhK molecules. Our

data on the effect of FAD on the PhK + Phb + glycogen

system show that the PhK contacts with Phb–glycogen

complexes formed at this stage are FAD�resistant.

The existence of a break on the Rh–time dependence

curve for PhK binding to glycogen in the presence of Phb

and under crowding conditions (Fig. 3b, curve 2) suggests

that the second stage of PhK binding corresponds to the

complex I sticking stage. To justify this supposition, we

can use data that characterize the kinetics of protein heat

aggregation. We have shown [43] that the initial stage of

protein aggregation is the stage of formation of starting

aggregates that include hundreds of the denatured protein

molecules. Up to a certain moment, the size of starting

aggregates does not change, but their concentration

grows, which is revealed by increased intensity of light

scattering. The moment when the increase in the protein

aggregate dimensions is observed was interpreted in [43]

as the beginning of sticking of starting aggregates. Thus, it

is most logical to explain the appearance of the second

stage of PhK binding by glycogen particles in the presence

of Phb under crowding conditions by adhesion of already

formed glycogen–Phb–PhK complexes, i.e. type�I com�

plex. Complex formed in such way is designated in the

Scheme as type�II complex.

The following facts should be taken into account in

explaining the nature of contacts established at the sec�

ond stage: FAD completely inhibits PhK binding to

glycogen in the absence of Phb and crowding agents [27],

and FAD stimulates complete inhibition of the second

stage of PhK binding to glycogen complexes under

crowding conditions (this work). The dependence of the

rate of complex formation between PhK and glycogen (v)

on FAD concentration in the absence of Phb and crowd�

ing agents was analyzed [27]. The 50% inhibition of the

rate of PhK complex formation with glycogen was

observed at FAD concentration 2.7 ± 0.2 µM. We have

plotted the dependence of Rh rate increase with time

(dRh/dt) on FAD concentration for the second stage of

PhK binding to Phb–glycogen complexes under crowding

conditions (Figs. 4b and 5). To analyze this dependence,

the following type of equation was used:

dRh/dt = (dRh/dt)0/(1 + [FAD]/[FAD]0.5),   (1)

Proposed stages of interaction of PhK with Phb–glycogen com�

plex under crowding conditions. G, glycogen particle. The binding

of PhK to glycogen particles is possible with involvement of Phb

(first stage) or without it (second stage). Complexes I and II cor�

respond to the types of contacts between components of the com�

plexes. The real number of glycogen particles in these complexes

can reach several tens

First stage

G–Phb complex G–Phb–PhK complex

Second stage

Complex I

Complex II
Complex I

Complex I
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where (dRh/dt)0 is the dRh/dt value at [FAD] = 0 and

[FAD]0.5 is the FAD concentration at which 50%

decrease in dRh/dt is observed. It was found that

[FAD]0.5 = 2.6 ± 0.2 µM. The similarity of [FAD]0.5 val�

ues for v and dRh/dt dependences on [FAD] indicates that

at the second stage of interaction of PhK with

Phb–glycogen complexes under crowding conditions the

PhK contacts with glycogen particles are formed without

involvement of Phb (the second stage in the Scheme).

We supposed earlier that the protein–glycogen com�

plex might act as an intracellular depot of flavins [26, 27,

44, 45]. Flavins (riboflavin, FMN, and FAD) are

allosteric inhibitors of muscle Phb and exhibit high affin�

ity to the enzyme [20, 44�49]. FAD is known as the dom�

inating form among flavins in muscle tissue. We used the

Phb + FAD system to demonstrate the crowding effect on

the protein–ligand type interaction. Under conditions of

molecular crowding, a shift of the Phb isomerization

reaction towards the more compact state of dimer with

the lowered affinity to FAD occurs [20, 24]. In the case of

the interaction of Phb with allosteric inhibitor FAD,

under crowding conditions a conformational transition of

dimeric molecule that results in appearance of coopera�

tive interactions between flavin�binding centers of the

enzyme occurs [20, 24]. We have also shown that FAD

binds to phosphorylase kinase and thus inhibits enzyme

association and PhK interaction with glycogen [27].

This investigation by dynamic light scattering of the

glycogen + PhK + Phb system under crowding conditions

and at ionic strength close to physiological levels has

shown that crowding significantly enhances interactions

within protein–glycogen complex. Although crowding

decreases the strength of the PhK–Phb [30] complex,

such crowding effect is relieved in the complete

PhK–Phb–glycogen system due to the presence of glyco�

gen. Two�stage increase in the hydrodynamic radius of

formed particles with time was detected under crowding

conditions. The scheme of PhK binding to glycogen and

to Phb–glycogen complex with formation of the

PhK–Phb–glycogen ternary complex was proposed

based on these data. It is supposed that in the

PhK–Phb–glycogen ternary complex there are two types

of PhK contacts with glycogen: one type of interaction is

realized via Phb “anchored” on the glycogen particle, and

the other is realized by the direct contact of PhK with

glycogen. The data suggest that FAD inhibits only one

type of contact, namely, the direct interaction between

PhK and glycogen.

Since FAD does not influence catalytic activity of

PhK [27], it can be assumed that owing to its high affini�

ty FAD acts as a factor forming in vivo the structure of

protein–glycogen particles rather than of a modulator of

the enzymic activity of PhK. In the presence of FAD, the

binding of PhK to glycogen particles via Phb becomes

more preferable, which should provide for functional

connection between Phb and PhK.
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