
INTRODUCTION

Molecular Crowding

All biochemical processes in a cell proceed in a medi�

um containing high concentrations of the proteins, nucle�

ic acids, polysaccharides, and low molecular weight com�

pounds. The total concentration of macromolecules

reaches 50�400 mg/ml (for review see [1�3]), with the

molecules occupying a significant part of the volume of

the medium—up to 40% [1]. Such conditions in the cell

are denoted as “molecular crowding”. Figure 1 demon�

strates crowding conditions in the intact cell [4].

According to modern concepts, the cytoplasm is filled

with large ensembles of macromolecules forming func�

tional complexes, rather than with freely diffusing and

colliding macromolecules [3]. Crowding implies the exis�

tence of nonspecific steric repulsion of molecules, which

is always present regardless of any other interactions of

macromolecules, for instance, electrostatic or hydropho�

bic. Thus, more exactly, “molecular crowding” is more

accurately termed “the excluded volume effect” caused by

the mutual impenetrability of cell solute molecules [5�7].

Crowding conditions in cells could arise not only

from the presence of macromolecules, but also from high

concentrations of osmolytes [8]. Osmolytes are low

molecular weight organic compounds, such as polyols,

certain amino acids, and methylamines.

Theoretical aspects of the excluded volume effect on

biochemical reactions are considered in detail in some

reviews and articles [6�19]. Experimental data concern�

ing the molecular crowding effect on the equilibrium and

the rates of such biochemical processes as association,

reversible denaturation, and protein folding, actin poly�

merization, assembly of protofibrils and fibrils, etc. stud�

ied in in vitro model systems are summarized in reviews

[3, 5�9]. In all cases, the introduction of inert molecules

(crowding agents) in rather high concentrations causes

enhancement of interactions, increase in rates of bio�

chemical reactions, or the shift of the equilibrium to asso�

ciation [5, 6, 8, 9]. The influence of crowding on the

hydrodynamic and thermodynamic properties of com�
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pact globular proteins in solution could be explained by

the simple model considering protein molecules as solid

particles of spherical shape. The volume, which is not

accessible to the center of the sphere, is excluded (Fig. 2).

The larger is the volume of the molecule considered, and

the higher is the concentration of the other molecules,

the less is the volume accessible to the molecule in crowd�

ing conditions [6].

Excluded Volume and Thermodynamic Activity
of a Substance

Molecular crowding has a pronounced effect on

thermodynamic activities of all soluble molecules, both

large and small ones. In a solution containing macromol�

ecules, which interact exclusively via steric repulsion, a

very simple relationship between effective and real con�

centrations of each solute exists [6]:

γi = ai/ci = vtot/va,i,                         (1)

where ai is the effective concentration or the thermody�

namic activity, γi is the activity coefficient, ci is the con�

centration, vtot is the total volume, va,i is the volume avail�

able to solute of type i. It is obvious that in crowding con�

ditions γi > 1, because va,i < vtot.

Let us consider the reversible heteroassociation A +

B ↔ AB. Since the intracellular medium is thermody�

namically nonideal, the equilibrium constant is expressed

via thermodynamic activities:

K = aAB/aAaB = γAB[AB]/γAγB[A][B].            (2)

In crowding conditions the apparent equilibrium

constant Kapp is connected with the real constant K by the

equation:

Kapp = K⋅Γ,                                 (3)

where Γ is the nonideality factor, Γ = (γAγB)/γAB. In crowd�

ing conditions, the nonideality factor could be much more

than unity [11, 20]. The coefficients of the thermodynam�

ic activity of the proteins can be evaluated according to the

simple structural models where globular proteins are repre�

sented by spheres, ellipsoids, or spherocylinders [21]. By

evaluating in such a way the activity coefficients of biolog�

ical macromolecules and the value of the nonideality fac�

tor, it is possible to predict the effect of crowding on the

equilibrium state and on the rates of biochemical reactions.

Molecular Crowding and Regulation of Cell Volume

At present, the role of crowding in supporting con�

stant cell volume is of special interest [22]. The theory of

crowding postulates that the thermodynamic activity of

Fig. 1. Crowding conditions in the cytoplasm of an intact moving

Dictyostelium discoideum cell. Cytoplasm is filled with macromol�

ecular components creating crowding conditions: actin filaments

(red color), ribosomes and other macromolecular complexes

(green color), and membranes (blue color) (reprinted with per�

mission from the paper [4] © 2002 AAAS).

a b

Fig. 2. Schematically illustrated concept of excluded volume.

Squares are the volume elements containing macromolecules

(black color), occupying ∼30% of the total volume. The volume

available (blue color) is defined as the fraction that can be occu�

pied by the center of another molecule (red color). a) Center of

the molecule of a small size could occupy almost 70% of the

remaining volume (blue color). b) For center of the molecule of

size comparable to the black spheres, almost all remaining vol�

ume is excluded (black and pink color) since the center of this

molecule (red color) can not approach the macromolecules at the

distance less than that shown by open circles (reprinted from [6]

with permission).
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the protein in crowding conditions is higher than that of

the same protein in equal concentration in dilute solution

[11, 20]. In crowding conditions, the reaction capability

of any soluble macromolecular substance is strongly

dependent on the available volume [6]. The conclusion is

that relatively small changes in the volume occupied by

macromolecules could have a strong effect on the equilib�

rium and the kinetics of various intracellular reactions [6,

22, 23].

The maintenance of cell volume is therefore a funda�

mental physiological process and is required for cell sur�

vival [22, 24�29]. The cell volume constancy requires con�

tinued operation of regulatory mechanisms, such as ion

transport through the cell membrane and accumulation or

removal of organic osmolytes and metabolites. Many cell

types activate the function of transporters or metabolic

reactions, which are in a latent state in cells of regular vol�

ume, in response to osmotic swelling or shrinking. Cell

swelling is accompanied by an increase in glycogen syn�

thesis and by the inhibition of glycolysis [22, 30�32], by

inhibition of proteolysis, and by stimulation of protein

synthesis [33, 34]. Molecular crowding could be a specif�

ic mechanism that helps the cell “sense” relatively small

changes in volume, and more accurately, changes in con�

centrations of intracellular substances [22]. According to

data presented in [35�37], changes in the total concentra�

tion of cytoplasmic proteins, and, consequently, of

crowding, could serve as a signal for change in cell vol�

ume. Even small changes (10%) in concentration of intra�

cellular proteins in crowding conditions could cause a 10�

fold increase in thermodynamic activity of regulatory pro�

teins, and thereby change their capability to bind the

membrane and to activate ion transporters [22].

Molecular crowding could play an important role in

cell biology and physiology [3, 5�8, 22, 38�40] and also

have a strong influence on the evolution of cell signaling

pathways [41].

As noted above, any reactions causing an increase in

available cell volume should be stimulated in crowding

conditions. Reactions of such type include association of

macromolecules, formation of multienzyme complexes

and supramolecular structures, folding of proteins and

nucleic acids, and formation of the aggregates and amy�

loid inclusion bodies in certain diseases (Parkinson’s and

Alzheimer’s diseases, etc.) [3]. Thus, for instance, the

interaction of glycolytic enzymes with the cytoskeletal

structure is enhanced upon increase in the degree of

crowding induced by protein addition. The enhancement

of binding of glycolytic enzymes has also been observed,

primarily the binding of phosphofructokinase, enolase,

and pyruvate kinase [42]. The increase in ionic strength

with the addition of salt in physiological concentrations

caused only a small decrease in the stability of the enzyme

binding, and the establishment of physiological concen�

trations of both salt and protein caused the increase in the

binding of all glycolytic enzymes [43].

The goal of the present review is to discuss the effect

of crowding on the glycogenolytic enzymes (glycogen

phosphorylase b and phosphorylase kinase). In this

review, we will consider the influence of molecular

crowding, induced by high concentrations of osmolytes,

on such reactions of glycogenolytic enzymes as associa�

tion, isomerization, denaturation of macromolecules,

formation of supramolecular structures, and interaction

of macromolecules with ligands.

MOLECULAR CROWDING

INDUCED BY OSMOLYTES

In response to stress (osmotic, chemical, or ther�

mal), many living organisms accumulate high concentra�

tions of osmolytes, which protect proteins under stress

conditions [44�48] and regulate cell volume [49]. For

instance, the tissues of sharks and rays contain urea in

high concentration. It is known that urea causes denatu�

ration of proteins, but this effect could be compensated

through maintaining in the cell of high concentrations of

counteracting osmolytes, especially such as trimethyl�

amine N�oxide (TMAO), betaine, and sarcosine [44�48].

It was shown in vivo that TMAO counteracts the damag�

ing action of the excess of salts and of hydrostatic pressure

[50] on deep�water animals.

The effect of TMAO on protein stability and on

enzymatic activity has been thoroughly studied in vitro [8,

44, 46�48, 51�56]. TMAO exists in the neutral form

(zwitterionic) at pH higher than its pKa = 4.66 [51�53]

and in the positively charged form at pH < pKa. In the

region of pH 6.0�8.0, TMAO has a stabilizing effect on

proteins [53]. The stabilizing effect of TMAO at pH > 5

and destabilizing effect of this osmolyte at pH < 5 have

been demonstrated using the example of denaturation of

three proteins (lysozyme, ribonuclease A, and apo�α�

lactalbumin) [53]. The authors explain the stabilizing

effect of this osmolyte mainly by “the effect of the exclud�

ed volume”, having in mind the exclusion of the osmolyte

from the vicinity of the protein surface (preferential pro�

tein hydration). The destabilizing effect of the positively

charged form of TMAO at pH < 5 is explained by the

preferential binding of the osmolyte with the protein [53].

Some organisms accumulating proline are adapted

to life under high salt concentration, and use osmolytes

for compensation of the high external osmotic pressure

[45]. In ocean water, the average salt concentration

(mainly NaCl) is of the order of 1000 mOsm (or 1.0 Osm).

In a certain group of deep�water animals (osmoconform�

ers), the prevention of osmotic shrinking of cells is real�

ized in such a way that the intracellular liquid has the

same osmotic pressure, 1.0 Osm [49].

Cayley et al. [57] in in vivo experiments studied the

growth of Escherichia coli in condition of osmotic stress

over a wide range of high external osmolalities (1.02�
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2.17 Osm). Under conditions of osmotic stress, the

amount of betaine in the cytoplasm was increased with

the increase in the osmotic pressure, and the amount of

K+ and biopolymers remained relatively constant. With

the increase in osmolality, a significant decrease in the

rate of growth of E. coli and decrease in the amount of

cytoplasmic water in the cell was observed, which caused

an increase in the concentration of biopolymers and all

solutes, i.e. increase in crowding. Under the increase in

osmolality of the external media, the concentration of

betaine in the cytoplasm increases. Thus, at the external

osmolality 1.02 Osm concentrations of betaine and K+

are 0.54 and 0.48 M, and at the external osmolality

2.17 Osm they are 1.67 and 0.72 M, respectively. Betaine

served in this case as an osmoprotectant. On increase in

osmolality the rate of E. coli growth decreases strongly,

but the addition of betaine to the cultural media causes a

significant increase in the period of conservation of the

maximal rate of growth. The authors showed that the cor�

relative relationship between the growth rate, the amount

of cytoplasmic water, and the cytoplasmic K+ concentra�

tion is equal in the media containing betaine and in media

that does not contain this osmoprotectant. According to

these data, it was proposed that increase in molecular

crowding, which occurs with increasing osmolality of the

medium, gives the fundamental explanation both to the

decrease in the growth rate and to the insensitivity of the

protein–DNA interactions to the change of K+ concen�

tration in the cytoplasm [57]. Crowding is enhanced with

the increase in osmolality, which in turn buffers the bind�

ing of proteins to nucleic acids against changes in cyto�

plasmic K+ concentration and (by affecting biopolymer

diffusion rates and/or assembly equilibria) is a determi�

nant of growth rate of osmotically stressed cells. Changes

in biopolymer concentration and crowding may also

explain the increase of the activity coefficient of cytoplas�

mic water with increasing osmolality of growth in E. coli

[57, 58].

Much experimental data has accumulated on the

protective effect of osmolytes [8, 47, 48, 51�53, 59�66],

but the molecular mechanisms of their action remain

unclear. The same experimental data are very often

explained by mechanisms that are contradictory: effect of

the osmolytes is explained either as a weak interaction of

osmolyte with the macromolecule (preferential binding),

or as a steric repulsion, i.e. crowding effect (see review

[17]).

Crowding, Preferential Hydration, and Osmotic Stress

It should be noted that there are various interpreta�

tions of the action of osmolytes on the biochemical reac�

tions. Some researchers consider the effect of osmolytes

in terms of statistical mechanics, using the theory of the

excluded volume (crowding), and calculating the second

virial coefficients, which characterize the interaction of

the molecules in solution [12�16, 67�74]. Others use the

term of preferential protein hydration [46, 47, 51, 52, 54,

59�61, 73�80], considering the layer close to the surface

of the macromolecule, from which osmolyte molecules

are excluded, and their place becomes occupied by the

water molecules, the properties of water molecules in

boundary (hydrated) layer being different in comparison

to the water properties in free volume, as some authors

believe [81, 82]. Winzor and Wills [12, 15] and Davis�

Searles et al. [17] in their papers studied both approaches

and showed that they are practically equivalent.

Parsegian et al. [83] compared three thermodynamic

approaches: osmotic stress, crowding, and preferential

protein hydration. Analysis of both preferential hydration

and osmotic stress is based on the Gibbs�Duhem rela�

tionship [83]. In reference [83], the equivalence of these

three approaches has been shown. The original papers

[12, 15, 17, 77�79, 83] contain the detailed considera�

tions, including mathematical formulas and thermody�

namic parameters.

Under the modeling of molecular crowding condi�

tions in vitro, the crowding agents are added to the solu�

tion to fill part of the volume. The main demand to these

agents is that they should be neutral, and should not

interact with macromolecules under test, because the

crowding effect involves only steric repulsion between

separate molecules. Frequently, bovine serum albumin,

ovalbumin, Ficoll 70, polyethylene glycol (PEG), and

osmolytes are used as crowding agents (see tables in

review [8]).

We discuss below the effect of crowding induced by

high concentration of osmolytes on the properties of

some glycogenolytic enzymes—association and isomer�

ization of the macromolecules, denaturation, interaction

of the macromolecules with some ligands, and formation

of the supramolecular structures.

EFFECT OF MOLECULAR CROWDING

ON GLYCOGENOLYTIC ENZYMES

Effect of Molecular Crowding on the Interaction
of Glycogen Phosphorylase b with FAD

Glycogen phosphorylase b (Phb; EC 2.4.1.1) is one

of the key enzymes of glycogenolysis. It catalyzes the

reaction of glycogen phosphorolysis. In the resting mus�

cle, phosphorylase exists as an inactive without AMP

nonphosphorylated form b. Phb activity is regulated both

by phosphorylation and by conformational changes

induced by allosteric effectors. The Phb molecule is a

dimer composed of two identical subunits with the

molecular mass 97.4 kD [84]. Flavins (riboflavin, FMN,

and FAD) are allosteric inhibitors of muscle Phb with

very high affinity to the enzyme [85�89]. It is known that
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FAD is a dominant form among the flavins in muscle tis�

sue. We studied the influence of molecular crowding

induced by the high concentration of osmolytes—

trimethylamine N�oxide (TMAO), betaine, and pro�

line—on the interaction of muscle Phb with FAD by sed�

imentation velocity method using an absorbance scan�

ning system at 20°C [90, 91]. In the absence of osmolytes,

the binding of FAD with Phb is well described by one

hyperbolic saturation function dependence, Y, on the

concentration of free FAD, [L], and by the only dissoci�

ation constant (Kdiss) 17.8 ± 0.5 µM for two equivalent and

independent sites of the dimeric enzyme molecule. In

molecular crowding condition induced by osmolytes, the

dependence of Y on [L] is S�shaped. The binding curve

becomes progressively more sigmoidal with increasing

osmolyte concentration. The binding of ligand [L] by the

dimeric molecule of Phb (E) is represented in the scheme

describing the interaction of FAD with the Phb molecule

and considering two dissociation constants (Fig. 3).

The dissociation constant K1 characterizes the bind�

ing of the first molecule of FAD with Phb dimer. The

constant K2 characterizes the binding of the second mol�

ecule of FAD with the complex of enzyme dimer with one

molecule of the ligand. The effect of osmolytes on the

binding of FAD with Phb is presented in the Fig. 4, which

compares the saturation curves obtained in the presence

of TMAO, betaine, and proline.

The lines drawn through the experimental points

represent the best�fit approximation in terms of the rela�

tionship:

Y = ([L]/K1)(1 + [L]/K2)/

/(1 + 2[L]/K1 + [L]2/(K1K2)),                (4)

where K1 and K2 denote the intrinsic dissociation con�

stants describing the binding of FAD to E and EL (or

LE), respectively. Magnitudes of these parameters are

given in Table 1.

Chebotareva et al. [90] stated that in the presence of

osmolytes (0.5�1.0 M TMAO, 1 M betaine, or 1 M pro�

line) the dependence of the saturation degree of Phb

dimer on the concentration of the free FAD is S�shaped.

In molecular crowding conditions created by osmolytes

the positive cooperative interactions of FAD�binding sites

in Phb dimer appear.

The existence of FAD�induced conformational

changes in the Phb molecule under molecular crowding

conditions [90] is confirmed also by differential sedimen�

tation velocity. The results show that in crowding condi�

tions the equilibrium of the dimer isomerization is shifted

to the more compact state of the enzyme with decreased

affinity to FAD [90, 91].

Association of Phb in Molecular Crowding Conditions

At neutral pH, glycogen phosphorylase b (Phb) exists

in the dimeric form. Conformational changes induced by

binding of AMP to the allosteric activatory site favor asso�

ciation of Phb [84, 87]. The state of the dimer–tetramer

equilibrium depends on Phb concentration, pH, ionic

strength, temperature, and the presence of allosteric

effectors and substrates. Glucose�1�phosphate favors

Fig. 4. Fractional saturation curves for the interaction of FAD with

phosphorylase b in the presence of osmolytes. The curves present

the best�fit description (Eq. (4)) of results obtained in the presence

1 M concentrations of betaine (triangles), TMAO (circles), and

proline (squares).

Fig. 3. Schematic representation of FAD [L] binding by the dimer�

ic molecule of Phb [E]. EL and LE denote 1 : 1 enzyme–ligand

complexes; LEL, the completely saturated ternary complex.

Table 1. Apparent dissociation constants for the interac�

tion of FAD with phosphorylase b [91]

Osmolyte

−
TMAO

TMAO

Betaine

Proline

Concentration, M

−
0.5

1.0

1.0

1.0

K1, µM

17.8 ± 0.3

21 ± 3

50 ± 12

36 ± 18

32 ± 8

K2, µM

17.8 ± 0.3

7.5 ± 1.2

5.5 ± 3.0

4.8 ± 3.5

21 ± 14

[L], µM
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association, inasmuch as glycogen and the inhibitors

(ATP, ADP, flavins, etc.) prevent the formation of the

tetrameric form [86�88, 92�94]. At 15°C, the interconver�

sion dimer–tetramer is relatively slow, allowing one to

separate these two species by sedimentation velocity, to

determine the proportion of dimers and tetramers, and to

calculate the association constant Kass in the absence and

in the presence of the osmolyte. The association constant

K2,4 for the dimer–tetramer equilibrium in the presence

of 1 M TMAO is increased twofold [95]. The shift of the

equilibrium toward the tetrameric form is also observed

when PEG (37 mg/ml) with molecular mass 4000,

15,000, and 40,000 is used as a crowding agent [96].

To characterize quantitatively the effect of TMAO on

the association of Phb, the dependence of the logarithm

of the ratio of the apparent dimerization constant (K2,4)M

to the estimated one (K2,4), ln[(K2,4)M/K2,4], on the molar

concentration of the osmolyte (CM) was determined and

turned out to be linear (Fig. 5). The linear dependence of

ln(K2,4) on CM is well predicted by the theory of excluded

volume:

ln[(K2,4)M/K2,4] = (2B2,M – B4,M)CM,            (5)

where second virial coefficients (B2,M for the dimer and

B4,M for the tetramer) are expressed via the excluded vol�

ume together with TMAO. The molecule of TMAO is

regarded as a sphere with 0.3 nm radius, RM. The values of

B2,M and B4,M can be calculated by approximation of the

dimer and tetramer of Phb to ellipsoids of rotation. The

values of the parameters were calculated from the geome�

try of the molecules (the enzyme and the osmolyte) and

were equal to 422 liters/mol for B2,M and 833 liters/mol for

B4,M [95].

The comparison of the experimentally determined

slope with the theoretical value obtained by estimation of

(2B2,M – B4,M) showed that the theory of the excluded

volume predicts overestimated effect. This could indicate

the inadequacy of the simple dimer–tetramer model used

for excluded volume calculations.

For explanation of the data, the reversible stage of the

dimer isomerization (T2 ↔ R2) preceding the association

(2R2 ↔ R4) had to be introduced. This more appropriate

model is described by the following reaction scheme:

2T2 ↔ 2R2 ↔ R4.

The value of the isomerization constant governing

the T2 ↔ R2 conversion in the presence of AMP is taken

to be much smaller than unity. The consequences of

including the concentration CM of inert cosolute (TMAO)

are thus dual. In addition to the effect of crowding on the

dimer–tetramer equilibrium, there is a compensatory

effect on the isomerization equilibrium, T2 ↔ R2, which

is displaced towards the smaller, non�associating T state

of Phb dimer [91, 95].

The expression for the dependence of the logarithm

of the relationship of the measured association constant

(K2,4)M to the real one (K2,4) upon TMAO concentration

is described by the following relationship:

ln[(K
−

2,4)M/K
−

2,4] ≈

≈ [(2B2R,M − B4R,M) + 2(B2T,M − B2R,M)]CM,      (6)

where the second virial coefficient for Phb dimer in T2� or

R2�conformation (B2T,M and B2R,M) is expressed via the

excluded volume interactions of dimer and tetramer with

cosolute. The coincidence of the predicted slope with the

estimated one is reached when B2T,M exceeds B2R,M by

only 5 liters/mol (i.e. by 1.2% of B2T,M). The relative vol�

ume change of this magnitude (1.2%) is comparable with

the corresponding value (2.8%) observed for yeast hexo�

kinase [97].

Thus, the small increase in the degree of Phb associ�

ation in the presence of TMAO, as compared with the

theoretical predictions, means that the effect of molecu�

lar crowding on the dimer–tetramer equilibrium is com�

pensated by displacing the T2 ↔ R2 isomerization equi�

librium for the dimer towards the more compact, non�

associating T2 state.

Effect of Crowding on the Chemical Denaturation of Phb

According to the predictions of the crowding theory,

osmolytes in high concentrations should shift the equilib�

rium N ↔ D (where N is the native protein and D is a

denatured one) towards the native state [17].

Investigation of the influence of osmolytes on the kinetics

Fig. 5. Dependence of the self�association behavior of phosphory�

lase b upon the concentration of TMAO. Effective dimerization

constants are plotted in accordance with Eq. (5). The points are

experimental data, the solid line is drawn in accordance with the

theoretical estimation of a slope magnitude (2B2,M – B4,M).

CM, M
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of the chemical denaturation of Phb by guanidine

hydrochloride demonstrated the protective action of

TMAO, betaine, proline, and glycine [56]. Within the

frameworks of the theory of the activated complex, the

enzyme stability is characterized by change in the free

activation energy (∆G0
#) of the denaturation process, and

the stabilizing effect is characterized by the change in the

value of ∆∆G0
# = ∆G#

0Osm – ∆G0
# or ∆∆G0

# = –RTln(k/k0),

where ∆G0
# and ∆G#

0Osm are the changes in the free activa�

tion energy, and k0 and k are the constants of the rate of

inactivation of Phb in 0.7 M GuHCl in the absence and in

the presence of the osmolyte, respectively.

The tangent of the slope on the plot of dependence

of ln(k/k0) from the osmolyte concentration is the meas�

ure of protein stabilization (Fig. 6). The most pro�

nounced stabilizing effect is exhibited by TMAO and

betaine, and the effect of glycine is the least pronounced

(Table 2).

Association of PhK under Molecular Crowding Conditions

Phosphorylase kinase (PhK; EC 2.7.1.38) plays a key

role in neural and hormonal regulation of glycogenolysis

in skeletal muscle. PhK catalyzes Ca2+, cAMP�depend�

ent phosphorylation, and activation of Phb. The PhK

molecule with molecular mass of 1320 kD [98�100] has a

complex molecular organization and is represented by a

hexadecamer consisting of four different subunits with

(αβγδ)4 stoichiometry, where the γ�subunit is the catalyt�

ic one and α�, β�, and δ�subunits are the regulatory ones

[101�104]. Ca2+ and Mg2+ stimulate PhK activity by

inducing changes in the tertiary and quaternary structure

of the molecule [102�106] and also stimulate hexade�

camer association [91, 107�109]. The effect of molecular

crowding on self�association of PhK from rabbit skeletal

muscle has been studied by sedimentation analysis,

dynamic light scattering, and turbidimetry. Sedimentation

analysis demonstrated that (0.5�1.4 M) TMAO and 1 M

betaine stimulate PhK association induced by Ca2+ and

Mg2+. In the presence of TMAO, in addition to associates

consisting of a relatively small number (n) of hexade�

cameric enzyme molecules (n = 2, 3, 4, ...), very large

associates consisting of hundreds of PhK molecules were

also registered [91, 107, 108]. The stimulating effect of

TMAO on PhK association (in the presence of 0.1 mM

Ca2+ and 10 mM Mg2+) was also confirmed by turbidi�

metric and by dynamic light scattering methods [107,

108]. The initial association rate, as measured by the tur�

bidimetric method, increased nonlinearly with the

increase of the osmolyte concentration (0.4�1.4 M) [107].

The method of dynamic light scattering allows one to

estimate the hydrodynamic radius of the associates

formed. As shown in Fig. 7, in the presence of 0.5 M

TMAO the larger particles are formed (curve 2). Figure 7

shows only the radii of PhK associates. The radius of the

PhK molecule is 13 ± 1 nm.

The enhancement of PhK association in the pres�

ence of TMAO can be explained in terms of thermody�

namic non�ideality. According to the theory of absolute

reaction rates, the rate constant of the second order (k)

characterizing interaction between two particles (Pi +

Pj → Pi+j) can be written using the following expressions:

(7)

where kB is the Boltzmann constant, T is the absolute

temperature, K≠ is the equilibrium constant between the

initial components (Pi and Pj, concentrations ci and cj,

respectively) and the activated complex (P≠, concentra�

tion c≠). Under crowding conditions, the constant K≠ is

considered as an apparent equilibrium constant:

(8)

where K0
≠ is the true equilibrium constant, γi and γj are the

thermodynamic activity coefficients of the particles Pi

and Pj, and γ≠ is the thermodynamic activity coefficient of

the activated complex. The thermodynamic activities (a)

[Osmolyte], M

Fig. 6. Protective effect of osmolytes—TMAO (1), betaine (2),

proline (3), and glycine (4)—during phosphorylase b inactivation

by 0.7 M GuHCl at 25°C.

Table 2. Stabilizing effect of osmolytes during phospho�

rylase b inactivation by 0.7 M GuHCl [56]

Osmolyte

TMAO

Betaine

Proline

Glycine

∆∆G0
#, kJ/mol

26.7

24.9

12.9

6.6

1
2
3
4
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and concentrations (c) are connected by the following

relationships: ai = γici, aj = γjcj, and a≠ = γ≠c≠.

The reaction rate constant k, measured in the pres�

ence of the crowding agent, is described by the following

expression:

(9)

where k0 is the rate constant in the absence of the crowd�

ing agent, and Γ is the non�ideality factor (Γ = γiγj/γ≠).

The thermodynamic activity coefficient of the solute of

m�type is determined by the fraction of the total volume

available to this solute:

(10)

where vtot is the total volume and vm is the volume avail�

able to the solute of m�type. It is evident that γm > 1,

because vm < vtot. Since the size of the activated complex

is larger than the size of the particles Pi or Pj, the volume

v≠ (the volume available to the activated complex) is less

than the volume vi or vj (the volumes available to the par�

ticles Pi and Pj, respectively). Thus, γ≠ (the coefficient of

thermodynamic activity of the activated complex) is larg�

er than γi and γj (the coefficients of thermodynamic activ�

ity of the particles Pi and Pj). Since the values γi and γj are

larger than unity, the product γiγj could be larger than γ≠

and k > k0. This means that thermodynamic non�ideality

induced by osmolytes accelerates the association of

macromolecules. Such consideration allows one to

explain the increase in the association rate of PhK in the

presence of TMAO [108].

The effect of TMAO and betaine on PhK association

is consistent with the conclusions of the excluded volume

theory. The ability of PhK to form large�size associates in

the medium with high concentration of osmolytes sug�

gests that in the cell, due to the effect of molecular crowd�

ing, part of the enzyme could exist in the associated state

or as supramolecular structures (as components of the

protein–glycogen complex or in the bound state with the

membranes of the sarcoplasmic reticulum) [110, 111].

Discussing the possible physiological significance of

the formation of high molecular weight PhK associates, at

present it is only possible to propose that the formation of

such associates is either one of the ways of the enzyme

transition from the active into the inactive form, or that the

associated form might phosphorylate a substrate other than

phosphorylase, for instance glycogen synthetase [110]. The

authors of this paper suppose that PhK could have a dual

function in glycogen biosynthesis: first, control of glycogen

degradation in the protein–glycogen complex by means of

Phb phosphorylation, and, second, regulation of glycogen

biosynthesis on the membranes of sarcoplasmic reticulum

by means of phosphorylation and, consequently, inhibition

of glycogen synthetase. Further research is required to con�

firm or reject the second proposition.

Effect of Molecular Crowding on the Interaction
of Phosphorylase Kinase with Glycogen

and Phosphorylase b

To understand the mechanism of action of

glycogenolytic enzymes, it was important to study not

only protein–protein interactions but also the interaction

of enzymes with glycogen under crowding conditions,

which imitate conditions in the cell. The influence of

crowding on formation of supramolecular structures is

shown by the example of PhK interaction with glycogen

[112]. This is especially important, since the major part of

the enzymes in muscle cells is localized in the cytoplasm

in the associated state with glycogen granules [110, 113].

Using sedimentation analysis, we showed that TMAO and

betaine enhanced PhK interaction with glycogen (Fig. 8).

In the presence of betaine or TMAO, the fraction of free

PhK registered after sedimentation of glycogen and

I, photon/sec Rh, nm

t, min

a b

Fig. 7. Effect of TMAO on the self�association of PhK (0.3 g/liter). The dependences of the light scattering intensity (I) on time (a) and the

dependences of the hydrodynamic radius (Rh) on time (b) were obtained in the absence of TMAO (1) and in the presence of 0.5 M TMAO (2).

2

1

2

1
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PhK–glycogen complex decreases upon the increase in

the osmolyte concentration (Fig. 8). According to tur�

bidimetric data, betaine enhances the rate and degree of

PhK interaction with glycogen [112].

The action of proline is different from that of methyl�

amines. According to turbidimetric and sedimentation

velocity data, proline prevents the formation of the pro�

tein–glycogen complex [91, 112].

The influence of TMAO and betaine on PhK associ�

ation and its interaction with glycogen agrees with the

main postulates of the theory of molecular crowding,

according to which crowding favors protein oligomeriza�

tion and formation of supramolecular structures [5, 114�

116]. Suppression of these processes by proline points to

another mechanism of action, implying weak interaction

of proline with PhK.

Effect of molecular crowding on interactions of phos�
phorylase kinase with phosphorylase b. Studies of the

effect of crowding on the interaction of PhK with Phb are

of special interest for several reasons. First, the physiolog�

ical substrate for PhK is a protein – Phb (195 kD), and

hence the enzyme–substrate interaction is a protein–

protein interaction. Second, both proteins are localized

on the high molecular weight matrix, glycogen particles,

and interact with glycogen directly [117�122]. Each sub�

unit of the dimeric molecule of Phb contains a specific

glycogen�binding site [123]. For PhK, it was established

that the α subunit participates in glycogen binding [124].

The presence of Phb favors PhK binding with glycogen

[121, 122, 125]. Figure 9 shows the sedimentation behav�

ior of the mixture of PhK and Phb in the absence (a) and

in the presence of 0.6 M proline (b), 0.7 M betaine (c),

and 0.3 M TMAO (d).

The slowly sedimenting boundary corresponds to

Phb (s20,w = 8.79 S). Since the sedimentation coefficient

of PhK is significantly higher than that of Phb, PhK and

its complex with Phb are sedimented faster than Phb. Due

to this fact, the plateau formed in the region of the menis�

cus after sedimentation of PhK and its complex with Phb

corresponds to the concentration of the free Phb. The

fraction of the free Phb increased 1.5�fold in the presence

of 0.6 M proline, 0.7 M betaine, or 0.3 M TMAO. Thus,

the high concentrations of proline, betaine, and TMAO

completely suppress the formation of the PhK–Phb com�

plex [91, 112].

Interpreting the effect of osmolytes on the PhK–Phb

interaction, it should be taken into account that crowding

could influence protein conformation. We showed that

TMAO shifts the equilibrium of the Phb dimer isomeriza�

tion reaction towards the smaller, inactive T�conforma�

tion [91, 95]. It is possible that conformational transition

of Phb counteracts its interaction with PhK. However, the

conditions of molecular crowding could also influence

PhK conformation.

The fact that the crowding conditions prevent the for�

mation of the complex between PhK and its substrate,

Phb, may seem physiologically unreasonable at first sight.

However, it was shown earlier that glycogen has a strong

effect on interactions between PhK and Phb [120, 126].

We have shown that crowding conditions created by high

concentration of trimethylamines favor the binding of

PhK and Phb with glycogen. According to the latest data

obtained by dynamic light scattering, crowding induced by

1 M TMAO strongly enhances the interaction in the terti�

ary complex PhK–Phb–glycogen (A. V. Meremyanin,

unpublished data). Since in the living cell PhK and Phb

are incorporated in the protein–glycogen complex, it is

possible that specific interactions of PhK and Phb with

glycogen help to overcome the negative consequences of

the influence of molecular crowding on protein–protein

interactions.

According to modern views, all biochemical process�

es in the living cell proceed under conditions of molecu�

lar crowding, which has a noticeable effect on the rate and

equilibrium of various reactions and stimulates formation

of more compact structures. These processes include pro�

tein–protein interactions, conformational transitions of

biomacromolecules, protein folding and aggregation, and

the appearance of multienzyme complexes and supramo�

lecular structures. It is suggested that crowding plays a

noticeable role in such an important physiological cell

function as maintenance of constant cell volume.

For better understanding of biochemical processes in

the living cell, it is important to imitate crowding condi�

tions in in vitro experiments.

For the key enzymes of glycogenolysis, molecular

crowding is a factor having a major effect on interactions

such as protein–ligand and protein–protein, on confor�

mational transitions and formation of supramolecular

structures, and, as a consequence, on the mechanisms of

enzyme function in vivo.
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Fig. 8. Effect of betaine (a) and TMAO (b) on the binding of PhK

with glycogen (40 mM Hepes, pH 6.8, 0.1 mM CaCl2, 10 mM

MgCl2; 20°C). The dependence of the part of the free enzyme

upon the osmolyte concentration: a) betaine at the total concen�

tration of PhK 0.25 mg/ml, glycogen 0.9 mg/ml; b) TMAO at the

total concentration of PhK 0.18 mg/ml, glycogen 0.08 mg/ml.

Data obtained by sedimentation analysis method.
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The effect of crowding on the association between

PhK and Phb was discovered. It was shown that crowding

stimulates PhK association in the presence of Ca2+ and

Mg2+ leading to formation of supramolecular structures

including hundreds of enzyme molecules. Crowding

favors formation of supramolecular structures during

PhK and Phb interaction with the high molecular weight

matrix—glycogen. The influence of high concentrations

of TMAO and betaine on the association of the enzymes

of glycogenolysis, as well as on interaction of these

enzymes with glycogen, is in agreement with theoretical

predictions of the effects of molecular crowding.

The influence of crowding on the interaction of Phb

with the allosteric effector FAD has been demonstrated.

Upon interaction of Phb with FAD under crowding con�

ditions, a conformational transition of the dimeric mole�

cule occurs, inducing cooperative interactions of the

flavin�binding sites of the enzyme.

Since the binding constants of ligands with proteins

change under crowding conditions, it may be expected

that crowding would influence the interaction of certain

drugs with their protein targets. It is known that phospho�

rylase is a target for trials of certain anti�diabetic drugs

[127]. Our research demonstrates that crowding effects

should be taken into account during trials of new drugs.

Evaluating the possible practical significance of

studies of biochemical processes under crowding condi�

tions for medicine, it should also be taken into account

that a number of diseases (such as neurodegenerative dis�

eases) are connected with formation of non�functional

protein aggregates, which is stimulated by crowding con�

ditions.

a b

c d

r, cmr, cm

Fig. 9. Sedimentation analysis of the interaction of PhK (0.18 g/liter) with Phb (0.39 g/liter), pH 6.8, 0.1 mM Ca2+, 2.0 mM Mg2+; 20°C.

Sedimentation patterns in the absence of the osmolytes (a), in the presence of 0.6 M proline (b), 0.7 M betaine (c), and 0.3 M TMAO (d).

Rotor speed was 48,000 rpm. Sedimentation times were: 11, 16, 25, 32, 37, 44, 49, 58 min (a); 6, 19, 28, 33, 38, 41, 50, 57, 61 min (b); 13,

20, 29, 35, 39, 42, 51, 56, 59 min (c); 4, 10, 16, 20, 27 min (d).
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The protective stabilizing effect of osmolytes under

different kinds of stresses—thermal, chemical, or osmot�

ic—in many cases can be explained by the effect of the

excluded volume. In the present study, the protective

effect of molecular crowding induced by osmolytes

(TMAO, betaine, proline, and glycine) under Phb inacti�

vation by guanidine hydrochloride has been demonstrat�

ed.

The methodical approaches to protein stabilization,

based on the use of crowing effects, could be utilized to

solve biotechnological problems and to develop methods

for storage of medical preparations of protein nature.
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