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Abstract

Ca2+- and Mg2+-induced association of phosphorylase kinase (PhK) from rabbit skeletal muscle has been studied at the magnitudes of the ionic
strength close to the physiological values (40 mM Hepes, pH 6.8, containing 0.1 M NaCl, 0.1 mM Ca2+, 10 mM Mg2+; 25 °C) and under the
molecular crowding conditions produced by high concentrations (1 M) of the natural osmolyte, trimethylamine N-oxide (TMAO). In the presence
of 0.1 M NaCl two forms of PhK were registered, namely the “basic form” and “highly associated form”, suggesting that PhK association may be
treated as an example of cooperative association. According to the data on dynamic light scattering the average hydrodynamic radii of these forms
were 16 and 144 nm. The addition of 1 M TMAO produces the time dependent increase in the light scattering intensity caused by the conversion
of the basic form into the highly associated form. According to the data of the sedimentation analysis the basic form of PhK comprises a
hexadecamer (Mr=1320 kDa) and its small associates. The removal of Ca2+ by addition of EGTA results in the reverse conversion of the highly
associated form into the basic form suggesting reversibility of self-association of PhK. FAD, the ligand that is specifically bound to PhK, blocks
the conversion of the basic form of PhK into the highly associated form.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Phosphorylase kinase (PhK; EC 2.7.1.38) catalyzing phos-
phorylation and activation of glycogen phosphorylase b (Phb)
plays a key role in the cascade system of regulation of glycogen
metabolism [1–3]. The PhK molecule is a hexadecamer with the
subunit composition (αβγδ)4 and molecular mass of 1320 kDa
[4]. Ca2+ is the obligatory allosteric activator of PhK. It binds to an
integral, nondissociable molecule of calmodulin (δ-subunit), and
thus reveals the protein kinase activity of the catalytic γ-subunit
[5], which in the absence of Ca2+ ions is constrained by the
regulatory α- and β-subunits. The changes in the secondary and
Abbreviations: PhK, phosphorylase kinase; TMAO, trimethylamine N-oxide;
DLS, dynamic light scattering.
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tertiary structure of PhK after Ca2+ ions binding are modest,
whereas the electrostatic changes, induced by this allosteric
activator, are noticeable [6]. Probably, mainly these electrostatic
changes cause the transformation of PhKon the level of quaternary
structure and supramolecular complexes formation. The oligo-
meric state of the native enzyme is strongly dependent on the
protein, Ca2+, and Mg2+ concentrations [7–10]. In muscle cells
phosporylase kinase is found in two different compartments: a
major fraction of the enzyme is present in the cytosol preferentially
associated with the protein-glycogen particles; a minor fraction is
bound to the sarcoplasmic reticulum membrane [11].

Most living cells adapt to environmental stress (osmotic,
thermal, or chemical) by accumulating intracellular osmolytes.
Osmolytes are small organic molecules, such as polyols, certain
amino acids, and methylamines. They protect proteins under
stress conditions [12–16] and regulate a cell volume [17]. For
example, the tissues of sharks and rays contain urea in high
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concentration. It is well known, that urea causes denaturation of
the proteins, but this effect could be compensated through
supporting the high concentration of the counteracting osmo-
lytes, especially trimethylamine N-oxide (TMAO), betaine, and
sarcosine [12–18].

The salts of ocean water (mainly NaCl) yield an average
osmotic concentration of ~1000mOsm/l [17]. To prevent osmotic
shrinkage, internal fluids of marine osmoconformers have about
the same osmotic pressure as their environment (e.g. 1000mOsm)
[17]. TMAO has been shown to counteract in vivo the damaging
effects of urea [18,19], salts and hydrostatic pressure [20] on
proteins in deep-sea animals.

It was shown in vitro that TMAO favors protein association
and formation of supramolecular structures. For example, TMAO
promotes assembly and bundling of the bacterial cell division
protein (FtsZ) and counteracts the denaturing effects of urea [21].
TMAO was also found to stimulate tubulin polymerization [22].
At 1 M TMAO, tubulin polymers are produced with properties
expected of normal steady-state microtubules. At 2 M TMAO,
polymerization is very rapid and hyperstable polymers are formed.
TMAO did not interfere with binding of microtubules-associated
proteins and protected tubulin assembly from urea [22]. Yang et al.
[23] showed that TMAO accelerates the main steps in the amy-
loidal pathway (early nucleation, conformational changes, and
also the protofibril–fibril transformation).

We previously demonstrated the effect of high concentrations of
TMAO on self-association of glycogen phosphorylase b (from
rabbit skeletal muscle) induced by 1 mM AMP [24]. In the
presence of 1 M TMAO, the association constant for dimer–
tetramer equilibrium increases 2-fold. However the effect of
excluded volume on the dimer–tetramer equilibrium is compen-
sated by the shift of equilibrium in the isomerization reaction of the
dimer T↔R towards the more compact, non-associating T-
conformation [24].

TMAO is almost neutral (zwitterionic form) in the pH range
6.0–8.0. It has pKa in the range 4.56–4.75 [25,26]. Singh and
colleagues [27] investigated thermal denaturation of three model
proteins, namely, pancreatic RNase A, hen egg white lysozyme,
and bovine apo-α-lactalbumin in the pH range 2.0–7.0. It has
been shown that positively charged form of TMAO (at pHbpKa)
destabilizes all proteins, whereas zwitterionic form of TMAO (at
pHNpKa) stabilizes proteins. The authors consider that zwitter-
ionic form of TMAO is excluded from the protein surface at
pHNpKa, while positively charged form binds to proteins at pH
values below pKa [27].

It should be noted that some authors interpret the effect of
osmolytes on biochemical systems in terms of statisticalmechanics
using the theory of excluded volume (crowding), and calculating
the second virial coefficients, which characterize the interactions of
the molecules in solution [28–39]. Other researchers operate with
the terms of preferential hydration of the protein and the free
energy [40–46].Winzor andWills [14,15,28] andDavies-Searle et
al. [31] analyzed both approaches and showed that the results they
give are practically equivalent.

To reveal the molecular mechanisms underlying the effects
of crowding on the intracellular biochemical processes, we used
high concentrations of osmolytes that mimic the crowding
conditions. Previously we showed that high concentrations of
TMAO favor self-association of PhK at low ionic strength in the
presence of Ca2+ ions [47–49]. Such an enhancement of PhK
association was interpreted as an effect of crowding arising
from the presence of high concentrations of the cosolvent. In the
present work we studied self-association of PhK using dynamic
light scattering (DLS) and analytical ultracentrifugation at the
physiological ionic strength and in the presence of 1 M TMAO,
i.e., under the conditions simulating molecular crowding in the
cell. It has been shown that under these conditions the facil-
itation of PhK association induced by the crowding-agent is due
purely to cooperative conversion of the basic form of PhK (the
original hexadecameric form) into the highly associated form
including hundreds of the PhK molecules.

2. Materials and methods

2.1. Materials

TMAO, Hepes, FAD, and EGTAwere purchased from Sigma
Chemical Co. (USA). DEAE-Toyopearl 650 M was purchased
from Tosoh (Japan). The reagents were used without additional
purification. When preparing the samples containing TMAO,
the initial pH of osmolyte solution in 40 mM Hepes buffer was
adjusted so that the final pH was 6.8. The dynamic viscosity of
TMAO solutions was measured using Anton Paar viscosimeter
at 25 °C.

2.2. Isolation and purification of PhK

PhK was isolated from rabbit skeletal muscle according to
Cohen [4] using ion-exchange chromatography on DEAE-
Toyopearl 650 M as a final step of purification [50]. The purity
of enzyme was confirmed by SDS-PAGE electrophoresis [51].
Preparations of PhK in 25 mM Na-glycerol β-phosphate buffer,
pH 7.05, containing 1 mM EDTA, 0.5 mM 2-mercaptoetanol, and
50% glycerol were stored for 3 weeks at −20 °C. Before the
experiments PhK was dialyzed against 40 mM Hepes buffer, pH
6.8, at 4 °C. The PhK concentration was determined spectro-
photometrically at 280 nm using the absorption coefficient
1.24 cm2 mg−1 [4].

2.3. DLS studies

For light scattering measurements a commercial instrument
Photocor Complex was used (Photocor Instruments Inc., USA;
www.photocor.com). A He–Ne laser (Coherent, USA,Model 31-
2082, 632.8 nm, 10 mW) has been used as a light source. The
temperature of sample cell was controlled by the proportional
integral derivative (PID) temperature controller towithin ±0.1 °C.
The quasi-cross correlation photon counting system with two
photomultiplier tubes (PMT) was used to increase the accuracy of
particle sizing in the range of 0.5–5000 nm. DLS data have been
accumulated and analyzed with multifunctional real-time corre-
lator Photocor-FC using both logarithmic multiple-tau and linear
time-scale modes. DynaLS software (Alango, Israel) was used for
polydisperse analysis of DLS data.

http://www.photocor.com


Fig. 1. Analysis of association of PhK (0.2 mg/mL) by DLS at 25 °C (40 mM
Hepes buffer, pH 6.8, containing 0.1 mMCa2+, 10 mMMg2+). Distribution of the
particles by their size registered at various times of incubation: (1) 2, (2) 5, and (3)
25 min. Association of PhK was initiated by the addition of Ca2+ and Mg2+ to the
enzyme solution. DLS measurements were carried out at a scattering angle of 90°.

Fig. 2. Kinetics of association of PhK (0.2mg/mL) in 40mMHepes buffer, pH 6.8,
containing 0.1 mM Ca2+, 10 mM Mg2+. Dependences of the light scattering
intensity and the hydrodynamic radius (Rh) on time (A and B, respectively).
(C) Dependence of Rh on time in the logarithmic coordinates. Dimensions of Rh
and t are nm and min, respectively.
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The kinetics of self-association of PhK were studied by DLS
in 40 mM Hepes buffer, pH 6.8. All solutions for the
experiments were prepared using deionized water obtained
with Easy-Pure II RF system (Barnstead, USA). The buffer was
placed in a cylindrical cell with the internal diameter of 6.3 mm
and preincubated for 5 min at 25 °C. The association process
was initiated by the addition of an aliquot of PhK (or Ca2+ and
Mg2+) solution to the final volume of 0.5 mL. When studying
the kinetics of self-association of PhK, the scattering light was
collected at 90° scattering angle.

Dynamic light scattering may be correctly employed for
determination of average current size of particles, provided that
characteristic aggregation time was much higher than the time
required for measurement of each size particle. In our
experiments the accumulation time of the autocorrelation
function was 30 s. Such a selection of the accumulation time
allows the reliable construction of the autocorrelation function
to be carried out in the case when time-dependent association of
the PhK molecules takes place. To characterize the broadness of
the distribution of particles by size, we used the dimensionless
polydispersity index PI: PI=μ2/Γ̄

2, where Γ̄ is the average
decay rate of the autocorrelation function and μ2 is the second
cumulant (see ISO standard [52]).

2.4. Analytical ultracentrifugation

Sedimentation velocity experiments were carried out in a
Model E analytical ultracentrifuge (Beckman), equipped with
absorbance optics, a photoelectric scanner, a monochromator,
and a computer on line. A four-hole rotor An–F Ti and 12 mm
double sector cells were used. Sedimentation profiles were
recorded by measuring the enzyme absorbance at 280 nm. All
cells were scanned simultaneously. The time interval between
scans was 3 min. For digital data acquisitions La-n20-12 PC1
and La-1.5 PCI plates and software specially written by A.G.
Zharov (www.ADClab.ru) were used. The sedimentation
coefficients were estimated from a differential sedimentation
coefficient and frictional ratio distribution [c(s, f/f0) versus s]
and a general sedimentation coefficient distribution c(s,⁎) using
SEDFIT program [53,54]. The c(s, f/f0) analysis was performed
with regularization at confidence levels of 0.68 and 0.95. The
sedimentation coefficients were corrected to solvent density and
viscosity (20 °C, water) in the standard way [55].

Origin 7.0 software (OriginLab Corporation, USA) was used
for the calculations.

3. Results

3.1. Effect of Ionic Strength on PhK Self-Association

Ca2+- and Mg2+-induced association of PhK was analyzed in
40 mM Hepes, pH 6.8, by measuring the size of the particles
formed in the course of protein self-association. The distribu-
tions of particles by size registered by DLS at various times of
incubation of PhK with 0.1 mM Ca2+ and 10 mM Mg2+ were
unimodal, with higher mean hydrodynamic radii (Rh) of the
associates at longer incubation times (Fig. 1). The polydisper-
sity index PI characterizing the broadness of the distribution
function remained constant at variation of the incubation time
and was found to be 0.35±0.02.

Fig. 2A and B show time dependences of the light scattering
intensity and hydrodynamic radius. When interpreting the

http://www.ADClab.ru


Fig. 3. Effect of NaCl on the kinetics of association of PhK (0.2 mg/mL). The
dependences of the light scattering intensity on time in the absence (dashed line)
and presence of various concentrations of NaCl: (1) 5, (2) 10, (3) 15, and
100 mM (4).
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character of the dependence of hydrodynamic radius on time,
the following considerations should be taken into account.
Namely, the hydrodynamic radius of the PhK hexadecamer
measured in the absence of Ca2+ and Mg2+ was found to be
13.0±0.5 nm. The initial part of the dependence of Rh on time
obtained for Ca2+- and Mg2+-induced association of PhK is
linear (Fig. 2B). The extrapolation of the Rh value to the initial
instant of time gives the value of 78±1 nm. Let designate this
value as Rh,0. Thus, the initial stage of self-association of PhK
represents the formation of the start associates with
Rh,0=78 nm. Further sticking of the start associates (and
associates of higher order) results eventually in the formation of
even larger associates with Rh≈900 nm. The dependence of
Log (Rh−Rh,0) on Log t approaches a straight line with the
slope of 0.56±0.03 at high values of the time (Fig. 2C). Thus,
the Rh value is proportional to t0.56 at t→∞.
Fig. 4. Association of PhK (0.2 mg/mL) in the presence of 100 mM NaCl.
(A) Distribution of the particles by their size. (B) Dependences of the Rh values
for the basic and highly associated forms (1 and 2, respectively) on time.
The study of the effect of ionic strength on the kinetics of
PhK self-association shows that high concentrations of NaCl
suppress the increment of the light scattering intensity after the
addition of Ca2+ and Mg2+ to the enzyme solution (Fig. 3).
When the concentration of NaCl was 100 mM, the effect of
suppression was complete (curve 4 in Fig. 3).

To characterize the size of the enzyme forms existing in the
buffer containing 100 mMNaCl, we measured the distribution of
the particles by their size. Two forms of PhK associates were
detected (Fig. 4A). The size of each form remained unchangeable
during incubation. The average value of the hydrodynamic radius
of the particles of the lesser size was 16±1 nm (line 1 in Fig. 4B).
Thus, the size of these particles is close to that for the original PhK
hexadecamer. Therefore this form of PhK was denoted “the basic
form”. The average value of the hydrodynamic radius of the
particles of the larger size was 144±2 nm (line 2 in Fig. 4B). This
Fig. 5. Kinetics of self-association of PhK (0.2 mg/ml) in 40 mM Hepes buffer,
pH 6.8, containing 0.1 M NaCl under molecular crowding conditions arising
from the presence of 1MTMAO. (A)Dependence of the light scattering intensity
on time. Association of PhK was initiated by the addition of the enzyme to the
buffer solution, containing 0.1 M NaCl, 0.1 mM Ca2+, 10 mM Mg2+, and 1 M
TMAO. (B) Distribution of the particles by their size. Time of incubation: 1 and
12 min (solid and dotted curves, respectively). (C) Dependences of the Rh value
for the basic (1) and highly associated (2) forms on time.



Fig. 6. Sedimentation behavior of PhK (0.2 mg/mL) at high rotor speed
(30000 rpm) at 20 °C in 40 mM Hepes buffer, pH 6.8, containing 0.1 M NaCl,
0.1 mM Ca2+, 10 mM Mg2+. Differential sedimentation coefficient distributions
c(s, f/f0) for PhK were obtained in the absence (A) and presence of TMAO
(B). Sedimentation coefficient distributions were corrected to the standard
conditions and saved as one-dimensional c(s,⁎) distributions.

Fig. 7. The effect of EGTA (1 mM) on self-association of PhK (0.2 mg/ml) under
molecular crowding conditions arising from the presence of 1M TMAO (40 mM
Hepes buffer, pH 6.8, containing 0.1 M NaCl). (A) Dependences of the light
scattering intensity on time obtained in the absence of EGTA (the dotted line) and
after the addition of EGTA. Arrows show the points in time at which EGTAwas
added: (1) 5, (2) 12, and (3) 37 min. (B) Distribution of the particles by their size
registered after 12 min incubation before the addition of EGTA (solid curve) and
after further 78 min incubation with 1 mM EGTA (dotted curve).
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form was called “the highly associated form”. It should be noted
that the “highly associated form” is really a polydisperse set of the
particles of the closely related sizes.

3.2. Effect of TMAO on self-association of PhK

Although 100 mM NaCl suppresses completely the kinetics
of self-association of PhK, 1 M TMAO appeared to cause the
increase in the light scattering intensity of the PhK solution
(Fig. 5A). The measurement of the distribution of the particles
by their size allowed us to make a conclusion about the reason
of the enhancement of the light scattering intensity. It turned out
that the system contained the particles of two sizes (Fig. 5B).
The average values of the hydrodynamic radius for these forms
of PhK remained unchangeable in time (31±2 and 155±3 nm;
Fig. 5C) and close to those for the basic and highly associated
forms registered in the absence of 1 M TMAO (cf. Fig. 4B).

The portion of the basic form decreases with time, whereas the
portion of the highly associated form tends to increase. Thus, the
increase in the light scattering intensity of the PhK solution after
the addition of the crowding-agent (1 M TMAO) is due to the
conversion of the basic form of PhK into the highly associated
form.

3.3. Characterization of the basic form of PhK by analytical
ultracentrifugation

Sedimentation velocity was used to characterize in more detail
the basic form of PhK. As for the highly associated form its size is
too large to be studied by analytical ultracentrifugation.
Fig. 6 shows sedimentation behavior of PhK (0.2 mg/mL) at
high rotor speed (30000 rpm). At selected rotor speed the highly
associated form of PhK is completely precipitated before the
attainment of the given speed. Thus, such an experiment allows
us to characterize the basic form of PhK. In the absence of
TMAO the main peak corresponds to the hexadecameric form
of PhK (s20,w=21.5±0.2 S; Fig. 6A). As seen from Fig. 6B,
under molecular crowding conditions arising from the presence
of 1 M TMAO there are four peaks with the sedimentation
coefficients of 22.7±0.5, 40.8±0.4, 65.5±0.6, 86.8±0.7 S.
These peaks correspond to the hexadecameric form of PhK and
its small associates, containing from 2 to 8 hexadecamers. A
small difference between sedimentation coefficient values of a
hexadecamer in the absence (21.5±0.2 S) and in the presence of
1 M TMAO (22.7±0.5 S) may be explained by more compact
conformation of the PhK molecule under crowding conditions.
It is worth noting that according to molecular crowding theory
the compact states of macromolecules are favored over
asymmetric ones [56].

The estimation of the size of the basic form of PhK in the
presence of 1 M TMAO allows us to compare the resolution of
DLS and sedimentation velocity method. The distribution of
particles by size obtained by DLS is unimodal, whereas four
peaks are seen on the differential sedimentation coefficient
distribution c(s, f/f0). These results indicate that sedimentation
velocity is characterized by higher resolution than DLS.

When comparing the values of the hydrodynamic radius of
the basic form obtained in the absence and presence of 1 M



Fig. 8. The effect of FAD on the self-association of PhK (0.2 mg/mL) under
molecular crowding conditions. (A) The dependences of the light scattering
intensity on time obtained in the absence (1) and presence of FAD at the
following concentrations: (2) 5, (3) 30, and 60 (4) μM. (B) Distributions of the
particles by their size registered after 30 min incubation in the absence and
presence of 60 μM FAD (solid and dotted curves, respectively).
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TMAO (16±1 and 31±2 nm, respectively), we should take into
account that according to the sedimentation velocity data the
basic form in the latter case contains hexadecamer and higher
associates of 2 to 8 hexadecamers.

It has been just the presence of small associates which results
in the increase in the average Rh value for the basic form under
molecular crowding conditions.

3.4. Reversibility of PhK self-association

To check the reversibility of self-association of PhK under the
molecular crowding conditions, the Ca2+-binding agent, EGTA,
was added at definite intervals after the initiation of PhK
association. Fig. 7A shows the effect of EGTA addedwithin 5, 12,
and 37 min of the onset of the reaction. The addition of 1 mM
EGTA ceases the increase in the light scattering intensity (I) and
results in the abrupt decrease in the I value. For example, curve 2
in Fig. 7A shows the decrease in the light scattering intensity after
the addition of 1mMEGTA at t=12min. Themeasurement of the
distribution of the particles by their size allowed us to elucidate
the reason of such a decrease in the I value. Fig. 7B shows the
distribution of the particles by their size registered after 12 min
incubation before the addition of EGTA (solid curve) and after
further 78 min incubation with 1 mM EGTA (dotted curve). On
the basis of these data one can conclude that the removal of Ca2+

results in the reverse conversion of the highly associated form into
the basic form of PhK. Thus, self-association of PhK under
molecular crowding conditions arising from the presence of 1 M
TMAO is a reversible process.
3.5. Effect of FAD on PhK self-association

Previously [57] using analytical ultracentrifugation we have
shown that PhK is capable of binding FAD. Besides, FAD
inhibits the formation of PhK-glycogen complex. These facts are
indicative of the presence of the FAD-binding sites in the PhK
molecule. It was of interest to study the effect of FAD on self-
association of PhK under the crowding conditions. As seen from
Fig. 8A, FAD suppresses the enhancement of the light scattering
intensity accompanying PhK self-association. The comparison
of the distribution of the particles by their size registered after
30 min incubation in the absence and presence of 60 μM FAD
(solid and dotted curves, respectively, in Fig. 8B) indicates that
the suppression of PhK self-association under the action of FAD
is due to blocking the conversion of the basic form of PhK into
the highly-associated form.

The analysis of basic form of PhK in the presence of 10 μM
of FAD (0,1 M NaCl and 1 M TMAO) by sedimentation
velocity showed that the c(s, f/f0) distribution has the same set
of peaks as in the absence of FAD (data not shown).

4. Discussion

It has been shown in the present work that at low ionic strength
Ca2+- and Mg2+-induced association of PhK proceeds through the
stage of the formation of the start associates withRh,0=78 nm. The
fact that the limiting slope of the dependence of Log (Rh−Rh,0) on
Log t is equal to 0.56 at long incubation time is indicative of the
fulfillment of the power function for the dependence ofRh on time,
i.e.,Rh∼ t0.56. It should be noted that the kinetics of self-association
of PhK are analogous to those for irreversible thermal aggregation
of protein. Using dynamic light scattering we showed that the first
stage of protein thermal aggregation is the formation of the start
aggregates [58–62]. For example, in the case of thermal
aggregation of glyceraldehyde 3-phosphate dehydrogenase from
rabbit skeletal muscle the hydrodynamic radius of the start
aggregates was found to be 21 nm [60]. The initial part of the
dependence of the hydrodynamic radius of the protein aggregates
on time is linear. At high values of time the dependence of Rh on
time follows the power function: Rh∼ t1/1.8. According to the
theory of colloid aggregation [63–68] these results imply that
sticking of the start aggregates and aggregates of higher order
proceeds in the kinetic regime wherein the rate of aggregation is
limited by diffusion of the interacting particles (each collision of the
interacting particles results in their sticking together). This regime
of aggregation is called “diffusion-limited cluster–cluster aggrega-
tion” (DLCA). ForDLCA regime of aggregation the dependence of
Rh on time at long incubation is described by the power function:
Rh∼ t1/df, where df is the fractal dimension of aggregates. DLCA
regime is characterized by the universal value of df, namely
df=1.8. Thus, the Rh should be proportional to t1/1.8= t0.56. It is
precisely this power function for the dependence ofRh on time that
was observed in the case of self-association of PhK at low ionic
strength. The similarity of the kinetics of PhK self-association at
low ionic strength to the kinetics of thermal aggregation of proteins
allows us to conclude the association of PhK under conditions
studied proceeds in DLCA regime.
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It should be noted that aggregates which are formed in the
DLCA regime are characterized by narrow distribution of
particles by size [63]. We observed such narrow distributions of
particles by size for thermal aggregation of a number of
proteins: rabbit muscle glycogen phosphorylase b [58], βL-
crystallin from bovine lens [59], and rabbit muscle glyceralde-
hyde-3-phosphate dehydrogenase [60]. Thus, it is not surprising
that distributions of particles by size for PhK associates formed
at low ionic strength (Fig. 1) look like well defined peaks.

At rather high value of ionic strength, namely in 0.1 M NaCl,
association of PhK comes to a halt on the stage of the formation of
the highly associated form withRh=144 nm. One can assume that
high ionic strength suppresses further association of this form.
Thus, the existence of the basic and highly associated forms of
PhK in 0.1M NaCl may be treated as a cooperative association of
PhK. The term “cooperative association” was proposed for the
case of association of biological macromolecules resulting in the
formation of the highly associated form without the accumulation
of the intermediate forms in appreciable amounts [69,70]. In other
words, in the case of cooperative association only monomer and
highly associated form exist in the system. Such a situation was
demonstrated experimentally for hemerythrin. Octameric mole-
cule of hemerythrin is in mobile equilibrium with monomeric
subunits [71]. The enzymatic properties of the associating protein
systems of the typemonomer⇄N-mer and the binding of specific
ligands in these systems were discussed in the theoretical works
[72–74]. From this viewpoint PhK may be considered as slowly
associating enzyme system of the monomer⇄ N-mer type.

In the present workwe have demonstrated that under crowding
conditions arising from the presence of 1MTMAO the basic form
of PhK is converted into the highly associated form. This result is
in good agreement with the idea that crowding favors the for-
mation of compact protein associates.

We showed that self-association of PhK under crowding
conditions is a reversible, Ca2+-dependent process. The removal
of Ca2+ results in the reverse conversion of the highly associated
form into the basic form of PhK.

It is possible to speculate that the physiological significance of
the existence of the highly associated form of PhK in the presence
of Ca2+ under crowding conditions may be connected with the
formation of the depot form of the enzyme providing the increase
in stability and, consequently, the lifetime of PhK in the cell. The
interconversion between the basic and highly associated forms of
PhK may be under the control of cellular metabolites. Among
such metabolites is FAD. This metabolite is of special interest
because enzymes of protein–glycogen particles have affinity to
flavins. This was demonstrated for glycogen phosphorylase
[75,76], glycogen synthase [77], and PhK [57], suggesting that
protein–glycogen particles may function as a flavin depot. Taking
into account the ability of FAD to prevent the formation of the
PhK-glycogen complex [57], one can assume that FAD controls
localization and aggregation state of PhK.
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