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We present here a theoretical description and experimental verification of a novel
method of separating large-scale (LS) and small-scale (SS) dynamics contributions
to the heat capacities of proteins in solution by using viscosity dependences. It was
assumed that the LS dynamics, related to the thermal fluctuations of domains
and subunits, is dependent on solvent viscosity within a sucrose concentration of
0-15% w/v, in contrast with the SS dynamics, which are related to fluctuations of
atoms and amino acid residues. The results obtained with immunoglobulin G,
hemoglobin and cytochrome c were in reasonable accordance with the previous
data achieved by a spin-label method: the LS dynamics decrease, whereas the SS
dynamics increase within the temperature elevation. The changes are dependent on
the stage of the active sites of the proteins. The internal compensation of molecular
dynamics between the LS and SS fluctuations may be an important factor in the
design of thermostable enzymes and proteins. A new phenomenon concerning the
ability of macromolecules to increase free volume in water as a result of ice-like

clusters stabilization is revealed.

The role of the equilibrium between large-scale (LS)
and small-scale (SS) dynamics in the mechanism of the
protein actions and long-order effects such as solvent-
mediated interactions between different proteins or
between proteins and cells has been under investigation
for quite some time.'”’ For a successful quantitative
estimation of the equilibria, a variety of methods, together
with an understanding of the dependence of the LS and SS
dynamics on different factors, are required. In accordance
with our classification®>’ the equilibrium thermal LS
dynamics are subdivided into (1) pulsations represented
by translational-rotational motions of the protein
domains and subunits leading to A = B transitions of the
interdomain cavities between less (A) and more (B)
water-accessible states with a frequency of 10107 s~!
and (2) librations of the domains and subunits during the
lifetime of each A and B protein conformers with a
frequency of 10’-10% s =, The latter type of LS dynamics,
in contrast with low-frequency pulsations, decreases the
correlation time and effective Stokes radius of macro-
molecules. On the other hand, the SS dynamics reflect the
thermal fluctuations of atoms, amino acid residues
a-helix- and B-sheet-forming structures that do not
change the effective volume.

The resulting partial heat capacity of proteins in dilute
solutions must depend not only on the SS-dynamics
but also on the LS-dynamics and the effect on the sur-
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rounding water. In accordance with the equations derived
by one of us (AK.),” generalized Stokes-Einstein
and Eyrring-Polany equations,! the rate constant of
LS-dynamics (k'S) decreases with increasing solvent
viscosity (1), as shown in eqn. (1), where V'is the effective
volume of a Brownian particle (domain or a subunit of a
macromolecule), which is relatively independent of the
other part of the macromolecule with the probability of
independent fluctuations [eqn. (2)], G, is the activation
energy of structural rearrangements in the contact (hinge)
region of the molecule, necessary for independent fluctua-
tions of the particle, and t,, is the effective correlation
time of diffusion of this particle (LS-translations or
librations).

k= (kT/nV) exp(— G /RT) =1,' (1)
Py =exp—(G/RT) (2)

The effective volume, ¥, may change with temperature
owing to the action of perturbing agents or to the specific
action of ligands on the macromolecule. At low values of
(n/T) of solvents with respect to the viscosity of the
protein matrix, (n/T),. > 10>P/K, the effect of solvent
viscosity on the SS dynamics can be neglected. There is
experimental evidence from spin- or fluorescence-labelled
proteins within the temperature range 15-40°C that the
effect of sucrose on the mobilities of the labels and on
the surface matrix of protein is negligible up to sucrose
concentrations of 35-40%.'° The motions of internal



residues are even less dependent of the viscosity of the
solvent.® In our experiments the maximum concentration
of sucrose was always less than 20 %.

Theoretical background

Described here is a new quantitative approach for the
separate estimation of the contributions of LS and SS
dynamics to the resulting heat capacity of proteins in
sucrose solutions of different viscosity.

The heat capacity of a macromolecular solution (C3™)
is defined by summing the following three contributions.’

(I) The heat capacity of the fraction of bulk solvent in
a solution of macromolecules, eqn. (3), where, p; is the

ps(Vs_mM[VM]—mtizo[Vh]_AVf)[Ci] (3)

density of the solvent; [C3}]is the partial heat capacity of
the solvent; my and m}, , are the masses of macro-
molecules and their hydration shells; [ V™ Jand [V ] are
the corresponding partial volumes of macromolecules and
hydration shells, and, [AV;] is the the additional free
volume in water stimulated by the surface of the macro-
molecules,>’ Vy is total volume of solution.

(II) The heat capacity caused by SS dynamics of the
macromolecules and their hydration shells, eqn. (4).

mM[C§S]+m',I[20[Cg] 4)

(III) The contribution of LS dynamics of macro-
molecules, eqn. (5).

mu[C*] )

Hence, the total heat capacity of the solution of macro-
molecules is

CSM = (1) + (1) + (111).

The heat capacity of the solvent in the reference cell of
the measuring instrument is given by eqn. (6).

C3=psV4[CE] ©)

The difference (AC,) registered by the microcalori-
meter can be written as eqn. (7).

AC(D)fmy = (C3— CT¥)[my Q)

Taking into account that pg=[V*]~!, we obtain
eqn. (8).

AC, [VMIIC3] miolV"] . s

VRN 7 R i W
AV([C}] ss mtll‘l; h LS
mM[Vs]_[cp ]_ mMo [Cp]_[cp ] (8)

By arranging eqn. (8) and assuming that
[V"1/[VS] 1, the resulting partial capacity [C 3*] of
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the macromolecules, determined by SS and LS dynamics,
can be written as eqn. (9)

[Cff“]r= [C‘s’s];_*_ [C:;S](T/n)=A _ACp/mM )

where

[CPIr=[CF1+ 52 (1C1-[C3])

=[C3*rm—o (10)
and
AsE—f}Z’—%{[V“]+%}P‘V§mnst. 11

The value of A4 is obtained by using eqn. (9) and
the extrapolated viscosity dependence of [C3*] from
T/n. We assume that at (T/n)—-0, [C;°]—0 and
A=[CF]* +(ACP/m),,,,. Simultaneously we obtain
eqn. (12).

[Cscs](r/n)-'o= [Cis];"—‘A_ [(Acp)max/m] (12)

For the determination of the constant parameter 4 in
eqn. (12), it is necessary to set the initial value of [C3° ],
at an initial temperature (20°C). We took it to be equal to
the partial heat capacity of rubber,'® eqn. (13).

[C,1=04calg™ K™, T=20°C (13)

The contribution [C ;® ] at temperatures of interest can
be determined by using the data of the corresponding
isotherm (see Fig. 2), eqn. (14).

[C:;S]T= [Cses]r_ [Cﬁs](r/n)—»o (14)

The value of [C ";S]sl, adjusted to standard conditions,
can also be obtained from eqn. (9) and tangent of the
isotherms [C§°5]7=f(T/n)T and of the angles (a)s,
eqn. (15), from which we obtain eqn. (16) where

tga=A[LC = )/A(T/n)r=ALC P Y/A(T/n)r (15)

(T/M), =3 x10° K/P, corresponding to standard condi-
tions (water, 25°C).

[Co*la=tga(T/n), (16)

It can be shown that the theory includes the traditional
approach as a limiting case. After following simplified
assumptions such as eqn. (17), we obtain eqn. (18) from

[V"1=[V®], [Cp1=[C°) [C;*1=0,AV=0 (17)
eqn. (8).

[VMI[C3] AC,

[C¥1="Fr ~

(18)

This formula has traditionally been used for the
analysis of differential scanning calorimetric data."!
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Calculations based on eqn. (18) without obtaining the
viscosity dependences of [C®**] on (7/n) will conse-
quently yield only the effective values of [C}*]=[C}']
when the conditions of eqn. (17) are postulated.
Eqns. (9)-(12) make it possible to achieve more detailed
and valuable information about biopolymers in their
native state than previously. The additional (cavitational)
free volume (AV) in ice-like water stimulated by proteins
was calculated from eqns. (9) and (11) with experimental
isotherms. The contributions [C3°] and [C 3] were also
calculated based on the experiments and were compared
with previous data obtained by a modified spin-label
method.'?

Experimental

The heat capacities of protein solutions were investigated
with a DASM-1M differential adiabatic scanning micro-
calorimeter. During the runs, the rate of warming was
1°C min ~! and the volume of the measuring cell was 1 ml.
So that the effect of solvent viscosity could be studied,
sucrose was employed at concentrations ranging from
0 to 15% by weight. The same amount of sucrose, dis-
solved in 0.01 M phosphate buffer, pH 7.3, containing
150 mM NaCl was placed in the reference cell. The
protein solutions were prepared not less than 12 h before
the measurements were taken. The concentration of
sucrose was controlled using an IRF-454B refractometer
of the Abbe type.

The solvent viscosity within the given temperature
range was determined using the standard nomogram. The

AC,(1)=CS(1)— CSM(1) (19)

differential dependences at different sucrose concentra-
tions were adjusted to the same base line (Fig. 1). In
eqn. (19) C f;(t) is the heat capacity of solvent in the
reference cell, C3(7) is the heat capacity of macro-

molecular solutions and AC (), is the difference in heat
capacities of the solvent and protein solution reflecting
the total contribution of protein SS and LS dynamics and
water structure change, induced by macromolecules to
the heat capacity of the solution.

Results and discussion

The results of the primary data calculations (Fig. 1)
for solutions of human Ig G using eqns. (9)-(11) are
presented in the form of the isothermal dependences of
[C§=]on (T/n) (Fig. 2).

The intercepts of each extrapolated isotherm at
(T/m)—-0 give [C}*];. C;° was determined as the
difference between the resulting heat capacity at a given
temperature [C 3], and [C5%], in accordance with
eqn. (14).

The temperature dependences of [C3°], and [C ]
in the interval 20-40°C are presented in Fig. 3. It is seen
that the contribution of SS dynamics [C}®] increases
with the temperature while the contribution of LS
dynamics decreases. Comparison of Figs. 3(a) and 3(b)
shows that the rise in [C3°] correlates with the rise of 1!
which defines the increasing mobility of spin-label with
respect to the protein surface.! Both of the parameters
describe the thermoactivation of SS dynamics of proteins
which provide new degrees of freedom due to a decrease
in the protein microviscosity.

Parameter t,,' reflects the relative mobility of the
domains and subunits of the spin-labeled protein as well
as [C°]. Both parameters diminish with rise in tem-
perature. These processes seem to be the result of a shift
in the A = B equilibrium of the protein cavities to the left,
due to destabilization of the B-state and stabilization of
the A-state. The interdomain van der Waals interactions
increase with increased temperature owing to partial
‘melting’ of the water cluster in the open B-state
cavities."''> Analogous data were obtained for human

0.72 10°cal K"
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10%
15%

Fig. 1. Experimental differential temperature dependences of heat capacities of human Ig G solutions at different sucrose
concentrations (w/v). AC,(t) = C3(t) — C 3M(t), where C3 is the solvent heat capacity, C 3V is the heat capacity of the protein
solution. The sucrose concentrations both in the cell containing protein and in the control cell were equal. g G was dissolved
in 0.01 M phosphate buffer, pH 7.3, containing 150 mM NaCl to a concentration of 3mg mi~".
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Fig. 2. Isothermal dependences of resulting partial heat
capacities for IgG. [C}*]=C3°]1+[CL°] was plotted
against (7/n) obtained using sucrose dependences of C,(t)
in accordance with eqn. (9).

oxy- and met-hemoglobins (Hb) as well as for reduced
and oxidized cytochrome ¢ (Fig. 4).

The values of [C}°] for oxy-Hb, met-Hb and
cytochrome ¢ were lower than for IgG (Fig. 4). LS
dynamics are interrelated with the flexibility of hinge
regions of proteins and with the dynamics of the hydra-
tion shell. The results of the modified spin-label method'
also indicated more intensive LS dynamics of Ig G com-
pared with oxy- and met-Hb. At the same time, the LS
dynamics of oxy-Hb were more significant than those of
met-Hb'. In both cases there is a tendency towards
damping of LS dynamics and activation of SS dynamics
with increased temperature.

The ability of temperature to alter the LS and SS
dynamics of proteins (Fig. 4) and the resulting heat
capacity may play an important biological role. Such
effects may be responsible for the primary mechanism of
thermoadaptation on a molecular level, i.e., widening the
temperature range of the functional acitivity of macro-
molecules.

The data from 'H NMR spectroscopy,'® IR spectro-
scopy' and light scattering? point to an ability of pulsating
proteins to destabilize the structure of the solvent by
the generation of acoustic impulses.>”"* On the other
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Fig. 3. (a) Temperature dependences of the resulting partial
heat capacity for Ig G solution [CF*] =[C 5]+ [C®] and
the contribution of [C$°] and [C ;] caused by small-scale
(SS) and large-scale (LS) dynamics of Ig G molecules
[calg K~']. (b) Temperature dependences of the inverse
values of the reduced correlation times for protein:
(tm') ~C;® and those for the labels bound to this protein:
(TR') ~C}® obtained previously by using the modified
spin-label method.'-?

Table 7. Summary of the additional free volumes in water (AV;) stimulated by the presence of Ig G and the volume occupied
by proteins themselves (V) at 20°C for two different assumptions, concerning properties of the hydration shell.?

(m},0/my) =0.5; [C]] =1

(mY,0/mm) =02, [C}]1=13

Concentration of Ig G/mg ml~’ V/em® AV /cm? AV /Vy V/cm?® AV /cm3 AV [V
1.2 89x10-*% 79x10-* 0.89 89x10~* 86x10~* 0.97
3.0 22x107% 21x10-% 0.95 22x10°3% 22x107®* 1.0

2 Protein was dissolved in 0.01 M phosphate buffer (pH 7.3) containing 150 mM NaCl.
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Fig. 4. (a) Temperature dependences of the resulting partial heat capacities [C [**] = [C 5°] + [C ;°] of the oxy Hb (1), met-Hb
(2) and corresponding separate contributions of small-scale [C 5]1 , and Iarge scale [CLS]1 2 dynamics of these proteins.
Concentrations of oxy- and met-Hb were 3.5mgmi~'. (b) Temperature dependences of resultmg partial heat capacities of
cytochrome ¢ in oxidized [C"“] and reduced [C“"s]2 forms and the corresponding separate contribution of small-scale

[C$®]4.2 and large-scale [C I'S], 2 dynamics of these proteins.

hand, the stabilization of the expanded solvent structure
(ice-like clusters) in water medium by the protein surface
must lead to the appearance of an extra free volume in
protein solutions (AV;). The results of our calculations of
AV for two Ig G concentrations (1.2 and 3.0 mg ml~—!),
for hemoglobin and cytochrome ¢ in different states of
activity, and of their ratio to the volume occupied by the
macromolecules themselves are presented in Tables 1 and
2. The experimental data available imply that, in some
cases, the thermocapacity of the hydration shell is about
30% higher than that of pure water, ie., [C}]=13."
This indicates greater cooperativity in the hydration shell
compared with bulk water.

From Tables 1 and 2, two major conclusions can be
drawn: the additional free volume (AV;) is proportional
to the number of dissolved macromolecules, and the
additional free volume (AV;) stimulated by the surface
effects of proteins is close to the volume of the macro-
molecules themselves. The effects are in accordance
with our mesoscopic model of thixotropic-like structure
self-organization in water-macromolecules systems,'’

Table 2. Volume occupied by macromolecules (V,) and
additional free volume (AV;) in the water, caused by the
presence of proteins at 20°C for conditions m}, o/myu =0.5
and [C}]=1calgK™".

Protein Vm/1073cm®  AV,/103cm®  AV,/Vy,
Oxy Hb 2.9 20 0.68
(3.5mgml~1)

Met Hb 2.6 1.4 0.54
(3.5mgml—")

Oxidized 212 1.89 0.89
cytochrome ¢

(3mgmi~")

Reduced 212 1.96 0.92
cytochrome ¢

(3mgml—")
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experimentally revealed in Italy.'® The results in Table 2
can be explained in terms of large-scale pulsations of
proteins which decrease their ability to stimulate the
growth of coherent ice-like clusters and which represent
the most probable 3D standing de Broglie waves of water
molecules, related to their librations.'’
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