


In many cases, the heat motion of macromolecules in a
sclution is influenced by their internal dynamics. This, in
its turn, has an effect onr the scattering or absorption

spectra of the electromagnetic radiation. Unlike such
experimental methods as Mdéssbauer spectroscopy that allows
one to study details of the thermal internal motion of atoms
in macromelecules, the Rayleigh light scattering spectra of
macromclecules are first of all determined by their diffusion
motion 'Y, Doppler shifts +that are reliably and fast
measured using the light beating spectroscopy, enable us to
find the translational diffusion coefficients of the
scatterers. Under the experimental condition gRz1l (R is the
size of the macromolecule, g=(4n/A)sin(8/2) is the difference
" between the wave vectors of the incident and scattered light,
A is the wavelength and @ is the scattering angle), the
effects of the internal macromolecular motiom are very small
against a background of the diffusion motion. Nevertheless,
using special computational procedures, it is possible to
separate the mode corresponding to the internal dynamics “
(the experiments * have been <carried out to find the
possibilities of the correlation spectroscopy of scattered

light in the study of the internal dynamics

of polymer
: 5,6}
coilg). In f

the deviations of the half-widths of the
spectra from the pure diffusion-like ones for the
‘translational motion have been observed. The character of the
relaxation differed from the one-exponential law. This
allowed one to register the contribution of the fluctuations
of the DNA coil form. However, gquantitative results
corresponding to the DNA internal dynamics have not been
obtained.

The depolarized Rayleigh 1light scattering from the
solution of optically anisotropic macromolecules is now used
mainly for the determination of rotational diffusion
coefficients”’, The anisotropy of the polarizibility of



macromolecules performing Brownian motion exhibits itself in

the depolarized scattering also if qrR40. For small 8, "the

influence of the translational diffusion on the spectra is
suppressed. The intensity of the scattered light with the

polarization normal to that of the incident 1light is

determined by the correlation function of the polarizibility
tensors a, in the laboratory frame . For dilute solution
of anisotropic macromelecules, the normalized intensity of
the scattered light is defined as

T(t) = <a_(t) a“(o)>/<a:l>. (1)

Here, the angle brackets denote the statistical averaging. It
is assumed that the light beam moves along the axis y and the
polarization of the incident and observed light is parallel
to the axes z and x, respectively.

The dynamics of rigid anisotropic particles is

determined by their orientational motion and in the diffusien
approximation 1is well investigated ¥+ 37

For deformable
particles,

the conception of the orientational dynamics loses

It has to be replaced by the concept of the
conformational dynamics determined by internal degrees of
freedom. The essential peculiarity of all types of motion
{including short-range one) realized in the protein structure

consists in the fact that they are of highly collective,
correlated character.

its sense.

Even very localized changes in the
conformational state of the protein
excitations of the
1,9)

lead to cooperative

considerable part of the
macromolecule

In our previous paper’uj, the low-frequency vibrational
excitations of globular protein macromolecules have bean
studied. These excitations effectively took into account
displacements and turns of the melecular groups and fragments
and their conformational transitions. The collective
excitations have been taken inte account by intreducing some

dynamical variables describing the rotation of the



macromolecule and the deformation and asymmetry of its

surface form. The results of such a modelling have heen used
to study the resonance absorption of gamma quanta by
Méssbauer marks connected with the macromolecule ‘M, 1n
the present paper, we consider the effects of internal

collective excitations of globular macromclecules in the
depolarized light scattering.

We will proceed with the model of collective excitations

of protein molecules that was proposed in ', In the most

simple case, taking intoc account the excitations leading to
guadrupole deviations of the macromelecule surface from the

equilibrium spherical one, the Einstein-Smoluchowski egquation

has been derived in'?. This equation describes the

probabjlity density for the state of the macromolecule to
change during the time t from the initial to the final state.
The quadrupole dynamic deformation is the average of the true

deformation over the internal motion of atoms. To describe

this deformation, it is convenient to use a set of five

collective variables: three Euler angles n(ml,wz,wa) giving
the orientation of the orthogonal molecule-fixed axes with
respect to the laboratory frame and two parameters 0OsB<wm and
0=y=n/3 characterizing the form of the macromolecule in its

own coordinate system. The detailed discussion of the meaning
of these parameters is given in P. The Einstein-
Smoluchowski equation in the space of the variables B,¥ and Q
g difficult to solve. Here, we will use itg more simple

variant describing rotational-vibratiocnal excitations with
four variables g and Q. The parameter y will be fixed by some
¥, Such excitations are known from the collective model of

the atomic nuclei as the so-called longitudinal-rotational

excitations (see 13)) . The kinetic equation witn =7, is

3
aP _ a -3 8 38 1 -2 2
3T = A48 P+ (B 7 B 3T F U)j S lg P (2)

=1

Here, cc_=sin‘2(1-2ncr/3) and I are the projections of the



quantum-mechanical angular momentum onto the molecule-fixed
axes (h=1}. The nondimensional time T=kTt/Z and the
elasticity parameter A=C/kT are introduced. The coefficients

C and 2 determine the potential energy of the deformation and

the dissipative function, respectively '’ the initial

condition for equation (2) and the volume element in our 4-
dimensional space are as follows:

P{t=0) = 3(B-B(0) )& (0-a(0)}g™", dv = g’dpda. ("

The solution of {2} can be searched for as a linear

combination of the particular solutions

P(8,1,t) " T Faya(q).

(4)
Substituting this into (2), we obtain two equations
3 2
[(1/2)F Cyly — €18(M) = 0, (5)
-1
edz + 879 B’Sp - =87+ £} Fp) = o, (5)

with €& and E being the parameters of separation. Eq.{6) after

some substitutions becomes the equation defining the iaguerre
polynomials so that

2m4+l

FB) = y'e 'L (y), y=ag¥2, (7)

En_ = 2A{n+s+2), n=0,1,...,

where & depends also on the proper values of (5), £, because

s=§(\/1_+‘E/T-1). (8)

Now, let us introduce the probability density of the deformed

particle to transfer from the initial state ﬁ(o)!ﬁu to the



final state B(t)=8:

2 _ LI . .
L (Y,¥,,T) = >(yy,2)%e" T Trzea Loy,
n=0
Y=2B/2, y =ABY/2, z=exp(-2at). (9)

The series in (9) can be summed by using the properties of

the Laguerre pPelynomials, but we will not write down this
result. Note that independently of the magnitude of s, I
satisfies the condition H {y, ¥, 0)= =R 5(5 ﬁ}

Consider now eq. (5) for the function E(Q) . The
differential operator in this equation (if c are replaced
by the principal values of the inertia tensor J } is the
gquantum-mechanical operator of 'the asymmetrical rotatorlm
So its proper functions and values can be written immediately

using the well-known results'®'. The orthogonal Proper

functions are linear combinations of the Wigner functions,
_ 1

$ () = E B Dy (512 (10)
where M and K run frem -I to I. Let us explain the appearance
of one more index v, Substltutlng @ - into (5),

multiplying
it from the left by D

and 1ntegrat1ng over {1 with the use
of orthogonality properties of the wWigner functions, we

obtain 2I+1 algebraic equations to determine A
condition of nontrivial solvability of this alge

wxt From the

braic system,
we obtain the secular equation of the degree 2I+1 that has to

be solved with respect to £ The roots of this equation are

denoted by the subscript wv=1,2, ++.,2I+1. Thus,
proper values ¢ w

we have 2I+1
for all I and every value of » corresponds

to own set of real coefficients Anm’ e.g for I=2 we have
five values € ¥=1,...,5, and 25 coefficients A (=some of

2V
them are identical) Now, one can easily write down the Green

function of the initial equatlon (2). It is of the form

(3]



PR,Q.8,,0,,7) =L T (y,y,t)8 (M8 (0), 0=a(0), (11)

where the summation over s means the summation over all I,M
and v. Thus, the rotational-vibrational excitations of
deformable particles, which are used to model internal
motions of globular protein macromolecules, are fully
described by the function (11). This is the probability
density of the state change of the, globule. The stationary
probability distribution is the Boltzmann distribution in g
vibrations and equiprobable one in possible
given by the angles 0:

orientations

PlTw) = A%exp(-28°/2)/16n°. {12)

Let wus return to the intensity density of the
depolarized light scattering {1). By using the formulae *

a = [2a"—a"-a”]/\/s, a,= ¥a_ —ia", (13)

a,,= [a*x-ayy}/z tiaxy,
we express the Cartesian componente of the polarizibility
tensor in the laboratory frame through the components of the
spherical tensor of the second rank, a (u=0,%1,%2). The
rules of the transformation of a from the laboratory frame
to the molecule-fixed system are as follows ",

_ 2 _ 2+
a, = § LG o, E a DZ (), (14}

where au are the spherical components of the tensor in the
molecule-fixed system. From (12) and (14) we obtain

1 2 2
A T 2 E Hu [0y (=0, () 3. (15

As usually, the statistical averaging in (1) must be



performed in twe stages. Firstly, the averaging over the

final states has to be carried out hy using (11), and then
the obtained result must be averaged over the initial states
with the help of {12). The averaged value of <

axz(t)axz(o)>
will be calculated in the following way.

The componhents a_
contain only the Wigner functions with I=2. So due to their
orthogonality properties, the terms with T2 in {11) will

give no contribution to the final result. Due to the same

reasons, all terms containing products of the
functions with nonequal M vanish. The functions with K
=1 give the same contributiens.

Wigner
=1 and
Thus, we will average with
the following incomplete functionlfrom (11):

2 2%
P ‘"'VEK,sz (Y'Yo’r)szxszx'Du @) Dm' (no) " (16)

The averaging over the Euler angles can now be easily carried
out to give

) 2
. AT .

<a,z(t)a,2(°)> == uE,v[an(t)au’(D)]BBOAZVMAZVH' . (17)

where
_ P 3 -}\32/2 ® 3

[-. ']BBG" . ;IJ‘ dg.g e "o IE d8 B, (Y. ¥, T} (...). {18)

Analogously,
2 _t ' ] - At = 3 -RBZ/:.’

<a_(0)> = = E[mu(o)] ]Bﬂ' [7...180- > gdﬁoﬁoe [ U

(19)

Formulae (17)-(19) are the main resuits of the paper. By

using the B-dependence of the polarizibility tensor o in
the molecule-fixed system they fully determine the intensity
of the depolarized scattering (1).
special simple cases.

We will consider here two

At the beginning, we consider the corponents o, to be
some constants that characterize the macromolecule. In this
case, it follows from (19) that



<al_(0)> = g2/15, (20)

2 2 2
g; = (1/2) { (al 1““22-) +(Cl11—l133)2+((!22"d33) +6(al:+ul:+a'¢!3, }-

The nonzero values of L and Aévx are as follows:
L (c1+c2+4c3)/2, €, = (c1+4cz+cs)/2, (21)
. (4cl+c2+c3)/2, cav = c1+c'2+c3 * g,

A212 = Azzl = A23: = Azs-t = -Azi-z = -Azz-: = J5/4"’

A

200 = FVBLIL/N VAR, A=A = vs(g,/29)" 2 am,

where
2 2
o=4,5, g =(c‘+c2+ca) _3(°1°z+c1°3+°a°s,' q2=gt(2ca—c1—ca)/2.

After integration in (18) and summation in (17) with the use

of (21} and (20), the final result for the intensity function
will be

5
I(t) =L N, 1 (T), (22)
v=1

2 _ 2 2 _ 2 2
ar N, = 3“13/qa L P 3a23/ga '

_ a2
Ny = 3a,/9 £

_ 3 _ ——— _ a 2
N|,5~ 2z h/gi(“u o) F g:/J(ZmGJ oy Ty ) 10

iv(t) = z'zrl(s,szzs+2:z)/zF1(s,s;zs+2:1).

The weight wmultipliers obey the condition L N=1, =z is
defined in (9}, and s, that depends on £ 0 from (21), is

given in (B). The result becomes much- simpler if the

principal axes of the polarizibility tensor coineide with the
principal axes of the inertia tensor. If, in addition,
®,7%,,+ Wwe have instead of (22)



I(T) = [i{z)g_ + i(t)g, 1/2g. (23}

Now, consider the components L being dependent on the
variable B. This

Particularly,

is posgible due to the internal motion.
the following natural assumption can be made.

We assume that the pelarizibility tensor ig proportional to
the inertia tensor J

w* The tensor J}k is given, @.g9., in
13) . So K

2
o = Gikall, S B (1/ci,l/cz,1/c3). (24)

Acting as in the above consideration but with the additional

integration over 8 and BD in (18} and (19},

result of the same structure as in (22)
N

we cobtain the
with N4+N5=1,
=0,

1,2,3

3

Ni 5 2
" BgG

°

- 2
{Vgt(1/01—1/02)+V9;/3(2/03-l/01‘1/02)) ' (25)
62 = [(1/c-1/c )%+ (1 “1/¢ )+ (1 /e_-1/c_) 2y /2
. = 1 2 <y 3 2 3 '
i fr) = z“éFl(5-1,5—1;254-2:2)/2171 (s-1,s~1:2s+2;1).
Thus, the correlation function of the intensity of the
light scattered from the macromolecules with internal motion
considerably differs from the known

ellipsoidal particles ¥, First of all,
ellipsoids,

result for rigid
in the case of rigid
the time dependence is determined by the linear
superposition of five exponents. Their relaxation times are
constructed from the principal values of the tensor of
rotational diffusion. In our model, the
contribution in (22} or (25) is alse exponential.
depends on the values ¢
Furthermore,

essential
It strongly
zp' Comnected with the particle form.
this exponential contribution is modulated by
the hypergeometric functions depending on time and the form
pParameter, If the polarizibility of the macromolecule is



known, the time dependence of the intensity of the scattering
is given only by the ratio of the elasticity constant and the
friction coefficient, C/Z, and by the parameter y. It seems
to be possible to determine these phenomenclogical quantities
experimentally and to compare them with the results on the
temperature dependence of the Méssbauer effect 11127
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