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Protein Dynamics: Hydration,
Temperature, and Solvent Viscosity
Effects as Revealed by Rayieigh
Scattering of Mossbauer Radiation
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YURIl F. KRUPYANSKII

Russian Academy of Sciences, Moscow, Russia

. INTRODUCTION

In all contemporary models of enzyme action, the functional activity of enzymes
is directly connected with the dynamic properties of proteins [1-6]. The investi-
gation of protein dynamics is also of interest in its own right since it is well known
that different and seemingly incompatible properties of proteins are often revealed
by different experimental techniques. Thus, the available data from one group of
experimental techniques makes one think of the protein as a solid body [7-9]. On
the other hand, the data from another group of experimental methods depicts the
protein as a strongly fluctuating structure [4,10,11].

Therefore, protein dynamics is currently studied by employing such power-
ful physical methods as nuclear magnetic resonance [12,13], neutron scattering
[14], computer simulation of protein dynamics [15,16], x-ray dynamical analysis
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(XRDA) [17,18], and Mossbauer absorption spectroscopy (MAS) [19-21], along
with conventional research methods such as the deuterium exchange technique
[11,22] and luminescence labeling [23]. It was qualitatively shown by these con-
ventional methods that hydration degree and solvent composition strongly influ-
ence protein dynamics. It is to be noted that unlike the other experimental methods
just mentioned, x-ray analysis, neutron scattering, and MAS belong to a group of
methods that allow protein dynamics to be quantitatively described using the
mathematics of Van Hove correlation functions [24].

In this chapter, data will be reviewed relating to the influence of hydration,
temperature, and solvent composition on protein dynamics by means of yet another
“correlation” technique, the Rayleigh scattering of Mossbauer radiation (RSMR).

II. BACKGROUND OF RSMR TECHNIQUE, BASIC
EXPRESSIONS, AND APPROXIMATIONS

There are several surveys dealing with RSMR in which experimental and theoret-
ical fundamentals of the method are considered in some detail [25-27].

In this chapter, we concentrate on some specific features of the application
of RSMR to the study of protein—solvent systems (see also [28,29]).

Shown in Fig. 1 is a schematic of the RSMR experimental arrangement.
Mossbauer radiation emitted by a 5’Co source mounted on a vibrator experiences
Rayleigh scattering by electrons of a biopolymer B. The radiation scattered at the
angle 26 is measured by the detector D. In order to measure the elastic scattering
fraction, an additional resonance adsorber is employed, which together with the

D

t\/i
e
A B

FIGURE 1 RSMR experimental setup. S is a Mossbauer source, B is a protein or
other biopolymer under investigation, D is a detector, and A is a resonant absorber,

which can alternatively be placed in positions 1 and 2 measure intensities /(0) and
1(28), respectively. -
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detector makes up the so-called Mossbauer detector. By means of the resonance
absorber, first the intensity of the incident beam, /(0), is measured and then the in-
tensity of scattered radiation, /(26).

The elastic fraction is determined by

1.(26) — 1,(26)
F=T720) = 1(0) M

where [y and 7 are measured under the resonance condition (i.e., with the source
velocity V = 0) and far away from resonance (V = o), respectively.

In measurements of the RSMR spectral lineshape, n(v) = [l[(v = o) —
[(v)|/I(v = o), the resonance absorber is to be placed only in position 2. The
Mossbauer source—detector combination accomplishes the high-energy resolution
of the method (~10~? eV), which exceeds by several orders of magnitude the res-
olution provided by the most advanced neutron spectrometers (up to ~10-¢ eV),
let alone that offered by XRDA (~1 eV). It is precisely due to this fact that com-
paratively slow motion with correlation times from 10-°to 10~ s can be detected
from broadening of energy spectrum lines and motions with correlation times
T. < 1079 s from the decrease of elastic scattering fraction.

The essential advantage of this method over MAS is its versatility, for the
scatterer (the biopolymer under study) need not have Mossbauer nuclei. The scope
of amenable biological objects thus can be substantially widened. In addition, the
possibility of changing the scattering angle (or momentum transfer) in the course
of an experiment and, as a consequence, the possibility of choosing relatively
small scattering angles make it possible to obtain information on motions with
much larger amplitudes than with MAS.

In its first application, RSMR was employed to distinguish between elastic
and inelastic Rayleigh scattering intensity for polycrystalline and single-crystal
[25] scatterers.

Further application of the RSMR technique to investigation of dynamical
properties of inorganic single crystals, organic and polymeric glasses, and super-
cooled liquids has placed RSMR among the most effective methods for studying
the dynamics of atoms in a condensed phase [25-27]. Systematic investigation of
biopolymers by RSMR was begun in 1980 [30].

Results on the study of protein dynamics were obtained for a relatively long
period by use of the so-called incoherent version of RSMR (see [28,29] and ref-
erences therein). that is, the version in which soft collimation conditions were uti-
lized. Usually, it is necessary to fulfill two conditions for the correct use of the
incoherent approximation: (a) wide divergence of the beam and (b) remoteness of
the scattering angle from the main Bragg maximum [26]. For intensity reasons and
to provide, in the first approach, the quantitative study of RSMR spectra, only the
first condition was realized in these works. The incoherent approach may not be
strictly correct in this case. The low angular resolution of the experiment, how-
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ever, produced strong averaging of the interference pattern. RSMR data analyzed
with the incoherent approach may therefore certainly reveal some physical fea-
tures of protein dynamics.

Recently, protein dynamics were also studied by RSMR in an angular-
dependent fashion with good angular resolution (“coherent” version) in order to
analyze the influence of coherent effects [31,32]. Since the counting rate in these
experiments is rather poor, only a few results have been obtained up to now.

Below are considered the main approximations necessary to apply formulas
to data obtained from RSMR experiments.

The dependence of the intensity J of scattered y-quanta versus momentum
Q (Q = (47 sin H)/\. A = wavelength) and energy hw transfer is connected with
the double differential cross section d2a/d{) dw and in a first-order approximation
is given by [33]

"

JQ, w) = ﬁ = To’po? z Smn(Q, w)

m.n

(2)
where

= e2 .
ro = 5 0~
mc? p

Il

1
— 29
2(l + cos? 20)

The scattering function S,,(Q, «) contains all the structure and dynamic in-
formation on the scattering system and in the case of RSMR is represented by

_ _1_ —iwt — FM)
Smn(Q~ (1)) 2‘11' J dt eXP(T [mn(Qw [) (3)
where

Ll Q. 1) = Y, b by (expl—iQR(1)] expliQR,(0))) @)

is the so-calléd intermediate correlation function, and b,(Q) is the atomic form fac-
tor of the ith atom. A

The case of hydrated proteins will be mainly discussed in this section
(the crystalline case [32], which is much simpler to treat, will be touched on
only briefly).

Let us now discuss only proteins and then come to the more complicated sit-
uation of water—protein systems (hydrated proteins or proteins in a solvent).

The dynamics of proteins can be considered in the following simple ap-
proach. This model introduces a division of atoms of the protein globule into two
parts. The first group (fraction) of atoms (A) move collectively within segments
with a mean square displacement (msd) (x?);. Motional correlations between dif-
ferent moving segments are neglected. Another fraction of atoms (B) moves indi-
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vidually with (x2);, and motional correlations between different atoms and between
atoms and segments are also neglected. In this case, the inelastic scattering inten-
sity can be expressed as

Jne(Q) = Y S(Q) [1 = exp(—Q¥x2))]
N

+ Y 6AQ) [1 = exp(— QX))

If one considers, for simplicity, that (x2); = (x2); = (x?), it leads to the following
expression:

Jine (Q) = [1 = exp(= Q)] [Z 5.(Q) + ) 6AQ)
S i (6)
= [1 — exp(—QXx?))][ASsec(Q) + BFA(Q)]

where A + B = 1, Ssec(Q) represents the interference pattern from the collectively
moving segment and F2(Q) = ¥ &2(Q), the sum here extending over all atoms
moving individually.

Then elastic and total scattering intensity, by analogy with [32], can be writ-
ten as follows:

Jp(Q.20) = SoP(Q) exp(—Q*x?)p)

Jp(Q.0) = So(Q) exp(—Qx)p) 7

+ [ASsec(Q) + BFIpZ(Q)J[l - exp(~Ql<x3)p)]

Here S,7(Q) represents the interference pattern from the whole protein sample.
One then obtains, for the elastic fraction,

SUP(Q) exp(— Q:<-\'2>p)

S()p(Q) eXP( —Q<~\>2>D)
+ [ASSEGP(Q) + BFipz(Q)”l - SXP('Q3<-\'3>p)] + /.
where J is the Compton scattering intensity. It is quite instructive to consider the
limiting cases. If the motional correlations extend over the whole sample B = 0,
A =1, Ssec? = §,”(Q), and
_ S2(Q) exp(— QX))

S()p(Q) + jC

HQ) = (8)

H(Q)

(9)
If all atoms within the globule move independently from each other, then A = 0.
B = }. This leads to

_ Sr)p(Q) exp( _Q:<~\’1>p ) (10)y
S5,(Q) exp(—Qx?)y ) + F Q)1 — exp(— Q) )] + Je

f(Q)
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Neglecting all interference terms for the elastic and inelastic scattering, one
can come to the incoherent approximation:

SQ =Y &% Ssea(Q) =Y ¢}

and

£Q) = 2i $4(Q) exp(—QXx?),) = FipX(Q) exp(—Q*x?))
¥ Zi d)lz(Q) + Jc Fipz(Q) + JC

Now consider the protein—water system. We shall use the following physical as-
sumptions for analysis of the data: (a) For hydrated proteins (as distinct from crys-
talline samples), the complete absence of correlation in the location of one globule
relative to another is suggested; that is, the scattering function of hydrated protein
Sp(Q) contains interference terms only from one protein globule. (For crystalline
samples, the scattering function Sp(Q) contains interference terms from all pro-
tein atoms in the crystal since the intensity is the sum from all unit cells [32].)
(b) Correlation in locations of different water molecules is essential; therefore,
Sw(Q) contains interference terms from oxygen atoms of different water mole-
cules. (c) Correlation in locations of different protein and water molecules relative
to one another will be neglected (i.e., the corresponding interterence terms will be
considered as small).

With these assumptions, the intensity of the y-quanta Rayleigh scattered by
the protein—water system is the sum of intensities

Jx(Q) = Jp(Q) + Ju(Q) (12)

Since the hydration water is in general far more mobile than the atoms of the
protein, the description demands the introduction of different msd for interprotein
water, as compared with protein.

(11)

The elastic fraction for the water—protein system is equal to [26,29]

Q)

SR

= Cofy + Cuf (13)

In the case of the incoherent approximation, this leads to

£(Q) = Fr(Q exp(— QX)) + FA(Q) exp(= QX))
) F(Q) + F2.(Q) + Js

(14)

For a truly coherent treatment. the division of fx into separate contributions
is not possible due to pair correlations between protein and water. Fortunately,
these correlations play a minor role at sufficiently large scattering angles and at
the wide divergence of the beam employed (see assumption ¢). The following at-
tempt can be made to include, at least in part, coherent effects. If Eq. (9) is as-
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sumed valid and pair correlations between protein and water are neglected, one
can arrive, after averaging over scattering angle, at the expression [34]
OC}L(Q))AQ = (Cp>Apr + <CW>Awa
I+ h(Ciap + (Ca)ag (15)
4 (ip(Q))agfy + (1.P(Q))ahCifu
1 + h(C1) + (C2)ap

where 4 is the hydration degree, AQ is the divergence of the beam

i(Q)=5S(Q) — 1

¢\‘4: + jC“
Ci=———
! bp2 + JP
and
- Q)+ h Q)
= (bpl 4= JCP

For the protein component, the scattering functions S,°(Q) and /,(Q) can be either
calculated from crystallographic coordinates or taken from experiments on dry
protein. Of course. then we have to assume that no changes occur in the inter-
atomic distances when drying or crystallizing protein. For the water component,
the situation is much more difficult. It is well known that the structural and dy-
namical properties of interprotein (bound) water are drastically different from
those for free water [35]. Strongly bound water assumes a lacy structure on the
protein surtace [36]. Therefore, it is natural to suggest that at one extreme the scat-
tering function for interprotein waters, S."(Q), and consequently the function
iwP(Q), coincides with the scattering function for protein

iw(Q) = iW™(Q) = iH(Q) (16)

At the other extreme, the scattering function for interprotein water coincides
with the scattering function for free (bulk) water

iw(Q) = iw{(Q) (17)

The numerical relationship given in Eq. (15) strongly depends on the value of the
average scattering angle 26 and the shape of the angular resolution function B, or
divergence of the beam AQ. For the RSMR setup used in [28.29], 26 = 11.9°, the
angular resolution function is described by a Gaussian with a width o = 2.4” and
the average values of {ii(Q))ap are the following:

(ip(Q))1p = 0.1 for met-Mb and HSA

. 18)
(ie(Q))1p = 0.2 for free water (
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According to the convolution hypothesis [38], an intermediate correlation
function (see Eq. (4)), in which cooperative motions of different atoms are taken
into account, may be represented by

1Q, 1) = S(QLQ, n = [1 +i(QILQ. 1N (19)

The intermediate self-correlation function /4(Q, ¢) contains information about es-
sentially more simple individual motions of atoms and atomic groups.

It is easy to show that with this approximation, a relationship similar to (15)
is valid for the spectral function that retains the nontrivial terms of  (v):

5(Q, w) = Ggp(Q, ) + Cugw(Q, w) (20)

where

1 + iy(Q) 1 + iy(Q)
=__ < . C. = hC) —— &7
G 1 + hC, + Ca MTF G+ G

and

—iwt — Il

2% )’f"“(Q. )

&w(Q, w) = ,ﬁ J dt exp(

Certainly, all assumptions made in deriving Eq. (15) are included in
Eq. (20).

~ Itis quite evident that for incoherent evaluation an expression similar to (20)

is valid [29].

The use of a Gaussian approximation [37,38] for the self-correlation func-
tion /((Q,?) gives the possibility to come finally to the following expression for the
lineshape:

1
Sow(Q . w) = Ej dt exp(—iwt - %) exp(—%QZ([.\‘(I) - ,\‘(O)]:>) 21

Here ( ) denotes an ensemble average and x(1) is the coordinate of the atom
at time £.

lll. HYDRATION DEPENDENCIES OF THE ELASTIC RSMR
FRACTIONS AND RSMR SPECTRA

If assumption (16) holds for interprotein water, expression (15) can be rewritten
numerically as

. fo + 1.21Af

(Fa(Qap =T (22

Qe =TT, )
that is, when scattering functions for interprotein water and protein coincide, the
expression for the elastic fraction is identical to the expression obtained with the
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incoherent approximation. If, on the contrary, interprotein water behaves like free
water (Eq. (17)), the elastic fraction will have the numerical form

(s @a -0

In this case, the expression for the elastic fraction is slightly different from
that obtained in the incoherent approximation. Within this suggestion on inter-
protein water properties, even wide divergence of the beam does not average the
coherent phenomena.

Figure 2 shows a typical hydration curve of the elastic fraction f~ , for hu-
man serum albumin (HSA). obtained at room temperature [40.41].

A straightforward analysis of relationships (22) and (23) leads to the con-
clusion that there is no additivity of dynamical properties in the HSA—water sys-
tem in the entire range of hydration studied. Indeed, if we use fx(h — 0) for f,.
fo = fx(0) = 0.8, and assume f,, = 0, as for free water, then the calculated curve
for fs, shown as a dotted line in Fig. 2 (see Eq. (23)), exhibits large deviations from
the experimental data. For all hydration degrees studied, adding more water not
only does not give the contribution to the elastic RSMR (quite in accord with f. =
0), but further loosens the protein, increasing its mobility and reducing the value

(23)

0.8
®- .
0
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&b
0.6 _
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0.4 © o
[UINL)
O -
O‘.
0.2
@
(V]
o | h
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 '

FIGURE 2 Hydration dependence of the elastic scattering fraction for an HSA
sample. Dotted line is calculation in terms of Eq. (23) assuming no interaction be-
tween dry protein and free water.
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of fp. Thus, at all hydration levels investigated, 0.05 < h < 0.75, dynamical prop-
erties of HSA are influenced by its water content. This conclusion is in no way
linked to the assumptions that fi, = 0 or the validity of Eq. (17). Let us consider a
more realistic picture of bound-water behavior. It is well known from the litera-
ture [42] that small amounts of water, up to 10% of dry protein weight, are strongly
bound to the protein. According to NMR and ESR data, relaxation properties ex-
hibited by bound water at large 4, about 0.4 to 0.5, are typical of common liquids
with viscosity greater than that of free water but lower than that of glycerol. Hence,
at the other extreme, structural (see Eq. (16)) and dynamical properties of bound
water coincide in the entire range of hydration degrees with those of the protein
(see also Eq. (22)).

Shown in Fig. 3 is a family of dependencies calculated, in terms of Egs. (22)
and (23), of the elastic scattering fraction for the protein alone, ¢f,, among which
is contained the real curve representing the actual variation of the protein dynam-
ics. The symbol ¢ denotes a calculated value rather than a measured one. The
lower boundary of the cross-hatched range of ¢f, values corresponds to the as-
sumption that dynamical and structural properties of interprotein water are not dif-
ferent from those of protein for all tested values of /, and the upper one to the
assumption that the water behaves as free water. The real curve of the hydration
dependence of protein dynamical properties, &f(/1), shown in Fig. 3 as a heavy
line, was calculated under the following assumptions: at small hydration degrees,
h <0.1, the dynamical properties of bound water are no different from those of the
protein; then, at greater A, they are like those of viscous liquids, fw — 0.05 (the

1.0 -

0 T T T 1 7 T T T A
0.1 0.3 0.5 0.7 0.9

FIGURE 3 Calculated elastic fraction &, as a function of the hydration degree on
the basis of Egs. (22) and (23). Different assumptions were made concerning the
behavior of the interprotein water. Details are given in the text.
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magnitude of the elastic fraction for glycerol at T = 295 K [43]); approaching the
dynamical properties of free water, f, = 0, with 2 2 0.6 to 0.7. As seen from Fig.
3, even under these more realistic assumptions about the behavior of bound water,
there still will be no additivity of dynamical characteristics in the HS A—water sys-
tem in the entire hydration range studied.

The absence of additivity of the dynamical properties of water—protein sys-

tems is displayed in the dependence of the real curve, &f§(h), on h. Figure 4 shows
the area under the total spectrum, S, from a metmyoglobin sample (met-Mb,
M = 17,800) as a function of the hydration degree, 4 (in this series of measure-
ments, spectra were taken only for a narrow velocity range, —2.3 to 2.3 mm/s). As
in the case of HSA (see Fig. 2). the dotted line is calculated with Eq. (23). Shown
in Fig. 5 is a family of curves &Sp(/1) calculated by using Egs. (22) and (23) along
with the realistic curve $S¥(4). As one can see from Fig. 5, there is no additivity
of the dynamical properties in the met-Mb—water system up to the value of & =
0.6 g/g. Addition of more water above this value can be seen to have very little ef-
fect on the dynamical properties of met-Mb.

Elsewhere, we have also studied hydration dependencies for trypsin (M =
23,319) [44] lysozyme (M = 14,000) [40], DNA (M = 1to 3 X 10° amu) [45] and
chromatophores (M = 107 amu) [46]. Hydration of all these biopolymers has been
found to result in a reduction of the real elastic fraction, &f§(/4), and, therefore, to

5

Xx

02 |

, ]
¢ 1, h

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

FIGURE 4 Hydration dependence of the area under the total spectrum, Ss, for
met-Mb. Dots represent calculation under the same assumptions as in Fig. 2.
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FIGURES5 Calculated area, bSy(h), for met-Mb. See Fig. 3 for explanation. Heavy
line is the realistic curve &bSp(h).

an increase in values of (x2)(h) for hydration degrees 0.05 < h < 0.5 (one excep-
tion is lysozyme, where the addition of water beyond /# = 0.35 has no effect on the
dynamical properties of the protein).

Presented in Fig. 6 are RSMR energy spectra for met-Mb (for three degrees
of hydration) [47], obtained over a large range of measurement velocities, V = 20
mmy/s. At large hydration degrees, 4 > 0.6, neither spectrum can be described by a
single Lorentzian (even admitting broadening). To describe the total spectrum, a
second quasi-elastic line has to be included (a “wide” component). The presented
spectra are a sum of a narrow line with a width equal to the width at # = O and a
“wide” line.

IV. SOLVENT COMPOSITION AND VISCOSITY
DEPENDENCIES OF THE ELASTIC RSMR FRACTIONS

We have also studied the influence of viscosity, or, more precisely, solvent com-
position, on the dynamics of proteins and chromatophores [48,49]. A number of
papers have appeared recently describing direct experimental observations of the
influence of solvent viscosity on the rate of biochemical reactions [50,51] and the
theoretical treatment of these data [52,53]. As a rule, it is suggested [50-53] that
the solvent viscosity directly influences protein dynamics, which, in its turn, de-
termines protein reactivity. Direct experimental evidence, however, for the influ-
ence of viscosity on protein dynamics has yet to be obtained. Therefore, we have
attempted to observe directly this influence, and these attempts will be described

S
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FIGURE6 Energy spectra of met-Mb samples with different degrees of hydration.

in this section. Temperature dependencies of the elastic fraction for three samples
shown in Fig. 7 were studied: [, 37% water solution of HSA; II, 37% water solu-
tion of HSA with the addition of 7.5% (by weight) of glutaric dialdehyde (GD):
and III, water—glycerol solution of HSA with relative content of protein equal to
34%, water 22%, and glycerol 44%.
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The addition of GD in water solution transforms sample I from the liquid to
the solid state (sample II) and, consequently, leads to a very large increase in
macroviscosity. Sample III (water—glycerol-protein solution) preserves fluidity
and, hence, has lower visible viscosity than sample II. Nevertheless, the visible in-
fluence of water—glycerol solvent on protein dynamics is much stronger than that
of GD (see Fig. 7). This fact suggests that it is the microviscosity in the vicinity of
the protein surface that plays the crucial role in influencing protein dynamics.

These effects were evaluated within the framework of the incoherent ap-
proximation (see Eqgs. (11) and (14)). As will be seen, more advanced treatment is
impossible now because of the lack of knowledge about structural properties of
water—glycerol mixtures. Anyway, as was mentioned in Sec. II. the incoherent
treatment can give us a satisfactory qualitative picture. _

Additional experimental temperature dependencies of the elastic fraction for
water—fw(T), glycerol—fs(T), and water—glycerol solution were studied to de-
duce dynamical information on the protein. These curves are represented in Fig. 8.

For samples I and II, Egs. (14) and (15) can be rewritten numerically [49] as

&f(T) = 3.09f5(T) — 2.09u(T) (24)

There exist some variants to take into account contributions of the solvent for sam-
ple III (protein in water—glycerol solution): (a) To take into account the contribu-

0:8
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O.1 al e
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FIGURE 7 Experimental temperature dependencies of elastic fraction for 37%
water solution of HSA (X), the same solution with the addition of 7.5% of GD (A),
and a water—glycerol solution of HSA (©).



