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DETERMINATION OF THE OVERALL MOTION CORRELATION TIME
FOR SOME GLOBULAR PROTEINSIN DILUTE SOLUTIONSON THE
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The behaviour of globular proteinsin a streamline flow of a solution is determined by two effects: (1) the flow induced orientation of
their principal axis parallel to the flow direction and (2) the rotational Brownian motion acting against this orientation. As a result,
the orientation of the protein principal axesis anisotropic in space and can be described by the distribution function which fulfils a
diffusion-type equation. When the external stress field disappears, the anisotropy in the principal axes space distribution vanishes
because of the rotational Brownian mation of proteins. The timein which theinitial orientation decreases by the factor of e* iscalled
the overall motion correlation time. For dilute solutions, it can be determined if the intrinsic viscosity, molecular mass and axial ratio
of the proteins in solution is known. The intrinsic viscosity has been measured using an Ubbelohde-type capillary microviscometer
immersed in a water-bath controlled thermostatically for four globular proteins. The obtained numerical values of the overall
motion correlation time arein the following range: from 622 ns (1°C) up to 111 ns (55°C) for human IgG immunoglobulin, from 121
ns (1°C) up to 33.6 ns (45°C) for human serum albumin, from 65.7 ns (1°C) up to 14.3 ns (55°C) for ovalbumin, and from 13.2 ns
(1°C) up to 2.43 ns (55°C) for hen egg-white lysozyme.

INTRODUCTION Cartesian tensors by a linear combination of the
spherical tensors and then to study the correlation

Hydrodynamic properties, such as sedimentaticiunctions of the latter to unify the results.
coefficient, intrinsic viscosity, translational and Let us assume, that at the tine O, in the molecular
rotational diffusion coefficient, and rotational frame connected with a given molecule, the comptenen
correlation times are commonly employed sources @k i spherical tensor of rank n avg(Q,) and let us
information about the overall structure and dynami . .
behavior of proteins in solution. In particular,eth enote the components of this tensor at tie
rotational correlation times are important indetermined in the original frame, by’nk(Q). The
understanding of many aspects of molecular prosess&rrelation function is then defined as
(Withrich, 2003). In the case of a globular protain

solution, the rotational correlation times can be <Yk*(Q)Yk(Q )>

determined for the “free” water molecules (bulk art k( )_ n n\*o (1)
hydration water molecules (water molecules tightly —"n <Yk* (Q )Yk(Q )>

bound to the protein surface), protein side chaimthe n 0/n \=0

rotation of a protein as a whole (Kakalis & Kumasii
1992). In the latter case, the rotational correfatime is where (*) marks a complex conjugation and the sguar
called the overall motion correlation time. brackets denote averages over the all possiblegelsan
For a rigid rotator, the components of the Caatesi of orientation of the molecular frame after theditras
tensors such as the dipole moment (rank-1 tensdjeo well as over all possible initial orientations dfiet
polarizability (rank-2 tensor), are constant in thenolecular frame with respect to the laboratory oFtee
molecular frame. However, the observations areorrelation function (1) is used to define the tiotzal
conducted from the laboratory frame. Here, becadse correlation times:
the rotation of a molecule, the components of the
Cartesian tensors depend on time. The correlation
function describes such a dependence, howeveonat f K K
single molecule but for the whole ensemble. In ficac In = RejGn (t)dt' (2)
it is convenient to express the components of the 0
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Re means that only the real part of the integraéhlken connected with the rotational diffusion coefficiédy by
into account. These correlation times can be obthina simple relationz, = [n(n + 1) Dg] ™. So, in theoryz, =
from the theoretical models of molecular reorieotat 37,

However, the experiments give information only @bou |n the present study, the overall motion correfatio
the effective correlation timg, which is connected with time 7, equivalent tor,, was determined on the basis of

TrE by the relation (Monkos, 1977): Maxwell effect. The intrinsic viscosity, which i®eded
2 for the calculation ofzz, was measured using an
. ar Z”: ‘YK(Q )‘ K (3) Ubbelohde microviscometer for human serum albumin
" on +1,.5 n\rol] “n: (HSA), human IgG immunoglobulin (HIgG), ovalbumin

and hen egg-white lysozyme (HEWL). The numerical
S\{alues of 1x were obtained over a wide range of
temperatures: from the vicinity of the freezing rgaip

to the temperature of thermal denaturation of the
1 .. 6 1 2.1 gIobyIar proteins_inv_estigated. AI_I values a@f were

r = 2sin? 8 +cos 9y +2sin® Sz} (4) obtained for proteins in dilute solutions.

Let us write the above equation for the mo
interesting cases with= 1 andn = 2. In the former one:

This effective correlation time can be obtained; fo
globular proteins, from dielectric spectroscopy @doet

al, 1966; Miuraet al, 1994; Kabiret al, 2003). For the Highly purified HSA, hen ovalbumin and HEWL were
symmetric top molecules =7,% and relation (4) can purchased from Sigma Chemical Company and HigG
be reduced to the form: from Polish Chemical Reagents factories, and weeglu
without further purification for all the measuren®n
(5) From the crystalline form the material was dissdlve
distiled water and then the solutions were filtere
through filter papers in order to remove possible
The symbol#; denotes an angle between the dipolgndissolved fragments. The samples were storedGat 4
moment of the molecule and its axis of symmetry. Fintii  viscometry measurements, when they were
instance, for bovine serum albuméh = 50 (Moseret  warmed from & to 48C for HSA and from & to
al, 1966). When the dipole moment and the axis @5°C for the others proteins, with a step 8€5The pH
symmetry of the molecule overlap, the effectivesalues of such prepared samples were as folloWsfor.

correlation timer; is equivalent tor{; when the dipole HSA, 5.6 for HIgG, 6.4 for ovalbumin and 7.0 for
moment is perpendicular to the axis of symmetrghef HEW_L. These vaI_ues fluctuated slightly with diffate
_ _ 1 ) protein concentrations.
moleculer; is determined byr; . Forn = 2, in the case
of the symmetric top molecules, the relation (3egi

MATERIALS

1, = sin® 91t + co Y.

VISCOMETRY
3. 4q.2 ) 1
T2=7,sn 15 +3sin” 9, cos’ Sy + Viscosity was measured with an Ubbelohde-type
1 capillary microviscometer with a flow time for watef
—(30052 % —1)2rg. (6) 28.5 s at 2%. The microviscometer was calibrated
4 using cooled boiled distilled water. It was pladada
water-bath  controlled thermostatically and the
This time can be experimentally determined, foimmersion heater was capable of maintaining thesmwat
globular proteins, with the help of the fluorescenctemperature to +0°C. The same microviscometer was
depolarization method (Voa al, 1987; Gryczynsket used for all measurements and was mounted sotthat i
al, 1988; Bucci & Steiner, 1988; Takeda & Yamamotoglways occupied the same position in the bath.
1990; Takedaet al, 1991), EPR spectroscopy (Ebett Measurements started after a several minut delay to
al, 1981; Steinhoff 1990), perturbed angular corretet ensure that the system had reached equilibrium. The
of the y-ray method (Danielsert al, 1991) or NMR solution to be studied was passed through the
spectroscopy (Endre & Kuchel, 1986; Kakalis &microviscometer before any measurements were made.
Kumosinski, 1992; Belton, 1994). In the latter cabe Flow times were recorded to within 0.1 s.
symbol %, means the angle between the electric field The Viscosity measurements were made fré@ &

gradient inside a molecule and its axis of symmdtrg 45C (or 58C) in SC intervals. Such a range of
well known that the rotational correlation timese ar témperatures was chosen because abot@ #f5 HSA,

and above 5% for the other studied proteins the
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thermal denaturation occurs. Beyond the temperatfire 1987; Ferreet al, 2001):

denaturation the secondary structure of albumin

becomes partially irreversible (Takedaal, 1991) and M717,

the proteins show a highly pronounced tendency to 'R = RTF(D)’ (7)
aggregate (Katakam & Banga, 1995; Yoshiakaal,

1997). This heat-induced aggregation reverses upon
cooIir)19 ggreg pwhere M and R denote the molecular mass of the

Solution densities were measured by weighindliSSolved protein and the gas constant, respegtig)

Protein concentrations were determined by a drghtei and No mean the intrinsic viscosity and the solvent
method in which the samples were dried at higMiscosity at temperatufg F(p) is a function of the axial
temperature for several hours. ratio p = a/b of dissolved protein modeled as a prolate

ellipsoid of revolution with one long semi-axia) (and
two shorter semi-axed). The above function can be
RESULTS AND DISCUSSION presented in the form(p) = V6N, wherevis a Simha
factor (Simha, 1940) andl is the Perrin function
A stimulated birefringence in liquids or solutiocsn be (Perrin, 1934).
induced by an external electric field (Kerr effect) The exact formula fow obtained by Simha for tri-
magnetic field (Cotton-Mouton effect) as well asthg axial ellipsoids includes elliptic integrals whickan be
mechanical force like shear stress in a streanflme  soluble numerically. However, for prolate ellips®idf
(Maxwell effect). The latter appears when the malege revolution the relation betweanand p can be described
of a flowing liquid or particles dissolved in a sttbn by the asymptotic formulae (Harding, 1997):
are non-spherical and have anisotropic polarizgbili
(Cwietkowet al, 1968). In a non-flowing liquid, because  =_1071584+ 279158 +1.6220092 +
of Brownian motions, the distribution of the pripal 3 4 5
axis of molecules in space is isotropic, and - despf 001556169~ - 0.192997" + +0.02060718 (8)
anisotropy of the molecules - the liquid is optigal
isotropic. When a liquid flows, the hydrodynamicdes for (1.1<p<2), and
cause the additional translational and rotationafions
of molecules and the distribution of the principals of p=-3.80413+2.871% - 0.3908319°2 +
molecules in space becomes anisotropic. _ 0036122822 - 0.001733984% + 000003327115 (9)

At low temperatures, when the Brownian motion is
negligible, the most probable direction of the pijral ) . i
axis of a molecule is that parallel to the direatif the OF (2 < p < 10). The Perrin function, in tumn, has the
flow. At higher temperatures, the stimulated oragion ~following form:
of molecules induced by the flow of a liquid is
weakened because of the rotational Brownian maifon = 04 . 04 02 (10)
molecules. As a result, the privileged directiontioé 2071 +4g; 5grt+ gyt 6grt |
molecules orientation makes some angle with thgnhere
direction of the liquid flow, which depends on the
velocity gradient and on the shape of the molecules 2(p2 -1 2(ph -1

In the steady-state, the orientation of the mokesul 91=M, g =% (19)
principal axis is anisotropic in space and can be 3p(p-9) 3p2p°-1)S-p
described by the distribution function of all pdesi
directions, which fulfils a diffusion-type equation
(Cwietkow et al, 1968). If the external forces and
stimulating the liquid flow disappear, the anisptyoof

the distribution of the principal axis in the space In[p+ ,pz—l)

vanishes because of the rotational Brownian motibn
molecules. The time in which the initial orientatio
decreases by the factor of is called the overall motion
correlation timerg and it is connected with the rotational
diffusion coefficient by the relation;z = (6Dg)*

12

The relation (7) allows a calculation, in a simjled
. ) . convenient way, of the overall motion correlatiamet
(th;gtko:/v o all,t.19€;.8). SO, 7z Is equivalent to the for different type of molecules in dilute solutiorishas
rotational correfation ime. been applied, among others, to human fibrinogen

For dilute solutions, 7z can be obtained from the (Acufiaet al, 1987), food biopolymers (Kokini, 1994),
following relation (Cwietkowet al, 1968; Acufiaet al,
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hetero-polysaccharide pullulan (Dais & Viachou, 200 al, 1998 Pouliquen & Gallois, 2001). As appears, the
scleroglucan (Vlachowt al, 2001) and bovine serum first hydration shell has an average density ald®86t
albumin (Ferreet al, 2001). larger than that of the bulk water; “bound” water
To calculate the overall motion correlation timenfr molecules have rotational correlation times 3 wders
equation (7), the molecular mass of the proteins & magnitude longer than those in bulk water and
needed. However, for hydrated and unhydrated géwbuldifferent heat absorption. Protein hydration is allyu
proteins this quantity is not the same. In phygiaal defined as a process of successive adding of watar
conditions, proteins are in water and the prote@tterv  dry protein, until reaching the level of hydratibayond
interactions are one of the dominant factors whictvhich further addition of water produces no chaagd
influence their structure, function and dynamicsatév only dilutes the protein (Steinbach & Brooks, 1993)
molecules in protein solutions may be classifiethb in The level of protein hydration is usually marked &y
three categories: (1) buried internal, (2) ordesadthe and denotes the amount of grams of water associated
protein surface and (3) disordered (Waatleal, 1991). with the protein per a gram of the protein. Thisufity
Internal water molecules are of particular sig@ifice does not depend on temperature (Takedal, 1991;
because they fill the cavities inside proteins play an  Miura et al, 1994; Ferreet al, 2001) and concentration
important role in the process of folding of thetein (Menon & Allen, 1990) of a solution. The “bound”
polypeptide chain and in maintaining its stabilitthey water molecules migrate with the protein and tremeef
are considered as integral parts of a protein.dfered contribute to its hydrodynamic mass and volume. In
water molecules are linked through hydrogen bowds particular, the molecular mass of the hydratedegindvi
the oxygen and nitrogen atoms or to the polar ggap = M,(1 + ¢), and M, is the molecular mass of the
the protein surface. The disordered water moleculgghydrated protein. Moreover, these water molecules
belong to the bulk water. The above was clearlghould contribute to the hydrodynamic friction —tire
revealed by dielectric spectroscopy (Miwgtaal, 1994; translational and rotational movements of the pnote
Miura et al, 1995; Yokoyamaet al, 2001; Kabiret al, in the same way as the protein atoms. So, the anoun
2003). water from the hydration shell should be taken into
In the dielectric spectrum of a protein solutionesal account in the calculation of any hydrodynamic
ranges of dispersion can be distinguished. Theding, parameter depending on the mass or volume of the
called S-dispersion, is observed in the range of 0.1 — grotein studied.
MHz and is connected with the orientational releorat HEWL is a small globular protein of the molecular
of dipoles of the whole proteins. The second oaled massM, = 14.32 kDa (Squire & Himmel, 1979). It can
odispersion, is due to the orientational relaxatmn be treated as prolate ellipsoid of revolution witte
water molecules in the hydration shell or side mhaf main axesa = 4.5 nm and = 3 nm. It gives the axial
protein. Water molecules surrounding apolar masetieratio p = 1.5. The effect of HEWL hydration has been
have relaxation frequencies about 0.1 GHz; thogben exhaustively studied by several authors (Gregarsl,
vicinity of polar moieties have greater mobility dan 1993; Steinbach & Brooks, 1993; Pérezal, 1999;
relaxation frequency in the range (4 — 8) GHz (Ka&bi Yokoyamaet al, 2001). As appears, HEWL remains
al, 2003). The last range, callgedispersion, is in the inactive at the level of hydration lower than 0.2 g
microwave frequency range (about 17 GHz 4C3@nd water/g protein. The onset of activity occurs aih0.2
corresponds to the orientational relaxation of bu#iter g water/g protein but the full hydration of HEWL is
dipoles. achieved ato = 0.38. It gives the molecular mass of
The most direct method to elucidate the detailthef hydrated HEWLM = 19,762 kDa. A comparison of the
protein hydration shell in the crystal state ishhig solution and the crystal infrared spectra has shawn
resolution x-ray and neutron scattering (Péetzal, very close similarity of the structure of HEWL in
1999; Zanottiet al, 1999; Perkins, 2001; Chatakkal, solution and in crystals (Haddetal, 1995). Moreover,
2003). Especially, the neutron scattering methath & an analysis of the viscosity of HEWL aqueous sohgi
resolution of 1.5 — 1.6 A gives information abdath showed that its axial ratio remains almost unchdrige
localization of water molecules on the protein acef solution (Monkos, 1997).
and about their spatial orientation. However, tlestb  Ovalbumin is the major globular protein of chicken
method of high-resolution investigation of proteinegg white. The crystal structure of the protein, as
hydration in solution is NMR (Denisov & Halle, 1995 revealed by X-ray crystallography, indicates thia¢ t
1995b; Withrich, 2003). ovalbumin  molecule is approximately a tri-axial
The above mentioned methods have shown thellipsoid with overall dimensions ¥ 4.5x 5 nm and a
proteins in solution are surrounded by one or thells molecular mas#vl, = 45 kDa (Steiret al, 1991). The
of water molecules having quite different physicalevel of hydration for ovalbumid= 0.36 (Young, 1963)
properties than those of bulk water molecules (Gneg and it gives the molecular mass of hydrated ovalbum
et al, 1993; Denisov & Halle, 1995a, 1995b; Svergtin M = 61.2 kDa. Analysis of viscosity of ovalbumin
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solutions has shown (Monkos, 2000) that the hydnati Immunoglobulins 1gG, IgA, IgM, IgD and IgE
shell around the ovalbumin molecule is not unifprmconstitute about 20% of the total plasma protedifshe
water molecules cover some part of the proteinasarf above five classes, the IgG immunoglobulins make
leaving the other part uncovered. As a result, thepproximately 75% of the total serum immunoglobsilin
hydrated ovalbumin is more elongated than unhydrat¢ Goodman, 1991). The basic unit of 1gG is a four
one, and can be approximated by an ellipsoid gfolypeptide chains structure, with a molecular ndss
revolution with the axial ratip = 2.74 (Young, 1963). = 156 kDa, comprising two identical light chainsdan
HSA is the major protein component of blood plasmawo identical heavy chains which are folded in éire
and plays an important role mainly in the transpdra  well-defined globular structures, twy, fragments and
wide variety of substances. In the crystal states i oneF. fragment (Al-Lazikaniet al, 1997). The level of
heart-shaped molecule with a molecular md4s =  hydration is different folF,, and E fragments:d = 0.5
66.479 kDa (He & Carter, 1992; Docketl al, 1999). and 0.7, respectively (Harding, 2001). It givesorthe
However, in solution, the HSA conformation iswhole IgG molecules - the average value of hydratio
commonly approximated by an ellipsoid of revolution= 0.567 and the molecular mass of hydrated 1gG
but to interpret the experimental data quite défér jmmunoglobulinsM = 244.4 kDa. HIigG molecules in
values of main axes have been used by differegblution behave as prolate ellipsoids of revolutwith
investigators (Monkos, 2004 and references thereinhe axial ratiop = 5.34 (Young, 1963; Monkos &
From the hydrodynamic point of view the hydrated™S Turczynski, 1999). The above given axial ratios tfue
can be treated as a prolate ellipsoid of revolutiéiih  proteins investigated have been used in calculatian
the main axes 16.4 nm and 4.2 nm (Monkos, 2004).  the values of the functioR(p) from equation (7). The
Careful measurements of the level of hydration gawe values obtained are presented in Table 1.
0.379 (Baranowska & Olszewski, 1996) and it yietidls
the molecular mass of hydrated HSA M = 91.675 kDa.

Table 1. Values of the unhydrated molecular mdgsthe level of hydratior, the hydrated molecular malsk the axial ratig,
the Simha factor from equation (8) and (9), the Perrin functidrfrom equations (10) — (12) arfdp) = v/l for the proteins
studied

Protein Human IgG Human serum albumin Ovalbumin Hen egg-white
immunoglobulin lysozyme
M, [kDa] 156 66.479 45 14.32
gH,0 0.567 0.379 0.36 0.38
5|:g protein]
M [kDa] 244.4 91.675 61.2 19.762
p 5.34 3.95 2.74 15
v 6.22 461 3.48 2.64
Mn 0.352 0.270 0.199 0.122
F(p) 2.95 2.85 2.92 3.60

The intrinsic viscosity[77] = limzng,/c, where the The molecular mass and the axial ratio of hydrated
¢-0 proteins as well as the experimentally obtainednsic

specific viscosityns, = 7, =1 andc is the solute viscosity allow calculation of the overall motion
concentration in kg/fh The relative viscosityy, = 7/, ~ correlation time from equation (7). The numericalues
and /7 denotes the viscosity of a solution. The usualf 7; for all investigated proteins are presented inl@ab
procedure for treating viscosity data consistslofting 2. As seen, the temperature greatly influencegbieal
the 775/c against concentration and extrapolating it to theotational motion of proteins. For instance, HIgG
intercept which is equal tog]. In the present paper rotational motion at = 58'C is about 5.6 times faster
another method, proposed earlier (Monkos, 1996), than att = 1°C. For a given temperature; depends on
used. It was successfully applied for lysozyme (M the molecular mass of the protein in a direct wayra
1997; Monkos, 2001), some mammalian IgGquation (7) and indirectly through the intrinsic
immunoglo-bulins (Monkos & Turczynski, 1999),viscosity. As seen from Table 2, the higher the
ovalbumin (Monkos, 2000) and HSA (Monkos, 2004)molecular mass of the protein the higher the istdn
The numerical values of7], obtained by using this viscosity.
method, at temperatures froMiClup to 558C (up to
45°C for HSA) are gathered in Table 2.
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Table 2. Numerical values of the intrinsic viscpdifj] obtained from experiment and the overall motianrelation timerg
calculated from equation (7) for the proteins stddi

Human IgG Human serum albumin Ovalbumin Hen egg-white lysozym
immunoglobulin
t[C] [7]x10° r[ns] [7x10° Iz [ns] [7x10° = [ns] [7x10° = [ns]
[m¥kg] [m®kg] [mkg] [m¥kg]

1 9.88 622 4.96 121 413 65.7 3.16 13.2
2 9.80 595 4.95 116 411 63.1 3.13 12.6
3 9.73 569 4.93 112 4.10 60.6 3.11 12.0
4 9.66 545 491 108 4.08 58.3 3.08 115
5 9.59 522 4.90 104 4.07 56.1 3.05 11.0
10 9.26 426 4.83 86.3 4,01 46.7 2.94 8.95
15 8.95 353 478 73.1 3.95 39.4 2.83 7.40
20 8.67 296 473 62.7 3.90 33.7 2.74 6.21
25 8.41 251 4.69 54.4 3.86 29.2 2.66 5.27
30 8.17 215 4.66 47.6 3.82 25.4 2.59 452
35 7.95 186 4.63 42.1 3.78 22.4 2.54 3.93
40 7.75 162 4.62 37.4 3.75 19.8 2.49 3.44
45 7.57 142 461 33.6 3.73 17.7 2.45 3.05
50 7.41 126 - - 3.71 15.9 2.42 2.72

55 7.27 111 - - 3.70 14.3 2.41 2.43

Unfortunately, there are not many experimentalifferent sorts of motions appear: local vibratioof
reports on the overall motion correlation time ofatoms and groups, changes of relative positionshale
globular proteins, in literature. For HEWL at°@0the domains, rotations of side chains and so on. Fastmo
values: 7.2 ns (Vost al, 1987), 7.4 ns (Belton, 1994) experimental techniques a separation of these moi®
and 8 ns (Halle & Davidivic, 2003) have been repodrt not a trivial problem. Usually, the obtained coatin
and at 2iC the value 4.7 ns (Kakalis & Kumosinski,times represent the overlay of different motionglabal
1992) has been obtained. The value 6.21 ns (¥)20 reorientation and one or more localized motions
obtained in the present paper lies in the middighed (Danielsenet al, 1991; Vlachouet al, 2001; Dais &
range. For bovine serum albumin (a sister moletule Vlachou, 2001). The Maxwell effect partially allows
HSA) the rotational correlation tim& values: 40 ns such a separation (because the results dependoanly
(Ferreret al, 2001) or 41.7 ns (Bucci & Steiner, 1988) aone sort of molecular motion) and gives an oppdiyun
20°C, and 76 ns (Mosest al, 1966) at 28C have been to study — in a simple and convenient way — a dloba
obtained. They are of the same order of magnitsdera rotational motion of a protein.

HSA.

Proteins are dynamic systems. Besides the global

rotational motion, in each individual protein malex
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