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Polyion character of globular proteins detected by translational and rotational diffusion
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Photon correlation spectroscopy measurements are performed on a solution of lysozyme, a small, highly
charged protein at pH4, in glycerol-buffer mixtures. From the correlation functions of the polarized and
depolarized scattered intensity, we derive an effective protein radius by inverting the Stokes Einstein relation
for either the translational or the rotational diffusion, as a function of the protein concentratic€h 0
<40 g/L. The translational radius decreases with the protein concentration and extrapdlate® tt a value
slightly larger than the mean rotational radius, which is independent of the protein concentration. By employ-
ing recent calculations on electrolyte friction effe¢idetrolyte-protein interactionsn both the translational
and rotational radius and by keeping also into account the protein-protein electrostatic interactions, we are able
to account for the observed differences, suggesting also that lysozyme is more highly hydrated in glycerol
mixtures than in the pure buffer. These results indicate that depolarized photon correlation spectroscopy
measurements can be used as a valuable tool to detect small changes in the overall protein size.
[S1063-651%99)03908-3

PACS numbds): 87.15.Vv, 82.70-y, 87.14.Ee

[. INTRODUCTION spectroscopy of the polarized and depolarized scattered laser
light. When a cross-correlation method is used, in which two
Proteins in ionic solutions far from the isoelectric point copies of the light signal scattered at an anglre detected
have a remarkable polyion character which greatly affecby two different photomultipliers, the cross correlation of the
their diffusional properties through the electrostatic protein-outputs of the detectors is equal to the autocorrelogram of
protein and electrolyte-protein interactions. In fact, smallthe scattered light detected by an ideal photomultiplier with
proteins can bear a number of positive and negative groupgduced spurious correlatior{afterpulsing, electronics re-
resulting in a substantial net charge. As an exampleflections, etd. as originally proposed by Arecchi4.
lysozyme, a globular proteir=14 300 Dalton in molecular We have recently showrh15] that this experimental
weight, has=10 positive charges at acidipH=4.2 and method allows the measurement of the correlogram of the
shows isoelectric conditions aH=11. light depolarized by a lysozyme solution, investigating the
The change of the translational mutual diffusion coeffi-possible dependence of the rotational diffusion coefficient
cient with the protein concentratio; (in g/L), is known  with the protein concentration. The aim of this paper, stimu-
[1-4] to depend mostly on the direct and hydrodynamiclated also by the recent theoretical predictions of electrolyte
protein-protein interactions, and can be relevant at low ionidriction effects for anisotropic moleculg4d 3], is to study
strength and high protein charge. However, the enhancemeskperimentally these effects on the translational and rota-
of the translational mutual diffusion coefficient with finite tional diffusional properties.
protein concentration is partially attenuatgynamic attenu- We use here a home-made setup, described elsewhere
ation) [5,6] due to the finite time response of the small ions,[16], capable of detecting tiny light fluctuations:(L %) with
which, because of the electrostatic interactions, are draggesl minimum lag time of 12.5 ns. Both the translational and
together with the protein. Moreover, electrolyte-protein in-rotational diffusion coefficients of lysozyme, pH=4.6 and
teractions affect the protein diffusional properties als&€at at low ionic strength=45 mM, are measured from the relax-
=0. In fact, the cloud of electrolytes, whose motion is highly ation rate of the correlogram of the polarized and depolarized
correlated to the protein diffusion, produces an enhancementattered light. In order to bring the rotational relaxation
of the protein friction coefficientelectrolyte friction [7-9]. times within the accessible time windoyi.e., relaxation
Protein-protein interaction effects on the rotational diffu- times larger than 100 hswe have slowed the protein diffu-
sion have been predicted to be remarkably small€ 11  sion by adding glycerol to the solutigd5], while the trans-
than those on the translational diffusion and few experimentational diffusion has been investigated both in buffer solu-
tal studies on small biopolymers have been repdri@fi As  tions and water/glycerol mixtures. By following the behavior
to the electrolyte-protein interaction effects on the rotationabf the diffusion coefficients versus the protein concentration
diffusion, recent theoretical studigt3] do not seem to have and temperature, it is found that the protein-protein interac-
been compared yet to experimental results on proteins.  tions, though very effective on the translational diffusion, do
In order to investigate the translational and rotational dif-not affect appreciably the rotational motions in solution, as
fusion properties of proteins, one can use photon correlatiosxpected for such small moleculgk5,12.
The novelty of the present communication consists in the
comparison of the effects of the electrolyte-protein interac-
*Electronic address: giuseppe.chirico@mi.infm.it tions on the translational and rotational frictional properties,
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experimentally determined by means of photon correlation |§
spectroscopy of polarized and depolarized light, to the exist- 0,(t)=1+Sy = lg(1)|?
S B

ing theoretical predictiongl3]. It is confirmed also that the

electrolyte-protein interactions alter only slightly the rota- sls

tional diffusion of the protein. The present results indicate + mRe{g(t)h*(t)} , 1)
that a measure of the protein radius from the inversion of the S'B

Stokes relation for the rotational diffusion can be taken di-

rectly as a measure of the real protein radius even at finitevhereSy indicates the signal-to-noise ratiq, is the amount

protein concentration. of scattered light due to the solutk; is the background
scattering, which is assumed to be uncorrelatgd) is the
Il. MATERIALS AND METHODS normalized field correlation function, amdt) is the normal-

. . ized autocorrelation function of the background light due to
The optical source employed for the scattering measure-

. : slow moving large aggregate or “dust” in solution, assumed
ments is an argon laséBpectra Physics, 202%uned at\ ;
: .Inth f th I -
— 514 nm. Typical powers ar@—600 mW andP—1 W, for to be constant. In the measurements of the depolarized scat

tered light one findd s<Ilgz, and the measured correlation

polarized and depolarized light scattering experiments, "€ inction is approximated by the real partaft), i.e., g, (t)

spectively. The sample cell is a square Hellma 10 mm quartz_ 1Re(g(t)}, while in the measurements of the polarized

cell and the true scattering angle has been derived from thgcattered light, for whichi>15, one assumes(t)—1
angle measured on the goniometer according to Snell's 'S g (D)2 gnt, sTB 9

fraction law. The scattering angle in the polarized configura- h | f larized liah .
tion is #=113.8° (goniometer angke 125°) for the experi- The correlograms from polarized light scattering measure-
' ments are fitted to a multiple-exponential de¢ayo or three

Versts protein concenration. For the depolarized ight sca’POneNialcomponents The  slowest  relaxation(rate
. P ' o PO 9 =500Hz) is attributed to residual dust, since the particle
tering measurements we use=2.4° (goniometer angle

—3.4°) and the polarization state is controlled by two Glan_S|ze corresponds to the filter pore diameter, and is disre-

Thomson polarizers with a procedure previously describe arded in the following discussion. The measurements on
[17] Adetgiled description 019 the constrEction an)t; testing of lycerol mixtures show a fasrelaxation rate=170kkz)

’ -SCrp S 9 component which is ascribed to the self-diffusion of glycerol
the cross-correlation apparatus is given elsewheéé

. ) ) in the mixture[15]. The component with relaxation rates
WagT]'ggg”W?t%%J’;’?Sﬁh'gf‘;imgt?ongaaﬁg'Shgfl;/fcffpoo?s + Tp=10-50kHz is attributed to the protein mutual diffusion
. and related to an effective protein radius:
persity less than 0.1 measured by cumulant analyis of
the polarized light correlograms. The lysozyme was dis-
solved in acetate buffer or in 60% w/wveight fraction keT ¢
glycerol/acetate buffer mixture. In both cases ionic strength Reﬁ,T:% F_P’ @
was u=45mM and the solutiopH was verified, before and
after measurements, to be £pH=<4.6. The glycerolACS
reagent concentration of the mixture was checked by mea-Whereqg? is the square of the scattering vector. It is important
suring the refraction index n=1.4127-0.0005 at T  to notice that the above definition, while taking into account
=20°C). The mixture viscosity at various temperatures andhe effect of temperatur& and of solution viscosity;, does
its dielectric permeability have been estimated from an internot correspond to the real protein radius, since all the pos-
polation of published tableisl9,20. The lysozyme concen- Sible interprotein and protein-electrolyte interactions are not
tration has been always measured spectrophotometrical§xplicitly taken into account.
[£(280 nm=2.64 L/g/cn. The correlograms of the depolarized light scattering can
Possible conformational changes of lysozyme in acetat@/ways be analyzed by a single exponential decay. Since the
buffer and 60% w/w glycerol/acetate mixtures was followeddepolarized scattering intensity was typically very |¢de-
at T=20°C by circular dichroism measurements on a Jasc®olarization ratio=1/200), measurements required almost
J500A spectropolarimetédapan Spectroscopic Goln the 12 h to obtain reasonable photon statistics. A typical protein
near uv region (25@\ <350 nm), spectra were recorded at correlogram and its single exponential fit is shown in Fig. 1
protein concentratiol©=0.3 g/L with a square cell with 10 together with the corresponding correlogram from the sol-
mm path length and the data averaged 40 times. The specty&nt alonethe 60% w/w glycerol/acetate mixtyrerhe pro-
in the far uv region (208:\ <250 nm) have been recorded t€in c_orrelogram show_s an exponential decay while _there is
at C=0.2 g/L solutions with a barrel quartz cell of 1 mm NO evidence of correlation for the solvent. The relaxation rate

path length for circular dichroism and the data averaged 9§ p=1"p+60=15MHz can be approximated d4%=60,
times. The mean residue molar ellipticitiegg] in ~ Where © is the rotational tumbling diffusion coefficient,
degreescrx decimole * have been computed according to Since the contributiod’p is only =30 Hz at lowg?, where

the protein concentration assuming for lysozyme a moleculaihe depolarized measurements are performed. Similarly to
weight of 14300 Dalton and 132 residues. the experiments in polarized scattered light, one can define

an effective protein radius as
I1l. DATA ANALYSIS

Measurements of the normalized intensity correlograms, R3 ke T

= 3
g,(t), have been analyzed according to the relafibn 21 iR (87 y®) )
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FIG. 1. Correlation function of the depolarized light scattered by k|G, 3. Translational effective radii versus the lysozyme con-
aC=37g/L lysozyme solution af#=2.4°, T=7.5°C in 60% W/W  centration as measured in 60% glycerol/acetate mixt(fided
glycerol/acetate mixture. Squares indicate the lysozyme solutiogquare}; and in acetate buffefopen circles at T=20°C. Solid
and circles correspond to the glycerol/buffer mixture. The solid linejines are linear fit to the data. The rotational effective radii mea-
is a single exponential decay best fit to the lysozyme correlogramered in 60% glycerol/buffer mixtures are also reportfited tri-

angles and the horizontal dashed line indicates their average value.
and again the protein size defined above may not be the real
protein size since protfein—protein and electrolyte-protein i”Tures, and the corresponding effective radRig; 1, is shown
teractions are not explicitly accounted for. in Fig. 3. In both cases one can fit the experimental trend to
a linear law
IV. RESULTS

) ) . B Refr, 7= Refr, To(1+ SrC) (4)
The rotational and translational effective radii of
lysozyme in 60% glycerol mixtures are reported in Fig. 2finding, however, different values for the extrapolatiorCat
versus the ratioT/ ) of the solution temperature to viscos- =0 and for the slopeRgs1p=2.18+0.02nm andSr=
ity in the range—2<T=<12°C for a protein concentration —9.2=0.5mL/g for the 60% glycerol/buffer mixture and
C=37 g/L (volume fraction=0.03). Both the effective radii Re10=1.850.01 nm andS;=—6.9+0.5mL/g for the ac-
show an approximately constant behavior indicating that thetate buffer solution.
translational and rotational diffusional properties are scaling Finally, the rotational diffusion has been studied at differ-
with T/ 5 as expected. It is noteworthy that the average sizesnt protein concentrations (£8C<36 g/L) only in glycerol
obtained by polarized and depolarized scattering are substamixtures and at a low temperatufe=—4.5°C. The corre-
tially different, Rez1=1.40:0.03nm and Rezg=1.93  sponding effective radiuBq is reported versu€ in Fig. 3
+0.05 nm. (filled triangles with an average valueRqr=1.93
The translational diffusion has been followed also versus+0.03 nm(dashed ling No appreciable change occurs in the
the protein concentration in the range €3<40g/L atT  range of concentrations investigated here.
=20°C, both in acetate buffer and the glycerol/acetate mix-

V. DISCUSSION

2.2
The translational and rotational effective radius, measured
20. % at finite protein concentration, does not depend appreciably
upon the ratio of the temperature and viscossge Fig. 2in
% % + R agreement with the prediction of the Stokes-Einstein rela-
g 1.8 R tions[5]. This result is not surprising, since the temperature
- dependence of the interaction contribution constdntis
o 161 very small in the narrow temperature range explored here.
Interestingly, the remarkable difference observed between
1.4 3 0 5 5 5 the average values of the translational and rotational radii,
0 which is very close to the size reported for lysozyme at in-
R finite dilution [22,23], suggests the presence of substantial
1.2 , , T protein-protein interactions that affect mainly the transla-
1000 1500 2000 tional diffusion.
T/n [K/poise] The presence of interaction effects on the protein diffu-

sion properties is confirmed by the decreaseRgf with
FIG. 2. Rotational (filled squares and translational(open  increasingC (Fig. 3). The slopeS; is dependent on the
circles effective radii versus the ratio of the solution temperatureprotein-protein interaction energyl,24] and can be com-
and viscosity as measured in 60% glycerol/acetate mixtures. puted by assuming a DLVO potentig4], which is a com-
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bination of a screened Coulomb and a short-range dipolar 5]
interaction. Since we are investigating lysozyme far from its
isoelectric pH and at relatively low ionic strength
(=45 mM), the main contribution is the electrostatic repul-
sion. As a matter of fact, the steeper dependende.gf in

the glycerol/acetate mixtures than in pure acetate buffer cor-
relates with the value of the dielectric permeabilityf the

two solvents, e qe=78.5 While [19] £gq04 giycero™=62 at T
=20°, which induces more important electrostatic interac-
tions in glycerol mixtures than in a buffer. A more detailed

10.1

1

4 0.0

1-0.1

(] (10" deg em” dmol

4-0.2

analysis, similar to that reported elsewhgte?5,15, shows B
that the slopes measured in the two solutions are compatible . . . . . . .
with a protein charge o)=9=*2 for the acetate buffer and 200 220 240 260 280 300 320 340

Q=10+ 1.5 for the 60% w/w glycerol/acetate mixture. wave length (nm)

In interpreting the dependence of the hydrodynamic radii . o . )
with the protein concentration, one should also consider the FIG. 4. Circular dlchr0|em spectra in the far_- and near-uv region
dynamic attenuatiof7,5] due to electrolyte-protein interac- (panelsA and B, respectively for lysozyme in 60% glycerol/
tions. When taking into account such effects, the dependenc@¥etate mixturesdashed linpand in acetate buffefsolid line).

of Rgs1 On C becomes . . . .
’ <205nm) might be either due to changes in the aromatic

R. =R 14S:C)[1+ fan(C,u)], 5 contribution or to slight changes in the backbone conforma-

et 7= Rer, 1o(1+ SrC)L 1+ op(C. 1) ] ® tion, which are not expected to involve a remarkable increase
of the protein radius.

The observed difference between the translational radii in

fqnc'uon given by Belloni and Drn‘for(_ﬂ26] [Eq. (16) of the ._the two solvents should then be ascribed to the interactions
cited referenck However, the correction due to the dynamic . . : :
between the protein and the surrounding counterions, which

attenuation term is not remarkable in our experimental Conz v be differently modulated in the two solvents. In general
ditions sincefgp(C, 1) is only =0.02 at the largest protein y Y - ng '

concentration investigated here while the protein-protein in-the friction coefficient of a charged sphere of radrisind

teraction termS;C=0.36. Therefore, the simple linear rela- ;[:c;;ﬁlbcgzz(ger(gslsnegnégeée%trolyte solution at ionic strengfh
tion in Eqg. (4) correctly describe the data. P '

The concentration dependence of the rotational effective (= o+ ALo( 1, R,Q),
radiusReg R is not appreciable here, in agreement with theo-
retical predictions verified on large colloifi$0,11] and also  where{,=677R is the friction coefficient of the protein in
with experimental results on tRNAL2]. Dynamic attenua- absence of electrolytes, aiican be assumed as a “bare”
tion effects on the rotational diffusion are assumed to beyrotein radius. The first theoretical studi@9,7] made spe-
negligible. cific assumptions on the electrolyte size and their hydrody-

We discuss now the more interesting finding of the largenamic coupling, which have been relaxed by a more recent
(=15%) difference in the extrapolated values of the effecwork by Medina-Noyolzet al.[8,9] based on the generalized
tive radii Reg 1 in the two solutions. It must be noted that this Langevin equatiofGLE) approach30]. Moreover, a treat-
variation is not negligible since our experimental uncertain-ment of electrolyte friction effects on the protein rotation
ties are below 1%. The observed discrepancy could be pased on the GLE theory has been recently presditgd
consequence of a different folding state or hydration of the We compare here Schurr’s theoretical predicti@hand
protein in glycerol[27] with respect to the acetate buffer, as two different approximations of the Medina-Noyola treat-
well as an effect of the enhanced protein friction due to in-ment[Eqg. (16) and Eq.(18) of Ref.[8]] for the computation
teractions with its counterions cloud, a phenomenon knowmf the “bare” protein radius. Since the correction term,
as electrolyte frictio13]. In fact, even in the same glycerol/ A/, depends on the protein radius and charge, the protein
acetate mixture the extrapolated translational effective raradius is recovered by iteratively solving the equation
dius, Reg 1o, is higher than the corresponding rotational ra-

A§e|(/~L,RT 1Q)

where . is the solution ionic strength anfhp(C,un) is a

dius, Reggr, indicating that translational and rotational
frictions are differently affected bysolven}) electrolyte- Rr=Refr,r0~ 677 ©®)
protein interactions.

However, at least part of the observed difference in the The application of the different models gives a very simi-
protein radius might be due also to different protein foldinglar result(see Table)l For the glycerol/acetate mixtures the
in the two solvents. The circular dichroism spectra in theagreement between the translational radRyss1.9 nm, and
near and far uv regio(Fig. 4) for the acetate buffer and the the effective rotational radiugsee Figs. 2 and )3 Regr
60% glycerol/acetate mixture solutions have then been mea=1.93+0.03nm, is very good. The=15% difference ob-
sured in order to check the degree of folding. The spectraerved between the estimatesRy; 1o in the two solvents is
show that the secondary structure of the protein is not retherefore to be ascribed almost entirely to electrolyte friction
markably affected by glycerol and appears similar to thoseffects. However, even after these corrections, a systemati-
reported in the literatur¢28]. The minor differences ob- cally higher =9%) translational radiuR; is found for the
served in the negative peak of the far uv region ( data taken in the glycerol/acetate mixtures than in the acetate
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TABLE I. Protein radius corrected for the electrolyte friction 0.20
effect.
Solution Ry [nm2 Ry [nm® Ry [nm]° Protein chargé 0.15 -
Acetate buffer 1.7 1.7 1.65 P %
60% glycerol 1.85 1.9 1.85 1.5 2

=, 0.10 1

dComputed according to Ref7]. c
bComputed according to Refi8], Eq. 16. &
‘Computed according to Rdfg], Eq. 18. 0.05 -
9In proton units.
solutions(see Table), which do not seem to be due to major 0.00

protein unfolding as checked by the circular dichroism spec-
tra in the two solvents. As a matter of fact, polyols such as
glycerol or sorbitol modify the protein-solvent interactions kb
|_nducmg higher protein hydratlon and stab|l_[t$1,2ﬂ. It Is . FIG. 5. Correction factor for the electrolyte friction on the rota-
likely .that the Iargelr radius Ot?sered here in glycerol MX-tional diffusion,G,,, versus the produatb of the Debye screening
tures is due to a thicker protein hydration layer correspondg,nstant and the smaller protein axis. The computation is performed
ing to =0.2nm or almost one water shell. for axial ratioa/b=2 according to Eq(56) of Ref.[13].

The good agreement betweRp andRc g in the glycerol
mixtures suggests that there are no appreciable effects %ange in the effective protein radiusARg/Rg
electrolyte-protein interactions on the rotational diffusion. '”:AgR/(E.gR):O.Ol, which amounts te=0.02 nm, a negli-

order to confirm this, we can consider different types of ap;ip|e correction compared to our experimental uncertainty on
proximations for the theoretical prediction of the electrolyte Rg=1.9+0.1nm.

friction effect on the rotational motiorj13] However, one

gets very similar results when the translational diffusion co-

efficient of the electrolyt®, is much larger than the protein VI. CONCLUSIONS

diffusion coefficientDg,, as is the case here whek,

=125x10 " 8cn?/s (computed assuming an ion radius We have shown that the hydrodynamic radius obtained
=0.15nm) andDg,=10x 10 8 cné/s (computed assuming from the relaxation rate of the correlograms of the polarized
a protein radius=2 nm) in glycerol mixtures. An estimate of light is fully compatible with the estimate made from the
the electrolyte friction contribution to protein rotational fric- depolarized light scattering measurements once the effects of

tion, AlRr, is given by[13] protein-protein and electrolyte-protein interactions are care-
fully taken into account. Moreover, the depolarized scatter-

Q?\/aZ—b? ing is shown to give a direct measurement of the hydrody-
AgR:met(Kb’a/b)' (7)) namic radius almost free of contributions from electrolyte

friction or protein-protein interactions at protein concentra-
wherea andb indicate the long and short axis of the protein tion C<40 g/L. Finally, the slightly larger protein radius de-
assumed as a prolate ellipsoid ard® is the Debye screen- tected in glycerol mixtures is compatible with an enhanced
ing length[5]. The functionG,,; must be computed numeri- protein hydration in this solvent and supports the use of de-
cally as an integral of Bessel functions and its expression ipolarized photon correlation spectroscopy for the measure-
given in Eq.(56) of Ref.[13]. The predicted behavior for the ments of fine changes in protein size.
present case, with=62 (for 60% glycerol/acetate mixturgs

[19] and protein axial rati$p22] a/b=2, is reported in Fig. 5 ACKNOWLEDGMENT
and the abscissa value corresponding:te 45 mM is indi-
cated by a vertical line. This work has been partially supported by a grant of the

By assuming the values &f=2.75nm ando=1.65nm Istituto Nazionale per la Fisica della Materia, advanced re-
reported for lysozymg22], one can estimate a relative search project “PROCRY.”
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