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Abstract: Accurate models of protein diffusion are important in a number of applications, including-iquid
liquid phase separation and growth of protein crystals for X-ray diffraction studies. In concentrated
multicomponent protein systems, significant deviations from pseudobinary behavior can be expected. Rayleigh
interferometry is used to measure the four elemeDfg,(of the ternary diffusion coefficient matrix for the
extensively investigated protein, hen egg-white lysozyme (component 1) in aqueous NaCl (component 2) at
pH 4.5 and 25C. These are the first multicomponent diffusion coefficients measured for any protein system
at concentrations high enough to be relevant to modeling and prediction of crystal growth or other phase
transitions, and the first for a system involving lysozyme at any concentration. The four ternary diffusion
coefficients for the system lysozyme chloride/NaCl/water are reported for lysozyme chloride at 0.60 mM (8.6
mg/mL) and NaCl at concentrations of 0.25, 0.50, 0.65, 0.90, and 1.30 M (1.4, 2.8, 3.7, 5.1, and 7.2 wt %),
with the latter two compositions being supersaturated. One cross-s), (s 80—259 times larger than the

main term Di1)y and 718 times larger thand>y),. Standard interferometric diagnostic tests indicate that
aggregation is unimportant in our experiments. We also present binary diffusion coeffdigiatslysozyme
chloride/water at concentrations from 0.43 to 3.08 mM {62.1 mg/mL), at the same pH and temperature.
The precision of the results is about 0.1% for the binary diffusion coefficients and diagonal ternary diffusion
coefficients, and about-12% for the cross-terms. For the ternary systems investigated, we show that a single
pseudobinary diffusion coefficient does not accurately describe diffusive transport, and predictions by simple
models such as the Nerndtlartley equations are inaccurate at the higher concentrations considered here.
Finally, dynamic light-scattering diffusion coefficients, differing from both our interferometrically measured
(Djj)v and a theoretical prediction of light-scattering diffusion coefficients in multicomponent systems, are
reported for the same solutions used for the ternary experiments at 1.30 M.

Motivation solute component to the gradients of all solute comporients.
Since experience with other multicomponent systems shows that
cross-terms @;)y, i = j) are often significant, the validity of
the common assumption of pseudobinary protein diffusion can
be assessed only by measuring the full setndfdiffusion

Diffusion plays a role in many biochemical processes. In
particular, diffusion of proteins is important in a number of in
vivo, laboratory, medical, and manufacturing applications.
Examples include centrifugation and other separations, dialysis, 1o

o : : e .~ ~’coefficientst:
and crystallization. Effective modeling, prediction, and design . N L . .
; " - One of the most important scientific applications in which
of these processes require accurate descriptions of protein trans- S .
- protein diffusion is critical is the growth of large crystals with
port. Since buffers, added salts, or other macromolecules are

. . . . low defect densities, the initial step in the determination of
typically present, such systems are invariably multicomponent . . ;
in nature protein structure by X-ray crystallographjpespite considerable

- . effort to understand the fundamentals, protein crystal growth is
The complete description of amsolute system requires an

n x n matrix of diffusion coefficients relating the flux of each still as much art as it is science.
9 A large body of experimental and theoretical work clearly
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other kinetic processes) determines the concentration profiles In the experiments reported here, the volume change on
within a protein-depleted zone immediately adjacent to the mixing and changes in concentrations across the diffusion
growing crystalt~7” Second, diffusion of precipitant and impuri-  boundary are small. Consequently, to a good approximation,
ties (including protein impurities) is thought to be critical to the measured diffusion coefficients may be considered to be
incorporation or rejection of these species into or from the for the volume-fixed reference fraffedefined by

growing crystal—® Third, diffusion is important in establishing

the concentration gradients responsible for the buoyancy-driven noo_

convective flow that can arise in protein crystal growth JV,=0 (2
experiments under normal (e.g., earth) gravity conditfohs. i=

Finally, when protein crystal growth is conducted under - . ) .
microgravity conditions, diffusion is the dominant transport WhereViis the partial molar volume of thith species, and the
mechanisni? subscript O denotes the solvent.

Due to the importance of protein crystal growth, a substantial ~ Although the importance of multicomponent dil‘;f_USiO” has
effort has been made to develop mathematical models capable®®en recognized in the crystal growth commufiity,and
of predicting crystal quality and growth rate as a function of accountt_:;d for semiempirically in modeling growth of lysozyme
growth conditions. The more sophisticated of these models (cf. CTYStals in agueous Na€ho crystal growth model has properly
Lin et al.8 Savino and Mon#) compute concentration distribu- accounted for multicomponent diffusive transport because the

tions and fluxes based on (1) a more-or-less full treatment of Necessary data have been unavailable.

flow in the liquid, (2) diffusive and convective mass transferin While. it i; sometimes possible to estimate diffusion poef-
the liquid and at the growing interface, (3) association/ ficients in binary and multicomponent systems, these estimates

dissociation equilibria and kinetics in the liquid, and (4) binding a"€ generally limited to dilute solutions. For example, the binary

and desorption equilibria and kinetics at the liquid/solid @nd multicomponent NernsHartley (N-H) equations are often
interface. useful for dilute electrolytes, including proteins. They are based

At the growth interface, incorporation of protein and rejection €ither on limiting ionic conductances (cf. eqs—7m of ref 16,
of supporting electrolyte give rise to a zone adjacent to the OF €4 41 of ref 17) or on limiting tracer ionic diffusion
crystal in which protein is depleted and other components (e.g., Coefficients (cf. eq 167 in ref 2, or ref 18). There have also
the supporting electrolyte) are usually enriched. Thus, diffusion P€en great strides in ab initio (hydrodyr;?mlc) prediction of
in protein crystal growth inevitably occurs under conditions for diffusivities from protein structure dax®! by computing
which nospecies has a uniform concentration. This immediately Stokes flow around a rigid body having the approximate
raises the issue of multicomponent diffusion and the likelihood ydrodynamic” shape of the given protein molecule. However,

that protein diffusion will be enhanced or hindered by gradients thiS approach is limited to binary systems at infinite dilution
of other diffusing specie3. with known counterion type and concentration. Unfortunately,

The influence of other species on protein diffusion follows @S Will be seen below, no current estimation procedure works
from the one-dimensional flux relatios, well in the concentrated multicomponent solutions of interest
in crystal growth. Thereforegxperimentalmulticomponent
n diffusion coefficients are essential for accurate modeling of
—J = Z (D;), 8C; /ox i=1,..n (1) protein transport in this important application, especially in view
i1 of the very large cross-term coefficieriD4;), reported here.
Moreover, since protein crystal growth may occur at supporting

in which the cross-term diffusion coefficients (off-diagonal €lectrolyte concentrations that bring the system well into a region
elementsDj)y, i = j) can be positive or negative. For one solute Of supersaturation, the concentration dependence of all the
componentif = 1), (D11 in eq 1 is just the solute binary  diffusion coefficients should be important, including those
diffusion coefficient and will be denoted bp,, where the  contributing directly to the protein flux.
subscript v denotes the volume-fixed frame of reference. In
ternary systemsn(= 2), (D11)y and D2y)y are the main-term
diffusion coefficients relating the flux of a component to its
own concentration gradient, and(), and O»1), are the cross- Virtually all studies of protein diffusion have been performed
term diffusion coefficients relating the flux of each component in multicomponent systems. However, except for the pioneering
to the gradient of the other. For some systems (cf. Vitagliano studies of Leaist (see below), all have assumed pseudobinary
et al.}2 Albright et al*), a cross-term[;), can have consider-  diffusion of protein, although several have addressed the issue
ably larger magnitude than the main-tery),, as our measure-  of how the pseudobinary protein diffusion coefficient depends
ments show for the systems described here. on the concentration of protein or other electrolyte components.
(@) Miyashita, S.. Komatsu, H.. Suzuki, ¥ NakadaJT Cryst. Growth _ Pseud_obin_ary protein diffu_sion cannot provide a full descrip-
1994 1471, 419-424. tion of diffusion processes in the multicomponent systems in

(5) Kurihara, K.; Miyashita, S.; Sazaki, G.; Nakada, T.; Suzuki, Y.; which measurements are made, or in those for which such data
Komatsu, H.J. Cryst. Growth1996 166, 904-908.

Previous Studies of Protein Diffusion in Multicomponent
Systems

(6) Rosenberger, H. Cryst. Growth1988 76, 618-636. (14) Hooyman, G. J.; Holtan, H., Jr.; Mazur, P.; de Groot, PRsica
(7) Vekilov, P. G.; Monaco, L. A.; Thomas, B. R.; Stojanoff, V.; 1953 19, 1095-1108.
Rosenberger, FActa Crystallogr., Sect. [1996 52, 785-798. (15) Wilcox, W. R.J. Cryst. Growth1983 65, 133—142.
(8) Lin, H.; Rosenberger, F.; Alexander, J. |. D.; Nadarajah] Aryst. (16) Miller, D. G.J. Phys. Chem1967, 71, 616-632.
Growth 1995 151, 153-162. (17) Miller, D. G. J. Phys. Cheml1967, 71, 3588-3592.
(9) Grant, M. L.; Saville, D. AJ. Cryst. Growth1991, 108 8—18. (18) Leaist, D. G.; Lyons, P. Al. Phys. Chem1982 86, 564-571.
(10) Pusey, M.; Naumann, R. Cryst. Growth1986 76, 593—-599. (19) Allison, S. A.; Potter, M.; McCammon, J. Biophys. J1997, 73,
(11) Savino, R.; Monti, RJ. Cryst. Growth1996 165 308-318. 133-140.
(12) Vitagliano, V.; Sartorio, R.; Scala, S.; SpaduzziJDSolution Chem. (20) Brune, D.; Kim, SProc. Natl. Acad. Sci. U.S.A993 90, 3835~
1978 7, 605-621. 3839.
(13) Albright, J. G.; Mathew, R.; Miller, D. G.; Rard, J. A. Phys. (21) Smith, P. E.; van Gunsteren, W. F.Mol. Biol. 1994 236, 629—

Chem.1989 93, 2176-2180. 636.
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will be applied in modeling studies and design, or for other containing NaCl and sometimes additional electrolytes. This
purposes. Indeed, assuming pseudobinary diffusion for anwork includes nucleation (cf. Georgalis et?8land references
n-solute systemn( > 1), whose full description requires? therein), liquid-liquid phase separation (cf. Muschol and
diffusion coefficients, can actually be misleading. Gosting Rosenbergé? and references therein), and crystallization (cf.
pointed out more than 40 years ago, in the context of protein Pusey?, where NaCl serves as a precipitant. To a large extent,
transport, that multicomponent diffusion coefficients are es- the ternary lysozyme chloride/sodium chloride/water system has
sential in such studies. To our knowledge, the only previous become the dominant “model” system for experimental and
reports of multicomponent protein diffusion coefficients are theoretical studies of protein crystal growth. Consequently, we
three papers by Leaist and H&02* who studied bovine serum  have chosen to investigate this system at@5In what follows,
albumin (BSA) or sodium BSA in dilute solution with at least lysozyme chloride is designated as component 1 and sodium
one salt at 25C. chloride as component 2.

Leaist’s first pape® presents data obtained by the diaphragm  This paper presents the first systematic diffusion study from
cell method, in which only@,;), was measured at several pH moderate precipitant concentrations into the supersaturated
values, to demonstrate how diffusion of charged BSA affects region of this extensively examined system, and thus provides
transport of NaCl. Depending on pH, there is a considerable a complete set of diffusion coefficients necessary to model
coupled flux or counterflux of NaCl due to the BSA gradient. diffusive transport in lysozyme crystallization from aqueous
The second pap®rreports the use of the Harned restricted NacCl solutions at one lysozyme concentration.
diffusion method to measure the four ternary diffusion coef-  There are many previous measuremétté> mostly by light
ficients for the system NdBSA (m = 7 or 18)/NaCl/water at  scattering, of pseudobinary lysozyme diffusion coefficients in
three NaCl concentrations. Additional NaCl drastically slows ternary and other multicomponent systems. Although in none
down diffusion of NaBSA. The third papéf reports quaternary ~ of these references does the electrolyte closely match any
diffusion coefficients measured by the Taylor dispersion method considered here, comparison suggests that, when significant
for systems containing BSA and either phosphate or citrate supporting electrolyte is present, the pseudobinary diffusion
buffer components. In these cases, diffusion of BSA produces coefficients are usually within 2620% of our Di1)y dif-
extremely large coupled fluxes of the buffer electrolyte com- fusion coefficients for the lysozyme component reported be-
ponents. low.

A fourth paper by Leaid? shows that the counterions Na All three-component mutual-diffusion experiments reported
and K are responsible for the large increase in the BSA here were performed by Rayleigh interferometry at pH 4.5 and
diffusion coefficient inbinary aqueous solutions of NBSA at a mean lysozyme concentration (average of top and bottom
(m=2, 4,7, 16, or 23) and ,BSA at pH values larger than  solution concentrations) of 0.60 mM (8.6 mg/mL). Four
5.5, as measured by the Harned method. Moré dtaunterions experiments, with different combinations of protein and NaCl
(larger m values) significantly increase the binary diffusion concentration differences, were performed at each of five mean
coefficient of NgBSA. NaCl concentrations (0.25, 0.50, 0.65, 0.90, and 1.30 M,

In the three ternary and quaternary studfes; the measured corresponding to 1.4, 2.8, 3.7, 5.1, and 7.2 wt %), for a total of
diffusion coefficients were compared to values predicted at 20 experiments. We note that experiments must be performed
infinite dilution by the extended NH equation$®2* or an with at least two different concentration differences at each
approximation thereté? These equations use the ion species combination of mean concentrations in order to measure the
concentration ratios and the limiting ionic mobilities and four diffusion coefficients of the systeffi.48 Performing four
ch_arges. In all th“?e studies, some of t@&})c_values _Wer? in (28) Georgalis, Y.; Umbach, P.; Soumpasis, D. M.; Saenger].\&m.
fair agreement with theory, but others differed in sign or chem. Soc1998 120, 5539-5548.
significantly in magnitude from predicted values over the  (29) Muschol, M.; Rosenberger, B. Chem. Phys1997 107, 1953~
composition range considered. All three papers note the valuelg?g(-)) Pusey, M. LJ. Cryst, Growth1662 122, 1-7.
of using the N-H theory to estimate diffusion coefficients at (31) Cadman, A. D.; Fleming, R.; Guy, R. Biophys. J1981, 37, 569—
low to moderately low concentrations. 574.

Our measurements are made by the well-established, absolute (32) Mikol, V.; Hirsch, E.; GiegeR. J. Mol. Biol. 1990 213 187-195.
technique of Rayleigh interferometfyin free-diffusion experi- 83 EKZH;’E;’BD”. é‘?mse‘;g’r’Ré.miﬁ' gfrégﬁifzelza'sﬁffﬁ Blanch,
ments, using a high-precision instrument, as well as by the moreH. w.; Prausnitz, J. MBiophys. J.1997, 73, 3211-3224.
common light-scattering approach using a commercial instru-  (35) Sophianopoulos, A. J.; Rhodes, C. K.; Holcomb, D. N.; Van Holde,
ment. Recognizing the ease with which light-scattering diffusion K. (%6;'EBl;Iglrlst(é?ne,n\}\%?%zegit]glils%o\Z? 1slale2riger, WCryst. Growth1994
coefficients have been and can be measured, the present works3 71-7s.
has the additional purpose of providing a benchmark for vali-  (37) Dubin, S. B.; Clark, N. A.; Benedek, G. B. Chem. Phys1971,
dation and refinement of theories of light-scattering diffusion 54'(3?;;’%;%%&4-8' B Lunacek J. H.: Benedek. G. Broc. Natl. Acad.
coefficient measurements for proteins in multicomponent sys- g.;"\'s A1967 57, 1164-1171,

tems?’ (39) Colvin, J. R.Can. J. Chem1952 30, 831-834.
(40) Foord, R.; Jakeman, E.; Oliver, C. J.; Pike, E. R.; Blagrove, R. J,;
Wood, E.; Peacocke, A. Rlature (London)L97Q 227, 242—245.
] ) (41) Fuh, C. B.; Levin, S.; Giddings, J. @nal. Biochem1993 208
A large body of work deals with hen egg-white lysozyme 80-87.

(HEWL; hereinafter, lysozyme), typically in agueous solutions __(42) Baranowska, H. M.; Olszewski, K. Biochim. Biophys. Acta99§

Choice of Systems

1289 312-314.
(22) Leaist, D. GJ. Phys. Chem1986 90, 6600-6602.
(23) Leaist, D. GJ. Phys. Chem1989 93, 474-479.
(24) Leaist, D. G.; Hao, LJ. Chem. Soc., Faraday Tran$993 89,
2775-2782.
(25) Leaist, D. G.J. Solution Chem1987, 16, 805-812.

(26) Tyrrell, H. J. V.; Harris, K. RDiffusion in Liquids Butterworths:

London, 1984.
(27) Leaist, D. G.; Hao, LJ. Phys. Chem1993 97, 7763-7768.

(43) Muramatsu, N.; Minton, A. PAnal. Biochem.1988 168 345—
351.

(44) Nesmelova, |. V.; Fedotov, V. DBiochim. Biophys. Actd 998
1383 311-316.

(45) Giordano, R.; Salleo, A.; Salleo, S.; Mallamace, F.; Wanderlingh,

F. Opt. Actal98Q 27, 1465-1472.
(46) Fujita, H.; Gosting, L. 3. Am. Chem. Sod956 78, 1099-1106.
(47) Fujita, H.; Gosting, L. JJ. Phys. Chem196Q 64, 1256-1263.
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experiments at each mean composition provides additional LNC2, LNC3, and LNC4. The densities of stock solutions (see below
confidence in the results and allows for an error analysis. prepared from protein samples taken from three bottles of this lot (based
We have also used Rayleigh interferometry to investigate the N the weight of the as-received protein) were in fair agreement, but

concentration dependence of the diffusion coefficient of lysozyme the densities of solutions prepared from samples from the fourth bottle
chloride in its binary solution with water. Binary diffusion were somewhat higher. For top and bottom solution pairs differing only

fficient ted f H 45 and trati in protein concentration, those prepared from fourth-bottle samples also
coetncients are reported for p -2 and mean concentralions 4 correspondingly larger refractive index increments and larger

0.4345, 0.6000, 0.8914, 1.7828, and 3.0778 mM (6.2, 8.6, 12.7, , ymbers of fringes. We thus believe that material from this fourth bottle
25.5, and 44.1 mg/mL). was drier, and that differences in dryness among the protein samples
Additionally, we have measured dynamic light-scattering are responsible for some scattelMnand the refractive index increments
diffusion coefficients of the ternary system at 1.30 M NaCl. R for the four mean compositions associated with this lot (cf. Table
7). However, all four ternary experiments for each mean composition
Experimental Section were done using protein from one bottle and are thus internally
) o . ) consistent. The resultindp(), vary smoothly with NaCl concentration,

All experimental work was conducted at Texas Christian University. despite the small differences in densities, etc., among the protein

Materials. Hen egg-white lysozyme, recrystallized six times and samples from this lot.
Iyoph?lized, was purchased from Seikagaku America. This choice of Lysozyme from eight 25-g bottles of Seikagaku lot no. E96Y03 was
supplier was guided by the work of Rosenberger and co-wofRe?s? mixed and stored as a single 200-g batch. Protein used to prepare
which reports detailed analyses of commercial HEWL products. TWo g4 tions for binary experiment LC5 and the ternary series LNC5 was
batches of HEWL with different Seikagaku lot numbers and impurity - (ayen from this batch. The mean density of the solutions of this set of
analyses were purchased. The first lot, E96301, had 3.79% moisture g, eriments, based on a long extrapolation, was consistent with lower-
and 2.28% chlorine by weight. A later lot, E96Y03, had 4.96% moisture .o caentration values from lot E96301.
and 1.94% chlorine by weight. Atomic absorption studies at this B ; ;
laboratory showed negligible Ndor both lots. No further purification Coﬁgczglﬁg??f" v\\/lveerizh‘i)rzzrs)a\r/séjrebypé?fa;?ng;ﬂ:/vﬁﬁperlopls/lrgtt?erb L}%)ll:ggy
was pe rformed, since the nonprotein species are preser_lt in the dif_fu.SionAT4OO electrobalance. Since the as-received lysozyme powder was very
experlmen_ts and were a_ccounted for (_see bglow) In determ_mmg hygroscopic, all manipulations in which water absorption might be
cpncgntrauon;. As described .below, . dlagnostlc. data from blngry critical were performed in a dry glovebox. Stock solutions of lysozyme
qlffusmn experiments were consistent with no proteinaceous contamina-, .« made by adding as-received protein to a preweighed bottle that
tion. had contained drybox air, capping the bottle, and reweighing to get

The molecular mass of the lysozyme solitl, was taken as 14 307 0 \yejght and thus mass of lysozyme. Water was added to dissolve
g mol™, and this valug was used to calculate all concentrations after o lysozyme, and the solution was weighed. An accurate density

correction for the moisture and chloride content. With these corrections, measurement (see below) was made and used to obtain the molarity of
the effective weight of just the protein was 0.9387 and 0.9304 times 14 stock solution.

the measured weight of the as-received material from lots E96301 and The top and bottom solutions for each diffusion experiment were
E96Y03, respectively. Buoyancy corrections were made with the
corimonly used tetragonal lysozyme crystal defisity of 1.305 g diluting and adjusting the pH as follows. For binary experiments, the
ems - solutions were first diluted to within 10 chof the final volumes with
‘[_)EIOI’]IZ(IBd water was distilled ‘and then pas_sed through a four-stagepure water. From 1 to 3 mL of the dilute HCI was added to adjust the
Mllllp(_)re filter system to provide high-purity water for all the pH to the desired value, any residual solution on the pH electrode was
experiments. The molecular mass of wats, was taken as 18.0159  ashed back into the solutions, and the dilutions were completed by
cm = Malllnckrodt_re_agent HCI 412 M) was .q'IUted by he_‘lf with . mass. The densities and final pH values of these solutions were
pure water and distilled at the constant boiling composition. This eaqred and the final concentrations calculated. For ternary experi-
resulting HCI solution (apprOX|ma_ter6 M) was then gllluted to about ments, precise masses of NaCl were added to flasks containing
0.063 M (pH 1.2) and used to adjust the pH of solutions. previously weighed quantities of lysozyme stock solutions. These
Mallinckrodt AR NaCl was dried by heating at 430 for 7 h, taking solutions were mixed and diluted to within 10 £of the final volume.

intoconsideration the work of Raffl,and used without further 1o o1y \was then adjusted, and the solutions were diluted to their final
purification. The purity of the NaCl was listed as 99.9% by the supplier. \5sses.

Its mple70u|ar mass¥l,, was taken to be 58'443,9 méland its crystal Although some series LNC4 solutions (0.90 M NacCl) were super-
density as_2.165 9 cm’f_ for buoyancy corrections. saturated, crystallization was not observed during the diffusion experi-
Preparation of Solutions. Lysozyme from four 25-g bottles of  \onts However, some series LNC5 solutions (1.30 M NaCl) were well

Seikagaku lot no. E96301 was used to prepare solutions for binary jnqiqe the supersaturation region. To prevent crystallization in this series,
experiments LC1, LC2, LC3, and LC4 and the ternary series LNC1, .| tion flasks were soaked for at least 1 day in alcoholic NaOH prior

(48) Miller, D. G.; Albright, J. G. InMeasurement of the Transport to use. The diffusion cell and reservoir were soaked overnight in a

prepared by transferring stock protein solution to clean flasks and then

Properties of Fluids Experimental Thermodynamic&/akeham, W. A., solution containing LlQUl-NOX cleaner. We note that visible crystals
Nagashima, A., Sengers, J. V., Eds.; Blackwell Scientific Publications: usually formed in unused series LNC5 solutions after 2 days.
Oxford, 1991; pp 272294. Measurement of pH.pH measurements were made using a Corning
(49) Thomas, B. R.; Vekilov, P. G.; RosenbergerAgta Crystallogr., model 130 pH meter with an Orion model 8102 combination ROSS
Sect. D1996 52, 776-784. . .
(50) Rosenberger, B. Cryst. Growth1996 166, 40-54. pH electrode. The meter was calibrated with standard pH 7 and pH 4
(51) Canfield, R. EJ. Biol. Chem1963 238 2698-2707. buffers and checked against a pH 5 standard buffer. It was assumed
(52) Palmer, K. J.; Ballantyne, M.; Galvin, J. A.Am. Chem. So4948 that the pH values remained valid at the higher NaCl concentrations.
70, 906-908. ) ) i After four or five experiments, the electrode was soaked in 5% NaClO
(53) Tanford, CPhysical Chemistry of Macromolecujelhn Wiley & for 10 min, following which the internal reference solution was replaced

Sons: New York, NY, 1961.

(54) This value differs by about 6% from a more modern value (1.2221 with fresh solution.

g cm9) determined by a different technid@and is clearly dependent upon Density MeasurementsAII_densny measurements were made with

the amount of free and bound water in the crystal. For the purposes of & Mettler-Paar DMA40 density meter, thermostated with water from a

buoyancy correction in weighing, the differences are negligible. large, well-regulated £0.01 °C) water bath. This instrument is
(55) Westbrook, E. M. IMethods in EnzymologyVyckoff, H. W., Hirs, interfaced to a computer for time averaging, and with care consistently

C. H. W., Timasheff, S. N., Eds.; Academic Press: New York, NY, 1985; gives precision of2 x 1075 g cn @ or better.

Vol. 114, 187196. . . . .
0(56) RaFr)g J. AJ. Chem. Thermodyri996 28, 83-110. Free-Diffusion Measurements.All free-diffusion measurements

(57) Weast, R. CCRC Handbook of Chemistry and Physi3th ed.; were made with the high-precision Gosting diffusiomété?>°operated
CRC Press: Cleveland, OH, 1975. in its Rayleigh interferometric optical mode. Data from the Rayleigh
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interference patterns were collected with a 6000-pixel, 6-cm linear CCD Table 1. Binary Experimental and Derived Data at 256 (Series
array with 10um x 10-um pixels, mounted vertically on a precision  LC)
stage. Thg stag(_a with _this vertical array was stepped horizontally through expt LC1 LC5 LC2 LC3 LC4
the two-dimensional interference pattern to collect the data necessary—
to calculate the diffusion coefficients. Horizontal positions were ob- Cy (mM) 0.4345 0.6000 08914  1.7828  3.0778

. . ) . s ACy (MmM) 0.3220 0.4000 0.3364 0.6728 0.8516
tained with an optical encoder with0.5xm accuracy. Data acquisition

I ith Il Di R hich pH bottom 4.42 4.50 4.48 4.52 451

was controlled with a Dell Dimension XPS P166s computer, whic pH top 451 450 4.48 4.46 450

performed the subsequent data reductfdii For the first four binary d (g cn3) bottom  0.999 53 1.000 35 1.001 49 1.005 93 1.011 5%

experiments, a magnification factor (1.759 42) was measured using ad (g cnv3) top 0.998 1¢ 0.998 6§ 1.000 08 1.003 0% 1.008 02

precision ruled quartz scale (Photo Sciences Inc., Torrance, CA) with At (s) 20 22 10 8 13

100 lines/cm, whose relative positions are accurate to23Because J (meas) 41.818 51.112 43.639 87.630  109.379

of slight readjustment of the diode array position, a second magnifica- V1 (cm® mol™?) 10184 10225 10296 10497 10750

tion factor (1.761 06) was measured and used for the remaining binary Yo (C* mol™) - 18.070  18.069  18.067  18.058  18.033

(C, = 0.60 mM) and all the ternary experiments reportgd here. gt ((inozgg)? mol™) é:égg 1 ééﬁs %)25377 6 %‘31%239 %i&%7
A 543.5-nm He-Ne Uniphase laser was used as the light source of " (10-9mz 5-1)

the diffusiometer. The free-diffusion experiments were performed in a D, (corr) 0.5678 0.5508 0.5316 0.4858  0.4417

Tiselius cell (C-1235-H11), with an optical path length of 2.5057 cm.  (10°%m?s™Y)

The temperature of the bath was regulated at 28@vith a model

PTC-41 Tronac temperature controller to a precisiont6f001 °C. o . . )

All experiments were done at ambient pressure. Filling of cells and Were small and indicate nearly monodisperse protein. All baseline values

boundary sharpening were done by standard proced®fesith a were 1.000+ 0.001, all SOS values were negligible, and all count
peristaltic pump replacing gravity as the means of drawing solution ates were withint5%, thus meeting the specifications given in the
into the “siphon” tube to sharpen the boundary. All diffusion boundaries Protéin Solutions manual for a good measurement. That the measure-
were checked for static and dynamic stabfitgnd found to be stable. ~ MeNts were not corrupted by retention of protein on the filter was
Calculation of ternary diffusion coefficients was done with the program €Stablished by measurinBo.s for solutions passed through two
TFIT59-6163 by using data from four experiments with different initial sequential filters. Measurementsf, s agreed with those for single-

concentration increments across the boundary but with the same mearPass filtration to within 0.3%, which is approximately the measurement
concentrations of lysozyme chloride and NacCl. error.
The precision of measurement appears to be better@ah% for Results

the binary diffusion coefficients and for the main-term diffusion Binary Diffusion Coefficients at pH 4.5. Diffusion coef-
coefficients of the ternary diffusion experiments. The ternary cross- ficients were measured for the lysozyme chloride system in the
term errors are larger (about-2%), as reported by Albright and Miller trati f 0.4345 0 3.0778 mM 1 /
and co-workers for other ternary systems (cf. Albright etallathew Colflce_P rg '02 raglge r?r:n ) it of ';h mM (642. mq( d
et al.s4&5and Miller et aléy). m ). Table 1 shows the results of these measurements an
No attempt was made to remove clusters or other protein aggregateéncludes the mean concentrations and the concentration incre-
(e.g., by filtration or centrifugation), since the Rayleigh interferometric Ment across the boundaryC; pH values of the bottom and
method (unlike dynamic light scattering) is quite insensitive to the top solutions; densities of the bottom and top solutions; mean
presence of small numbers of high-molecular-weight aggregates, whichconcentration; fringe numbér partial molar volumey/; of the
can b_e expected to diffuse_ very slowly and hence contribute little to protein and water; refractive index increméhs [an/aCJ; and
the fringe patterns. Even if aggregates were present, they would bemeasured volume-fixed diffusion coefficieB. General dis-
expected to negligibly affect diffusive transport of monomers, which - cyssions of the experimental theory and nomenclature for the
is the dominant diffusion process during crystal growth. binary and ternary cases are presented elsevifgfe8
Dynamic Light-Scattering Diffusion Coefficients. Dynamic light- The time offsetAt is also included, which relates the elapsed
scattering diffusion coefficient®p.s, were measured for samples from timet of a scan measured on the laboratory clock to the apparent
all solutions of the ternary series LNC5 (1.30 M NaCl mean concentra- formation time of a step-function starting boundary (free-

tion). e L ]
Measurements were made using a Protein Solutions DynaPro-8OldIfoSIorl boundary conditions). For each scan of an experiment,

TC molecular sizing instrument with a fixed scattering angle of. 90 ~ an average diffusion coefficielaye is obtained by averaging
Solutions were injected through a 0.8 Whatman Anotop 10 filter. the separate dlﬁU$|0n _coethle_nBj Ca|CU|ated_ from each
This instrument was interfaced with a Dell Dimension XPS 300-MHz Symmetrical Rayleigh fringe paijr of that scan in the range
computer for numerical reduction of intensity fluctuation data. The 0.25< z < 1.0, wherez = erfinv{(J — 2j)/J}, and erfinv is
monomodal mode in the Protein Solutions Dynamics V4.0 software the inverse error function. These average valDgg from all
package was used in the analysis. Each rep@tedwas obtained by scans of an experiment were plotted against their corresponding
averaging intermediate values for at ledsh of data collection, but values of 1f and extrapolated to L= 0 to obtain the values of
tt;edretwas”httltg chzlmgledmdtha_[t,hstﬁveratge tvfalue gftter a felw .m'n”t$3 D, shown in Table 1. The slope of this straight lineDgAt.

ot data cofiection. Incuded with the output rom da'a anasis aré Iour——a o4 racted value of eachy is also listed in Table 1. This

basic diagnostics: (1) polydispersity coefficient, (2) baseline, (3) sum L b he | .
of squares (SOS), and (4) count rate. The polydispersity coefficients correction Is necessary because, a§t ? ysozyme concentrahon
decreases, the HCl added to maintain the pH at 4.5 is an

(58) Gosting, L. J.; Kim, H.; Loewenstein, M. A.; Reinfelds, G.; Revzin, increasingly large fraction of the total electrolyte. It thus

(59) Rard, J. A.; Albright, J. G.. Miller, D. G.; Zeidler, M. B. Chem. ?eco eST";_‘] Seﬁgl dso Ut?.' and ego l.“c; becto es ? ﬁas aly
Soc., Faraday Transl99G 92, 4187-4197. ernary. The HCI correction is made in four steps as follows:
(60) Yang, M. C.; Albright, J. G.; Rard, J. A.; Miller, D. G. Solution (1) The limiting tracer diffusion coefficient for the lysozyme
Chem.1998 27, 309-329. _ _ _ ~ion is assumed to be 0.12 10°° m? s'L. This value was
Epéiﬁiw'"fré% %'Hﬁbggr]r;thiégé' E';A?atggg‘g_%é;ge’ C.M;Rard, J. A5 ghtained within two significant figures from our ternaig)y
(62) Miller, D. G.; Vitagliano, V.J. Phys. Chen 986 90, 1706-1717. diffusion coefficients, for which the dragging effect of the
(63) Miller, D. G.J. Phys. Cheml988 92, 4222-4226. counterion is almost completely eliminated by the high salt
(64) Mathew, R.; Paduano, L.; Albright, J. G.; Miller, D. G.; Rard, J. A.
J. Phys. Cheml1989 93, 4370-4374. (66) Creeth, J. MJ. Am. Chem. Sod.955 77, 6428-6440.
(65) Mathew, R.; Albright, J. G.; Miller, D. G.; Rard, J. A. Phys. (67) Creeth, J. M.; Gosting, L. J. Phys. Chem1958 62, 58—65.

Chem.199Q 94, 6875-6878. (68) Albright, J. G.; Miller, D. GJ. Phys. Chenil972 76, 1853-1857.
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Figure 1. Diffusion coefficients of the binary system lysozyme
chloride/water at pH 4.5 and Z&: @, experimental values, ar@,
corrected values.

concentration. The limiting diffusion coefficients of 2.63107°
and 9.37x 10°° m? s for the chloride and hydrogen ions,
respectively, were obtained from the limiting ionic conduc-
tances® The estimate of 6.7 for the charge of the protein is
based on NernstHartley (i.e., infinite dilution) theory and is
described below in the Discussion section.

(2) The N—-H equation is then used to calculate a diffusion
coefficient for the binary system lysozyme ¢@water (the
binary D). We note that the value of 6.7 refers to the actual
average charge of the protein, which differs from the stoichio-
metric value.

(3) The extended NH equation for ternary systefis now
applied to the ternary system lysozyme chloride/HCl/water.
Using the HCI concentration of 3.16 105 M for pH 4.5, the
four (Dj)v values were calculated for each experiment. The value
of Da was calculated for each experiment from theBg)(

J. Am. Chem. Soc., Vol. 121, No. 14, B2%d

Table 2. Ternary Experimental Data at 2&, [NaCl] = 0.25 M

(Series LNC2)

expt LNC22 LNC23b LNC23d LNC24
C1 (MM) 0.6000 0.6000 0.6000  0.6000
C2 (M) 0.2500 0.2500 0.2500  0.2500
AC; (mM) 0.0000 0.4000 0.4066  0.0000
AC, (M) 0.1108  0.0000  0.0000  0.1108
pH bottom 451 451 4.50 4.50
pH top 4.50 4.50 4.50 4.48
d (g cn3) bottom 1.01198 1.01058 1.01064 1.0120%
d (g cnr) top 1.007 59 1.00893 1.008 96 1.007 55
At (s) 7 34 31 10
J(meas) 50.825 51.359 52.112  50.776
J (calc) 50.800 51.311 52.159  50.800
Da (meas) (10°m?s™Y) 1.670  0.1294 01293  1.676
Da(calc) (10°m?s?) 1.738  0.1291 01291  1.738

nonzeroQ2 values may indicate that either experiments are not
truly binary, the diffusion coefficient depends significantly on
concentration, or there is significant nonlinearity in the depen-
dence of refractive index on concentration. Small value® of
strongly suggest that such potential problems are unimportant,
and specifically that impurities are absent and aggregation is
negligible.

Our Q values at lower concentrations were small but greater
than the experimental uncertainty. Contributions ®o are
expected both from th€'? dependence of binary diffusion
coefficients at low concentratioffs’>"2and from the increas-
ingly ternary character of the system@slecreases, with HCI
as the second solute. That the measured valueQ et the
highest concentrations were not overly large and the remainder
were quite small provides additional evidence that, except for
water and chloride ions, the as-received protein was essentially
pure. (We note tha® graphs from free-diffusion experiments
performed with Gouy and Rayleigh interferometric optics have
similar sensitivities to impurities.) Cre€fhused the Rayleigh
method to investigate the influence éhof ~1.0 wt % solute
impurity. He performed a series of experiments with sucrose

values, with the assumption that the refractive index increment impurity in urea, with urea impurity in sucrose, and with three

R, for the protein was much greater thRafor the HCI R =
[an/aC]), and the fact thaAC, = 0.

(4) For each concentration of lysozyme chloride, we com-
puted a ratio oD, calculated assuming ternary diffusion and
the extended NH equations td, calculated assuming binary
diffusion and the binary NH equation. This ratio was then

proteins of uncertain purity, and found positi¢ values
significantly larger than could be attributed to instrumental
uncertainty. Comparison of Creett¥ values to ours supports
the conclusion that any impurities other than water and chloride
in our protein had essentially no effect on our interferometric
diffusion measurements.

used as a multiplicative factor to correct the measured binary Ternary Experiments at pH 4.5. Ternary diffusion experi-
diffusion coefficient. Figure 1 shows the measured and corrected ments were performed on the system lysozyme chloride/NaCl/

values, along with the curve, + y1.C;> + y,Ci, whose

water in the manner described elsewhere for nonprotein

coefficients were determined from the corrected values by a Systems?®In all runs, there were-50 fringes in the Rayleigh

least-squares fit.

fringe pattern. To obtain the four ternary diffusion coefficients,

Two experiments attempted at lower concentrations (0.09 and four experiments were performed at the same mean concentra-

0.15 mM) gave scattered results and are not included here. Selftions but with different values oAC; for the solutes. At each
buffering in these systems is at best marginal, and indeed it mean NaCl concentration of 0.25, 0.50, 0.65, and 0.90 M, there

was difficult to adjust their pH, especially for the diluter top
solutions.

An important diagnostic for free-diffusion experiments is a
RayleighQ graph plotted v4(j) for f(j) between 0 and 96:67.70
In an ideal binary diffusion experiment, i.e., with a concentra-
tion-independent diffusion coefficient and a refractive index
depending linearly on concentration, the valueQpfessentially
the deviation of thgth fringe location from its position if the
solution were “ideal”) should be zero for all valuesf@j. Thus,

(69) Robinson, R. A.; Stokes, R. HElectrolyte Solutions2nd ed.;
Butterworths: London, 1970.

(70) Albright, J. G.; Sherrill, B. CJ. Solution Chem1979 8, 201—
215.

were two experiments withC; = 0 andAC;, = 0 and two

with AC; = 0 andAC; = 0. At 1.30 M NacCl, there were two

experiments witlAC; = 0 andAC; = 0 as before. However,

for AC, = 0, the protein concentration in the bottom solution

required to obtain~50 fringes led to crystallization. Thus, as

shown in Table 6, we made two runs with a redudgch and

a small AC; [giving o RIAC/(RIAC; + RAC,) = 0.8

instead of 1.0] to achieve-50 fringes without crystallization.
Tables 2-6 show the data from five sets of experiments,

where each set is at a different mean concentration of NaCl but

(71) Albright, J. G.; Miller, D. GJ. Phys. Chenil975 79, 2061-2068.
(72) Albright, J. G.; Miller, D. GJ. Phys. Cheni98Q 84, 1400-1413.
(73) Creeth, J. MJ. Phys. Chem1958 62, 66—74.
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Table 3. Ternary Experimental Data at 2&, [NaCl] = 0.50 M Table 6. Ternary Experimental Data at 2&, [NaCl] = 1.30 M
(Series LNC1) (Series LNC5)

expt LNCl1llc LNC12 LNC13 LNC14 expt LNC51 LNC52 LNC53 LNC54
Ci (mM) 0.6000 0.6000  0.6000 0.6000 Ci (mM) 0.5999 0.5999 0.5999  0.5999
C, (M) 0.5000 0.5000 0.5000 0.5000 C, (M) 1.2999 1.2999 1.2999 1.2999
AC; (MM) 0.4000 0.0000  0.4001  0.0000 AC; (MM) 0.3200 0.0000 0.3200  0.0000
AC; (M) 0.0000 0.1136 0.0000 0.1136 AC; (M) 0.0222 0.1108 0.0222 0.1107
pH bottom 4.50 451 451 4.50 pH bottom 452 451 4.50 4.49
pH top 4.50 451 4.50 4.48 pH top 4.50 4.50 4.50 4.50
d (g cnT?) bottom 1.02069 1.02206 1.02059 1.022 06 d (g cnT?) bottom 1.052 16 1.053 23 1.052 1% 1.053 2Q
d (g cm3) top 1.01897 1.01753 1.01896 1.01753 d (g cm3) top 1.049 97 1.048 95 1.049 93 1.048 95
At (s) 62 6 56 8 At (s) 19 24 8 24
J (meas) 51.127 51.104 51.157  50.992 J (meas) 50.149 47.288 50.167 47.197
J(calc) 51.138 51.054 51.145 51.043 J(calc) 50.158 47.259 50.158  47.226
Da (meas) (10°m?s™%) 0.1236  1.592 0.1238  1.676 Da (meas) (10°m?s™1)  0.1510 1.579 0.1507  1.582
Da (calc) (10°m?s™Y) 0.1236  1.632 0.1236 1.632 Da (calc) (10° m?s™Y) 0.1515 1.617 0.1515  1.617

Dpis bottom (10°m?s™1) 0.105  0.10§ 0.105  0.10§

9Mm2 1
Table 4. Ternary Experimental Data at 2&, [NaCl] = 0.65 M Doistop (10°m*s™ 0114 011¢ 0114 0.11%

(Series LNC3)

expt LNC31b LNC32b LNC33 LNC34 toz2=0 (i.e., to the center of th_e Rayleigh pattern) to get the
square-root ofDa and thusD, itself.”# For comparison, a

gl (mM) 0.6000  0.6000  0.6000 0.6000 calculated value dD, for each experiment is included in Tables

2 (M) 0.6500 0.6500 0.6500 0.6500 . .

AC, (mM) 0.4000 0.0000 0.4001 0.0000 2—6. Each calculateﬂ)A is obtained from the values (ﬁCi,

AC; (M) 0.0000 0.1108 0.0000 0.1108 R;, and the four D), for each set of experiments at the same

pH bottom 4.50 4,51 4,51 4.50 mean concentratiorf§.The two D, values agree well for ex-

pHtop 4.50 4.49 4.50 4.49 periments starting with only lysozyme gradients but show small

g(g c) bottom 1.026 68 1.027 94 1.026 63 1.02798 errors for those starting with only NaCl gradients, probably

(g cnT3) top 1.024 96 1.0236Q 1.024 93 1.02359 o . . k

At (s) 46 5 31 11 because of the difficulty in extrapolating tlg curves in these

J (meas) 51.999 49234 51.990 49.223 cases.

J (calc) 52.005  49.232 51974  49.224 Figure 2 presents the concentrations at which the ternary

Da (meas) (10°m?s™) 0.1209  1.580 0.1206  1.676 experiments were performed, as well as the solubility curve for

Da (calc) (10°m?s™) 01208  1.616  0.1207  1.617 tetragonal lysozyme at pH 4.5 as a function of NaCl concentra-

tion.”> It also shows the difference in the concentration of protein

Table 5. Ternary Experimental Data at 2&, [NaCl] = 0.90 M (vertical range bars) or NaCl (horizontal range bars) between

(Series LNC4) the top and bottom solutions used in the experiments. Figure 3
expt LNC41 LNC42 LNC43 LNC44 shows (with different scales) the four diffusion coefficients for

C1 (mM) 0.6000 0.6000 06000 0.6000 the system lysozyme chloride/NaCW®l versus NaCl molarity.

Cz (M) 0.8999  0.9000 0.9000  0.8999 The mean concentration of lysozyme chloride is fixed at 0.60

ACy (mM) 0.4000  0.0000  0.4000  0.0000 mM, whereas the mean concentration of NaCl varies from 0.25

AC; (M) 0.0000  0.1108  0.0000  0.1108 to 1.30 M. As can be seen from Figures 2 and 3, at the mean

BE :)Oo;tom 2'553 2'553 2'2;) 2‘558 NaCl concentration of 0.90 M, the mean composition corre-

d (g cm3) bottom 1.036 49 1.03775 1.0364Q 1.03775 sponds to supersaturated conditions, as do the bottom solutions

d (g cnr3) top 1.03476 1.03342 1.03476 1.03343 in all four experiments at that mean NaCl concentration, and

At (s) 25 11 29 8 the top solutions in experiments LNC42 and LNC44. For 1.30

J (meas) 51.045 48471  51.094  48.391 M, all top and bottom solutions are supersaturated.

%(Calc) o, 01069 48435 51070 48426 Partial Molar Volumes. Values ofV; andV; in Table 1 were

» (Meas) (10°m2s™Y) 0.1174 1574 0.1175  1.577 . . ’ e
Da (calc) (10°m2s )’ 0.1174  1.611 01174 1611 calculated by letting\d/AC approximate the density derivative

[note thatAd = d(bottom) — d(top)] and applying egs A-7q(

= 1) and 5 in Dunlop and Gosting.

" Values ofd and H; = (9d/dCi)tpc,j=i in Table 7 were
calculated using densities of all eight solutions in each experi-
mental set. Densities were assumed to be linear in solute
concentrations, and values dfand theH; for the following
equation were obtained by the method of least squares:

all sets have the same mean concentration of 0.60 mM lysozyme
Included are mean concentrations of both solufes, values
across the starting boundary, densities and pH values of the
top and bottom solutions, arkt determined as described above
for the binary case. The experimental valued afe listed for
each experiment. Calculated valuesJdbr each set of initial

AC; values are included in Tables—B for comparison and d=d+ H,(C, — (=31) + H,(C, — 52) 3)
usually agree very well with experiment. The coefficieRis

andR, needed to calculatd= RIAC; + R,AC; were obtained  Here C; and C; are the averages of the mean concentrations
by the method of least squares from the experimental data forfor a1l four experiments in a series. Thg, Vs, and Vo values
each set of mean concentrations and are shown in Table 7. Notgy Taple 7 were calculated using eqs A= 2) and 5 in ref
that they depend very little on mean concentration.

76.
Rayleigh Da values for each experiment are obtained as  pynamic Light-Scattering Results.Measured values @ps
follows. The measure®; (after applying the appropriatat are listed in Table 6 for each of the eight solutions used in the

offset) for a given symmetrical fringe pgiris averaged over ) Wil | -
; _ ; 74) Miller, D. G. J. Solution Chem1981, 10, 831—846.
all the scans of the experiment. The square-root of this average, (75) Howard, S. B.- Twigg, P. J.- Baird. J. K.. Meehan, EJJCryst.

+/Dj, and its corresponding? (see above) are calculated. These Growth 1988 90, 94-104.
guantities for all the fringe pairs are then extrapolated linearly  (76) Dunlop, P. J.; Gosting, L. J. Phys. Cheml1959 63, 86—93.




Diffusion Coefficients in Protein Solutions

Table 7. Derived Ternary Diffusion Data at 28C

J. Am. Chem. Soc., Vol. 121, No. 14, B2%3

series LNC2 LNC1 LNC3 LNC4 LNC5
C1 (mM) 0.6000 0.6000 0.6000 0.6000 0.5999
C. (M) 0.2500 0.5000 0.6500 0.9000 1.2999
d(gcmd 1.009 75 1.019 78 1.025 79 1.035 58 1.051 0%
H,(10Pgmol?Y)  4.124 4.080 4.180 4.110 4.182
H,(10°gmolY)  0.040 42 0.039 90 0.039 45 0.039 07 0.038 41
V1 (cm? mol) 10215 10 254 10 151 10 218 10139
Vs, (cm? mol?) 18.094 18.592 18.988 19.383 20.061
Vo (cm? mol) 18.067 18.063 18.059 18.053 18.041
Ry (1 dmPmol) 1283 1278 1300 1277 1272
R, (1% dmPmolY)  4.585 4.494 4.443 4.371 4.264
Su/la 2.669 2.634 2.660 2.670 2.849
J1(10°m?sY)  0.1241 0.1170 0.1136 0.1089 0.1015
J2(10°m?sY)  1.460 1.456 1.456 1.463 1.476

0.1254+ 0.0001
0.000 169+ 0.000 002

0.1182 0.0001
0.000 10# 0.000 002

(Dll)v (1Ug m? Sfl)
(D12)v (10°m?s7Y)

0.1144 0.0001
0.000 09% 0.000 001 0.000 086 0.000 002 0.000 078 0.000 001

0.1102+ 0.0001 0.103H 0.0001

(Dag)y (10°m2sY) 9.9+0.2 13.8+0.2 16.0+ 0.1 19.84+ 0.2 26.8+0.2
(D22)y (10°m?s7Y) 1.4594 0.001 1.455+ 0.001 1.455¢ 0.001 1.461 0.001 1.475¢ 0.001
3or approximation tdp, s at the mean NaCl concentration in those
[ experiments, thus allowing direct comparison to the interfero-
~ 25F metric O11)v at 1.30 M NaCl (Table 7). These average values
? s of DpLs are approximately 6% higher thamD43), and ap-
£ 20k proximately 8% higher than the smallest eigenvalue (0.1016
0 ! 0.0002x 1072 m? s71) of the matrix of diffusion coefficients,
E 15 F the Dp.s predicted by Leaist's theor/. These discrepancies
s may be due to the dependencelf, s on scattering angle or
= 10 a other instrumental parameters not selectable in our light-
e :+ + + + scattering apparatus.
© s s Discussion
0 : L I Ll I L Agueous Binary Lysozyme Chloride 7 Solutions. Since the
. ) 3 4 s p ; s binary system lysozyme g}water is an electrolyte solution,

W, %

Figure 2. Ternary points in the phase diagram at pH 4.5 and@5
@ denotes average composition. The horizontal barsA@gin weight
percent NaCl for experiments withC, = 0, and the vertical bars give
ACiM; (in g dm3) for experiments withAC, = 0. The solid curve
represents the solubility data.
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Figure 3. Diffusion coefficients of the ternary system lysozyme
chloride/NaCl/water at pH 4.5 and 2%&.

LNCS5 ternary series at 1.30 M NaCl. The precisiorti$%.

the dependence @, on concentratioi is usefully described
by a polynomial inCY2, as predicted by the Debydiickel
theory. A least-squares quadratic@¥?,

D, = 0.6607(1— 7.21C*% + 22.C) (4)
represents the correct&@} (see above) in Table 1 very well,
whereC is in molar units and, is 10° m? s™%.

For binary electrolyte solutions, the-NH equation relates
D, at infinite dilution to the intrinsic mobilities and charges of
the ions:

(z. — z)DI D°

D=
D%z, — D%z

(%)

Here, DY and D are the infinite dilution tracer diffusion
coefficients for the lysozyme (0.12 10-® m? s1) and chloride
(9.37 x 1072 m? s71) ions, respectively (see above), and
andz- are the charges on the ions. By applying this formula to
our system, we can estimate an effective charge on the protein.
As noted in the Results section, the measured binary diffusion
coefficients were corrected for added HCI to obtain the true
ones using the binary and ternary-N equations. The NH
equations depend on the unknown charge of the lysozyme.
Consequently, several iterations, starting from an initial estimate,
were necessary to find the final valuezf The value obtained

We note that the lysozyme concentration in the top and bottom by this procedurg, 6.7, is smaller than the corrgsponding
solutions in experiments LNC52 and LNC54 is the same as the 11 from the titration curvé?’ However, the effective charge of
mean lysozyme concentration (0.60 mM) in all of the free- @ polyelectrolyte is almost always smaller than the stoichiometric

diffusion experiments. If we average tBg, s values from the

(77) Tanford, C.; Wagner, M. LJ. Am. Chem. Sod.954 76, 3331

top and bottom solutions in LNC52 and LNC54, we obtain an 3336.
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value because of the presence of counterions in the motion
sphere of the polyvalent ion. In our case, approximately four
chloride ions move in the hydrodynamic motion sphere of each
lysozyme molecule.

For a binary electrolyte solution at low concentration, the
concentration dependenceldf is given approximately by the
following equation:

D,=D%1+dInydInC) (6)
This equation was applied to aqueous lysozyme chloride
solutions, assuming that the logarithmic derivative of the activity
coefficienty can be calculated from the simple Debytdiickel
equation at 25C:

ny
dinC~

0.587%.[(Z +z,)C/2]"* @)

wherez- (not shown) is—1. Usingz; = 4 yields the limiting
slope ofD, versusCY2 presented in eq 4, which differs from
the value of 6.7 obtained by extrapolation. Of course, the
Debye-Hiickel equation cannot be appropriate for large mo-
lecular ions with many distributed charge sites. However, the
result is interesting and ultimately may give an approximate
method to estimate the activity coefficients of lysozyme chloride
in aqueous binary solutions at 2&.

Ternary Lysozyme Chloride/NaCl/H,0 Solutions.We see
from Table 7 and Figure 3 that the cross-term diffusion
coefficient O21)y for the flux of NaCl caused by a gradient of
lysozyme chloride increases sharply as the NaCl concentration
increases. In fact, at 1.30 M NaCl, it becomes more than 18
times as large as the NaCl main-term diffusion coeffici@ag.

At this NaCl concentration, the ratidg1),/(D11)y is 259, so
that with a gradient of lysozyme alone, diffusion of each
lysozyme molecule would be accompanied by equimolar fluxes
of 259 Na and CI ions. This indicates that, as lysozyme
diffuses to the surface of a crystal in the crystallization process
there will be a buildup of NaCl. This in turn would lower the
lysozyme solubility at the crystal surface (cf. Figure 2).
Similarly, the ratio D2y)./(D12)y is approximately 18 900,
indicating that a flux of 18 900 NacCl ion pairs is required in
order to transport each lysozyme molecule in a system in which
the protein concentration is uniform. Therefore, a gradient of
NaCl near the crystal surface will not significantly impede
diffusion of lysozyme toward the surface. We note that the
availability of (D11)y and D21)y allows one to use a phenom-
enologically faithful description of multicomponent transport
to compute the flux of NaCl driven by a lysozyme gradient
(e.g., as in salt rejection at a growing crystal), without the
approximations inherent in the approaches of Lin €t ahd
Grant and Savillé.

For lysozyme in undersaturated or slightly supersaturated
aqueous sodium acetate buffer with 4 wt % NaCl at pH 4.0
and 25°C, pseudobinary diffusion coefficients varying with
solution age (up to 160 h) have been repoffeth one case,
the diffusion coefficient decreased by 40% after 25 h.

We observed no time dependence during our experiments,
which were never longer tha4 h and were always completed
within 10 h of the start of solution preparation. In addition, an
important and sensitive diagnostic for these experiments is
obtained from values oD,y calculated for each scan on the
basis of the same average@fvalues used to calculate binary

diffusion coefficients as described above. These averages have

(78) Kim, Y.-C.; Myerson, A. SJ. Cryst. Growth1994 143 79-85.
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Figure 4. Diffusion coefficients: ¢ denoteD, for the binary system
NaCl/water (Rard and Milléf), and® denotes D), from Table 7.

no physical interpretation for multicomponent systems, but
values obtained from each of 50 scans during an experiment
should lie on a straight line when plotted versus e straight-
ness of these plots, used to gkt for a ternary experiment,
provides a good diagnostic for the quality of the experiment,
since protein degradation, aggregation, or other phenomena
responsible for time-dependent solution properties contribute
to curvature. However, in our experiments, these diagnostic lines
were so straight that thst-corrected,ye values were constant

to within a few tenths of a percent during the 4-h experimental
duration. Duplicate experiments were consistent within 1 part
per thousand for the main-term diffusion coefficients, again
indicating that any temporal changes in solution properties
differed by less than 0.2% between experiments.

Characteristics of the Oj)v. The large variation of[d21)y
with NaCl concentration (cf. Figure 3) may be primarily due to
an excluded volume effect. Increasing the lysozyme chloride
concentration at constant NaCl molarity will increase the
“effective” concentration of NaCl in the solution between the
lysozyme ions. Given a uniform bulk concentration of NaCl in
a gradient of lysozyme chloride, there will be an effective
concentration gradient of NaCl that is directly proportional to
the lysozyme chloride gradient. This in turn will drive a flux
of NaCl from higher to lower lysozyme chloride concentration
regions, which will be reflected in a large positiv®,f)y
coefficient in the flux equations (eq 1 for ternary cases). On
the other hand, O15), is small and decreases as the salt
concentration increases. Figure 4 shows that the ternary main-
term (D2y)y lies within 1% or 2% of the binary solutidD, over
the entire composition range, as expected. The slightly lower
ternary value can be attributed to the large protein molecules
obstructing the flux of the small ions. Finally, it is difficult to
say much aboutl¥;;)y, compared to its binary value because
the lysozyme chloride, while not quite present in trace amounts,
is still at a small concentration compared to that of its NaCl
supporting electrolyte. The coefficienD{,), is the one that
pseudobinary diffusion coefficients ought to approximate when
measured at the same pH and NaCl concentrations.

Our results are very reproducible and thus very precise.
However, we are aware that one should be particularly cautious
about claims of accuracy when one of the solutes is a protein.
Without specifying a level of accuracy, we believe the results
to be accurate within a few multiples of the precision indicated
in the tables.

Convergence DiagnosticsThe convergence of TFIT, our
nonlinear least-squares program, depends on the eigenvalues
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a

A1 and A, being distinct andsy*647 (or Sa/la) being relatively
large®! Table 7 shows that these conditions are satisfied. That 0.0001
A1 andA; are close tolD11)y and O2y)y, respectively, is a conse-
guence ofD;; being very small. The values &, Ia, andSa/
Ia fall in the ranges 634694, 240-249, and 2.632.85, 25
respectively. [
Behavior of |Dj|. Figure 5 shows the NaCl dependence of
the determinant of the diffusion coefficient matrijD;| =
(D11)v(D22)y — (D12)v(D21)y, computed from measured diffusion
coefficients as well as from the-\H theory. The N-H |Dj|
decreases slightly with NaCl molarity. The measuf@y| !
decreases more but still remains large at the supersaturated mean 5 frm e e
concentrations 0.90 and 1.30 M. The cross-term product i
(D12)v(D21)y is only 1—-2% of (D11)v(D22)v, and the decrease in

20

15

10

9 2 -1
D21 (10 "m’s")

IDj| is primarily due to the decrease iD{i)y. (d) ______
Since |Dj| must vanish on a spinodal curve in the isobaric, 160 55557 TRmnmrmmmmmmmmmmmrmmmamer
isothermal ternary phase plaieé®-83 a (1 atm, 25C) spinodal — [
point for 0.60 mM lysozyme chloride, if one exists, must occur »1; 155 F
at a NaCl concentration greater than 1.30 M. This issue is B [
significant because Muschol and Rosenbeéfgeport spinodal =4 [
curves in the quaternary lysozyme chloride/NaCl/0.1 M acetate A 1SOF ——
(NaAc/HAc buffer)/HO system at pH 4.5. Their lysozyme ’\._.—//
chloride concentrations (40400 mg/mL) were much higher 15 [
than our 8.5 mg/mL, but their NaCl concentrations- {36 w/v) [ L
were within our range (1:57% wi/v). Whether|D;| falls 03 05 06 08 05 10 1z
slowly or precipitously as the spinodal is approached at either C_ (mol dm®)
fixed NaCl or lysozyme chloride concentration is an open 2
questiorﬁ4 closely related to the issue of how eamxv varies. Figure 6. Comparison of experimental diffusion coefficients with
. . Nernst-Hartley estimates. (ad) @ denotes ternaryO).; ternary
(79) Rard, J. A.; Miller, D. GJ. Solution Cheml1979 8, 701-716. Nernst-Hartley estimates (- - -). (% denotes binanD, for NaCl;
(80) Sundelg L.-O. Ark. Kemi. 1963 20, 369-384. binary Nernst Hartley estimates-{ — —).
(81) Lo, P. Y.; Myerson, A. SAIChE J.1989 35, 676-677.
(82) Kirkaldy, J. S.; Purdy, G. RCan. J. Phys1969 47, 865-871.
(83) Ziebold, T. O.; Ogilvie, R. ETrans. Metall. Soc. AIMEL967, 239, These questions have important consequences for the kinetics
942-953. of both protein crystal growth and liquidiquid phase sepa-

(84) Few data indicate howD;| will vary along a “concentration . . .
trajectory” in the ternary phase plane as a spinodal is approached. Clearly,fation and will be addressed in our future measurements of

there are contours of constgilt| in that plane, with the curveDj| = 0 (Dj)v at higher lysozyme chloride concentrations than reported
corresponding to the spinodal. In the system chloroform/acetic acid/water hgre

at 25°C, Vitagliano et al? approached the known spinodal curve along a - .

trajectory on which the water/chloroform ratio was approximately constant Partial MOlar Volumes. The pz_artlal molar volumes of
and found thatDjj| decreased to zero nearly linearly over a wide range of lysozyme chloride from both the binary and ternary measure-

composition. In that case, the angle between the concentration trajectoryments were all about 10 200 mL mé] This corresponds to a

and the tangent to the spinodal was approximately iBCthe triangular ; s :
three-component, isothermal isobaric phase diagram. On the other hand,der]Slty of the protein in solution of1.4 g/mL compared to
for the system glycinefvaline/water at 23C, Lo and Myersoft observed the ~1.3 g/mL crystal value.

a precipitous drop ifD;j| with increasing glycine molarity at 0.05 Mvaline The Vo and V, from the ternary experiments are similar to
concentration, and used that drop-off to estimate the location of the spinodal NaCl solution binary values at matching NaCl concentrations
point for 0.05 ML-valine. Since the spinodal curve is unknown for that - . . ’
system, the angle between it and the concentration trajectory cannot peHowever, on the average, ternaryvalues are slightly higher.
estimated. BecauseV, slowly increases as NaCl molarity increases, the
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higherV, values are consistent with the higher effective NaCl Conclusion
concentrations between protein molecules.

N—H Does Not Predict Oj), in Concentrated Solutions.
Figure 6 shows comparisons of the measureg)( and the
corresponding N-H estimate€. The N—H (D13)y is higher but
close to the measure®(;), at low concentrations but diverges
with increasing NaCl concentration, being about 15% higher at
the highest concentration. The-¥ (D12), is more than twice t
the measured value at the lowest concentration, but in contrast;
to (D11)v, the gap decreases at higher concentrations. Whether
the gap between experimental values@f, and N-H theory
will narrow as the NaCl concentration decreases will depend on
the magnitude of activity coefficient effects (not accounted for

by the theory) aC; = 0.60 mM. For D)y, the N—H value is Acknowledgment. The authors thank Pamela Bowman for
essentially constant, being too low by a factor of 2 at low con- per considerable help in performing a literature search for this
centration and by a factor of 5 at high concentration. TRéN ok, The support of the NASA Biotechnology Program through
(D22) andDy are uniformly about 10% higher than the measured Grant NAGS-1356 is gratefully acknowledged. A small portion

We have presented the first complete set of multicomponent
diffusion coefficients for a ternary system involving a protein
at concentrations high enough to be relevant to crystallization
studies. These very reproducible, and thus very precise,
measurements make possible a more rigorous treatment than
in previous worR of the effects of coupled salt and protein
ransport in the crystallization of the model protein lysozyme
rom aqueous NacCl solutions. They also point the way to more
extensive measurements (e.g., at other protein concentrations,
temperatures, and pH values) for this widely studied system as
well as other protein systems.

values and are closer together than the measirggl,(@ndDy. of the work of D.G.M. was performed under the auspices of
The N—H equations are helpful for interpretation and estimation the U.S. Department of Energy, Office of Basic Energy
in dilute solutions, as shown by Leaist's waik 2> However, Sciences, at Lawrence Livermore National Laboratory under

in more concentrated solutions relevant to protein crystallization cgontract No. W-7405-ENG-48.
(including those near and above saturation in the present work),
they clearly provide poor and even misleading estimates. JA9834834



