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Abstract:

Liquid-liquid phase-separation data were obtained for aqueous saline solutions of
lysozyme at a fixed protein concentration (87 g/L). The cloud-point temperature (CPT) |
was measured as a functiox_l of salt type and salt concentration to 3M, at pH 4.0 and 7.0.
Salts used included those from mono and divalent cations and anions. For the

' monovalen£ cations studied, as salt concentration increases, the CPT increases. For
divalent cations, as salt concentration rises, a maximum in the CPT is observed and
attributed to ion binding to the protein surface and subsequeht water structuring. Trends
for sulfate salts were dramatically different from those for other salts because sulfate ion
is strongly hydrated and excluded from the lysozyme surface. For anions at fixed salt
concentration, the CPT decreases with rising ani;)n kosmotropic character. Comparison
of CPTs for pH 4.0 and 7.0 revealed two trends. At low ionic strength for a given salt,
differences in CPT can be explained in terms of repulsive electrostatic interactiéns
between protein molecules, while at higher ionic strength, differences can be attributed to
hydration forces. A model is proposed for the correlation and prediction of the CPT as a
function of salt type and salt concentration. NaCl was chosen as a reference salt, and
CPT deviations from that of NaCl were attributed to hydration forces. The Random
Phase Approximation, in conjunction with a square-well potential, was used to calcuiate
the strength of protein-protein interactions as a function of solution conditions for all salts

studied.
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- Introduction

Association of biomacromolecules is essential for cellular structure and function;
examples are provided by protein nucleic-acid binding and protein-protein binding [1].
'However, protein association can also be detrimental to cellular function as, for exémplc,
in the formation of cataracts and -amyloid plaques [2,3j. Non-covalent forces including
Coulombic, van der Waals, and hydrophobic forces govern protein interactions. While -
these forcés are understood on the level of small molecuies, they remain obscure for

complex macromolecules such as proteins.

Association of proteins provides the basis of common separation processes in industry
and the laboratory, including salt-induced precipitation and crystallization. To achieve
insight into how biomacromolecules interact, and to attain more efficient design and
operation of ;;rOtein separation processes, we require a better understanding of the effect
of solution conditions on protein interactions. Salt-inducéd protein precipitation is often a‘
first-step method for isolating protein molecules from an aqueous mixture of proteins or
other biomacromolecules [4,5]. Although salt-induce;,d precipitation is widely used, the
forces leading to protein aggregation and subsequent precipitation are not well
understood. Rules of thumb and empirical correlations are often used to a.djustl solution
conditions to induce protein precipitation. A more efficient isolation method would be
based on predicting the solution conditions (salt type and concentration, temperature, pH)

that favor selective precipitation of a target protein.




Gast and Lekkerkerker [6,7] have shown that the range of attraction between colloid
particles has a significant effect on the qualitative features of the phase diagram. When
the range of attraction between particies is large compared to the size of the particles, the
phase diagram resembles that of a simple fluid like argon. As the ratio of ‘the range of
attraction to the size of the particle decréases, the liquid-liquid critical point shifts to
lower temperatures. If the r;mge of attraction becomes sufficiently small (less than about
25% of the particle size), the liquid-liquid critical point becomes metastable. The work
of Gast and Lekkerkerker is relevant to solutions of giobular proteins whose attractive
interactions are shqrt-range.' Rosenbaum and Zukowski [8,9] have shown that protein
crystallization is strongly enhanced in a narrow region of the protein phase-diagram.
Protein crystals were shown to form in a narrow window near the metastable critical

point.

Frenkel et al. reported riumerical simulations of protein-crystal nucleaﬁon for globular
proteins with short-range attractive interactions [10,11]; the free-energy barrier for cfystal
nucleation was strongly reduced near the metastable critical point, leading to increased
rates of crystal nucleation. Because ';he location of the metastable critical point is a |
function of solvent conditions, their simulations sﬁggest a systematic approach to

promote protein crystallization.

A metastable liquid-liquid region for protein solutions has been observed experimentally
for y-crystallin [12,13] and for lysozyme [14,15,16]. Broide et al. measured the cloud-

point temperature (CPT) and the crystallization temperature (CT) for lysozyme as a



function of salt type and concentration at pH 7.8. The CPT provides a measure of the net
attractive interactions between protein molecules. The higher the CPT, the greater the net
attractive interactions. Broide et al. found that the CPT was typically 15-45 °C below the

crystallization temperature.

To further examine the role of salt type on interprotein intéractions, we report CPT
measurements for hen-egg-white lysozyme at pH 4.0 and 7.0 for a fixed protein
concentration of 87 g/L as a function of both salt type and salt concentration. Anions
studied were CI', NO5', and SO,*" Cations studiéd were Naf, K* NH,', Ca®, and Mg**.
The effect of salt type on CPT is related qualitatively to the kosinotropic of chaotropic
nature of the salt and through protein-ion binding. A phenomenological potential of
mean force (PMF) model is proposed to represent the observed specific nature of the salt-

protein interaf:tion and the effect of pH.

Materials and Methods

Profein and Salt-Soluti;m Preparaﬁgn

Lysozyme was .from Boehringer Mannheim (Germany). Gel electrophoresis indicated
less than 1% contamination by other proteins, no further purification was performed.

Reagent-grade NaCl, KCl, NH,Cl, MgCl,, CaCl,, NaNO;, NH;NO;, Mg(NOs),;, KNOs,

Ca(NO3)2, Na,S04, K>S0,, (NH,),SO,, and MgSO, were from Fischer Scientific -




(Pittsburgh, PA). Tris buffer and sodium azide were from Sigma (St. Louis, MO).

Deionized water was obtained from a Barnsteaed-Nanopure II filtration unit.

A 4L stock solution of 20-mM Tris buffer was prepared. Lysozyme was dissolvea ina
small volume of the stock solution. Although gel electrophoresis showed minimal
protein contamination, small amounts of salts in the lyophilized lysozyme may influence
protein-protein interactions. Therefore, the protein solution waé dialyzed against the

~ buffer solution for 24 hours to minimize the amount of salt contamination. Dialyéis
tubing with molecular-weight cut-off 6000-8000 dalton was from Spectrum Medical
Industries (Los Angeles, CA). After dialysis, sodium azide was added to the protein
.solution at a concentration of 2 mM to prevent bacterial growth. The pH of the solution -

was adjusted with concentrated HCI or NaOH.

The lysozyme solutionb was concentrafed using an Amicon Ultrafiliration Unit with 3000
dalton cut-off membranes (Beverly, MA). After the ultrafiltration process, the pH of the
protein solution was again adjusted with HCl or NaOH. The protein solution was
centrifuged at 20,000 rpm for 20 minutes to remove any ag_greéates present after

ultrafiltration.

‘Lysozyme concentration was determined by measuring absorbance at 280 nm and 25°C
using a Beckman DU-6 spectrophotometer, employing an extinction coefficient of 2.635
L/g-cm [17], with lysozyme dilutions of 1:500 and 1:1000 in deionized water. The

calculated lysozyme concentrations from the two dilution sets were averaged with a



standard deviation less than 0.8 g/L The lysozyme solution was kept at 4°C. No visible
aggregates were observed in the protein solution for the duration of the cloud-point
temperature measurements. The pH of the solution was checked periodically and

remained within 0.2 pH units.

A stock salt solution waS prepared by dissolving the salt of interest in 20-mM Tris buffer.
A range of salt-solution concentrations was prepared by dilution of the stock solution
with deionized water containing 20-mM Tris buffer. Any volume change upon mixing

was assumed to be negligible. The pH of each solution was checked after mixing.
Cloud-Point Temperature Measurements

The CPT detection system contained an Innova-90 axgon-ioh laser (Coherent inc., Santa
'Clara, CA) tuned to a wavelength of 488 nm, a BI-240SM multi-angle goniometer, a BI- -
EMI-9865 photomultiplier and a BI-9000 digital autocorrelator, which measures the
amount of scattered light in real time. Light-scattering measurements were taken at a 90°
scattering angle. Constant temperature was achieved with a VWR Model 1160

recirculating water-ethanol bath.

The volumes of protein solution and salt solution needed to achieve a lysozyme‘
concentration of 87 mg/mi upon mixing were calculated. The final salt_concentratidn was
calculated from the initial salt concentration and from the final volume of the aqueous

protein-salt solution. The protein and salt solutions were mixed in [Srecision—ground




pyrex NMR tubes with 12-mm O.D., 0.5-mm wall thickness (Wilmad Glass, Buena, NJ)

and sealed with a plastic cap to prevent water loss during CPT measurements.

The sample tube was placed in the CPT detection system and allowed to thermally
equilibrate for half an hour. For an initial estimate of the CPT, the temperature of the
sample was reduced at 2°C/min to find the temperature range for the onset of cloud
formation. Close to thé clouding-onset temperature there is a dramatic increase in the
amount of scattering lighf due to differences in the refractive indices of the emerging
protein-rich and protein-poor phases. Once the temperature range for the onset of
clouding was established within 0.5°C, the temperature of the sample was reduced iﬁ
increments of 0.1°C; for each increment, the sample was allowed to equilibrate for 15
minutes. The onset-clouding temperature, Tou4, Was noted. Next, the temperature of the
sample was increased slowly (0.2°C/min) until the sample became clear. Once the
temperature range for the onset of declouding was established within 0.5°C, the
temperature of the sample was increased in increments of 0.1°C again allowing 15
minutes for equilibration. The temperature where the sample becafne Aclear, Telear, Was
noted. The difference between ’i’doud and T e,y was in the range of 1.0 to 3 0°C,
depending on the salt type and salt concentration. The reported CPT is taken to be the
average of Tejoud and Teear. - The liquid-liquid phase transition for most salts was quité
distinct over a narrow temperature range. The CPT measurements were reproducible

within 0.2°C.



Results

Figures 1 through 5 show experimental cloud-point temperatures. Tables of CPT are
available elsewhere [18]. Figures 1 and 2 show the effects of the cation on CPT for pH
4.0 and 7.0, respectively. Figure 3 and 4 show the effects of the anion on CPT for pH 4.0

and 7.0 respectively. Figure 5 shows the effect of pH on CPT for representative salts.

The CPT resﬁlts depend strongly on the specific nature of the ions. Kosmotropic ions
bind adjacent water molecules more strongly than water binds itself. When a
kosmotropié ion is introduced into water, the entropy of the system decreases due to
increased water structuring around the ion. In contrast, chaotropes bind adjacent water
molecules less strongly than water binds itself. When a cﬁaotrope is introduced into
water, the entropy of the system increases because the water structuring around thé ion is
less than 'that in salt-free water. This classification is re_latcd to the size and charge of the -
ion. Tons with hiéh chaige density such as Mg®*, Ca”" and SO,* are highly icosmoﬁopic.

~ Ions with low charge density such as K, NH4+’ and NOs™ are chaotropic; NOj' is strongly
chaotropic. Na' is weakly kosmotropic énd Cl'is weaidy chaotropic [19] We discuss the

CPT results in terms of the chaotropic or kosmotropic nature of the anions and cations.

Effect of Cations

F igures 1 and 2 compare CPT data for various cations at pH 4.0 and 7.0, respectively.
The trends are similar at both pHs. For different salts, as ionic strength decreases, the

“difference in CPT declines, indicating that the specific nature of the ion is less important




at an ionic strength less than 0.3 M. CPT measurements could not be obtained at lower
salt concentrations because the solution formed ice crystals before a liquid-liquid phase
separation was observed. The difference in CPT becomes dramatic for different salt

types above ionic strength 0.3 M.

Figures 1a and 2a show CPT data for several cations of chloride salts at pH 4.0 and 7.0,
respectively. For NaCl and KCl, the CPT shows similar values with increasing ipm’c
‘strength: CPT. increases less sharply with ionic strength for NH,Cl than for NaCl or KCl.
For the divalent salts MgCl, and CaCl,, a maximum is observed in the CPT at ionic
strength 0.8 M at pH 7.0 and at 1.0 M at pH 4.0. The maximum is due to binding of the
highly kosmotropic ions Mg?* and Ca?* to the protein. Ion binding to the protein surface
and subsequent structuring of water around the ion produces a repulsive barrier, which is

the hydration force.

Hydration forces may be observed from surface-force measurements. At very short
sepafation distances (less than 2 nm), charged bilayers adsorbed on mica surfaces are
more repulsive than expected due to steric hydration interactions between the hydrophilic
-headgroups that characterize the surface [20]. Pashley has shown that the interaction
between bare mica surfaces in concentrated electrolyte solutions gives rise to a repuléive
hydration force that follows from binding of hydrated cations to the negativelyb charged
surfaces [21-25]. The magnitude of this force is related to the energy needed to dehydrate
the bound cations, which retain some of their water of hydration upon binding. The

strength and range of hydration forces increases with the hydration number of the cation.



When a kosmotropic ion binds to an oppositely charged residue on the protein surface,
the extent of water structuring at the protein surface increases. | Chaotropes do not interact
strongly with oppositely charged residues on the protein surface due to their low charge

density but tend to disrupt the structure of water in the bulk solution.

For two protein molecules to approach each other to form a second, more-dense phase,
the water structure surrounding the protein surface must be broken. As the concentration
of the divalent cation increases, the extent 'of ion binding and subsequent water
structuring at the surface increases. The repulsive hydratidn force grows with rising salt
concentration. A second more-dense liquid phase becomes increasingly enérgetically
unfavorable at higher salt concentrations due to the rise in the repulsive hydration force.
Therefore, the CPT falls at higher salt concentrations. |

The trends in Figures 1b and 2b for nitrate salts are similar to those for chloride salts.
However, at _lower salt concentrations, CPT increases more dramatibally for nitrate salts.
CPT measurements could not be taken at higher salt concentrations for NaNO; and KNO;
due to} -the appearance of irreversible aggregates at temperatures above 45°C, possibly

because of thermal protein denaturation.

As indicated in Figure 1¢ and 2c, for the sulfate series, the CPT trends are significantly
different from those for chloride and nitrate salts. CPT measurements could not be taken
at high ‘KZSO,; or CaSO4 concentrations due to low salt solubility. It is known that the

lyotropic series for lysozyme is reversed relative to most proteins [26]. The sulfate ion, a

0




good salting-in ion for lysozyme, has been shown to be preferentially excluded at the
lysozyme surface [27,28]. When compared to chloride and nitrate salts, the CPT
increases at a much slower rate as salt concentration rises. Above ionic strength 1.0 M, '
the CPT begins to rise dramatically for Na,SO, and O\f}L)st4. Thisrise is dueto a
competitioﬁ for water to hydrate the protein surface or the sulfate ion. The sulfate ion is
highly kosmotropic and therefore interacts strongly with water molecules. At low salt
concentrations, the solution contains a sufﬁciént number of water molecules to hydrate
both the protein surface and the sulfate ions. At higher salt concentrations, more water
molecules are needed to hydrate the increasing number of sulfate ions. The formation of
a second more-dense protein phase provides more free water molecules to hydrate the
sulfate ions because of the lower number of water molecules needed to hydrate the
protein molecules in the dense phase. A slight maximum in CPT is observed for MgSO,,
but the CPT does not change significantly over the entire salt concentration range. The
effects of the magnesium and sulfate ions appear to cancel each other at higher salt
concentrations. Magnésium ion préferentiélly interacts at the protein surface leading to a
repulsive hydration force while the sulfate ion dehydrates the protein surface leading to

an attractive force.
Effect of Anions
Figures 3 and 4 compare the effect of anions on CPT at pH 7.0 and 4.0, respectively.

While results for potassium and calcium salts are not shown, they follow the same trends

as those for the sodium and magnesium salts, respectively. In all plots, as the anion



becomes more kosmotropic, the CPT decreases ata specific salt concentration. This
specificity follows from the extent of water structuring in the system. Sulfate is highly
kosmotropic, chloride marginally chaotropic, and nitrate very chaotropic. There is
greater solution structure for sulfate salts compared fo nitrate salts. The greater the
solution structure, the greater is the repulsive hydration force, and hence this leads to a

lower CPT
The Effect of pH

Figures 5 compares the CPT at pH 4.0 and pH 7.0 for NaCl, MgCl,, and NPLCI . While -
results for potassium and calcium salts are not shown, the trends for these salts are the
same as those for sodium and magnésium salts, respectively. In addition, the nitrate salts

follow the same trends as the chloride salts.

Figure 5a compareé resulfs for NaCl at pH 4.0 and'7.0. As the concentration of salt ‘rises,
the difference between the CPT between the two pHs decreases and disappears at ionic
strength above 1.3 M. This decrease and (iisappearancé follows from salt screening of
the charge-charge repulsion between the protein molecules. The net charge of lysozyme
is+11 at pH 4.0 and +8 at pH 7.0. At a fixed salt concentration below 1.3 M, the net
attractive interactions méasured by the CPT are less at pH 4.0 due to greater charge-
charge repulsion at this pH. As the concentration of salt increases, the repulsive charge-
charge interaction between protein vanishes because it is screened by the salt ions. This

trend can be seen in all CPT data at low salt concentrations. The concentration of salt for
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complete screening is much higher than that predicted from DLVO theory (about 0.1M).
The concentrations of protein and salt are far from the dilute region and therefore the
DLVO mean-field approximation is no longer valid. The concentration where charge-

~ charge screening is complete depends on the nature of the ions.

Figures 5b compares the effect of pH on CPT for MgCl,. Above the salt concentration
where charge screening occurs, the CPT data begin to diverge. The difference between
the CPT at pH 4.0 and 7.0 increases with salt concentration. The CPT at pH 4.0 is
always greater than that at pH 7.0. This difference follows from Mg?* binding to the
protein sufface. Magnesium and calcium are kosmotropic ioﬁs that have been shown to
bind to the sﬁrface of lysdzyme [27]. The number of ions that can bind to that surface
depends on the charge of the protein. Because the net positive charge on the lysozyme
molecule is less at pH 7.0, more cations can bind to the surface at pH 7.0 fhan at pH 4.0.
Binding of kosmotropes to the surface of a protein produces more water structuring at the
protein surface, leading to a hydration barrier to protein aggregation. With rising salt
concentration, the extent of this hydration barrier increases, as indicated by the CPT data.
Although ammonium is not a kosmotropic ion, the CPT trends suggest that this ion is

binding to the protein S_urface.

The effect of pH on the CPT for sulfate salts differs from the trends seen in the chloride
and nitrate salts. Significant differences in the CPT appear above 1M due to the greater
competition for binding water to the protein surface and to the sulfate ion. The trends for

K;80, and CaSO, are similar to those for Na,SO, and MgSO, respectively.
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Potential of Mean Force for Protein-Protein Interactions

The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory has been used extensively to
aceount for protein-protein interactions in dilute solutions of protein and salt. The DLVO |
theory accounts for repulsive Coulombic interactions due to protein-surface charge and
attractive interaetions arising from van der Waals forces. The Coulombic term is derived
-from a mean-field approximation and therefore doe.s not take into account the discrete
nature of the salt ions. In DLVO theory, the extent of charge screening between protein
molecules is a function of ionic strength only, and quickly approaches zero at ionic
strengths above 0.1 M. The attractive van der Waals forces between protein molecules is
believed to be essentially independent of ionic strength because fluctuations in the
positions of the electrons of the protein leading to dispersion forces are on a time scale

much shorter than that of ion rearrangement.

DLVO theory has been successful in explaining solution behavior of dilute protein and
salt solution, however it cannot account for protein precipitation,lcrystallization, and
liquid-liquid phase separation which occurs in concentrated salt solutions. In this study,
we are interested in the behavier of specific iens, and consider ion size, charge, ability to

bind to the protein surface, and interactions of the ions with water molecules.

14




In an attempt to correlate and provide a means of prediqting the CPT data, we employ a
square-well potential of mean force W(r) to describe the interactions of two lysozyme

molecules in an electrolyte solution:

00 r<o
B W) = - o<r<oc+d €Y}
0 c+o0<r

where r is the center-to-center distance between two protein“molecules, ois the protein
diameter, ¢is the depth of the square weIl, and J'is the width of the sduare well. The
width of the square well is assumed to be 20% of the protein diameter as suggested by
Frenkel [.10,1 1], who showed that when theh range of attraction between protein molecules
| is less than 25% of the protein diameter, a metastable liquid-liquid region appears. We
set 6 =34.4 A, the hard sphere diameter of a lysozyme molecule determined from x-ray

crystallography. Hence 8 =(0.2) (34.4 A)=6.9 A

To describe liquid-liquid equilibria, we use the Random Phase Approximation (RPA) to
generate expressions for the pressure and chemical pbtential [29]. The equation for
pressure P is:
P (P, v | *
pPkT pkT f 2kT
where, p is the protein number density, k is Boltzmann’s constant, 7' is the CPT, and Uis

the perturbation energy per unit density. The reference pressure is that of a hard-sphere

system and is given by the Carnahan-Starling expression:

15



P _lipi-7 | 3)
prT ) . -7y |

where n = (1tp/6)c>'3 is the protein packing fraction. The perturbation term accounts for
interactions between protein molecules including charge-charge, van der Waals, and
hydration interactions. The perturbation energy per unit density is related to the potential

of mean force as given in equation 4.

U=an[W(r)r* dr OR
The chemical potential g is:
o _ 2 F
p—p' 1@ 977+3377.)+pU+1np 5)
KT (1-n) kT ,

- where #/ is the reference chemical potential that is the same in both liquid phases.

For two phases a and $, the following conditions must be met:

=gt (6)

P* =P’ N

Because at the onset of clouding, the volume of the dense phase that forms is negligibly
sniall compared to the total volume, the protein. concentration in the supernatant phase is
equal to the initial protein concentration. There are two unknowns in equaﬁons (6) and
(7); € and the protein packing fraction in the dense phase, 7. Input parameters are the

known initial protein packing fraction 7” and the measured CPT.

16




Toward interpreting the significance of the interprotein'energy parametér £, we define a
reference state. For comparison of salts, NaCl was chosen as a 'reference salt' because
Na" is marginally kosmotropic and CI” is marginally chaotropic. Therefofe, we expect
that there are no preferential interactions of the ions at the surface of the protein, nor is
there a significant change in the water structure. Using CPT data fof lysozyme solution
containing NaCl, ena.ci was calculated as a function of salt concentration at pH 4.0 and

7.0.

At a fixed ionic strength, deviations of the CPT for a salt relative to that for NaCl were
attributed to specific ion interactions with lysozyme. For all salts except NaCl, a change
in the square-well potential was introduce to account for these specific ion effects and is
given by:

Wrl) =- [ENaCI(I) + &)} ®)

where 1 is the ionic strength. To calculate £4,(I) and 1, we use as input the calculated

enaci(I), the known initial protein packing fraction 7% and the measured CPT of the salt.

17



Parameter Estimation

The depth of the square well was calculated for the reference salt NaCl as a function of

ionic strength for pH 4.0 and 7.0 at the CPT. Table 1 shows engc as a function of ionic

strength.

Fitted Equation

pH
40 enect /KT =0.38 In () + 3.78

7.0 enac1 kKT =029 In (1) + 3.82

Table 1. Relationship between the depth of the square well, exaci, and ionic strength,
I (M), for lysozyme (87g/L) in NaCl solutions at pH 4.0 and 7.0 at the CPT.
enac1 Was made dimensionless through division by kT where T was choosen to
be 298 K. '

Assuming that NaCl does not exhibit signiﬁcant speciﬁc;ion effects with lysozyme, -
deviations of the CPT from fhe reference are due to specific ion effects, including
hydration forces and water structuring of the solution. To calculate the corresponding
esp(D), the equations in Table 1 were used in conjunction with CPT data fof the other salts
in Equation 8. When needed, values for &Nact Were extrapolated beyond those obtained

from measured CPTs for NaCl, using the equations in Table 1.
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Table 2 gives equations for €,(I)/kT at pH 4.0 and 7.0. For monovalent salts, e,(I)/kT is
linear with ionic strength and for divalent cationic salts, e,(I)/kT is linear with the square

of ionic strength. For sulfate salts e,(I)/kT is parabolic in ionic strength.

€p/KT =(m I+ b) ep/kT=(m I+Db)
| pH 4.0 ~ pH 7.0
Salt m b m b
NaNO; -0.34 0.55 029 0.42
KCl 0.08 -0.08 0.03 0.02
monovalent KNO; -0.34 0.47 -0.28 0.40
: NH,Cl 0.11 0.02 -0.08 -0.08
NH,NO; -0.26 0.39 -0.31 0.36
£sp/KT = (m I + b) " gpkT=mP+b)
pH 4.0 pH 7.0
m b m b
MgCl, 0.17 0.04 015  -0.15
divalent Mg(NO;);  -0.09 0.20 -0.09 0.09
cation CaCl, -0.18 0.14 , -0.33 -0.14
Ca(NO3),” -0.11 0.14 -0.08 0.01
€sp/kT = (g  + m I +b) ep/kT = (g I’ + m I+b)
pH 4.0 pH 7.0
g m b g m b
Na,S04 039 -1.02 041 ‘ 026 082 025
divalent K,SO4 081 -165 0.58 043 -1.01 031
anion (NH;),S0, = 026 -1.00 0.40 055 -128 032
MgSO, 017 -0.81 023 | 020 -0.80 0.11

Table 2. Energy parameters €,/kT as a function of ionic strength (I) and salt type. Iisin
mol/L. These parameters represent the deviations from enaci due to specific ion
effects. ,/kT is linear with I for monovalent salts, and quadratic for divalent
cationic salts. Data for the sulfate series were fit to a second-order polynomial.
The equations in Tables 1 and 2 can be used to predict the CPT of lysozyme for
numerous salts over a wide concentration range.
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For salts containing either Na' or CI, the esp/kT results in Table 2 reflect effects due to
the appropriate counterion. For example, the £,/kT values for MgCl, are attributed to the
Mg’* ion only. Combinations for e,/kT for ions other than Na* or CI” can be used to
predict the CPT. This model is based on a fixed protein concentration of 87 g/L. Further
CPT data as a function of protein concentration is needed to assess whether £5/kT is

dependent on protein concentration.

Combinations of e4/kT for all ions were performed and compared to £,/kT values
obtained through experiment and subsequent calculations. Figure 8 shows representativé |
results for combinations of (a) monovalent ioné, (b) divalent cation and NO3', and (c)
monovalentl cation with SO,>. Addition of &.,/kT for monovalent ions showed good
agreement to experimeﬁtally measured CPT data for all ions. For example, £,,/kT for
NH4NO; was predicted by addition of &5/kT for NH,CI and NaNO;. Since NaCl is the
reference salt, the contribution to e5/kT by NH,Cl is solely due to NH, since the

. contribution by CI' is zero. Similarly, the contribution to £,,/kT by NaNO§ i.s soiely due
to NOj since the contribution by Na' is zero. Simple addition of energetic parameters
did not show good agreement for divalent cationic salts. Instead, the a\)erage of e/kT

~ for the divalent cation and monovalent anion did show very good agreement, éven at high
ionic strength for both magnesium and calcium salts. For example, £/kT for Mg(NOs),
was computed by adding the equations from Table 2 _for MgCl, and NaNO; and
subsequently taking the éverage of the result. One explanation for why the average gav_é
good results and nof the Simple addition is due to the nature of the ions. Mg”* and Ca®*

are highly kosmotropic and increase the extent of solution structure while the highly
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chaotropic ion NO;™ breaks up the solution structure. The competing processes of
increasing and decreasing the extent of water structure lead to an average effect. The
proposed potential of mean force model predicts good results for K,SO, for all salt

concentrations and for (NH4)2SO4 below 1M through addition of &,/kT.

Conclusion

Expérimenfal cloud-point data show that classical DLVO theory is inadequate at high
lysozyme and salt concentrations, To interpret the data, a square--well potential of _niean
force was proposed to account for specific effects of différeht ions. The width of the
square well was fixed at 20% of the protein diameter with NaCl as a reference salt. The
depth of the square well £¢, was calculated for other salts relative to NaCl. Plots of esp/k;l‘
as a function of ionic strength show that for monovalent salts, the trends are linear in

| ionic strength, whereas the trends for divalent cationic salts show a quadratic dependence.
Combinations of the regressed energy parameters for ions were used to predict the CPT
for a particular salt. Predicted and measured results show good agreement for |
monovalent and cationic salts over the entire salt concentration range, and to 1 M for

sulfate salts.
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Figure 1. Effect of cations on the cloud-point temperature for lysozyme (87 g/L)

at pH 7.0 for (a) CI", (b) NO3", () S04 aqueous salt solutions. For different salts,
as ionic strength increases the difference in CPT increases, indicating the specific
nature of the ions is more important at higher salt concentration. A maximum in the
CPT is observed for divalent cationic salts.
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Figure 2. Effect of cations on the cloud-point temperature for lysozyme (87 g/L)

at pH 4.0 for (a) CI", (b) NO3", (c) 5042 aqueous salt solutions. The
trends for pH 4.0 are similar as for pH 7.0




6¢

Cloud-Point Temperature (°C)

50
40
30
20
-10 |
-20

-
o

o

T 1 T | T T T T T T ! I T ] 1
° v’ T e Mg(NO,), + _
¢ o v v MgCl, .
@
! v ] T e®%%e m MgSO, + 'o'- Soo . o v
o V ° ° ¢ v
- @ v n -+ ® ° + e v v o ° -
o v n ° ¢ Vv n °
- . . ) e v . —_— V -
o yumaus . - vVVy ° ,
; |
L e NaNO3 = Tey v T o n o o NHNO, -
v NaCl m " owm o, - v NHCI
L o m  Na2SO4 R 4 4
v . ) (NH4)2304.
] | 1 | ] L ] ] ] L 1 | ! | !
T | T T 1 1 | T I T T I ¥ | T
0.0 1.0 2.0 0.0 1.0 2.0 0.0 1.0 2.0 3.0
lonic Strength (M) |
Figure 3. Effect of anions on the cloud-point temperature for lysozyme_v(87 g/L)at pH 7.0 for

(a) Na*, (b) Mg2™, (c) NH4* aqueous salt solutions. As the anion becomes more
kosmotropic, the CPT decreases at a specific salt concentration. While potassium .
and calcium salts are not included, they follow the same trends as the sodium and
magnesium salts, respectively.
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Again, the trends for potassium and calcium salts are similar to the sodium and

magnesium salts, respectively.
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Figure 5. Effect of pH on the cloud-point temperature for lysozyme (87 g/L)

for (@) NaCl, (b) MgClp, () NH4Cl aqueous salt solutions. For NaCl
as salt concentration increases, the difference in CPT decreases due
to charge-charge screening. For MgCl, as salt concentration increases,

~ the difference in the CPT increases. Greater Mg®* binding at pH 4.0

leads to a greater hydration force and hence a lower CPT. The trends
for NH,Cl is a combination of the charge screening and hydration force effects.
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Figure 6. Representative plots of combinations of &,,/KT for (a) monovalent ions (b) divalent cations and NO," and
(c) monovalent cations with SO4*. Itwas assumed that Na* and CI" were ideal ions and did not contribute

to €ion/KT of the appropriate counterion. The solid line (no symbols) represents sion/kT calculated from the model.
Plot (a) shows that addition of sion/kT values gives good results.

Plot (b) is the average of ¢, /KT since Mg?" is a solution structure former and NO,’ is a structure breaker.
Plot (c) shows the addition of sion/kT. Model results are in good agreement up to 1M.
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