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California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 
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Summary 

The phase behavior of two aqueous binary protein mixtures, lysozyme-chymotrypsin and 

lysozyme-ovalbumin, was determined in ammonium-sulfate solutions.· Protein concentrations 

were determined in both phases as a function of pH and ionic strength. For lysozyme

chymotrypsin mixtures, the observed phase behavior is similar to that for each individual protein; 

the presence of the second protein has little influence. The phase behavior of lysozyme

ovalbumin mixtures, however, is dramatically different from that of the respective single-protein 

systems. Lysozyme and ovalbumin are found together in egg whites; their association is both pH 

and ionic-strength dependent. The association of proteins is a key determinant of protein 

solubility in salt solutions. 
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Introduction .. · 

Protein precipitation provides a common method for concentrating and purifying proteins 

from solution. A variety of precipitating agents can be used to precipitate proteins selectively. 

Different precipitation methods, including addition of salts, hydrophilic polymers, 

polyelectrolytes, dyes, and metal-ion affinity ligands are described in several reviews.3, 22, 27 

Precipitation by addition of salts, in particular ammonium sulfate, remains one of the most 

widely used methods for crude purifications of proteins from solution. 

Several studies have investigated the phase behavior of single-protein solutions at high salt 

concentrations. 1· 6• 7· 12· 23· 28· 29 Data on multi-protein salting-out systems, however, are rare. 

Dixon and Webb 9 described a simple method for optimizing the purification of a target protein 

from other proteins assuming that no cross-protein interactions exist and that phase behavior for 

all proteins is consistent with the Cohn equation: 

log fo = f3 - Ks I (1) 

where Sis the protein solubility in salt solution, S0 is the protein solubility in water, I is the ionic 

strength, and {3 and Ks are empirical parameters fit to experimental supernatant-phase protein

concentration data. Richardson et al. 24 developed a method to salt out alcohol dehydrogenase 

from clarified yeast extract using ammonium sulfate. They provide guidelines to estimate the 

achievable selectivity by salting-out. 

Toward better understanding of how salting-out separations may be used selectively, we 

investigate the salting-out phase behavior for two aqueous binary mixtures: lysozyme and 

chymotrypsin, and lysozyme and ovalbumin. The first of these mixtures does not naturally occur 

in biological systems; however, the second mixture (hen~egg-white lysozyme and hen-egg 

ovalbumin) is a combination that exists in egg whites. Approximately 60% of egg-white protein 

is ovalbumin and about 4% is lysozyme.2· 13 Furthermore, these two proteins are known to have 

specific interactions with each other in solution; they have been extensively studied, especially in 
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regard to processing of eggs in the food-processing industry 1 ~ .• 26 under conditions such as high· 

temperatures that denature proteins. The interactions of the native forms of lysozyme and 

ovalbumin have also been studied and are reviewed below. Initial studies of the effect of the 
'--

interaction of lysozyme and bovine serum albumin 31 and of lysozyme and ovalbumin 16 on 

protein solubility suggest that association may play a major role in determining the phase 

behavior of protein mixtures. 

Although the precise nature of the lysozyme-ovalbumin association is not well understood, 

several studies have measured the apparent equilibrium binding constant for a 1:1 lysozyme-

ovalbumin association at neutral pH and low ionic strength. The equilibrium constant was found 

by ultracentrifugation to be approximately 105 M-1 at I= 0.02 M and pH 6.8-6.9.5· 15 As the 

protein concentrations increased, aggregates larger than the 1:1 complex were observed. 15 In 

addition to the 1: 1 association, some authors postulate that the association of lysozyme and 

ovalbumin at neutral pR may proceed to longer chains of lysozyme and ovalbumin which may 

also be crosslinked. 16 At a somewhat lower pH (pH 5.8), a smaller equilibrium binding constant 

of 2xi03 M-1 at!= 0.02 M 19 was found by membrane osmometry. At this pH, aggregates larger 

than the 1: 1 complex were not observed. The association was also found to be a strong function 

of pH in the range pH 5-9 with maximum association observed at neutral pH.21 At a higher ionic 

strength (I = 0.2 M), lysozyme-ovalbumin association_ was not observed using 

ultracentrifugation. 5 This suggests that the association is primarily driven by the electros,tatic 

interactions of the oppositely charged lysozyme and ovalbumin for which the net charges are 

reported as + 7.5 for lysozyme and -14 for ovalbumin for pH 6.8. 16 These electrostatic 

attractions are screened at moderate ionic strengths. 

This work reports measurements for salting-out phase behavior in ammonium-sulfate 

solutions as a function of solution pH and ionic strength for the following systems: 1) for single

protein systems containing lysozyme or ovalbumin and 2) for the binary-protein systems 
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lysozyme-chymotrypsin and lysozyme-ovalbumin. Attention. is given to selectivity for protein 

salting-out phase separations. 

Experimental 

Materials 

Bovine a-chymotrypsin (C-4129), hen-egg-white lysozyme (L-6876), hen ovalbumin (A-

5503 ), and phenyl-methyl-sulfonyl fluoride (PMSF) were purchased from Sigma, St. Louis, MO. 

A.C.S.-grade ammonium sulfate was used. Distilled water was de-ionized and filtered (0.20 J.Lm) 

by a NAN Opure system prior to use. 

Methods 

Protein concentrations were determined by absorbance at 280 nm using a Milton-Roy 1201 

Spectrophotometer. Extinction coefficients are: 2.04 Ll(g em) for chymotrypsin, 1 I 2.635 L/(g 

em) for lysozyme, 30 and 0.705 Ll(g em) for ovalbumin. I 1 pH was measured using a Corning 

General-Purpose Combination electrode with a Sargent-Welch model LSX pH meter. All 

experiments were carried out at 25±0.1 oc. 

Protein Salting-Out Phase Equilibria 

The procedure of Shih et al. 29 was followed for salting-Jmt phase separations. Protein 

solutions were prepared by dissolution in pure water. To prevent autolysis, a-chymotrypsin 

solutions were inhibited according to the method of Fahrney and Gold IO with 10% molar excess 

PMSF from a stock solution of 0.11 M PMSF in 2-propanol. Concentrated salt solution was 

added dropwise and pH was adjusted using dilute solutions of the appropriate conjugate acid or 

base (e.g. NH40H and H2S04 for experiments with (NH4)2S04). No buffers were required. 

Samples were equilibrated for 4 hours under mild agitation and then centrifuged in a Jouan 

CT422 temperature-controlled centrifuge for 2 hours at 5000g to separate the supernatant phase 

from the dense phase. 
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Samples of the equilibrated supernatant and dense phases .. were diluted and analyzed by UV 

absorbance (280 nm) to determine protein concentration in mg protein/g water. Partitioning of 

salt between the dense and supernatant phases was uniform for all single-protein experiments 

reported here, in agreement with earlier results. 6 For most two-protein experiments, the salt 

partition coefficient was taken as 1.0 and was not measured. The water content of the dense 

phase was measured by weight loss after freeze drying for 40 hours at 40 mtorr. Mass balances 

on the phases closed to within ±5%. The typical experimental uncertainty of the partition 

coefficient, K, defined as the ratio of protein concentrations in the dense and supernatant phases, 

was ±10%. 

(2) 

For lysozyme-chymotrypsin. mixtures, protein concentrations of both phases were 

detennined by ion-exchange HPLC with UV detection at 280 nm. A Hewlett-Packard Series II 

1090 HPLC was employed with an HRLC MA7S, 1 mL capacity, cation exchange column (Bio

Rad, Richmond .. CA). All elution buffers contained 0.02 M Tris-HCl buffer at pH 7.3 and 0.05% 

(w/v) sodium azide as a preservative. 0.1 M NaCl eluted chymotrypsin and 0.5 M NaCl eluted 

lysozyme. To achieve linear detector response, dense-phase samples were diluted up to 100 fold. 

To remove excess salt which interferes with protein binding to the ion-exchange column, 

supernatant samples were passed through Bio-Spin 6 size-exclusion columns which contain Bio-

Gel P polyacrylamide with a 6000 Dalton molecular-weight cutoff (Bio-Rad, Richmond, CA). 

Bio-Spin columns were centrifuged at 1100g for 3.5 min. Salt and water contents were measured 

as discussed above. 

For phase separation of mixtures of lysozyme and ovalbumin, protein concentrations of both 

phases were detennined by size-exclusion HPLC with UV detection at 280 nm. A Bio-Rad Bio 

Gel SEC 40-XL size-exclusion column (Bio-Rad, Richmond, CA) was used with the above 

HPLC system using the same Trizma buffer at pH 7.3. To prevent lysozyme-ovalbumin 
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associations which would interfere with the analysis, all elution buffers contained 0.5 M NaCl. 

This intermediate ionic strength may be important for obtaining reliable results from size

exclusion chromatography. 14• 20 To obtain a linear detector response, dense-phase samples were 

diluted up to 100 fold. Due to the difficulty in resolubilizing the dense phase in either low or 

high-ionic-strength solutions, an aliquot of 5 rn ionic strength ammonium sulfate solution was 

first mixed with the dense phase sample and then water was added dropwise until the solution 

clarified. At the final ionic strength it was assumed that the lysozyme-ovalbumin association 

was minimized so that the size-exclusion separation would give accurate results. Higher ionic 

strengths are also typically used in separations of lysozyme and ovalbumin from egg whites.2 

Results and Discussion 

Phase-Equilibrium Measurements: Single-Protein Systems 

Figure 1 illustrates salting-out phase equilibria for lysozyme in ammonium-sulfate solutions. 

Supernatant (csp) and dense phase (cdp) protein concentrations along with the resulting protein 

partition coefficients (K) are shown. The initial lysozyme concentration, Cinir was varied from 

20 to 50mg/g water without affecting lysozyme phase behavior. The current results are in 

agreement with our previous work. 6 

Figure 2 illustrates the ovalbumin phase equilibria in ammonium-sulfate solutions. The 

initial protein concentration was fixed at 30 mg/g water. Ammonium sulfate partitioned 

uniformly between the supernatant and dense phases. Dense-phase protein concentrations were 

nearly invariant with respect to pH and ionic strength. The partition coefficient is influenced 

primarily by the dependence of the supernatant protein concentration on pH and ionic strength. 

The supernatant concentrations follow the classical ionic-strength salting-out behavior described 

by Eq. 1. Ovalbumin phase equilibria exhibit a stronger pH dependence than lysozyme or 

chymotrypsin phase equilibria. Ovalbumin supernatant phase concentrations decrease as pH 

decreases, similar to the behavior of lysozyme and chymotrypsin, except that a minimum in 
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ovalbumin supernatant concentration is observed at pH 4 and ionic strengths from 7 to 9 molal. 

Additional ovalbumin phase-equilibria measurements at pH between 4 and 5 confirmed that the 

maximum partitioning to the dense phase occurred at pH 4 (or lower) rather than at its isoelectric 

point of pH 4.6. 

Phase-Equilibrium Measurements: Two-Protein Mixtures 

Ammonium-sulfate salting-out equilibria were measured for mixtures of lysozyme and 
I 

chymotrypsin. The initial protein concentrations were 20 mg/g water for both proteins. For both 

lysozyme and chymotrypsin, Figure 3 shows supernatant protein concentrations and Figure 4 

shows protein partition coefficients as a function of pH with ionic strength as a parameter. Phase 

behavior with respect to pH and ionic strength appears similar to that of the single-protein 

salting-out phase equilibria given in our previous work. 6 

However, upon quantitative comparison of the two-protein salting-out data with the 

individual single-protein salting-out data for lysozyme and chymotrypsin, it is apparent that there 

are systematic differences in the phase behavior of each protein when the other protein is present 

in solution. Figure 5 shows the ratio of the two-protein partition coefficient (K2-prorein) to single

protein partition coefficient (KJ-prorein) as a function of pH and ionic strength. Within 

experimental error, the ratio of partition coefficients for both proteins is independent of both 

solution pH and ionic strength. However, lysozyme partitioning is decreased in the presence of . 
I 

" chymotrypsin while chymotrypsin partitioning is enhanced by the presence of lysozyme in 

solution. Generally, it has been observed that the solubility of a protein is reduced in the 

presence of other proteins, 17 although studies have shown that single-protein and mixed-protein 

systems had nearly identical salting-out behavior for the case of dog hemoglobin and horse 

serum albumin.9· 25 It appears that the larger protein (molecular weights: chymotrypsin, 

25,000 g/mol; 11 lysozyme, 14,300 g/mol 8) partitions more strongly to the dense phase from a 

mixture of two proteins. 

- 8-



In Figure 5, the chymotrypsin single-protein results at an initial protein concentration of 

30 mg/g water were corrected to an initial protein concentration of 20 mg/g water usirig 

experimental data on the effect of initial protein concentration on protein partition coefficients. 

Chymotrypsin single-protein partition coefficients at cinit = 30 mg/g water are about 90% of the 

partition coefficients at cinit = 20 mg/g water. Other studies9• 24 have examined the effects of 

initial protein concentration on mixed-protein solution salting-out behavior and have observed 

significant changes in salting-out only when initial protein concentrations differed by a factor of 

10. 

For the lysozyme-chymotrypsin system, Figure 6 shows that partitioning of lysozyme to,~he 

dense phase is favored over chymotrypsin partitioning at all solution conditions investigated. 

For pH 5.5-8.3, the selectivity is approximately constant at 2. However; at pH 4, the selectivity 

is ionic strength dependent and ranges from 2 to 12. At pH 4, the tradeoff between purity of the 

' target protein and the fraction of the target protein recovered is evident. At pH 4 and low ionic 

strength, lysozyme is partitioned strongly to the dense phase· and chymotrypsin remains primarily 

in the supernatant phase. Lysozyme is selectively salted out under these conditions, yet a small 

amount of lysozyme remains in the supernatant solution. On the other hand, salting out at pH 4 

and a higher ionic strength recovers more of the lysozyme from the supernatant phase while at 

the same time increasing the amount chymotrypsin partitioned to the dense phase. 

Phase-equilibrium measurements were also carried out for mixtures of lysozyme and 

ovalbumin salted out by ammonium sulfate. For both lysozyme and ovalbumin, the initial 

protein concentration was 20 mg/g water. Figures 7 and 8 show supernatant protein 

concentrations and protein partition coefficients, respectively, for both lysozyme and ovalbumin. 

Protein concentration measurements were reproducible, except for ovalbumin at pH 4 and high 

ionic strengths. While Figures 7 and 8 indicate that ovalbumin's phase behavior in a mixture 

with lysozyme is similar to that of ovalbumin alone, these figures indicate that lysozyme phase 

behavior in the presence of ovalbumin is less pH-dependent than that of lysozyme alone. 
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In Figure 9, the ratios of two-protein to single-protein partition coefficients for lysozyme and 

ovalbumin reveal the dramatic effect of ovalbumin on the salting-out behavior of lysozyme. 

Ovalbumin single-protein results at cinir = 30 mg/g water were normalized to cinir = 

20 mg/g water. Ovalbumin single-protein partition coefficients atcinir = 30 mg/g water are about 

95% of the partition coefficients at cinir = 20 mg/g water. Figure 9(a) shows that, at high pH, 

lysozyme partitioning is similar to partitioning measured in the absence of ovalbumin; however, 

at pH 3, lysozyme partition coefficients are reduced to one-fifth of the single-protein partition 

coefficients. For ovalbumin, on the other hand, Figure 9(b) · shows a slight enhancement of 

partitioning to the dense phase in the presence of lysozyme across the entire measured pH range. 

Within experimental error, ovalbumin salting-out phase behavior is not as strongly affected by 

the presence of lysozyme in solution as lysozyme phase behavior is affected by the presence of 

ovalbumin. 

Below pH 4, where interactions between lysozyme and ovalbumin are reduced, 21 lysozyme 

partitioning is decreased by the presence of ovalbumin in solution. This decrease is similar to the 

effect of chymotrypsin on lysozyme phase behavior. In the lysozyme-ovalbumin mixture, 

partitioning of the larger protein (ovalbumin 43,000 g/mol 4) is enhanced by the presence of 

lysozyme, while partitioning of lysozyme is decreased in the presence of the larger protein. 

Also, ovalbumin's partitioning is enhanced by the presence of lysozyme just as chymotrypsin's 

partitioning is enhanced in the presence of lysozyme. However, above pH 4, where lysozyme 

and ovalbumin have opposite net charges and are observed to associate in low ionic strength 

solutions, lysozyme partitioning is no longer reduced by the presence of ovalbumin. 

Figure 10 sh<?ws that the selectivity for lysozyme from lysozyme-ovalbumin mixtures has a 

more complicated dependence on pH than does selectivity for the lysozyme-chymotrypsin 

mixture. For all ionic strengths, the highest selectivity for lysozyme is at pH 7. However, at pH 

3, lysozyme is selectively partitioned at I= 7m, while ovalbumin is selectively partitioned at 
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I= 9m. As observed at lower pH in the lysozyme-chymotrypsin system, selectivity is a function 

of ionic strength for the lysozyme-ovalbumin system at lower pH's. 

At a ratio of 3 moles of lysozyme to 1 mole of ovalbumin, a maximum in solution turbidity 

was. found 16 for low ionic strength at neutral pH. The authors postulated that a complex 

containing a ratio of three lysozymes for each ovalbumin would thus give the lowest solubility. 

This may correspond to an indefinite association of lysozyme and ovalbumin, where four 

lysozymes are coordinated with each ovalbumin and lysozyme is bi-functional and can bind to 

two ovalbumin molecules. The experiments reported here were conducted' at equal weight 

concentrations of lysozyme and ovalbumin, corresponding to a three-to-one mole ratio of 

lysozyme to ovalbumin. Thus, our experimental observations may give a maximum in salting 

out of protein due to this three-to-one complex. 

Dixon and Webb9 do not consider specific protein interactions to be significant at high ionic 

strengths due to electrostatic screening. However, our two-protein phase equilibria data show 

that specific protein interactions may persist even at the high ionic strengths used in salting-out 

separations. Ir appears that, despite high ionic strengths, the close proximity of protein 

molecules (the result of both high protein concentrations and hydrophobic attractions among 

proteins that are encouraged by the sequestering of water by salt ions) may allow protein-protein 

surface electrostatic interactions to play a role in determining protein salting-out behavior. 

Conclusions 

In binary protein mixtures, it appears that, relative to single-protein phase behavior, larger 

proteins partition more strongly to the dense phase. At the same time, partitioning of the smaller 

protein decreases. For lysozyme-ovalbumin mixtures that are known to associate at low ionic 

strengths (apparently via electrostatic attractions), it appears that pH-dependent protein-protein 

interactions affect salting-out phase equilibria even at very high ionic strengths. Because salting 
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out provides a reasonable degree of selectivity, it provides a useful method that not only 

concentrates proteins, but that also purifies a target protein from an aqueous mixture of proteins. 
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Notation 

I 

K 

K2-proteirz 

K1-protein 

f3 

initial protein concentration, mg/g water 

protein concentration in dense phase, mg/g water 

protein concentration in supernatant phase, mg/g water 

Ionic strength, m (mol/kg water) 

protein partition ·coefficient= cdp I csp 

protein partition coefficient measured for a protein salted out of a 2-protein mixture 

protein partition coefficient measured for a protein salted out of a single-protein 
solution 

salting-out parameter, m-1 

protein solubility, mg/g water 

protein solubility in salt solution, mg/g water 

salting-out parameter 
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Figures 

Figure Captions 

Figure 1 Supernatant-phase protein concentration (csp) and partition coefficient (K) of 
lysozyme in ammonium-sulfate solutions. Ionic strength varies from 5.0 to 9.0 molal. 
Initial protein concentrations were varied from 20 to 50 mg/g water without affecting 
lysozyme phase behavior. 

Figure 2 Supernatant-phase protein concentration (csp) and partition coefficient (K) of 
ovalbumin in ammonium-sulfate solutions. Ionic strength varies from 7.0 to 12.0 molal. 
Initial protein concentration was 30 mg/g water. 

Figure 3 Supernatant protein concentrations of lysozyme and chymotrypsin mixtures as a 
function of pH and ionic strength. Initial protein concentrations were 20 mg/g water for 
lysozyme and 20 mg/g water for chymotrypsin. 

Figure 4 Protein partition coefficients for lysozyme and chymotrypsin mixtures as a 
function of pH and ionic strength. Initial protein concentrations were 20 mg/g water for 
lysozyme and 20 mg/g water for chymotrypsin. 

Figure 5 Protein partition-coefficient ratios for lysozyme and chymotrypsin mixtures. 
Chymotrypsin single-protein results at cinir = 30 mg/g water were normalized to cinir = 
20 mg/g water. (Chymotrypsin single-protein data are from Coen et al. 6) 

Figure 6 Selectivity of salting-out phase separations based on partition coefficients for 
lysozyme from mixtures of lysozyme and chymotrypsin. 

Figure 7 Supernatant protein concentrations of lysozyme and ovalbumin mixtures as a 
function of pH and ionic strength. Initial protein concentrations were 20 mg/g water for 
lysozyme and 20 mg/g water for ovalbumin. 

Figure 8 Protein partition coefficients for lysozyme and ovalbumin mixtures as a function 
of pH and ionic strength. Initial protein concentrations were 20 mg/g water for lysozyme 
and 20 mg/g water for ovalbumin. 

Figure 9 Protein partition-coefficient ratios for lysozyme and ovalbumin mixtures. 
Ovalbumin single-protein results at cinir = 30 mg/g water were· normalized to cinir = 
20 mg/g water. 

Figure 10 Selectivity of salting-out phase separations based on partition coefficients for 
lysozyme from mixtures of lysozyme and ovalbumin. 
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