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Molecular_ Thermodynamics for Partitioning of Native and Denatured 

Proteins in Aqueous Two-Phase Systems 

Jianwen Jiang and John M. Prausnitz* 

Chemical Engineering Department, University of California, Berkeley 
and Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720 

A molecular-thennodynamic analysis of protein partitioning in an aqueous two-phase 

system shows that the partition coefficient for a native (globular) protein is very much 

different from that for a denatured (linear) protein; while the fonner is weakly dependent 

on protein molecular weight, the latter depends strongly on molecular weight. The native 

protein and the denatured protein are represented, respectively, by a spherical macroion 

and by a linear flexible polyion. Based on McMillan-Mayer solution theory, the 

interactions between particles are represented by a continuum-averaged potential of mean­

force containing hard-sphere repulsion, the effect of penetration or hydration forces, 

electrostatic interactions, osmotic attraction and specific interactions. Phase diagrams are 

calculated for polymer-polymer and for polymer-salt aqueous two-phase-forming systems 

in good agreement with experiment. Coupled with measured data for obtaining model 

parameters, partition coefficients are calculated for a native protein, lysozyme. Calculated 

partition coefficients for a denatured protein. are compared with experimental partitioning 

data for short peptides. Calculated results are remarkably similar to those observed. 

" 

* To whom correspondence should be addressed. 



1. Introduction 

While aq1}eous two-phase systems were discovered 100 years ago, 1 their general application 

for purification of biomoleculeswas first described by Albertsson in the 1950s.2,3 Albertsson 

showed that two-liquid aqueous phases can form in an aqueous solution that contains either two 

polymers or one polymer and one salt. When a protein is added, the protein partitions between 

the two phases with a partition coefficient that often deviates appreciably from unity. 

Aqueous two-phase systems possess several advantages;4 for example, because each phase 

contains predominantly water (75-90 wt%), the system has low interfacial tension thereby 

providing a mild environment for labile proteins. Thus, aqueous two-phase systems provide a 

powerful tecbnique for separating complex mixtures of a wide range ofbiomolecules,5-7 such as, 

proteins, amino acids, lipids, nucleic acids, viruses, plant and animal cells, etc.8-11 Aqueous two­

phase systems have been used for extractive fermentation or for enzyme reactions; 12 for 

characterizing hydrophobic13,14 or binding interactions;15,16 and for assays using Partition 

Mfinity Ligand Assay (P ALA). 17 

Polyethylene glycol (pEG) and dextran (DEX) are frequently used to form aqueous two-phase 

systems for biomolecule partitioning; PEG and salt are also used.8 Recently, some new types of 

phase-forming systems' have emerged, for example, copolymer with homopolymer; 18-21 

copolymer with salt;22 polymer with surfactant, or surfactant with surfactant.23-25 Alternately, an 

aqueous two-phase system with only one surfactanf6-28 can be used to partition proteins with a 

number of desirable features when compared with traditional phase-forming systems. 

The partitioning behavior of a biomolecule .. iE: an aqueous two-phase system is governed by 

several factors. For example, in a system containing two polymers, the effect of the molecular 

weight of phase-forming polymers is such that when the molecular weight of one polymer is 

decreased, the biomolecule tends to favor the phase rich in this polymer.29,30 On the other hand, 

subtle changes in size, charge and surface chemistry of a biomolecule can also lead to noticeable 

changes in partitioning behavior.31-35 Further, the structure or conformadon of a biomolecule has 

much influence on its partitioning in aqueous two-phase systems. For example, native and 

denatured DNA,36-38 and supercoiled and un-supercoiled DNA,39,40 display very different 

partitioning behavior, as do linear and cyclic oligosaccharides.41 Short peptides formed with 

various numbers of amino acids also show partitioning behavior quite different from that for 

native proteins.42-47 - . 
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Industrial equipment design for separation and purification of biomolecules in aqueous two­

phase systems is based on trial-and-error experiments. To aid design and to optimize aqueous 

two-phase systems for separation and purification of biomolecules, several theories have been 

proposed for predicting thennodynamic properties and phase behavior of phase-forming systems 

and partitioning behavior of biomolecules. Following a brief review (for detailed reviews, see 

Refs. 48-50), we present a new molecular-thennodynamic description of partitioning with 

emphasis on native and denatured proteins in aqueous two-phase systems. 

Early attempts were reported by Brooks et a1.51 and by Tjemeld et al.52 using Flory-Huggins 

(FH) lattice theorY3 to correlate qualitatively phase diagrams and protein partition-coefficient 

data in an aqueous mixture containing two polymer solutes. Diamond and HsuS4 used a linearized 

fonn of FH theory to obtain a semiempirical expression for protein partitioning in 

polymer/polymer aqueous two-phase systems with or without salt buffer. Also, Hino and 

Prausnitz55 applied FH theory to, calculate phase separation in polymer/salt aqueous solutions. 

Based on Scheutjens-Fleer lattice theory for polymer adsorption,56 Baskir and coworkerss7 

developed a modified lattice theory·to predict protein partitioning without, however, accounting 

for salt effects. This description coupled with a Pitzer-Li long-range electrostatic tenn,58 was 

extended by Li et al.S9 for partitioning of amino acids and proteins in polymer/salt system. In the 

same spirit, the polymer-scaling concept of de Gennes60 was applied by Abbott et a1.61 -63 to 

describe the interactions between protein with flexible, water-soluble nonionic phase-fonning 

polymers toward describing protein partitioning. 

The osmotic virial expansion, first proposed by Edmond and Ogston,64 provided a simple 

theoretical framework65 that is commonly used for aqueous two-phase systems. On this basis, 

King et a1.66 and Haynes et a1.67,68 predicted phase separation and protein partitioning in 

polymer/polymer systems in the presence or absence of salts. Similar studies were reported by 

Arai et al. 69 for amino acids partitioning in aqueous polymer/polymer systems, and by Zhu et 

a1.70 for phase separation in aqueous polymer/salt systems. Gaube et al. developed a 

thennodynamically-consistent osmotic virial expansion to predict phase diagrams of 

PEGIDEX71-73 and PEG/sodium sulfate (Na2S04 ).74 These studies using the osmotic virial 

expansion were based on the McMillan-Mayer solution theory.75 In contrast, based on the 

constant-pressure-solution theory of Hill,76 Cabezas et al.77
-
79 and Forciniti and Ha1l8o developed 

an isothennal-isobaric virial expansion to study phase behavior of aqueous two-phase systems. 
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Kang and Sandler81 used the UNIQUAC model82 to predict binodals of polydisperse 

PEGIDEX aqueous two-phase systems. Combining Guggenheim's extension83 of Debye-Hiickel 

theory for l~ng-range electrostatic interaction, Hartounian et al.84 studied phase behavior and 

protein partitioning in the PEGIDEX system with a salt buffer. Similarly, the UNIFAC model85 

was used by Li et al.86 to predict phase behavior of polymer/salt systems; a semiempirical group­

contribution model was used to study amino acids and short-peptide partitioning in 

polymer/polymer and polymer/salt systems.42-45 

Integral-equation theory has been applied by Haynes et al.87,88 and by Kenkare and Hall89 to 

study phase behavior and partitioning behavior of proteins in both aqueous polymer/polymer and 

aqueous pol)lIIler/salt two-phase systems. 

These theoretical models were restricted to investigating partitioning behavior of native 

proteins, amino acids or short peptides in aqueous two-phase systems. To our best knowledge, 

however, no theoretical study has been reported for partitioning behavior of denatured proteins 

whose partitioning behavior is significantly different from that of native proteins. 

In this work we present a molecular-thermodynamic model based on the McMillan-Mayer 

solution theory75 where the dominant component in the aqueous two-phase system, water, is 

considered to be a continuous medium; interactions between solute molecules in this medium are 

represented by potential of mean-force. First, we consider phase separation in aqueous PEG 

3000IDEX T500 with or without Na 2S04 buffer and second, we consider aqueous PEG 

3000/Na2S0 4 two-phase systems. We then consider the partitioning behavior of native and 

denatured proteins at conditions where the prot~!?S are at infinite dilution. 

2. Theoretical Framework 

An aqueous two-phase system contains one or two polymers, electrolyte (salt), protein and 

water. Polymers and ions are represented, respectively, by attractive hard spheres and by charged 
.1 

hard spheres. A native protein is represented by a spherical macroion and a denatured protein by 

a linear, flexible, partially charged, polyion chain containing randomly distributed charged hard 

spheres and neutral hard spheres. The counterion of the protein is assumed to be identical to the 

corresponding ion of the salt. In the continuum, water, each particle k (for a polyion, k refers to 

its monomer before polyion-chain form~tion) has number density Pk and diameter a k • Particle 

k has charge Z k e (e is the charge of a proton). The entire system is subject to electroneutrality: 
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(1) 

Within the McMillan-Mayer framework, we must specify the continuum-averaged potential 

of mean force. For aqueous two-phase systems studied here, in addition to hard-sphere repulsion 

and electrostatics, several other essential interactions need to be considered. In the solution, the 

polymer is assumed to be in a random-coil configuration, allowing other particles partially to 

penetrate its average volume.61 This polymer penetration effect can significantly influence the 

phase diagram: for protein partitioning.87
•
88 In some cases, however, there may be an impenetrable 

layer of water surrounding particles due to hydration.9o In an aqueous polymerlsalt solution with 

concentrateq salt, ions occupy a significant fraction of the total volume; therefore, there may be 

an imbalance in the local osmotic pressure on the large particles (polymer or protein) exerted by 

the ions91
•
92 leading to short-range osmotic attraction.93

•
94 Finally, there may be some specific 

short-range interactions between particles, such as hydrogen bonding or association.95 

The Helmholtz energy can be written as 
. 

(2) 

The contribution from ideal-gas mixing is 

(3) 

where p = II kBT (kB is Boltzmann constant and Tis temperature);Pk is the number density of 

molecules and Ak denotes de Broglie wavelength. All others contributions are excess Helmholtz 

energies obtained from perturbation theory: 

(4) 

The BMCSL equation given by Boublik and Mansoori et a1.96 is used to calculated the hard­

sphere contribution from polymer, or salt or protein: . , 
PA hS 

=(1'311'2 _I' )In.1+ "SIS2 12-si Is: + s; Is: 
V ':t 2 ':t 3 ':t 0 .1 .12 (5) 

where Vis the total volume of the system; Sn = Lk PkO"; ;.1 = 1-"s3 16. Eq. 5 is based on the 

additive assumption 0" .. = (0". +0" .)/2. 
lJ I ] 
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Due to polymer penetration or hydration, the collision distance d Ii between polymer i and 

particle j may be smaller or larger than the additive hard-sphere diameter .0' Ii. Using a 

nonadditive parameter 8 Ii defined by d Ii = 0' Ii (1-8 Ii ) ~ perturbation theory provides an estimate 

for AM :97 

(6) 

where g~ (0' Ii) is the contact value of the pair correlation. fuliction for an additive hard-sphere 

mixture, 

(7) 

The contribution from electrostatic interactions is obtained usmg the mean-spherical 

approximation (MSA):98 

(8) 

where a; = p e2 /8 is the Bjerrum length characterizing the dielectric property of the continuum 

with dielectric permittivity 8 = 8 08, (80 is the vacuum permittivity and 8, is the dielectric 

constant). r is the scaling parameter obtained from 

(9) 

P
n 

= L PkO'kZk /(1+!!..-L Pka! J. 
k l+Fak 2Ll k l+Fak 

(10) 

As shown in Appendix A, for osmotic attraction in an aqueous polymer/salt solution, where 

we use the random-phase approximation, the contribution to the Helmholtz energy is: 

(11) 

where P p and a p are the number density and diameter of polymer; Ps is the total ion density 

and as is the mean hydrated-ion diameter. 

Specific interactions are estimated from the second-order virial expansion, 
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(12) 

where Bij is the osmotic second virial coefficient (with the hard-sphere contribution subtracted) 

for interaction between particle i and j. More accurate description requires a third order 

correction68 but that is not included here. 

The polyion is represented by a linear flexible chain, formed randomly from charged hard­

sphere segments and neutral hard-sphere segments. To correct for connectivity between chain 

segments, it is necessary to include a term Ach in eq. 4 for the total Helmholtz energy. As shown 

in Appendix B, based on our previous studies for polyelectrolyte solutions,99-101 we can derive 

{JAch l-r L_ ] V = -2-PrlPcc lnYcc(CTJ + Poo lnyoo(CTo) + (Peo + PoJln YeO (O"eo) (13) 

where r is the polyion-chain length; P r is the number density of polyion and P ij is the pair 

probability characterizing the correlation between segments i and j. The cavity correlation 

function at. contact, y ij( CT ij) is calculated from the hypemetted-chain approximation (lINe). 

Subscripts c and 0, respectively, repres.ent charged segment and neutral segment. 

In the McMillan-Mayer framework,75 the chemical potential of the continuum (water) J.lo is 

related to the osmotic pressure n by 

(14) 

where J.l; is the chemical potential of the pure_continuum and Vo is the partial volume of the 

continuum. 

The osmotic pressure is calculated from 

n = N kBT _[BAex] 
. V BV T,N 

(15) 

. , 
where N is the total number of molecules dissolved in the continuum. 

The chemical potential of an electrically-neutral solute k is 

J.lk =kBTlnPk + J.l;: (16) 

with 

(17) 
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For a charged solute k with charge Z k (for a polyion, k now refers to the molecule after polyion­

chain formation), we use the electrochemical potential102,103 

(18) 

where F is Faraday's constant, equal to 96487 C/equiv and (/J is the electrostatic potential 

relative to some reference state. In an aqueous two-phase system where the concentration of 

electrolyte is not the same in both phases, there is an electrostatic potential difference between 

the two phases. 

At equilibrium, when a protein with charge Z p partitions in an aqueous two-phase system, its 

electrochemical potential in one phase is identical to that in the other. From eq. 18, the partition 

coefficient for the protein K p is defined by the ratio of number density in the top phase to that in 

the bottom phase; K p = p! / p: can be expressed as 

(19) 

where LitP is the electrostatic potential difference between bottom and top phases, 

Li tP = (/J B - (/J T; K ~ summarizes all contributions from the chemical potential. From eq. 16, 

(20) 

K~ is the partition coefficient when there is no difference of electrostatic potential (Li(/J = 0) or 

when the protein is at its isoelectric point where Z p = O. Eq. 18, originally derived by 
c, ___ · 

Albertsson,8 has been extensively applied to investigate the influence of electrostatic interactions 

on the partitioning ofbiomolecules.l04-106 

3. Results and Discussion 
" 

3.1 Aqueous Two-Phase-Forming Systems 

In all calculations we set T = 293K and dielectric constant 8 r = 78.3, corresponding to an 

aqueous solution at room temperature. 

We consider two typical aqueous two-phase-fonning systems: a polymer/polymer system 

containing PEG 3000IDEX T500 and~ a polymer/salt system containing PEG 3000/Na 2S0 4 • 

Accurate experimental phase diagrams are available for both systems.71
,74 
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We fit the hard-sphere diameter up and single-component nonadditive parameter Ojj and 

osmotic sec~md virial interaction coefficient Bii for polymer PEG 3000 and for DEX TSOO using 

experimental water-activity data for binary polymer/water solutions.71 The resulting diameter for 

PEG 3000 is 29.6 A, close to 31.1 A calculated from its hydrodynamic volume as obtained from 

intrinsic-viscosity data; 107 however, because an experimental diameter is available only for PEG, 

we cannot make a similar comparison for DEX TSOO. We obtain cross parameters oij and Bij 

from liquid-liquid equilibrium data in ternary PEG 3000IDEX T500/water solutions.71 All 

parameters are shown in Tables 1-3. 

Phase equilibria are calculated based on the equilibrium criteria where the osmotic pressure 

(equivalently, chemical potential of water) and the chemical potential for each solute in one 

phase must be simultaneously identical to those in the other. For an aqueous polymer/polymer 

system we have, 

(21) 

. (22) 

(23) 

where superscripts T and B refer, respectively, to top phase and bottom phase; sUbscripts PI and 

P2 refer, respectively, to polymer 1 and polymer 2. 

Figure 1 shows the liquid-liquid phase diagram for the ternary PEG 3000IDEX T500/water 

system at 20·C. Circles show experimental data71
; the curve is calculated. Dashed and solid 

lines are tie lines from experiment and from this work, respectively, showing good agreement. At 

the critical point (or, plaint point, as it also called), shown by a triangle, the phase compositions 

of both phases become identical. 
" 

For a salt solution, we assume that all nonadditive parameters are zero between ions and that 
( 

the osmotic second virial interaction coefficients between like ions are also zero. Using 

independently determined ionic diameters108 for Na + (1.90 A) and SO~- (4.50 A), we obtain the 

cross osmotic second virial interaction coefficient between Na + and SO~- by fitting the 

literature data for osmotic coefficients of binary Na 2S0 4 /water solutions.109 Parameters for 
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interactions between PEG 3000 and two ions, Na + and SO!-, are obtained from liquid-liquid­

equilibrium.data for ternary ~EG 30001 Na2S04 Iwater solutions,74 as shown in Tables 1-3. 

If the nonadditive parameter 8 ij > 0, there is a penetration effect between particle i and j; in 

contrast, there may be hydration layer between them if 8 .. < O. Similarly, B .. > 0 indicates that a 
. IJ IJ· 

repulsive specific interaction exists between particle i and j; if B ij < 0, there is an attractive 

specific interaction. As defined here, osmotic second virial coefficient B ij is the total coefficient 

minus the contributions from hard-sphere repulsion and electrostatic interaction. 

For an aqueous polymer/salt system, the equilibrium conditionS are: 

(24) 

(25) 

(26) 

where SUbscripts p and s refer, respectively, to polymer and salt. The chemical potential of the 

salt is calculated from those of its ions: 

(27) 

where v is a stoichiometric coefficient. 

Figure 2 shows the liquid-liquid phase diagram for the tern:ary PEG 3000/Na2S04 /water 

system at 20 ·C. Calculated results agree well with experiment.74 Similar to Figure 1, the tie-line 

length becomes short near the critical point. 

In a polymer/polymer aqueous two-phase system for protein partitioning, usually there is 

small amount of salt buffer in the solution. A small amount of salt does not affect the phase 

equilibria; however, because unequal partitioning of the salt may cause a difference in , , 
electrostatic potential between the two phases, a buffer salt may exert a major influence on the 

partitioning behavior of a charged protein.66
,84 

Using the parameters discussed above and those between DEX TSOO and Na 2S0 4 ,87,88 we 

calculate phase equilibria for the PEG 3000IDEX TSOOaqueous system containing O.OIM 

Na 2S04 • The equilibrium conditions are eqs. (21-23) and (26). The phase diagram is essentially 

identical to that without Na 2S04 shown in Figure 1. However, the salt is unequally distributed; 
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its concentration in the DEX-rich phase (bottom) is larger than that in the PEG-rich phase (top). 

Due to this unequal distribution of salt, there is an electrostatic potential difference L1 (/J between 

both phases, which is estimated by 8,110 

(28) 

where K + = p -: I p: and K _ = P ~ I P ~ , respectively, denote partition coefficients of cation and 

anion. Here !J(/J=(/JB _(/JT. 

Figure 3 shows the partitioning coefficient of salt as a function of tie-line length, along with 

the calculated electrostatic potential difference in the PEG 3000IDEX T500 aqueous two-phase 

system containing O.OIM Na2S04 • 

Figure 4 shows the calculated electrostatic potential difference as a function of tie-line length 

in the PEG 3000/Na 2S04 aqueous two-phase system. 

It is not simple to obtain an unambiguous measurement of L1(/J. Our calculated results are 

consistent with the common knowledge111 that the electrostatic potential difference in aqueous 

two-phase systems is in the range ~ 1 q m V. 

3.2 Native Protein Partitioning 

In typical cases, protein concentrations in the aqueous solutions are approximately or less than 

0.001 gig; such small .concentrations of partitioning biomolecules do not change the 

compositions of the phase-forming components J>eyond the limits of experimental uncertainty. 38 

Therefore, for very dilute protein solutions, we assume that there is no effect of protein 

concentration on the equilibrium distributions of polymers and ions in the aqueous two-phase 

systems described above. 

Partitioning of native proteins in aqueous two-phase systems, as introduced in Sec. 1 , has been 

extensively investigated.54,61-63,66-68,84,87,88 Here, we present a calculatiOIi' for the partitioning of a 

typical native protein, lysozyme, with diameter 30A 112 and positive charge 7 (at pH 7). Using 

parameters in Tables 1-3 and those in Table 4 for interactions between lysozyme and polymers, 

and ions,84,87,88 we calculate the partition coefficients of lysozyme in the aqueous PEG 

3QOOIDEX T500 system with O.OIM Na 2S04 • At equilibrium, the electrochemical potential of 

the protein in the top phase is equal to that in the bottom phase, i.e., 11; = 7l; . Results are shown 
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in Figure S. For the partitioning oflysozyme in the aqueous PEG 3000/Na2S0 4 system, similar 

results are shown in Figure 6. 

If AtP = 0, K p = K;. In that event, lysozyme favors the top PEG-rich phase; however, 

accounting for the electrostatic potential difference, K p < K; and lysozyme favors the bottom 

DEX-rich phase. 

Protein charge depends on pH. If the protein is negatively charged, from eq (19), K' > KO. . p p 

In that event, partitioning into the top phase is enhanced. 

3.3 Denatured Protein Partitioning 

In our polyion model for a denatured (linear) protein, we assume that the diameter of a 

charged segment is identical to that of a neutral segment, equal to 3.oA; each charged segment 

carries unit positive charge. Nonadditive parameters between all segments and polymers are 

0.02. If we further set the polyion chain length r = 1000 and charge fraction f = 0.007 , this 

polyion chain can be mapped to the above-discussed native protein with diameter 30 A and 

positive charge 7; both proteins occupy the same volume and carry the same charge. 

Given osmotic second virial interaction coefficients shown in Table 4 for characterizing 

specific interactions between the segments of the polyion and the phase-forming polymers and 

ions, we calculate partition coefficients for some polyion model systems to represent partition 

coefficients for denatured proteins in aqueous two-phase systems. 

Figure 7(a) shows calculated partition coefficients for short polyion chains r = 2,4 and 6 in 

the PEG 3000IDEX TSOO/O.OIM Na 2S04 aqueous two-phase system. The charge fraction for 

each chain is very small with f = 0.007. Figure 7(b) shows experimental data for short 

tryptophan peptides partitioning in the aqueous PEG 6000IDEX·'TSOO/0.OIM potassium 

phosphate system with the assumption that peptides carry no charge at pH= 6.47 Circles, 

triangles and squares are, respectively, for tryptophan, di-tryptophan and tri-tryptophan. Lines 

are drawn to guide the eye. Although we cannot directly compare our calculations with 

experiment, our model gives the same trends as those measured. As chain length rises, the 

partition coefficient becomes large because the area of contact between protein and phase­

forming components increases. Because the charge fraction is small, from eq 19, the effect of 

electrostatic potential difference is negligible. 
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Figure 8 shows partition coefficients for model polyions with long chain lengths in aqueous 

PEG 3000IDEX T500/0.01M Na2S04 • From bottom to top, r = 2, 4, 6, 100, 1000. As chain 

length r rises, In K increases in proportion to r. The denatured protein partitions strongly into 

the top phase consistent with the experimental observations that, while a biomolecule with low 

molecular weight partitions nearly equally between two phases, as molecular weight rises, the 

partition coefficient rapidly deviates from unity. For some large linear biomolecules such as 

DNA, or for a virus with a very large molecular weight, partition into one phase becomes 

complete. 

For a mixture containing native protein (diameter 30A and positive charge 7) and a 

corresponding· denatured· protein (segment diameter 3.0 A, chain length r = 1000 and charge 

fraction f = 0.007), we find that while the native protein favors the bottom phase, the denatured 

protein partitions completely to the top phase. Therefore, an aqueous two-phase system provides 

a suitable method for separating otherwise similar native and denatured proteins. 

Figure 9(a} shows calculated partition coefficients for short polyion chains r = 2,4 and 6 in 

the aqueous PEG 3000/Na 2S04 system with charge fraction f = 0.007. Figure 9(b} shows 

experimental data for short tryptophan peptides partitioning in the aqueous PEG 6000/Na 2S0 4 

system at pH = 6.46
,47 For this aqueous polymer/salt system, our calculations and experiment 

show the same trend, similar to that shown in an aqueous polymer/polymer system. 

Figure 10, similar to Figure 8, shows partition coefficients for model polyions with long chain 

lengths in the aqueous PEG 3000/Na2S04 system; from bottom to top, r = 2,4,6, 100, 1000. 

4. Conclusion 

Within the McMillan-Mayer solution theory, we have established a molecular-thermodynamic 

theory for partitioning of native and denatured proteins in aque~us two-phase systems. 

Interactions between solute molecules are accounted for through potential of mean force in a 

continuous medium (water). 

To illustrate application, we have calculated phase diagrams for the aqueous polymer/polymer 

phase-forming system PEG 3000IDEX T500 with or without salt buffer and for the aqueous 

polymer/salt system PEG 3000/Na 2SO'4' Good agreement with exp-eriment is obtained. Because 
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salt distributes unequally between the two' phases, there is an electrostatic potential difference 

that can have a major influence on protein partitioning if the protein carries charge. 

The partitioning behavior of a native protein is quite different from that of a denatured 

protein.38
,l13 Native protein has a compact confonnation where most protein segments are buried 

inside; however, when a native protein denatures, these segment are exposed into the medium. 

As a result, there is increased interaction between protein segments and other components in the 

solution, producing more asymmetric partitioning. As the protein denatures more, the number of 

exposed segments rises, causing increased change in partitioning behavior .. 

The theory developed here may be useful also for describing partitioning of combination 

peptides;44,4:and of protein-peptide fusion tagsl1
4-116 in aqueous two-phase systems. 
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Appendix A. Osmotic Attraction 

From As~ and Oosawa,93.94 the short-range osmotic attraction potential between polymer 

particles in a polymer/salt solution is: 

pwoa(R) = 
41l' 3 [ 3R R

3
] --p U 1---+--

3 s ps 4u 160"3 
ps ps (A. I) 

o R > 20" ps 

where R is the center-center distance; Psis the total ion density; ups = (up + 0" s) /2 ;u p is the 

polymer diameter and Us is the mean hydrated ion diameter. 

Using the random-phase approximation where all correlations between particles in the domain 

of attractive potential are neglected, 

(A.2) 

where p p is the number density of polymer. Integration gives 

(A.3) 

Osmotic attraction exists also between protein particles in an aqueous polymer/salt system. 

However, because the protein concentration is assumed to be very small, this contribution is 

negligible. 

Appendix B. Polyion with Randomly Distributed Charged Hard Spheres and Neutral 

Hard Spheres 

The polyion is represented by a freely tangent-joined, linear, flexible chain with length r . . , 
Charged hard-sphere segments and neutral hard-sphere segments are randomly distributed along 

the polyion chain; the average mole fraction of charged hard-sphere segments is f We assume a 

blockiness parameter B to characterize the sequence, i.e., the strength of chemical correlations 

along the chain. Then, the pair probabilities are 

~ Pee = f (1 - B) + f) 

Poo = f(B -1) + 1 

(!l.l) 

(B.2) 
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p co =l- Poo 

p oc =l-pcc 

where sUbscripts c and 0, respectively, represent charged segment and neutral segment. 

(B.3) 

(B.4) 

With these equations, we can derive the contribution to the Helmholtz energy due to 

formation of a polyion chain: 

(B.S) 

In our calculations, we set B = 0 denoting that the distribution of charged and neutral segments is 

random. 

" 
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TABLE 1: Molecular Weights Mw and Hard-Sphere Diameters u j for PEG 3000, DEX 

T500 and-Na2S04 

Polymer or Salt 

PEG 3000 
DEXTSOO 

Na+ 

SO~-

Mw(g/mol) 

2840a 

101000a 

23 
96 

a number-average molecular weight. 

29.6 
149.4 
1.90 
4.S0 

TABLE 2: Nonadditive Parameters 8ij for PEG 3000, DEX T500 and Na2S0 4 

Polymer or Salt PEG 3000 DEXTSOO Na+ SO~-

PEG 3000 0.020 -0.014 -0.077 -0.019 
DEXTSOO -0.014 .0.012 O.OS O.OS 

Na+ -0.077 O.OS 0 0 

··SO~- -0.019 O.OS 0 0 

TABLE 3: Perturbation Contributions to the Osmotic Second VirialCoefficients 
Bij (LImo I) for PEG 3000, DEX T500 and Na 2S04 ., 

Polymer or Salt PEG 3000 DEXTSOO Na+ SO~-

PEG 3000 -1.2S -8.24 0.086 -4.01 
DEX TSOO -8.24 -62.S -88.9 -1481 

Na+ 0.086 -88.9 0 -0.09 
S02-

4 
-4.01 -1481 -0.09 o 
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TABLE 4: Perturbation Contributions to the Osmotic Second Virial Coefficients 
Bij (L/mol) for Native and Denatured Proteins with PEG 3000, DEX T500 and Na 2SO 4 

Polymer or Salt 

PEG 3000 
DEXT500 

Na+ 
S02-

4 

Native Protein 

-6.34 
-785 

o 
-3.08 

Denatured Protein 
Charged Segment Neutral Segment 

-70 -70 
-1000 -1000 

o -5.5 
10 10 

. , 
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Figure 1. Phase diagram for the PEG 3000IDEX TSOO aqueous two-phase system. Circles: 

experimen!a1 data.71 Curve: calculated results of this work. Dashed line: experimental tie line;71 

solid line: calculated tie line of this work. Solid triangle: critical point. 

Figure 2. Phase diagram for the PEG 3000/Na 2S0 4 aqueous two-phase system. Circles: 

experimental data.74 Curve: calculated results of this work. Dashed line: experimental tie line;74 

solid line: calculated tie line of this work. Solid triangle: critical point. 

Figure 3. Salt partition coefficient and calculated electrostatic potential difference in the PEG 

3000IDEX TSOO aqueous two-phase system with 0.0IMNa2S04' 

Figure 4. Calculated electrostatic potential difference in the PEG 3000/Na2S0 4 aqueous two­

phase system. 

Figure 5. Native protein lysozyme partition coefficient in the PEG 3000IDEX TSOO aqueous 

two-phase system with 0.0IMNa2S04. 

Figure 6. Native protein lysozyme partition coefficient in the PEG 3000/Na 2S0 4 aqueous 

two-phase system. 

Figure 7. (a) Partition coefficients for short peptides in the PEG 3000IDEX TSOO aqueous 

two-phase system with 0.0IMNa2S04' (b) Experimental data:47 Circles for tryptophan; 

triangles for di-tryptophan; squares for tri-~!S>phan. Lines are drawn to guide the eye. 

Figure 8. Partition coefficients for denatured proteins with various chain lengths in the PEG 

3000IDEX TSOO aqueous two-phase system with 0.0IMNa2S0 4 • From bottom to top, r = 2, 

4, 6, 100, 1000. 

, , 
Figure 9. (a) Partition coefficients for short peptides in the PEG 3000/Na 2S0 4 aqueous two­

phase system. (b) Experimental data:47 Circles for tryptophan; triangles for di-tryptophan; 

squares for tri-tryptophan. Lines are drawn to guide the eye. 

Figure 10. Partition coefficients for denatured proteins with various ~hain lengths in the PEG 

3000/Na 2S0 4 aqueous two-phase system. From bottom to top, r = 2,4,6, 100, 1000. 
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