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ABSTRACT: Predictions of scaling arguments for the interactions of globular, hydrophilic proteins with 
solutions of entangled polymers are compared with measurements of the partitioning of cytochrome-c and 
ribonuclease-a between an entangled (semidilute) aqueous solution of poly(ethy1ene oxide) (PEO) and a 
PEO-free aqueous solution using a diffusion cell. The rate of diffusion of PEO of molecular weight 5 x 106 
(radius of gyration 1800 A) through the pores of the membrane (diameter 300 A) was sufficiently slow as 
compared to that of the proteins (radius 20 A) to allow measurement of the equilibrium protein partitioning. 
Over the range of PEO concentrations 0.0&1.7% w/w, corresponding to 80 C t b  < 800 A, where t b  is the blob 
size of the semidilute PEO solution, the protein partition coefficients, K,, were interpreted using the scaling 
form In K ,  = A p ,  where K, is the ratio of the concentration of protein in the PEO-free and PEO-rich solution 
compartments and 4 is the volume fraction of polymer. The experimental value a = 1.22 f 0.06 was found 
for both hydrophilic proteins. This exponent lies within the limits a = 1 (for R, << f b )  and CY = (for R, 
>> f b )  predicted by scaling arguments for the physical exclusion of the proteins from the entangled PEO 
solution. In view of the similar sizes of ribonuclease-a and cytochrome-c, the experimentally determined ratio 
of the prefactors, AW/Aribo = 1.6 * 0.2, could not be accounted for only on the basis of steric interactions 
between the proteins and the PEO net. Scaling arguments which incorporated both steric interactions and 
weak attractive interactions between the proteins and PEO are consistent with the experimentally determined 
ratio of the prefactors. Charge effects related to the Donnan equilibrium of ions were also investigated by 
partitioning cytochrome-c at pH 7.0 in the presence of the two different salts NaCl and NazSOr and were 
determined not to be a dominant contribution to the observed protein partitioning behavior. In particular, 
the electrical potential difference across the membrane was estimated to be less than 0.2 mV. 

1. Introduction 

Interest in the partitioning of proteins in two-phase 
aqueous polymer systems is mainly due to the unique 
ability of these polymer solutions to provide water-based, 
yet immiscible, liquid phases for the purification of 
proteins using liquid-liquid extraction techniques.'-' Since 
each of the two coexisting polymer solution phases contains 
predominantly water, water-soluble proteins maintain 
their native conformations and biological activity when 
purified in these systems. A large number of factors 
influence protein partitioning, including the types of 
polymers, their molecular weight and concentration, 
prbtein size, conformation and composition, salt type and 
concentration, and solution P H . ~ - ' ~  

In a recent series of  paper^'^-^^ (hereafter referred to as 
papers 1,2,  and 3) we have reported the influence of the 
structure of the polymer solution (over length scales cor- 
responding to the sizes of the protein molecules) on the 
partitioning of proteins in two-phase aqueous polymer 
systems containing poly(ethy1ene oxide) (PEO) and dex- 
tran.' In this two-phase system, the partitioning behavior 
of a variety of hydrophilic proteins in response to an 
increase in PEO molecular weight was determined to arise 
from a transition in the nature of the PEO-rich phase, 
from a solution containing individually dispersed PEO 
coils to a solution of entangled PE0.13J5 For proteins in 
polymer solutions containing identifiable polymer coils 
it was concluded that, in addition to the physical exclusion 
of the protein by the polymer coils, nonsteric interactions 
also play a significant role in determining the observed 
partitioning behavior.14 In particular, the influence of PEO 
molecular weight on the equilibrium partitioning behavior 
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of a series of hydrophilic proteins was observed to be 
consistent with the presence of both steric interactions 
and weak attractive interactions between the protein 
molecules and the polymer coils. Furthermore, the 
measurement and interpretation of the intensity of 
neutrons scattered at  small angles (SANS) from bovine 
serum albumin (BSA) (R, = 35 A) in aqueous PEO 
solutions, containing identifiable polymer coils, were also 
determined to be consistent with weak attractive inter- 
actions between BSAand PEO (in addition to the repulsive 
steric  interaction^).'^ 

While a unified description of the thermodynamic and 
structural properties of polymer solutions containing 
identifiable polymer coils and proteins appears to be 
emerging, the alternative scenario of proteins in polymer 
solutions containing polymer coils which are extensively 
entangled has not received sufficient attention. The 
central aim of the present paper is to provide a description 
of the interactions of protein molecules and entangled 
polymer nets which complements our earlier descriptions 
of protein-polymer coil interactions. With this aim in 
mind, results of equilibrium protein partitioning exper- 
iments are presented, molecular-level pictures for the 
interactions of proteins and entangled polymer solutions 
are proposed, and a complementary scaling-thermody- 
namic theory is formulated. 

Although the partitioning of proteins between entangled 
polymer solution phases can be studied experimentally 
using two-phase aqueous polymer systems, several factors 
introduce ambiguity in the interpretation of such mea- 
surements. First, the partitioning of proteins in two-phase 
aqueous polymer systems reflecb the relative interactions 
between the proteins and the two coexisting polymer 
solution phases. Second, the independent control of the 
polymer concentration in one of the two coexisting phases 
is not possible since they are coupled through the 
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thermodynamic equilibrium which controls the formation 
of the two-phase system. To overcome these limitations, 
we report measurements of the partitioning of proteins 
between a single entangled polymer solution phase and 
an aqueous (polymer-free) phase using a diffusion cell (see 
Figure 1 and section 2C). 

The remainder of this paper is organized as follows. In 
section 2 we discuss experimental considerations, including 
the construction of a diffusion cell for the measurement 
of the partitioning behavior of proteins between an 
entangled polymer solution phase and an aqueous solution. 
We also discuss precautions taken in our experimental 
procedure to ensure that equilibrium partition coefficients 
were measured. In section 3 we present results of the 
experimentally measured partition coefficients of two 
relatively small hydrophilic proteins, cytochrome-c and 
ribonuclease-a, between an entangled PEO solution and 
an aqueous solution. Since in two-phase aqueous polymer 
systems the presence of different salts can have a pro- 
nounced effect on the partitioning behavior of proteins 
which bear net charges, we have also examined the 
partitioning of cytochrome-c in the diffusion cell in the 
presence of two different salts, NaCl and NaZS04, to assess 
the importance of salt effects on the diffusion cell 
measurements. In section 4 we propose molecular-level 
pictures to describe the interactions of globular proteins 
and semidilute (entangled) polymer solutions, and in 
section 5 we predict the associated thermodynamic prop- 
erties of these solutions. In particular, use is made of 
scaling concepts from polymer physics1620 to predict the 
protein partitioning behavior associated with each of the 
proposed molecular-level pictures for the protein-polymer 
interactions. In section 6 we compare and contrast the 
experimentally measured and theoretically predicted 
protein partition coefficients. In so doing we are able to 
assess the importance of different physical mechanisms 
in determining the protein partitioning behavior. Finally, 
in section 6 we also present our concluding remarks. 

2. Materials and Experimental Considerations 
A. Materials. Poly(ethy1ene oxide) (PEO) having a nominal 

molecular weight of 5 OOO OOO was obtained from Polysciences 
Inc., Warrington, PA (lot no. 60004). Type V-A, bovine heart 
cytochrome-c and Type I-AS, bovine pancreas ribonuclease-a 
were purchased from Sigma Chemical Co., St. Louis, MO. All 
other reagents were of analytical reagent grade, and all solutions 
were prepared using deionized water which had been conditioned 
using a Milli-Q ion exchange system (Waters, Milford, MA). 
Track-etched polycarbonate membranes (which have a narrow 
distribution of pore sizes) having a 3 0 0 4  pore size (lot no. 
86B9B55) were obtained from Nucleopore Corp., Pleasanton, 
CA. 

B. Sample Preparation. All samples were prepared in 
aqueous solutions of 10 mM sodium phosphate buffer to control 
the pH at  7.0,1.5 mM sodium azide to prevent bacterial growth 
in the samples, and either 0.1 M NaCl or 0.05 M NazSO4 to screen 
electrostatic interactions between the protein molecules. The 
protein concentrations were less than 1 g/L. The solution pH of 
7.0 and low protein concentrations were selected because 
cytochrome-c and ribonuclease-a are not known to self-associate 
or undergo large conformational changes in the vicinity of this 
pH or over this range of protein concentrations.21-28 The PEO 
solutions were prepared in the buffered salt solution by stirring 
them for at least 24 h a t  25 "C. The polymer solutions were 
heated briefly (for <1 h) at  45 O C  to speed up the dissolution 
process. No degradation of the polymer under these conditions 
is expected (PEO of molecular weight 200 OOO has been reported 
to be stable for several days at  50 "C and stable for several weeks 
at 20 oC).m*30 This procedure results in aggregate-free aqueous 
PEO  solution^.^^^^^^ All protein solutions were prepared in the 
same buffer that was used to dissolve PEO and subsequently 
were prefiltered through a polycarbonate ultrafiltration mem- 
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Figure 1. Schematic diagram of the diffusion cell constructed 
for the measurement of the protein partition coefficients between 
the top, polymer-free solution and the bottom, entangled polymer 
solution phase. See section 2C for details. 

brane having a 150-A pore size (Amicon Co., Danvers, MA). This 
latter precaution was taken to ensure that any undissolved protein 
was removed from the solution prior to the experiment. 

C. Description of Diffusion Cell. A schematic diagram of 
the diffusion cell is presented in Figure 1. The diffusion cell is 
divided into two compartments by a semipermeable membrane 
having a pore diameter of 300 A. The bottom compartment, 
having a volume of approximately 0.8 mL, contained the polymer 
solution. Since the polymer solution was typically viscous, a 
magnetic stir bar was used to mix the solution in the lower 
compartment. The top compartment, having a volume of 
approximately 7 mL, contained the aqueous protein solution and 
was maintained free of polymer by the membrane, which, for all 
practical purposes, was impermeable to the polymer species (the 
radius of gyration of PEO of molecular weight 5 X 106 is 1900 
A14). The protein molecules diffused freely across the membrane 
and were partitioned between the top and bottom compartments. 

The device was constructed by carefully slicing 8-mL plastic 
sample tubes (Olympic Plastics, Loa Angeles, CA) into two 
sections. The two sections were reattached across a polycarbonate 
membrane with an epoxy resin (Devcon, Danvers, MA). Care 
was taken to ensure that only a minimal amount of glue was used 
and that all the membrane area was available for the diffusion 
of permeable solutes between the two chambers. Two small holes 
were made in the bottom section, and the polymer solution 
(initially free of protein) was injected through the soft plastic 
tubing into the bottom section at  the start of the experiment. 
Care was taken to remove all air bubbles from the bottom section 
before i t  was resealed. The prefiltered protein solution (free of 
PEO) was poured into the top section of the cell at the beginning 
of the experiment. All experiments were conducted in a 
refrigerator at 15 "C. Each cell was discarded after one 
experiment. 

Protein concentrations were determined by measuring the 
solution absorbance using a Perkin-Elmer Lambda 3B UV-vis 
spectrophotometer. The concentrations and molecular weight 
distributions of PEO solutions were determined using a Hewlett- 
Packard HP-1090 high-pressure liquid chromatograph. The 
carrier solvent was an aqueous solution of 10 mM sodium 
phosphate a t  pH 7.0, 1.5 mM sodium azide, and either 0.1 M 
NaCl or 0.05 M Na2SO4. The chromatograph was operated in 
a size exclusion mode using a Toya Soda TSK 3OOOPW, TSK 
5OOOPW, and guard column purchased from Varian Associates 
(Sunnyvale, CA). The presence of solutes in the eluent phase 
was detected with a Hewlett-Packard HP-1037A refractive index 
(RI) detector. The solute concentrations were calculated from 
the peak areas using the appropriate calibration standards. 
D. Parti t ioning of Proteins into Entangled Polymer 

Solutions. A control experiment was performed to ensure that 
in the presence of a PEO-free solution in the bottom compartment 
the protein was able to diffuse freely across the membrane and 
establish an equal concentration in the two compartments. This 
experiment also provided an estimate of the time required to 
reach equilibrium during the partitioning experiments. I t  is 
relevant to mention at this point that a number of largerproteins, 
including ovalbumin, chymotrypsinogen, and bovine serum 
albumin, could not be partitioned equally between the two 
compartments of the cell in a reasonable period of time even in 
the absence of PEO. Either the time taken to reach equilibrium 
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Table I 
Concentrations of PEO Measured in the Bottom and Top 

Compartments of the Diffusion Cell after Equilibration of 
Cytochrome-c between the Two Compartments // I 1 5  

1 4 1  / /  

I 
0 02 0 4  0 6  0 8  1 12 1 4  1 6  

0 9  I 

6 X l O 2  

Figure 2. Measured protein partition coefficient, Kp, as a 
function of PEO volume fraction in the bottom compartment, 
4: cytochrome-c in 0.05 M Na&O, (A), cytochrome-c in 0.10 M 
NaCI (01, and ribonuclease-ain 0.05 M Na2SOd (m). All solutions 
contained 10 mM sodium phosphate buffer (pH 7.0) and 1.5 mM 
sodium azide. 

was prohibitively long or turbidity was detected in the protein 
solutions before equilibrium was reached, which suggested the 
formation of aggregates of protein molecules. Only for the two 
relatively small proteins cytochrome-c and ribonuclease-a could 
the equilibrium be reliably and repeatedly obtained. Multiple 
samples (typically seven) were prepared for each experiment, 
and these were examined during the course of the experiment to 
monitor the approach of the system toward equilibrium. The 
time taken to reach equilibrium was typically greater than 3 
days and less than 1 week (dependent on the polymer concen- 
tration). Upon reaching equilibrium, samples were aspirated 
from the cell with a syringe by piercing a hole in the wall of each 
compartment. The samples from each cell were analyzed for 
both polymer and protein concentration. 

The concentration of ribonuclease-a was determined by 
measuring the peak absorbance at 280 nm, and the concentration 
of cytochrome-c was determined by measuring the absorbance 
atwavelengthsof414and549nm. Sincetheabsorbancesptrum 
of cytochromec was found to be sensitive to the oxidation state 
of the heme moiety, the cytochrome-c solutions were reduced 
with a molar excess of sodium ascorbate to ensure an accurate 
determination of protein concentrations. All absorbance mea- 
surements were referenced to the absorbance of an identical 
solution without protein. 

The polymer concentration was measured using size-exclusion 
chromatography. The concentrations of polymer in the solutions 
from both compartments were found to change from their values 
at the start of the experiment for two reasons: (i) the presence 
of the polymer in the bottom compartment of the cell produced 
as osmotic *pumping" of solvent toward that compartment and 
a concomitant dilution of the concentration of polymer, and (ii) 
a small  flux of polymer was observed to diffuse through the 
membrane into the top compartment, which also contributed to 
the dilution of the polymer solution in the bottom compartment 
and introduced very low concentrations of polymer into the top 
compartment (see below). Consequently, it was considered very 
important to monitor accurately the concentration of polymer 
'introduced" into the (initially polymer-free) top compartment 
(by the polymer diffusion through the membrane) to ensure that 
it was always much less than the concentration of polymer in the 
bottom polymer-rich phase. 

3. Experimental Results 

as 
The partition coefficient of the protein, Kp, is defined 

where C,J and Cp,b are the protein concentrations in the 
top (PEO-free) and bottom (PEO-rich) compartments, 
respectively.' Figure 2 presents the partition coefficients 
which were measured as a function of the volume fraction 
of PEO in the bottom compartment, 4, for cytochrome-c 
in buffered salt solutions having concentrations of 0.05 M 

PEO in top 
compartment (5% w/w) 

PEO in bottom 
compartment (% w/w) 

0.00 
0.00 
0.00 
0.00 
0.024 
0.047 

0.00 
0.08 
0.19 
0.46 
0.85 
1.65 

5w 

m 400 600 Bw 
3w 

t (secs) 

Figure 3. Refractive index (RI) of chromatograph eluent stream 
as a function of the time elapsed following the injection of samples, 
t ,  from top (broken line) and bottom (solid l i e )  compartments. 
Note that the RI unit of measurement for the bottom compart- 
ment has been reduced by a factor of 5 for presentation purposes. 

Na2S04 and 0.1 M NaCl and for ribonuclease-a in a 
buffered salt solution having a concentration of 0.05 M 
NazSO4. Figure 2 reveals that as the concentration of PEO 
is increased, the partition coefficients of both proteins 
increase. These measurements, which are suggestive of a 
physical exclusion of the proteins from the volume 
occupied by PEO, are compared to theoretical predictions 
in section 6. 

To assess the influence of salts on the partition 
coefficients measured in the diffusion cell, the partitioning 
of cytochrome-c was measured in the presence of NaCl 
and NazSO4. Inspection of Figure 2 shows that the 
influence of the different salts is minor as compared to the 
influence of the PEO concentration (see section 6). 

Table I presents the PEO concentrations measured in 
the top and bottom compartments of the diffusion cell 
after equilibration of cytochrome-c between the two 
compartments. An examination of Table I shows that, 
for the sample containing a high initial PEO concentration 
(1.65% w/w in the bottom compartment), small amounts 
of PEO (0.047% w/w) are detected in the top (initially 
polymer-free) compartment after equilibration of the 
protein concentration. Although some polymer leaked 
through the membrane, the verylow concentration of PEO 
in the top compartment, as compared to that in the bottom 
PEO-rich compartment, demonstrates that the flux of PEO 
through the membrane is sufficiently slow, as compared 
to the flux of protein, to allow the measurement of an 
"effective" equilibrium partition coefficient of the protein 
between the bottom PEO-solution compartment and the 
top polymer-free solution compartment. 

Figure 3 presents results of a HPLC analysis of the two 
samples reported in the bottom line of Table I (1.65% 
w/w and 0.047 % w/w PEO, bottom and top compartments, 
respectively). In Figure 3, the HPLC refractive index (RI) 
detector output (arbitrary units) is plotted as a function 
of the time following the sample injection. Interestingly, 
while the refractive index profile (full line) of the solution 
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from the bottom PEO-rich compartment contains only a 
single peak, that from the top compartment (dashed line), 
which contains the PEO which diffused through the 
membrane, has two large peaks. The presence of the two 
peaks in the RI profile is suggestive of a bimodal polymer 
molecular weight distribution. The peak at t = 500 s in 
the chromatogram corresponding to the PEO solution 
sample from the top compartment is a fraction of PEO 
with a low molecular weight. This peak presumably arises 
due to the more rapid diffusion of the smaller PEO coils 
through the membrane pores (as compared to the higher 
molecular weight PEO molecules). Although the molec- 
ular weight distributions of PEO are rather different in 
the two solution compartments, for our purposes, the 
polymer concentration in the top compartment was 
maintained sufficiently low such that it could be neglected 
when interpreting the protein partitioning results. How- 
ever, we wish to emphasize that if the polymer concen- 
tration in the top compartment becomes comparable to 
that in the bottom compartment, the different molecular 
weight distributions could become a very important 
consideration when interpreting the protein partitioning 
behavior. 
4. Physical Pictures for the Interactions of 
Proteins in Solutions of Entangled Polymers 

To elucidate the nature of the interactions between PEO 
and proteins in aqueous solution, the length scales which 
characterize the aqueous PEO solution and which are used 
to describe the interactions between PEO and proteins 
must be identified. At polymer concentrations greater 
than c* (where c* is a threshold polymer concentration 
characteristic of the region where the extensive overlap of 
polymer coils begins to occur), the polymer coils overlap 
and are entangled to form a polymer solution web or 
mesh.16 Within this mesh, the identities of the individual 
polymer coils are lost and all thermodynamic properties 
of the solution are independent of the molecular weight 
of the polymer coils. The characteristic length scale of 
the polymer solution is the size (blob size) of the polymer 
web, [b, which is also a measure of the range of correlations 
between polymer segments in the solution and which scales 
with polymer volume fraction, 9, ad6  

[b - a9-3/4 (2) 
For aqueous (DzO) solutions of PEO, small-angle neutron 
scattering (SANS) measurements have determined a E 

4 A, which is consistent with the known flexibility of 

In Figure 4, we show two possible scenarios for the 
interactions of globular protein molecules with entangled 
polymers in solution. These scenarios reflect differences 
in the relative sizes of the polymer solution blob, [b, and 
the protein, R,, in addition to the strength of the attractive 
interactions between the polymer segments and the protein 
molecules, which is characterized by t (measured in units 
of kT). More specifically, t is the energy change associated 
with bringing a single polymer segment from a solvated 
environment to the protein surface. When R, << [b and 
only steric interactions occu between the protein and the 
polymer segments, the protein behavior will be similar to 
that of an inert solvent species, capable of diffusing 
relatively unhindered through the polymer net (Figure 
4a). While the protein is unaware of the blob size of the 
polymer solution, it can interact simultaneously with a 
group of correlated polymer segments (belonging to the 
same strand of polymer) within a volume that is of the 
order of the volume of the protein. 

A rather different situation prevails when the protein 
size is much larger than the polymer blob size, that is, 

PE0.'5929 

Figure 4. Two possible scenarios for the interactions of globular 
proteins and high molecular weight polymers: (a) R, << t b  and 
very weak attraction or no attraction between the polymer and 
the protein; (b) R, 12 t b  and very weak attraction or no attraction 
between the polymer and the protein. For details see sections 
4 and 5. 

when R, >> [b. In this case, repulsive excluded-volume 
interactions between polymer strands and the impene- 
trable protein surface will cause a depletion of the polymer 
segments near the protein surface (Figure 4b). Because 
the polymer segments communicate the presence of the 
protein surface over distances corresponding to the 
correlation length of the polymer solution, the length scale 
of the depletion layer will be of order [b. In this case, since 
the radius of the protein is large compared to the 
correlation length of the polymer solution, the curvature 
of the protein surface does not play a dominant role in 
determining the interactions of the protein and the 
polymer mesh (other than to define the surface area of the 
protein). 

In keeping with the developments of paper 1, one can 
also imagine scenarios where there are both steric and 
weak (perturbative) attractive interactions between the 
protein molecules and the polymer segmenta.13 Under 
conditions such that the attraction is sufficiently weak 
(which is defined more precisely in section 51, the structures 
of the solutions, as presented in Figure 4, are preserved. 

In contrast to the case of weak attractions, the presence 
of a stronger attraction between the protein molecules 
and the polymer segments will promote the "decoration" 
of the protein surface with an adsorbed layer of polymer. 
For polymer solution conditions where the polymer blob 
size greatly exceeds the size of the protein (R,  << [b), the 
proteins may adsorb onto the polymer net like beads on 
a necklace.29 In the alternative limit, R, >> [b, the polymer 
strands will adsorb to the surface of the protein, just as 
they would do at  a macroscopic and planar surface. 
Because a number of theoretical attempts have been 
previously reported to describe the free-energy change 
associated with the complexation of spheres and flexible 
polymers"-20 and because we have not performed exper- 
imental measurements for proteins which partition into 
the PEO-rich compartment (which is a necessary condition 
for complexation to occur), here, we do not further treat 
this regime of behavior. 

In the following section, we examine the consequences 
of the scenarios depicted in Figure 4 on the thermodynamic 
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contribution, which mirrors AG,, is due to the influence 
of the same interactions (between the protein and the 
polymer segments) on the configurational and translational 
freedom of the polymers. This contribution is denoted as 
AG2. Clearly, while these two contributions to 
p0p,b(T,P+n,d) - pop,t(TS) are coupled through the nature 
of the interactions between the protein and the polymer 
segments, it turns out (as shown below) that, depending 
on the solution conditions, only one of these two contri- 
butions is significant. The third term, AGatt, accounts for 
the contribution of the energetic interactions between the 
protein and the polymer segments to the free-energy 
change. In keeping with the division of the protein 
standard-state chemical potential into these three con- 
tributions, we evaluate the protein partition coefficients 
using 

properties of the solutions. In particular, we focus on 
predicting the partitioning of proteins between an en- 
tangled polymer solution and an aqueous (polymer-free) 
solution. We emphasize the physical scenarios depicted 
in Figure 4 because they are consistent with experimental 
measurements as well as with our earlier descriptions of 
the interactions of similar proteins with PEO solutions 
containing identifiable polymer  coil^.'^-'^ 

5. Scaling-Thermodynamic Theory 
A. Statistical-Thermodynamic Framework. In the 

limit of vanishing protein concentration, interactions 
between protein molecules are very weak, and the equi- 
librium partition coefficient of the protein is simply related 
to the free-energy change of the system associated with 
the transfer of a protein molecule from the top (PEO- 
free) compartment into the bottom (PEO-rich) compart- 
ment of the diffusion cell. Accordingly, the partition 
coefficient of the protein, Kp, can be expressed ad3 

where pop,i is the standard-state chemical potential of the 
protein in compartment i (top (t) or bottom (b)), II is the 
osmotic pressure of the polymer solution in the bottom 
compartment, z, is the net charge of the protein, e is the 
elementary charge, is the electrical potential in com- 
partment i, k is the Boltzmann constant, and T is the 
absolute temperature. The physical interpretation of the 
protein standard-state chemical potential is the free-energy 
change upon taking a protein from a polymer-free solvent 
phase at  temperature T and pressure P and introducing 
it into a solution having a composition, temperature, and 
pressure corresponding to the conditions in either the top 
or the bottom compartment of the diffusion cell. The 
macroscopic electrical potential term in eq 3 (the last term) 
accounts for the Donnan-type potential associated with 
the diffusional equilibrium of charged species (proteins 
and electrolytes) between the two compartments of the 
diffusion cell. 1126!31132 

The physical origin of the potential difference +t, - #t 

in eq 3 is the interactions of the salt ions, water, and PEO, 
and consequently this contribution is ion ~ p e c i f i c . ' , ~ ~ , ~ ~ , ~ ~  
In view of the relatively small influence that Na2S04 and 
NaCl have on the partitioning of cytochrome-c, as reported 
in Figure 2 and discussed in section 3, it appears that the 
contribution of the last term in eq 3 to Kp is not dominant 
at  these low PEO concentrations. Accordingly, for the 
range of PEO concentrations considered in Table I, eq 3 
simplifies to 

The termp0p,b(TQ+rI,4) -pop,t(T,P) ineq 4 corresponds 
to the free-energy change accompanying a reversible 
isothermal process where a protein is transferred from a 
pure solvent phase at  pressure P to a polymer solution 
phase having a polymer concentration 4 at pressure P + 
n. We consider pop,b(T,P+n,4) - pop, t (TQ) to be divided 
into the three contributions AG,, AG2, and AGatt. Ac- 
companying the introduction of the protein into the 
polymer solution, interactions between proteins and 
polymer segments (which can be steric and energetic) 
constrain the translational freedom of the protein, and as 
a result an entropic penalty is incurred. The correspond- 
ing free-energy change is denoted as AG,. The second 

( AG, + A;; + A G B ~ ~  
In Kp = 

B. Figure 4a: & << [b, c = 0. Figure 4a corresponds 
to solution conditions where the protein size, R,, is much 
smaller than the blob size of the polymer solution, [b, and 
the only interaction between the polymer segments and 
the protein occurs because they cannot occupy the same 
physical space (AGatt = 0). Statistical-thermodynamic 
considerations equate the total (volume) fraction of the 
solution excluded to the protein, up, with AG,IkT; that is, 
AGdkT = up.33 Depending upon the relative sizes of the 
protein, R,, and the polymer persistence length, b, the 
functional dependence of up on R, can vary. Here we 
focus on the case relevant to the interactions of PEO and 
globular protein molecules, where the size of the protein 
is large compared to the persistence length of the polymer 
chain. When the flexibility of the polymer chain occurs 
at  the length scale of a monomer, a, the interactions 
between the polymer segments and the protein molecule 
are not independent. That is, a significant probability 
exists, which increases with the protein size, that two or 
more polymer segments belonging to the same polymer 
strand will interact simultaneously with the protein. 
Specifically, the protein will interact with the strands of 
polymer which have sizes similar to R,. The number of 
polymer segments, n,, within a strand of polymer having 
size, R, - ano3J5, comparable to the size of the protein, 
is given by 

n, - (R, /u)~/~ (6) 
Since, by definition, these "protein-sized blobs" interact 
independently with a protein molecule, the total volume 
excluded from the protein per protein-sized blob is of order 
RP3. The number of protein-sized blobs in solution (per 
unit volume of solution), Na/ V, is required to evaluate the 
total (volume) fraction of the solution which is excluded 
from the protein by the blobs, that is, up - (Na/V)Rp3. 
Since the molecular volume of a blob is of the order of 
n,a3, it follows that N,/V - $/(naa3).  Using AG,/kT = 
up and eq 6 we obtain 

Equation 7 can be compared to the simpler case where the 
polymer chain is rigid on the length scale of the protein 
molecule (a << R, << b). In this case, all polymer segments 
interact independently with the protein molecule, and, 
therefore, the volume fraction of solution excluded from 
the protein can be estimated by considering the interac- 
tions of a very long rod (the polymer chain) and a sphere 
(the protein), that is, up = 4(R,/a)2.  The exponent of R, 
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This physical situation is analogous to the interaction of 
N,JV polymer coils per unit volume (each having na 
statistical segments) with protein molecules which was 
considered in paper 1. That is, for a solution of N J V  
polymer coils which interact with the protein with an 
energy e per polymer-segment contact, the influence of an 
attractive interaction on AGatt can be written as 

in eq 7, 4/3, which is smaller than the corresponding 
exponent in the case of the rigid polymer chain, 2, reflects 
the fact that when the polymer chain becomes flexible on 
a length scale comparable to the protein size, the protein 
will interact simultaneously, on average, with several 
polymer segments. Note that a form similar to eq 7 has 
been derived previously by de Gennes using a slightly 
different argument.18 

To predict the protein partition coefficient using eq 5, 
we also require an estimate of AG2. This can be obtained 
by evaluating the P-V type work required to introduce a 
protein into the polymer solution by displacing a volume 
U2 against the solution osmotic pressure, that is, AGz = 
nU2, where U2 is the volume of the solution that is excluded 
from the polymer by the protein. While the configurational 
freedom of the polymer chains is reduced in the vicinity 
of the protein surface (which results in the exclusion of 
the polymer from that vicinity), at distances beyond (order) 
R, from the protein surface, the polymer can no longer 
‘feel” the presence of the protein and thus experiences 
the freedom of the bulk solution. Consequently, the 
polymer is excluded from a volume of the solution of order 
R,3. Scaling relations for the osmotic pressure of the 
polymer solution, II, which account for the existence of 
correlations between polymer segments, predict that the 
osmotic pressure scales 

II - kT/[; (8) 
Using eq 8 for the osmotic pressure of the polymer solution 
and U2 - Rp3, AG2 can be evaluated as 

-=--(,) AG2 nu2 R, 3 

k T  k T  
In the limit, Rp/[b << 1, this contribution is negligible as 
compared to AG, given in eq 7 (which, using eq 2, is of 
order (Rd[b)4/3). Using the result AG, >> AG2 and inserting 
eq 7 into eq 5 along with AGatt = 0, the protein partition 
coefficient, in the limit R, << [b, is given by 

In Kp - m ( R d ~ ) ~ / ~ ,  a << R, << [b (10) 
C. Figure 4a: &, << [b, 0 < e << 1. In view of the 

significant role that attractive protein-polymer interac- 
tions (in addition to steric interactions) play in determining 
the thermodynamic properties of proteins in solutions 
which contain identifiable PEO coi1s,13-15 we have exam- 
ined the influence of such weak attractions on the partition 
coefficients measured in the diffusion cell experiments 
with entangled PEO solutions. To evaluate the influence 
of the attractions, we have made two simplifying aasump- 
tions, both of which are consistent with those made 
previously when treating the interactions of proteins and 
PEO solutions containing identifiable polymer ~oils:’~-’~ 
(i) attractive interactions between polymer segments and 
protein molecules are short-ranged (with a range of the 
order of the polymer segment size), and (ii) the distribution 
of polymer segments in the vicinity of the protein molecule 
is not perturbed significantly by the presence of weak 
attractive interactions. With these two assumptions in 
mind, the influence of the perturbative weak attractive 
interaction on AGatt can be estimated from the number of 
polymer segments, N*, found, on average, within a distance 
of order a from the protein surface. That is 

AGatt/kT = -a* (11) 
For the case of a protein that is large compared to the 

persistence length of the polymer chain (R, >> b) ,  we 
consider the interaction of NJ V “protein-sized polymer 
blobs” (each containing na polymer segments) with the 
protein molecule (see eq 6 and the accompanying text). 

(12) 

Equation 12 was derived in paper 1 by considering a 
balance of two opposing effects.13 First, when a protein 
and a blob interact, the density of polymer segments that 
is “felt” by the protein molecule scales with the density 
of polymer segments, pa, within a polymer coil having its 
unperturbed average configuration, pa - na/Rl ,  which 
decreases as a-3na-4/5 with increasing polymer size.I6 
Second, with each interaction, the number of polymer 
segments interacting with the protein will be proportional 
to the product of the available surface area of the protein, 
Rp2, and to the range of the interaction, a, as well as to the 
product of the ‘surface area” of the blob, defined by Ra2 - and a. Finally, eq 12 also accounts for the 
probability of an interaction occurring between a protein 
molecule and a polymer blob, which is proportional to the 
number of protein-sized polymer blobs (per unit volume) 
in solution, Na/V. To estimate AGatt we substitute Na/ V 
= 4/naa3 and eq 6 into eq 12 to obtain 

A G ~ ~ ~  - - k T  
It  is relevant to compare eq 13 to an equivalent equation 
which can be obtained using a different form for N*,  
derived previously by de Gennes,18 namely 

A G ; ~ ~  R, 113 
k T  - -em( ;) 

The difference between eqs 14 and 13 appears because in 
the evaluation of eq 13 we have attempted to include the 
fact that when a protein-sized polymer blob and a protein 
molecule interact, the strength of the interaction wil l  
depend on the number of contacts with the polymer 
segments. As mentioned above, we have predicted that 
the number of such contacts scales as na6/M/5 na2/‘. If 
this contribution is omitted, then eq 13 becomes identical 
to eq 14. 

Substituting eqs 9 and 13 into eq 5, along with the 
condition AG, >> AG2, yields 

R, 413 
ln K ,  - $J(--) [ 1 - k,c( 3)ii3], a << R, << tb 

(15) 
where kl  is a numerical constant of order unity. 

D. Figure 4b: &, >> [b, e = 0. For the scenario where 
the size of the protein, R,, is large compared to the size 
of the polymer blob, [b, the interactions between the 
protein molecule and the polymer net are determined by 
the relative sizes of the protein and the polymer correlation 
length. In this case, we will show that the dominant 
contribution to the protein partition coefficient in eq 5 is 
the term AG2. This contribution can be evaluated as the 
reversible isothermal work done to exclude the polymer 
from the protein volume and the polymer depletion layer 
at the protein surface, denoted as UZ, against the osmotic 
pressure of the polymer solution.18 That is 

AG, = nuz - n(R, + [b)3 (16) 
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where the depletion of the polymer extends a distance .$b 
from the surface of the protein (see section 4). Using eq 
8 for ll in eq 16 and the condition R, >> fb ,  the following 
scaling form for AGz is obtained:" 

where eq 2 has been used to relate &, to 4. 
To estimate the magnitude of AGz in the limit R, >> [b, 

it is useful to reconsider the evaluation of AG, in the limit 
R, << [b, Equation 7 predicts that in the limit R,  << [b, 
where polymer segments interact with the protein inde- 
pendently, AG, - 6. On the other hand, as the ratio R,l 
.$,increases, polymer segments will simultaneously exclude 
the protein, and thus the volume excluded (from the 
protein) per polymer will decrease. Therefore, eq 7 also 
forms an upper bound on the magnitude of AG, for R, >> 
[b. Using eq 2, eq 7 can be rewritten in the following form: 

aG, kT (:)(I3 (18) 

Comparing eq 18 with eq 17 shows that, in the limit R, >> 
[b, AGz is much larger than AG,. Accordingly, in the limit 
R, >> [b, the partition coefficient of the protein can be 
written as 

E. Figure 4b: IEp >> f b ,  0 < e << 1. In the spirit of 
previous scaling arguments,16J8 we have proposed the 
following extension of eq 19 to account for the influence 
of weak attractive interactions between the polymer 
segments and the protein surface. Specifically, the 
attractive interactions between the polymer segments and 
the protein surface are insufficient to deform the polymer 
strands extensively in the vicinity of the protein (from the 
case t = 0). Provided that 0 < t << 1, this scenario appears 
reasonable (unless n,t > 1, where n, is the number of surface 
contacts). Under these conditions, using the equality of 
the osmotic pressures in the bulk and at  the surface, as 
suggested by de Gennes,16 the concentration of polymer 
in the bulk, 4, can be related to the concentration of 
polymer at  the surface of the protein, &, by the relation 

& - $'I4 (20) 
If the introduction of the very weak attractive interaction 
between the polymer segments and the protein does not 
significantly perturb &, substituting N* = ( R , / U ) ~ ~ $ ,  into 
eq 11 leads to the following form for AGatt: 

In eq 21 the number of contacts between the protein 
molecule and the polymer segments is proportional to the 
surface area of the protein, RP2. The form of the protein 
partition coefficient which incorporates both repulsive 
steric and weak attractive interactions between the protein 
molecule and the polymer net is obtained by summing eqs 
19 and 21, that is 

ln K,  - 49'4(2)3( 1 - k Z t ( e ) ) ,  a << f b  << R, (22) 

where kz is a numerical constant of order unity. 

6. Results and Discussion 
First, we compare the theoretical predictions of the 

protein partition coefficients reported in section 5 with 

Table I1 
Exponents and Prefactors Obtained from a Comparison of 

Figure 2 
In Kp = with the Experimental Data Presented in 

protein salt exponent, a prefactor, In A 

cytochrome-c 0.10 M NaCl 1.20 f 0.04 4.17 f 0.09 
cytochrome-c 0.05 M Na2S04 1.26 f 0.03 4.29 f 0.07 
ribonuclease-a 0.05 M Na2S04 1.22 f 0.04 3.64 f 0.10 

" "  ~ 

1 

- 1  5 
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~ 
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Figure 5. Double logarithm of the protein partition coefficient, 
In (In K& ae a function of the logarithm of the volume fraction 
of PEO in the bottom compartment, In 4: cytochrome-c in 0.05 
M NaZS04 (A), cytochrome-c in 0.10 M NaCl (e), and ribonu- 
clease-a in 0.05 M NazS04 (H). All solutions contained 10 mM 
sodium phosphate buffer (pH 7.0) and 1.5 mM sodium azide. 

Table I11 
Physical Properties of Cytochrome-c and Ribonuclease-a 

physical property cytochrome-ca ribonuclease-a* 
molecular weight 12 384 13 690 

dimensions (A3) 
diffusion coefficient (cm2/s) 10.1 X 10.7 x 10-7 

hydrodynamic radius (A) 21 20 

the experimental measurements. The experimentally 
measured Kp vs 4 curves presented in Figure 2 have been 
rationalized according to the general scaling law depen- 
dence of In Kp on 4 derived in section 5. Specifically, we 
take (see eqs 15 and 22) 

In Kp = Aq5= (23) 
For the three seta of data in Figure 2, corresponding to 
cytochrome-c in buffered NaCl(O.l M) and NazSO4 (0.05 
M) solutions and to ribonuclease-a in buffered Na2S04 
(0.05 M) solutions, the exponents, a, and intercepts, In A, 
are presented in Table I1 (see also Figure 5) .  An 
examination of Table I1 reveals that (1) the same exponent 
a = 1.22 f 0.06 (within the statistical uncertainty) was 
determined for cytochrome-c and ribonuclease-a in 0.05 
M Nazi304 and for cytochrome-c in the presence of the 
two different salts (NaC1 and NazS04) and (2) the intercept 
determined for cytochrome-c (In A = 4.2 f 0.1) differs 
from that determined for ribonuclease-a (In A = 3.6 f 
0.1). We first discuss the value of the exponent, a, and 
then the values of the prefactor, A. 

Corresponding to the scenarios depicted in Figure 4, 
eqs 10 and 19 predict a values of 1 and 9/4, respectively. 
The experimentally determined value of 1.22 appears closer 
to the exponent a = 1 predicted for Figure 4a (see eq 101, 
where R, << fb .  The effective spherical sizes (see Table 
111) of cytochrome-c and ribonuclease-a are both approx- 
imately 20 A, and, over the range of PEO concentrations 
studied, the accompanying variation in the blob size was 
from 80 to 800 A. Clearly, this is consistent with the 
constraint R, << f b  or, at  least, R, < f b .  Finally, it is 
noteworthy that, while the experimentally determined 
exponent, a = 1.22, lies between the limits a = 1 and CY 

15 X 17 X 17 19 X 14 X 11 

a References 42 and 44. Reference 43. 
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menta in two-phase aqueous PEO-dextran systems, where 
the substitution of NaCl by Na2S04 is found to have a 
profound effect on the observed protein partitioning.24 
To reconcile this difference a few comments are in order. 
First, it is relevant to note that in two-phase aqueous PEO- 
dextran systems the magnitude of the salt effect, tradi- 
tionally characterized by a bulk electrical potential dif- 
ference, A$, between the two-phases, correlates linearly 
with the difference in the concentration of PEO in each 
of the coexisting p h a s e ~ . ~ l a ~  In two-phase aqueous PEO- 
dextran systems, this difference is typically 10% w/w PEO, 
and the corresponding A$ is about 1-2 mV. In the diffusion 
cell experiments, the PEO concentrations are an order of 
magnitude smaller, typically about 1% w/w or less (see 
Table I), and thus the anticipated electrical effects are 
expected to be less pronounced. Indeed, one can make an 
estimate of the strength of A$ from the partition coeffi- 
cients measured for cytochrome-c in the presence of the 
two different salts. The influence of the salt on the 
partition coefficient of the protein can be expressed as 
(see eq 3) 

= 9/4, there was no indication of a crossover between these 
two exponents over the range of PEO concentrations 
investigated (which exceeded an order of magnitude 
variation). 

While the values of the prefactor, A, determined from 
the two cytochrome-c partitioning experiments (see Table 
11) are the same (In Ac* = 4.2 f 0.11, the value of A 
determined for ribonuclease-a (In Arib = 3.6 f 0.1) is 
significantly smaller. In accordance with the above 
discussion on the dependence of Kp on 4 in Figure 4a, 
where R ,  << [band only steric interactions operate between 
the protein and the polymer segments, the difference in 
the prefactors is given by (see eq 10) 

Using the experimental values for In Aribo and In Ac* 
from Table 11, the ratio of the protein sizes is predicted 
to be 

~,c*l~pdba = 1.6 (25) 
In Table I11 a comparison of some relevant physical 

properties of cytochrome-c and ribonuclease-a is presented. 
An examination of Table I11 shows that these proteins 
have similar physical dimensions. In addition, using the 
diffusion coefficient data, also presented in Table 111, along 
with the Stokes-Einstein the ratio of the 
effective spherical hydrodynamic radii is 1.06 and, there- 
fore, differs significantly from that predicted by eq 25. 
This suggests that, in addition to steric interactions 
between the proteins and the PEO segments, other 
interactions may be responsible for the differences in the 
partitioning behaviors of the two proteins. 

The combined influence of repulsive steric and weak 
attractive interactions on the protein partition coefficient 
(for R, << [I,) is described by eq 15. Since the influence 
of the attractions is only perturbative, the term in brackets 
in eq 15 should be very close to unity and can therefore 
be rewritten approximately as 

R, 413 
lnK, - 4(;) exp(-k c ( ~ ) ' ' ~ )  RP (26) 

This equation predicts that the difference in the A values 
for cytochrome-c and ribonuclease-a (assuming Rpribo N 

R,* = R,) is given by 

Taking R, = 20 A and a = 4 A for PEO, eq 27 indicates 
that, to account for the observed value of In Aribo - In Ac*, 
the difference in the attractive interaction energies should 
satisfy kl(tnb- t*) N 1. One possible difference between 
the two proteins, which may account for these different 
interactions energies, is the presence of the heme moiety 
on cytochrome-c. This suggestion is supported by the 
different partitioning behaviors of heme proteins and non- 
heme proteins in two-phase aqueous polymer systems 
containing PEO. Specifically, in two-phase aqueous 
dextran-PEO systems at pHs corresponding to the iso- 
electric points of each protein, the partition coefficient of 
ribonuclease-a (K, = 0.8) is higher than that of cyto- 
chrome-c (K, = 0.51, indicating the preferred partitioning 
of ribonuclease-a toward the PEO-rich phase, as compared 
to  cytochrome-^.^^ 

Our measurements of the partitioning behavior of 
cytochrome-c in the diffusion cell suggest that the influence 
of salts on the observed partitioning behavior is very small. 
This observation constrasts with experimental measure- 

z,eW In Kpdt = - kT 
A t  pH 7.0, the net charge of cytochrome-c is zp = +6,34*36 
and using the partition coefficient data in Figure 2 for 
cytochrome-c at  4 = 0.016, namely, KpNaC1 = 1.56 and 
KpNa@04 = 1.47, the difference in the electrical potential, 
A$Na2S04 - AqNaC1, calculated using eq 28, is approximately 
0.2 mV. This value, which is an order of magnitude less 
than that typically encountered in two-phase aqueous 
PEO-dextran systems, is consistent with the fact that we 
are dealing with PEO concentrations which are concom- 
itantly smaller. While one could further investigate the 
influence of the salts by measuring the partition coefficient 
as a function of pH, as has been done in two-phase aqueous 
polymer s~stems,2~ the interpretation of these measure- 
ments is complicated by conformational changes of the 
protein which, in general, accompany changes in solution 
PH. 

In comparing the partitioning behaviors of proteins in 
two-phase aqueous polymer systems and in the diffusion 
cell, it is interesting to note another difference which 
appears when comparing eq 4 and the thermodynamic 
framework of paper l . 1 3  In the two-phase aqueous polymer 
systems considered in paper 1, proteins are partitioned 
across a planar Ziquid-liquid interface between the two 
coexisting polymer solution phases which are a t  the same 
pressure. In contrast, in the diffusion cell experiment, 
the mechanical membrane which separates the top and 
bottom compartments can support a pressure difference. 
This pressure difference, which corresponds to the osmotic 
pressure of the polymer solution, II, can lead to significant 
differences in the predicted protein partitioning behaviors. 
For example, we can compare eq 19 with the prediction 
for the partitioning of proteins between two phases at 
constant pressure, such as the partitioning of proteins in 
two-phase aqueous polymer systems containing entangled 
polymer solution phases. In the latter case, the work done 
in transferring a protein molecule from one phase to the 
other corresponds to the work done against the osmotic 
pressure in forming (only) the depletion layer about the 
protein. Specifically, the volume of the protein is not 
included in the excluded volume since the same pressure 
is exerted on this volume in both phases. Accordingly, 
from a simple modification of eq 16, where now UZ - 
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References and Notes RP2&,, In K, is predicted to have the form 

A comparison of eqs 29 and 19 shows the rather different 
exponents that relate the protein partition coefficient to 
4 and R, for the two subtly different experimental 
situations. 

Finally, we mention that a number of investigations 
exist on the hindered diffusion of globular colloids through 
polymer networks.3G41 Indeed, just as thermodynamic 
properties are influenced by the relative sizes of the 
globular species and the polymer solution correlation 
length (in addition to their energetic interactions with the 
net), the hindered diffusion of a globular species through 
the net is influenced by similar factors. Although in this 
paper we have considered issues related to the equilibrium 
properties of proteins in entangled polymer solutions, the 
study of the hindered diffusion of proteins through the 
entangled polymer solution complements this report. 

In conclusion, we have reported experimental measure- 
ments of the partitioning behavior of two small proteins 
(cytochrome-c and ribonuclease-a) between entangled 
aqueous solutions of PEO and PEO-free aqueous solutions 
using a diffusion cell. The rate of diffusion of the high 
molecular weight PEO through the dividing membrane 
was sufficiently slow as compared to that of the proteins 
that equilibrium protein partitioning results could be 
obtained. Comparison of the experimental measurements 
to predictions obtained using scaling arguments, which 
were developed to describe the interactions of proteins 
and entangled polymers, suggests that steric interactions 
between the proteins and PEO are important in deter- 
mining the protein partition behavior. In addition, 
however, in view of the similar sizes of the proteins that 
were partitioned and yet their different partitioning 
behaviors, we conclude that, in addition to steric inter- 
actions, other types of interactions occur between the 
proteins and PEO. Specifically, the observed differences 
in the partitioning behaviors of cytochrome-c and ribo- 
nuclease-a are consistent with scaling arguments which 
include both steric interactions and weak attractive 
interactions between the proteins and PEO. Since asimilar 
conclusion was reached for proteins in solutions containing 
singly-dispersed polymer coils (dilute  solution^),'^-^^ a 
unifying picture seems to be emerging for both dilute and 
entangled PEO solutions that rationalizes protein parti- 
tioning behavior in terms of both steric and weak attractive 
interactions between the proteins and PEO. 
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