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ABSTRACT

Molecular-level mechanisms guiding the partitioning of globular proteins in two-
phase aqueous polymer systems were elucidated using the theoretical tools of polymer-
scaling concepts, statistical-thermodynamics, and liquid-state theory, as well as the
complementary experimental techniques of equilibrium partitioning and small-angle
neutron scattering.

A new theory of protein partitioning in two-phase aqueous polymer systems was
advanced with the proposition that certain experimentally observed protein partitioning
behaviors arise from a transition in the underlying structure of the polymer solution
phases. Specifically, the two-phase aqueous poly(ethylene oxide) (PEO)-dextran system
was investigated. With increasing PEO molecular weight, scaling predictions and the
interpretation of small angle neutron scattering (SANS) measurements reveal a crossover
in the underlying structure of the PEO solution phases from individually dispersed PEO
coils to an extensively entangled PEO mesh. Within this mesh the identities of the
individual polymer coils are lost. Novel molecular-level pictures for the interactions
between globular proteins and polymers in solution were proposed for a variety of
scenarios differing in (i) the polymer solution regime, (ii) the relative size of the protein
and the polymer coil/mesh, (iii) the nature of the energetic interaction between the
flexible polymer chains and the globular protein molecules.

The essential physics associated with each scenario was explored through scaling-
thermodynamic descriptions of the protein-polymer interactions, and the associated
protein partitioning behaviors were predicted. Comparison of the theoretical predictions
to experimental protein partitioning measurements (using two-phase aqueous PEO-dextran
systems and a diffusion cell) suggested that although the physical exclusion of the
proteins by the polymers contributes to the observed partitioning behavior, other
interactions also play a significant role. In particular, the influence of the PEO
molecular weight on the partitioning behavior of a series of hydrophilic proteins was
observed to be consistent with the presence of a weak attractive interaction between the
protein molecules and the polymer coils.

A combined equation of state/Monte-Carlo approach was developed to evaluate
the free energy of mixing globular colloids and flexible linear polymer coils. The
important influence of the penetrability and deformability of the polymer to the protein
in determining the thermodynamic properties of the fluid was revealed. Application of
the approach to the protein partitioning problem corroborates the important role of non-
steric interactions between the proteins and PEO. Comparison with experimental
partitioning measurements suggests the presence of a weak attractive interaction energy
which increases with protein size, R,, where 17A<R,<51A, from order 0.01kT to
0.1KT (per EO segment at the protein surface). However, the net interactions of the
proteins and the PEO coils are strongly repulsive.
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The measurement and interpretation of the intensity of neutrons scattered at small
angles (SANS) from bovine serum albumin (BSA, Rp=35A) in aqueous (D,0) solutions
containing singly dispersed PEO coils were found to be consistent with the existence of
a weak attractive interaction (0.05kT) between BSA and PEO (in addition to repulsive
steric interactions). The attractive interaction reduced the second virial coefficient for
the BSA-PEO interaction to 80% of the value predicted for purely excluded-volume
interaction.

From a common molecular-level description, structural features and
thermodynamic properties of aqueous polymer solutions containing globular proteins were
elucidated.

Thesis Advisor(s): Prof. Daniel Blankschtein
Prof. Alan Hatton
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INTRODUCTION

The interactions of globular colloidal particles and flexible chain macromolecules
control phenomena such as the formation of complexes between polymers and micelles
(Tokiwa and Tsujii, 1973; Shirahama, 1974; Shirahama and Ide, 1976; Cabane, 1977,
Cabane and Duplessix, 1982 and 1987; Goddard, 1986a and 1986b), as well as the
polymeric stabilization and flocculation of gold sols (Heller and Pugh, 1956), ceramic
particles (Woodhead, 1986), and other colloidal dispersions (Napper, 1983). The
macroscopic consequences of these interactions play a central role in the technologies of
photographic developing, food processing, emulsion/microemulsion polymerization, and
enhanced oil recovery. Central to developing an understanding of the relationship
between the molecular-level structure and the macroscopic properties of these complex
fluids has been the synthesis of experimental and theoretical techniques from the fields
of colloid science, physical chemistry and polymer physics. In contrast, fluids of a
biological origin, which bear similar features to these complex fluids, have been less
explored using similar philosophies and combinations of theoretical and experimental
investigative techniques. One such example, which is explored in this thesis, is aqueous
solutions of globular proteins and flexible (synthetic and biological) polymer molecules.

Aqueous solutions of flexible polymers and globular proteins are particularly
interesting under conditions where the polymer solution has undergone phase separation
(Albertsson, 1986; Walter et al., 1985). In the resulting two-phase aqueous polymer
system, proteins usually distribute unevenly between the two coexisting polymer solution
phases. Investigations of the partitioning of proteins and other biomolecules in two-phase
aqueous polymer systems has been stimulated by the potential of these polymer solutions
to provide immiscible, yet protein compatible, liquid phases for the purification of
proteins by liquid-liquid extraction (Albertsson, 1985; Walter et al., 1985; Kula et al.,
1982; Abbott et al., 1988). Furthermore, the presence of polymers in a protein
purification process may provide other advantages related to (i) polymer-enhanced protein
refolding (Cleland, 1991), and (ii) protein stabilization in the final product formulations.

However, at the molecular-level, the understanding of the interactions of globular
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proteins and flexible synthetic polymers which are responsible for the potentially useful
properties of these solutions, is primitive (Brooks et al, 1985; Baskir et al, 1989a; Abbott
et al, 1990).

The absence of a fundamental understanding of protein-polymer interactions,
combined with the potential utility of aqueous solutions of proteins and polymers, has
motivated and guided the direction of the investigation reported in this thesis.
Specifically, three broad questions have been addressed:

(1) What factors constitute a physical basis for an understanding of protein
partitioning?  Specifically, how important are geometry and energetics in
determining protein-polymer interactions?

(ii) Can we usefully apply scaling concepts from polymer physics (de Gennes,
1988) to rationalize the macroscopic consequences, such as protein partitioning
behaviors, associated with different protein-polymer interaction mechanisms?
(iii) Can we reach a unified theoretical description of both the molecular-level
structure and the thermodynamic properties of protein-polymer solutions, and

verify both aspects using experimental methods?

In order to address these questions we have combined a variety of complementary
experimental and theoretical techniques. At the outset, in an effort to understand the
essential physics and develop a physical basis for understanding protein partitioning in
two-phase aqueous polymer systems, polymer scaling concepts proved to be a powerful
theoretical tool (de Gennes, 1988). For a variety of proposed physical scenarios,
statistical-thermodynamic descriptions of protein partitioning were developed, and the
associated protein partitioning behaviors were predicted. When used in conjunction with
equilibrium partitioning experiments, these theoretical predictions proved to be a useful
approach in discerning the differences among a number of potential partitioning
mechanisms.  Subsequent and more detailed treatments of possible partitioning

mechanisms exploited an equation of state/Monte-Carlo approach to predict both
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experimental trends in the (equilibrium) protein partitioning behavior, as well as the
scattering of neutrons at small angles (SANS) from solutions of proteins and polymers.

Finally, it is pertinent to stress how the philosophy behind the theoretical
formulation reported in this thesis differs from earlier investigations of protein
partitioning in two-phase aqueous polymer systems. First, in this investigation we have
stressed the physical nature of aqueous solutions of globular proteins and flexible
polymers. Indeed, earlier theoretical investigations appear to have approximated their
physical description of the system in favor of theoretically convenient models. For
example, the globular protein molecules have been described as random coiling polymer
coils with Gaussian statistics (Albertsson et al, 1987; Diamond and Hsu, 1989), or the
underlying structure of the polymer solution at the length scale of the proteins has been
neglected (Baskir et al, 1987; Baskir et al, 1989b; Forciniti and Hall, 1990). In this
thesis, a theory of protein partitioning is advanced which proposes that it is precisely the
underlying polymer solution structure that is responsible for a number of observed
partitioning behaviors (Abbott et al, 1991a). Finally, it is relevant to mention that for
the first time, using the same physical description of the protein-polymer interactions, we
have predicted the thermodynamic and structural properties of aqueous solutions of
proteins and polymers, and confirmed them using partitioning measurements and small

angle neutron scattering techniques (Abbott et al., 1991a-d).
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Chapter 1.

An Introduction to the Separation of Biological Molecules

using Liquid-Liquid Extraction Techniques

1.1 On the Need for Novel Protein Purification Processes

Biotechnology has received a major boost over the past decade from the
rapid advances made in genetic engineering, particularly in the areas of recombinant
DNA technology and mammalian cell culture. These advances hint at numerous
possibilities for the unprecedented production of a variety of proteins important to the
research, pharmaceutical and industrial communities. In many cases, however, the
impressive gains made in the technology for cloning genes for these proteins have not
been matched by similar advances in the technology for purification of the expressed
gene product.

The problems traditionally faced by the chemical engineer in conventional
chemical engineering separation operations pale in comparison to the requirements often
placed on the separation of bioproducts. To provide conditions that maintain cell
viability and a high target protein yield, extremely stringent constraints are placed on the
production medium which may hamper the separation process. The proteins of interest
are produced in a complex mixture of contaminating proteins (many of which have
properties very similar to those of the desired product), cell wall material and nucleic
acids. Separation from these complex mixtures is frequently complicated by the lability
of the desired products, and by the stringent final product purity specifications. As a
result, in recent years there has been an increased interest in the development of efficient
methods for the separation, concentration and purification of proteins and other biological

products from fermentation and cell culture media. The traditional bench-scale
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separation approaches, such as electrophoresis or column liquid chromatography, are
difficult to scale-up to production levels and can become prohibitively expensive unless
high-valued products are being produced. Other approaches are needed.

Liquid-liquid extraction as a technology has served the chemical,
petrochemical and hydrometallurgical industries well in the past, and has been used
extensively in the antibiotics industry for about fifty years. It is only recently, however,
that liquid extraction has been recognised to be a potentially useful primary purification
step in the overall protein recovery train, since it is readily scalable and can, if
necessary, be operated on a continuous basis. It is a reasonably high capacity process
and can offer moderate to good selectivity for the desired products. However, the
sensitivity of the large labile molecules to their solvent environment restricts the range
of solvents available for use in such a separation process.

Two classes of solvents that appear to offer many advantages for protein
recovery operations are aqueous polymer systems and reversed micellar solutions. In
both cases, reliance is placed on the differential partitioning of proteins between the
immiscible feed and solvent phases to effect the extraction of the desired protein from
the complex production mixture. However, the principles of solubilization differ greatly.
For the aqueous polymer extraction processes the partitioning of the protein occurs
between two immiscible aqueous phases with each phase being rich in one of two distinct
polymer species. Some major advantages of the aqueous polymer systems include high
protein capacity, non-denaturing solvent environment, small interfacial resistance to
protein transfer and high selectivity. Reversed micellar solvent extraction, on the other
hand, relies on the unique solubilising properties of many surfactants which often
aggregate in organic solvents to form reversed or inverted micelles. These aggregates
consist of a polar core of water and solubilised species stabilised by a surfactant shell
layer. For protein extraction two bulk equilibrium phases are used, one being the
aqueous feed solution, the other the reversed micellar phase which serves as the
extractant. These systems also appear to have many of the advantages cited for the two
phase polymer systems. For an overview on the solubilization of proteins in reversed
micelles the reader is referred to Luisi et al. (1986, 1988), Martinek et al. (1986), Leser
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et al. (1986), Dekker et al. (1986), Goklen and Hatton (1985, 1987) and Khmelnitski
(1989).

The aim of Chapter 1 is to outline the principles, process applications,
merits and limitations of the method of liquid-liquid extraction for process scale protein
recovery using two-phase aqueous polymer systems. The emphasis of Chapter 1 is on
practical and technical considerations which are relevant to the practitioner; Chapter 2
provides an overview of the more fundamental considerations and the current
understanding of the molecular-level mechanisms which drive the partitioning of proteins
between the two coexisiting polymer solution phases of a two-phase aqueous polymer

system.

1.2 Aqueous Two-Phase Systems: A Brief Introduction

As first recorded by the Dutch microbiologist Beijernick (1896), who tried
unsuccessfully to mix aqueous solutions of starch, gelatin and agar, many hydrophilic
polymers are incompatible with other polymers or salts in aqueous solution. This often
results in a phase separation, with the formation of two immiscible aqueous phases, each
containing primarily only one of the two phase-forming polymers or salts. The
observation by Albertsson (1985a,b) in the early fifties that proteins often distribute
unevenly between these phases has been the impetus for much research in this area
leading to its exploitation by Kula and co-workers (1981, 1982a,b) in large-scale protein
TECOVEry operations.

A phase diagram for a typical two-phase aqueous polymer system is shown
in Figure 1.1 for the poly(ethylene oxide) (PEO) - dextran system. Both polymers are
separately miscible with water in all proportions, and, at low polymer concentrations,
with each other. However, as the polymer concentrations increase phase separation
occurs, with the formation of a PEO-rich upper phase and a dextran-rich lower phase,
each of which consists of greater than 80 percent water. The curve separating the two-
phase and homogeneous mixture regions is known as the binodal. Within the two-phase

region, any mixture of the three components must split into two phases, the compositions
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of these two phases being dictated by the intersections of the tie-line passing through the
mixture point with the binodal. For instance, in Figure 1 a system comprised of 95%
water, 2.5% dextran and 2.5% PEO (point A) lies above the binodal, and is a stable
homogeneous phase. On the other hand, a system of 85% water, 10% dextran and 5%
PEO (point B), which falls below the binodal, will separate into two phases, one of

which is 90% water and 10% PEO (point C), the other being approximately 80% water,
19% dextran and 1% PEO (point D). The relative volumes of the two phases will be

given by the inverse lever arm rule, which states that

Ya_ cB 1.1)
V. BD

c

V. and V, are the volumes of the phases at composition points C and D on the phase
diagram, and CB and BD are the lengths of the line segments connecting points C with
B and B with D, respectively.

The phase behaviour of the polymers is also dependent on the type of salt
present, and its concentration, owing to the competition between the salt ions and
polymer for water of hydration. In many cases a sufficiently high concentration of salt
in a single polymer solution can induce phase separation to form one predominantly salt
phase, the other phase containing most of the polymer. The phosphate/PEO/water
system, in particular, has attracted much attention because of its favourable properties
for protein extraction processes. Examples of other phase forming polymers and salts
are presented in Table 1.1.

As noted before, this immiscibility of two predominantly aqueous phases
can be exploited in the recovery of proteins from solution using liquid-liquid extraction
techniques, since often proteins distribute unevenly between the two phases, depending
on specific protein characteristics and phase composition. Such systems have the
advantage that since both phases are comprised predominantly of water, they offer a
benign environment for the proteins and minimise the possibility of damage to the labile

bioproducts. Moreover, the extremely low interfacial tensions characteristic of these
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PEO DEXTRAN

Figure 1.1 Phase diagram for the dextran 68/PEO 6000/water system at 20°C
(Albertsson, 1985a).
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systems ensure that the proteins are not subjected to undue stress as they cross the
interface between the two phases. However, if these phase systems are to be acceptable
as separating agents, there must be some level of discrimination between
differentproteins. This specificity is evident in the large number of studies reported in
the literature over the past three decades, which are detailed in Chapter 2 and very
briefly outlined below.

Many factors contribute to the distribution of a protein between the two
phases (Albertsson, 1985a; Walter et al., 1985; Walter and Johansson, 1986; Carlson,
1988; Baskir et al., 1989; Abbott et al., 1990; Walter et al., 1991). This distribution

is normally characterized in terms of the partition coefficient

2.2)

where ¢, and ¢, are the protein concentrations in the top and bottom phases respectively.
To a first approximation these factors can be treated as independent so the partition

coefficient can be written as

+InK 3.3)

conf

InK, = InK, + InK,,, + InK, + Ink,

biospec hydroph

where the subscripts elect, biospec, hydrophob, and conf represent the electrical,
biospecific, hydrophobic and conformational contributions to the partition coefficient.
K, contains factors not specifically accounted for in the other coefficients, including
polymer properties, molecular weight and concentration, and protein structural aspects

such as size, charge and hydrophobic characteristics.

1.3 Process Considerations

Among the advantages of using two phase liquid extraction for the
recovery of proteins are the ease of scale-up and the exploitation of existing knowledge

and strategies for production scale implementation in process development. There are,
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Poly(vinyl alcohol)
Dextran
Poly(ethylene oxide) Ficoll

Potassium Phosphate

Methoxypoly(ethylene oxide)

Hydroxypropyldextran
Poly(propylene glycol) Polyvinylpyrrolidone
Dextran
Methylcellulose Hydroxypropyldextran
Dextran

Table 1.1 Selected two-phase systems formed by incompatible neutral polymers and
salts.
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however, a number of differences that exist between the physical properties of low
molecular weight solvent phases and the higher molecular weight aqueous polymer
phases, and these must be accounted for in the transfer of technology. For instance,
three important parameters in any liquid-liquid extraction process are the phase
viscosities, the interfacial tension and the density difference between the solvent phases,
since these determine the ease of phase dispersion for mass transfer and the difficulty of
the subseqent phase separation step. Compared to most traditional processes the
interfacial tension between the two phases is extremely low at approximately 0.1 dyne/cm
for PEO/salt and 0.0001 dyne/cm for PEO/dextran systems (Ryden and Albertsson,
1971; Schurch et al., 1981; Bamberger et al., 1984; Forciniti et al, 1990). The primary
reason for the low interfacial tension is the high volume fraction of water in each of the
phases, typically around 80 - 90% w/w (Albertsson, 1985a). The viscosities are higher
than for the low molecular weight solvents with the magnitude depending both on the
molecular weight of the phase polymers and the presence of contaminating particles in
the system. The viscosity can vary between 10-15 cp up to 3000 cp for the higher
molecular weight dextran phases (Johansson, 1978). The presence of cellular matter in
protein extraction from cell homogenates results in a further increase in the viscosity of
the phases. The small density difference between the phases, typically 5 g/1 for PEO and
salt, can be enhanced by the partition of cell debris to one of the phases (Ryden and
Albertsson, 1971; Albertsson, 1985a).

Phase equilibration in two phase polymer salt systems in agitated vessels
is generally rapid, and only low stirrer speeds are required to provide sufficient
interfacial area for efficient protein transfer. This is in spite of the very high viscosities
exhibited by the polymer phases in the presence of cell debris. The reason for this is that
very small droplets are formed with low power inputs because of the low interfacial
tensions characteristic of these systems. Indeed, Fauquex and coworkers (1985) suggest
that the rate-limiting step in the phase equilibration is the formation of the phases
themselves as controlled by the dissolution of the phase polymers and salts, which are
normally added as concentrated solutions or solids. It has been suggested that in these

systems the usual criteria for scale-up of mixing processes, based on equal power-input
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per unit mass, be applied.

Kula et al. (1982a, 1982b) have discussed the technical aspects of the
phase separation process. In the absence of any applied force fields the separation rate
of the two phases is slow, taking typically 60-90 minutes for good separation to occur
in PEO/salt systems, due in part to the small density differences between the phases. To
enhance the rate of phase separation disk stack centrifugal separators have been used

effectively. The well known formula describing the throughput is

0= D,ijprer (1.4)
189

where Q is the volumetric throughput, D,,, is a diameter characteristic of the smallest
droplet captured, Ap is the density difference between the phases, 7 is the dynamic
vicosity, r is the radius of rotation and 2 is a machine parameter characteristic of the
cross sectional area available for separation. It is readily apparent that the high viscosity,
particularly in the presence of cell homogenates, and the low density difference do not
favor high throughputs. The purity of the separated phases depends on the correct
positioning of the interface between the phases which is determined both by the discharge
radii for each of the phases and by the density difference between the phases. The
interface position may be further adjusted by regulation of the discharge phase flowrates
from the separator.

A variation on this centrifugal separation of the dispersed phases is the use
of nozzle separators (Kula et al., 1982b). This adaptation is particularly useful when one
of the phases is very viscous, for example when loaded with cell debris. Rather than
discharging the denser phase from the top of the separator the heavy phase is ejected
directly from the periphery of the bowl via a set of nozzles. The size of the nozzles is
crucial to the effectiveness of the process. Kula et al. (1982b) have demonstrated that
the large scale separation of formate dehydrogenase from candida boidinii can be readily
accomplished using an Alfa-Laval separator model Gyrotester B with a PEQ/salt system.
Typical operating conditions with a feed dispersed phase volume ratio of 2.84 and a
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process flow rate of 1.5 1/min resulted in formate dehydrogenase yields of 96.5% in the
top phase, with 99.5% purity.

An added advantage of using these processes is the small temperature rise,
typically about 1.5 K, that occurs during the processing steps. This, coupled with the
short process times, obviates the need for the additional cooling of the process streams
usually required in traditional separation schemes.

Two-phase polymer systems offer other advantages over conventional
separation processes in that cell debris can be efficiently removed simultaneously during
the enzyme extraction. The limiting particle size in the design of the centrifuge is the
size of the dispersed phase droplet rather than that of the individual cell particles, which
are considerably smaller. The result is a more efficient removal of the cell debris from
the target enzymes. The advantages gained in capital expenditure and operating cost,
however, must be weighed against the cost of the phase polymers and of their recycle.

The individual operations of sequential dispersion, equilibration and phase
separation may be replaced by using multistage contacting devices such as extraction
columns (Kula et al., 1981). However, the low interfacial tensions and density
differences characteristic of two-phase polymer systems require that low stirrer speeds
be used to prevent the formation of too fine a dispersion of the one phase in the other,
which can lead to poor phase separation, entrainment and flooding of the column. On
the other hand, a high interfacial area is required for the rapid equilibration of the protein
distribution between the phases. These two conflicting demands place rather severe
constraints on the range of agitation speeds that can be used in traditional column-type
contactors, and limit their usefulness in this category of separations.

Many of the problems associated with column-type contactors can be
avoided using hollow-fibre membrane extractors. In these systems, the membrane acts
simply as a support for the interface between the phases, and does not itself perform any
specific separation function. The two phases to be contacted flow on either side of the
membrane, and, since the phases are never interdispersed, phase disengagement is not
a concern. Consequently, there are no severe restrictions on the flow rate ratio. The

intimate contact required for efficient mass transfer is obtained by providing a large
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membrane surface area, which more than compensates for the diffusional mass transfer
resistance offered by the membrane pores, such that overall mass transfer rates can in
fact be much greater than those attainable in conventional dispersed phase systems.
Dahuron and Cussler (1988) have demonstrateed the effectiveness of these systems for
use in two-phase aqueous polymer protein extractions. Overall mass transfer coefficients
were well-correlated over a wide range of operating conditions, and for a number of
different proteins, using standard correlations for the lumen and shell-side boundary layer
resistances. These extractors will best be used with the polymer-salt two-phase systems
subsequent to the cell debris removal steps because of the lower phase viscosities
associated with these systems.

One of the important issues that needs to be addressed in the large scale
implementation of two-phase polymer systems for enzyme recovery is the economic
requirement that the phase-forming polymers and salts be recycled to the extent possible.
An example of one process that has been reported is provided in the flowsheet shown in
Figure 1.2 for the recovery of fumarase from bakers yeast cell homogenates in a
PEO/salt system (Hustedt et al., 1984). The enzyme partitioned to the top PEO phase
in the primary extraction from the cell homogenate, while the cell debris was collected
in the bottom, salt phase which was subsequently discarded. In a second extraction step,
the enzyme was recovered from the loaded PEO phase by reporting to the second phase
formed when excess phosphate salt was added to the system. The PEO phase polymer
was then recycled to be used again in the primary extraction step. Although not shown
on the flowsheet, the enzyme could be concentrated by ultrafiltration, and the salt
permeate returned with the PEO phase polymer to the primary extraction step. This
flowsheet reduces the chemical requirements for the process, but the recycling of the
phase forming components can lead to an unacceptable build-up of proteases and other
contaminants in the process, which can in principle be controlled by the use of a purge
stream, and by further treatment of the recycled streams.

Other methods of phase polymer recovery have also been suggested.
These include diafiltration of the protein and polymer following dilution of the phases,

washing by repeated centrifugations, enzyme precipitation with organic solvents, salts and
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acids, and adsorption of the enzyme onto an ion exchange resin or other suitable
adsorbent (Kula et al, 1982a). Also, the PEO polymer may be recovered by organic
solvent extraction. The recovery of salts can be accomplished by electrodialysis, which
can also be used for the desalting of PEO phases. Which method, if any, is used for
chemical recycling will of course depend on the costs of recycling relative to the raw
chemical costs.

A novel phase polymer system reported recently uses a random copolymer
of amphoteric acrylic acid derivatives (Hughs and Lowe, 1988; Patrickios et al., 1991).
In addition to being inexpensive and readily available, the polymers possess the novel
property that they can be quantitatively precipitated by adjustment of the solution pH to
conditions such that the phase polymers bear no net charge. The apparent ease of
recovery of the polymers for recycle combined with their availability suggest that these
systems warrant further investigation to assess their potential for liquid-liquid extraction

of proteins.

1.4 Economic Considerations

In a few cases, the economics of two phase aqueous polymer extraction
have been compared to the cost of protein recovery using other recovery techniques.
Kula et al (1982b), for instance, compared the costs of liquid-liquid extraction recovery
of formate dehydrogenase with a conventional extraction process using centrifugation,
precipitation and column chromatography steps. A summary of the comparison is
presented in Table 1.2. A major cost saving for the liquid-liquid extraction process was
the reduction in process time compared to the convential process. This permitted the
extraction to be carried out at ambient conditions, thereby avoiding the cooling required
in conventional processes to limit degradation of the product during the separation; this
resulted in significant savings in capital and operating costs. The process cost for the 4
stage liquid-liquid extraction process using a PEO/dextran system was dominated by the
cost of the phase polymers, in particular of the dextran, which can contribute up to 90%

of the two phase system materials cost. This is particularly significant for processes
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Figure 1.2 Flow diagram of extractive enzyme recovery with recycling of PEO phase
polymer (Hustedt et al., 1984)
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involving enzyme purification from cell homogenates as the dextran usually has to be
discarded along with the cell debris. The cost of the PEO polymer is more tolerable, as
is that of the salts in a PEO/salt system.

The dominating cost of the dextran has resulted in a considerable effort
targetted at finding inexpensive phase polymers and methods for their recovery and
recycle. One potential solution is the use of crude dextran or hydrolysed crude dextran
rather than the fairly monodisperse and more expensive fractions used in the early work
(Kroner et al., 1984). While these crude fractions seem to have little effect on the
protein partitioning behaviour, their rheological properties are less favourable. However,
the use of higher molecular weight polymers has the advantage that lower quantities of
the polymer are required to form the two-phase polymer system. In many instances, the
cell debris assists in the phase separation process, again reducing the polymer
concentration required for the formation of the two phases. Indeed, while the cost of the
crude dextran on a mass basis is still significantly higher than the other component costs,
the lowered mass requirements brings the total cost into line with that of the other
polymers used in these systems.

The use of crude phase polymers can influence the separation efficiency
of the dispersed phase in an open disc stack centrifugal separator because it permits
higher optimal flow rates to be used than with the refined dextran phase system. This
can have a significant effect on the cost of cell debris removal, which was found to be
30 to 40 percent lower than the cost associated with the conventional, intermittent
operation of high speed centrifuges used for this purpose. The difference was attributed
primarily to the batch operation of the high speed centrifuge; no comparison was made
to the costs related to the continuous operation of a solids discharging centrifuge.

More recently Tjerneld et al. (1986) and Birkenmeier et al. (1987) have
reported on the use of a new low cost phase polymer, a hydroxypropyl derivative of
starch. The lower molecular weight hydroxypropyl starch (M, = 30 000) required
higher concentrations of the phase polymers for phase separation when compared with
the dextran system (M, = 200 000). In both cases the other phase forming polymer was
PEO-8000. The physical properties of the polymer are attractive as it has a low viscosity
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Partition Conventional
Total Cell Mass 50 5
Initial Units 460 x 10° 31 x 10°
Purity (U/mg) 2.2 2.2
Yield (%) 70 51
Net Time (hr) 18 121
Performance Factor 356 26
(U/kg.hr)
Cost Index (DM/unit) 7 x 103 374 x 10°

Table 1.2 Comparison of technical and economic performance for purification of
enzyme formate dehydrogenase by aqueous partition method or conventional extraction

precipitation-chromatographic method (Kula et al., 1982a).
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and high protein capacity. Further, even with the higher polymer phase concentration
the cost of the hydroxypropyl starch phase was estimated at US$ 3-3.5 per litre compared
to the refined dextran phase at US$ 22-23 per litre. The cost of the hydroxypropyl starch

phase is similar to that of the hydrolysed crude dextran phase, however.

1.5 Conclusions

The liquid-liquid extraction of proteins directly from fermentation media
or cell homogenates is an attractive primary purification process, and can be used both
to remove cell debris and to provide some initial purification and concentration of the
desired products. Suitable solvents for this extraction process are the two phase polymer
systems which offer moderate to high selectivities and capacities for the proteins to be
recovered. Protein partitioning to the extractants can be controlled in a number of ways,
including the changing of pH conditions, varying the ionic strength and salt type, and
changing polymer or surfactant concentrations. Affinity partitioning has also been found
to be effective in enhancing the selectivity of the extraction for specific proteins

Some of the advantages associated with liquid extraction techniques for
protein recovery include easy and reliable scale up from small scale laboratory

experiments, and the possibility of continuous operation for the direct, in-situ recovery

of products during the fermentation process. Moreover, since the separation is usually
rapid, protein stability problems do not arise, and the separation may be carried out at
room temperature; in more conventional separation systems, the long processing times
require cooling of the process streams to prevent product degradation. Further, the
enzymes are often stabilised by the phase-forming polymers.

The effectiveness of liquid-liquid extraction for bioproducts, has led to its
commercial applications in a number of processes, and many more plants are currently
being planned or implemented. Liquid-liquid extraction is likely to play an increasingly

significant role in the further development of the new biotechnology.
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Chapter 2.

Mechanisms of Protein Partitioning in Aqueous Two-Phase

Polymer Systems.

2.1 Introduction

The partitioning of proteins between two immiscible aqueous polymer
solution phases has been known for over 30 years (Albertsson, 1958). Many of the
studies in this area have either focussed on developing and assessing the technical merits
and limitations of two-phase aqueous polymer systems for the purification of proteins
from synthesis media, or on elucidating the physical nature of these systems and the
factors influencing protein partitioning (Albertsson, 1985). In general, the former types
of investigations, as outlined in Chapter 1, have been concerned with the extraction of
proteins from the fermentation broths in which they were synthesized (Kula et al., 1982).
Such systems are extremely complex as they contain a myriad of components including
residual salts and sugars left over from the fermentation, cells and cell-wall material, and
intracellular organelles and macromolecules including DNA. In contrast, the latter types
of investigations have been performed in relatively well-defined systems, comprising, at
least, two different polymer types to form the two-phase system, water as the solvent,
salts to control ionic strength and pH, and at least one type of protein. Even the simplest
description of the observed partitioning behavior, treating only the pairwise interactions
between the various components which cause the protein partitioning, and thus neglecting
possible synergistic effects due to three-body and higher-order interactions, constitutes
a formidable task. Indeed, as our current understanding of the individual components
is often quite primitive, e.g., the proteins may possess very complex structures,

elucidating the essential factors influencing protein partitioning is a challenging
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undertaking. In spite of the complexity, a number of well-defined experiments
performed with a judicious choice of experimental conditions, and complementary
theoretical developments have been successful in shedding light on the nature of the
underlying interactions in these systems (Albertsson, 1985; Brooks et al., 1985; Baskir
et al., 1989c; Forciniti and Hall, 1990; Abbott et al., 1991).

Protein partition coefficients are observed experimentally to depend on the
chemical nature of the phase-forming polymers (Albertsson, 1985), their molecular
weight (Hustedt et al., 1978, Albertsson et al., 1987, Forciniti et al., 1991a,b) and
concentration (Albertsson, 1985; King et al.; 1988, Baskir et al., 1989a, Forciniti et al.,
1991b), and the presence of any functionalities bound to the polymers which may interact
with specific sites on the proteins (see Section 2.3.6). The addition of salts also affects
the distribution of proteins between the two coexisting polymer solution phases, with the
effect dependent on both the type and concentration of the salt (see Section 2.3.5).
Variation in solution pH impacts on the interphase distribution of the proteins in a way
dependent on the specific salt type present (see Section 2.3.5). As might be anticipated,
the size, conformation and chemical nature of the proteins all appear to be important
factors in determining their partitioning behavior (see Sections 2.3.1 and 2.3.2).

In general, modelling attempts have been aimed at providing suitable
methodologies and design equations for the development and control of separation
processes using two-phase aqueous polymer systems, as well as at providing insight into
the physical nature of the interplay between the various components present in these
systems and their influence on the observed partitioning behavior of proteins. To date,
the models can be broadly divided into three classes: (1) lattice models, which are based
on a lattice representation of the polymer solutions within each of the two coexisting
phases, and (2) virial models, which use a virial-type expansion in the concentration of
the components of the system to describe thermodynamic properties.

The central aims of Chapter 2 are to review both experimental and
modelling approaches directed at elucidating the nature of the interactions between the
components of two-phase aqueous polymer systems and their influence on the observed

partitioning of proteins, as well as to review recent modelling approaches for the design
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of separation systems using two-phase aqueous polymer systems. In particular, the
various modelling approaches will be compared and contrasted with each other, and the
merits and limitations of each approach will be emphasized. The remainder of Chapter
2 is organized as follows. In Section 2.2, the nature of the phase separation which gives
rise to the formation of two-phase aqueous polymer systems is discussed. Section 2.3
overviews experimental investigations of the factors influencing the partitioning of
proteins in two-phase aqueous polymer systems. Section 2.4 reviews models of protein
partitioning.  Finally, in Section 2.5 we conclude with some comments on the
inadequacies of our current understanding of protein partitioning, some of which, are the

subject of investigation in this thesis.

2.2 Phase Separation in Aqueous Polymer Solutions

In most cases, experiments and theories aimed at investigating the
molecular-level nature of partitioning phenomena in two-phase aqueous polymer systems
have been performed in the limit of very low protein concentrations (<0.1%w/w), where
the protein presence has been shown to have negligible effect on the two-phase
equilibrium associated with the phase forming polymers, water and salts (Baskir, 1988).
This important observation is useful, as it suggests that the protein partitioning can be
considered to reflect solely the differences in the interactions of the proteins with each
of the phases formed in the absence of the proteins, thus avoiding the need to consider
the effect of the partitioning of the protein on the equilibrium distribution of the
polymers, water and salt between each of the phases. Therefore, it is relevant to review
briefly the experimental factors that influence the formation and composition of the two
coexisting polymer solution phases in the absence of proteins. Note that at higher protein
concentrations, which may indeed be encountered in practical separation processes, the
previous assumption need not be valid, and the proteins should be counted as "phase-
forming" components (Albertsson, 1985).

Frequently, the mixing of two different polymer types in a common

solvent results in the formation of two coexisting polymer solution phases in equilibrium
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with each other, with each phase containing predominantly solvent and only one of the
polymer types (Dobry and Boyer-Kawenoki, 1947; Kern and Slocombe 1955; Kern,
1956). More specifically, most hydrophilic polymer pairs are incompatible in aqueous
solutions at low polymer volume fractions, yielding two-phase systems having high
volume fractions of water in each of the two phases (Albertsson, 1985). The resulting
biocompatibility of these systems, and hence the suitability of two-phase aqueous polymer
systems for the liquid-liquid extraction of proteins and other biomolecules, is a direct
result of this remarkable phase behavior. Note that the association of unlike polymer
species into a polymer-rich phase coexisting with a polymer-poor phase, referred to as
coacervation, can also occur, but these systems will not be discussed here (Perrau et al.,
1989). As in any immiscible system of small molecules, e.g., low molecular weight
hydrocarbons and water, the driving force for the demixing process in polymer-polymer-
solvent systems is the enthalpy associated with the interactions of the components, which
is opposed by the loss in entropy associated with the segregation of the components
during phase separation (Flory, 1953). The role of the solvent is particularly complex
when it is a polar one such as water (Kjellander and Florin, 1981; Goldstein, 1984;
Karlstrom, 1985; Sanchez and Balazs, 1989) due to the presence of orientation-specific
interactions, for example, hydrogen bonding, between the polar solvent and polymers.
In the systems under consideration here, the phase separation occurs at very low polymer
volume fractions (typically 5% w/w polymer) owing to the large size of the polymer
molecules and hence the corresponding small loss in entropy upon demixing. In
addition, the enthalpy associated with the interactions of the polymer coils can be very
large because it reflects the sum of the interactions between all the monomers in each
polymer (typically a very large number) with the surrounding solution.

A phase diagram for a typical two-phase aqueous polymer system,
polyethylene oxide (PEO)-dextran-water, is shown in Figure 1.1 (in Chapter 1). The
reader is referred to the accompanying text in Section 1.2 for a discussion of the features
of the phase diagram.

The molecular weights of the polymers in polymer-polymer-solvent

systems usually influence the phase separation such that higher molecular weight
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polymers will phase separate at lower polymer concentrations (Flory, 1953).
Furthermore, as the difference in molecular weight between the two polymers increases,
the binodal becomes more asymmetric. The increased propensity of high molecular
weight polymers to phase separate follows from the smaller entropy loss per unit mass
of polymer in the system upon demixing, or a larger enthalpy of interaction per polymer
coil prior to demixing, relative to that experienced by a system containing smaller
polymer molecules.  Albertsson (1985) reported that a broad molecular-weight
distribution in a polymer sample results in a larger region of immiscibility than that
observed in a monodisperse polymer system having the same number-average molecular
weight. This observation is supported by the results of UNIQUAC calculations, which
predict that the two-phase region becomes larger for a broader polymer molecular-weight
distribution (Kang and Sandler, 1988a,b). Furthermore, polymer fractionation occurs
upon phase separation, with the larger polymer molecules (belonging to the high-
molecular weight tail of the distribution) distributing more unequally between the two
phases than the smaller polymer molecules (belonging to the low-molecular weight tail
of the distribution). The fractionation of polymers between the phases may also be
understood in terms of the interplay between enthalpy and entropy which drives phase
separation, as discussed above.

The phase behavior of aqueous solutions of polymers can be affected by
the addition of salts, the effect depending on both their type and concentration. In many
cases, a sufficiently high concentration of salt in a single polymer-solvent system can
induce phase separation to form a salt-rich, polymer-poor solution phase , which coexists
with a salt-poor, polymer-rich solution phase (Boucher and Hines, 1976, 1978; Ataman
and Boucher, 1982; Florin et al., 1984; Ananthapadmanabhan and Goddard, 1986;
Ataman, 1987). The decreasing order of anion effectiveness in promoting phase
separation of aqueous PEQO solutions has been reported as PO,* > HPO.>~ > SO~ =
CO;2” > S,0:*” > H,PO,~ > F~ > HCOO~ > CH,COO~ > CI~ > NO,” > Br™ >
I~, while for the cations it has been observed as Rb* = K* = Na* > Cs* > Sr* >
Ca’* = Ba’* > NH,* > Li*. In general, while salts affect the phase separation of

aqueous PEO solutions through a combined cation and anion effect, the anion effect
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seems to be the dominant one. The mechanisms through which salts influence the phase
separation of aqueous polymer solutions are still poorly understood. The difficulty in
elucidating the origin of the salt effects in nonionic polymer systems appears to result
from the important role of water structure (resulting from the polar nature of water
molecules) in these systems. Indeed, these systems are rather different from the
relatively well understood aqueous solutions in which fully-charged components interact
through charge-charge (Coulomb) interactions. In systems which contain fully charged
components, the strength of the charge-charge interactions is greater than that of the
charge-dipole or dipole-dipole interactions involving water molecules. Consequently, one
can make the remarkably successful approximation that the local structure of water may
be neglected, and therefore water may be treated as a continuum characterized by either
a constant or a spatially dependent dielectric permittivity (Booth, 1951, 1955). On the
other hand, for systems such as PEO-water-salt, electrostatic interactions occur between
the salt charges, dipoles or partial charges on the PEO, and the dipoles associated with
water, and are similar in strength to the interactions occurring between water molecules.
Thus, in contrast to electrostatic models, in which water is approximated as a continuum,
salt effects are intimately associated with the structure of water about the ions and PEO,
and therefore the continuum approximation appears less reasonable. To date, no
quantitative models for salt effects in aqueous nonionic polymer systems exist.
Qualitative explanations relate the observed behavior to the water-structure breaking
attributes of the ions (Boucher and Hines, 1976; Ataman 1987), the binding of salts to
PEO (Boucher and Hines, 1978), the competition between polymer and salt for water of
hydration (Ananthapadmanabhan and Goddard, 1986; Ataman, 1987), and the presence
of zones about the polymers which are depleted of salt due to the asymmetric hydration
of ions near the polymer (Florin et al., 1984). For systems of the type polymer 1-
polymer 2-water-salt, Zaslavsky et al. (1986, 1987 and 1988) reported that the aqueous
system of PEO and dextran showed an increased tendency to phase separate with
increasing salt concentration for the salts KBr, KCIl, KNO;, KI, KSCN, KF and K,SO,.
In contrast, the aqueous ficoll-dextran polymer system displayed an initial decreased

tendency to phase separate with the addition of salt (with the exception of KF and
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K,S0,), followed by an increased tendency to phase separate at higher salt
concentrations. An unambiguous interpretation of the mechanisms causing the observed
behavior is not currently possible, and the relative roles of polymer-polymer, polymer-
salt, polymer-water and salt-water interactions are unclear. Tentatively, the salt effects
were attributed to two competing effects. The first is the influence of salts on polymer-
water interactions (dipole-dipole), and the second is the effect of the salts on water-water
interactions in the vicinity of the polymers. Zaslavsky et al. (1986) also suggest that
direct ion-polymer binding affects the PEO-dextran system, but not other aqueous
polymer systems.

The experimental observations of Sjoberg and Karlstrom (1989) indicate
that moderate temperature changes (below 90°C) have only a small effect on the resulting
ternary phase diagram for the PEO-dextran-water system. The extent of the two-phase
region is almost unaffected by temperature changes, while the slopes of the tie-lines are
changed, that is, an increase in temperature increases the concentration of PEO in the
PEO-rich phase and decreases the concentration of dextran in the dextran-rich phase.
Above 90°C, the two-phase region grows in size. Sjoberg and Karlstrom (1989)
suggested that the temperature-dependent conformations of the polymers are the origin
of these temperature effects, arguing that PEO (in water) can adopt a large number of
conformations with differing polarities which interact with water with differing energies.
The more polar conformations interact with water more favorably. At low temperatures,
low-energy polar conformations dominate, whereas at high temperatures the polymer
samples both low- and high- energy conformations resulting in the polymer becoming less
hydrophilic, ultimately leading to phase separation at high temperatures. Similarly, the
interactions of PEO and dextran, and dextran and water are assigned analogous
temperature dependences to explain the observed ternary phase diagrams. In this model,
the phase separation at low temperatures is suggested to be a consequence of the PEO-
dextran interactions, whereas at high temperatures the role of PEO-water interactions
becomes increasingly more important.

Chemical modifications to the phase forming polymers, to enhance protein

partitioning to one phase or the other, include the covalent binding of charged groups
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(Johansson, 1970b; Johansson et al., 1973), hydrophobic groups (Shanbhag and
Johansson, 1974; Shanbhag and Axelsson, 1975; Johansson, 1976; Axelsson, 1978;
Shanbhag and Johansson, 1979; Johansson and Shanbhag, 1984) and other ligands ( for
example, Flanagan and Barondes, 1975; Kopperschlager and Johansson, 1982; Cordes
et al., 1987; Suh and Arnold, 1990) having specific affinity for particular proteins.
These modifications of the phase forming polymers, particularly the introduction of

charge groups covalently bound to the polymer, can alter their phase behavior.
2.3 Experimental Investigations of Protein Partitioning Mechanisms

As outlined in Chapter 1, it is instructive to express the partition
coefficient as a sum of terms, each reflecting a characteristic physical factor contributing

to its observed value (Albertsson, 1985), that is, to write the partition coefficient as

InK, = InKZ"™“" + Ink2*"™" + K™ + InK" 2.1

where InKE™*® and InKZ*»™ reflect the contributions of the protein and polymer
properties to the partition coefficient, InK:** reflects the contribution of the added salts
to the partition coefficient, and InK3™" reflects the contributions of specific interactions
between the polymer functionalities and sites on the protein. These factors are elaborated
upon further in the discussions that follow. Note that the natural logarithm of the protein
partition coefficient, InK,, is used in Eq.(2.1), as this term is closely related to the free-
energy change that characterizes the partitioning of the protein between the two

coexisting aqueous polymer solution phases (see Section 2.4.5).
2.3.1 Protein Size

It is generally observed that as the size of the proteins and peptides
increases, they tend to distribute more unevenly between the two phases (Sasakawa and

Walter, 1972). For example, the partition coefficients of a number of dinitrophenylated
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amino acids measured in the aqueous PEO-dextran (Sasakawa and Walter, 1974) and
aqueous ficoll-dextran systems (Zaslavsky et al., 1980), and of dipeptides in the aqueous
PEO-dextran system (Sasakawa and Walter, 1974; Diamond and Hsu, 1989) indicated
a relatively even distribution of these small molecules between the two phases. For
larger polypeptides such as proteins, however, the partitioning was generally less even,
with large proteins partitioning more unevenly than small ones. The protein partition
coefficients reported in Figure 2.1 (Sasakawa and Walter, 1972) were obtained in
buffered systems at the isoelectric pH’s of the respective proteins. At solution conditions
away from the isoelectric pH, the correlation between protein size and partition
coefficient is lost, for reasons that will be detailed below. Although the size of the
protein appears to be an important factor, it is not clear whether the most appropriate
measure of size is the volume or the surface area of the proteins. The data in Figure 2.1
for the partition coefficient are too scattered to resolve between an M (proportional to
the volume of a globular protein) or an M*? (proportional to the surface area of a
globular protein) dependency, where M is the protein molecular weight. Although the
correlation between the partition coefficient and the molecular weight of the protein, as
shown in Figure 2.1, is evident, exceptions to this behavior have also been reported. For
example, Sasakawa and Walter (1972) have reported that 16 different hemoproteins
partition in two-phase aqueous polymer systems in a manner that appears to be
independent of the protein molecular weight. Furthermore, specific exceptions to the
general relation for non-hemoproteins, for example, papain, also exist (Sasakawa and
Walter, 1972; Kuboi et al., 1990). Therefore, although the size of the protein is
important in affecting their distribution between the two coexisting phases, properties
other than the size, e.g., surface properties, are important, and, in some instances, these
can be the dominant factors.

In general, when two-phase aqueous polymer systems are used for the
extraction of proteins from fermentation broths, cell debris or entire cells are present in
the system. It is therefore interesting to note that cells and cell fragments generally
partition either almost entirely to one phase, to the interface between the two phases or,

as is most often the case, to both the interface and one of the bulk phases (Albertsson,
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Figure 2.1 Relationship between protein partition coefficient, K, and protein molecular
weight for the two-phase system 4.4% w/w PEO (8,000 Daltons), 7% w/w dextran
(500,000 Daltons), 0.1 M NaCl or 0.05 M Na,SO,, 10 mM phosphate or glycine buffer
at 20°C (Sasakawa and Walter, 1972).
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1985). Thus, it is often possible to partition the soluble proteins away from the cells and
cell debris and reduce the total number of unit operations required in the downstream-

processing sequence.

2.3.2 Protein Surface Properties

The interactions between the proteins and the two polymer solution phases
determine the manner in which the proteins distribute between these phases. These
interactions may be, in part, of the excluded-volume type, as suggested by the
importance of the protein size in determining the protein partition coefficients (Sasakawa
and Walter, 1972), although polymer coils in the vicinity of the protein may also interact
through longer-range forces, such as van der Waals attractions. As chemical and
physical properties can vary significantly from protein to protein, the contributions of the
longer-range forces to the total protein-polymer interactions may also be expected to vary
with the type of protein. For instance, those proteins associated with the membrane
functions of cells tend, on average, to be more hydrophobic in nature than the blood
plasma proteins, in spite of the fact that all proteins expose hydrophobic and hydrophilic
amino acid residues at their surfaces. This latter fact is evident in Figure 2.2, where the
covalent bonding of an aliphatic ligand to PEO increases the partition coefficient of a
variety of proteins towards the PEO-rich phase (Shanbhag and Johansson, 1974;
Shanbhag and Axelsson, 1975; Johansson, 1976; Axelsson, 1978; Shanbhag and
Johansson, 1979; Johansson and Shanbhag, 1984). The partition coefficient of human
serum albumin increases by almost two orders of magnitude, whereas the partition
coefficient of cytochrome-c increases only slightly. This can be understood by noting
that the aliphatic ligands interact strongly with hydrophobic pockets present on the
surface of the proteins which are, for example, more prevalent on serum albumin than
cytochrome-c (Note that although cytochrome-c is a membrane-associated protein, this
property is a consequence of an asymmetric distribution of surface charges, rather than
the prevalence of hydrophobic pockets on the protein surface.) As the aliphatic ligands

interact with small areas of the proteins surface, local variations in the surface properties
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of the proteins can be important in determining the partitioning behavior of the proteins.
In this respect, a change in protein conformation can give rise to the exposure of new
amino acid groups to the protein surface, thus affecting protein partitioning behavior
(Albertsson, 1985).

The protein surface contains a large variety of amino acid types, some of
which possess charges which can vary in their magnitude and sign depending on solution
pH (Cohn and Edsall, 1943). Consequently, as the solution pH is varied, a protein may
possess a net charge, z,, which is either positive, negative, or zero. Furthermore, it is
observed experimentally that the solution pH can have a profound effect on protein
partitioning. In this respect, it has been established that the relationship between the
protein partition coefficient and solution pH depends on the type of salt present, (see
Figure 2.3(a)) (Albertsson and Nyns, 1961; Albertsson et al., 1970; Johansson, 1971;
Walter et al., 1972; Sasakawa and Walter, 1972, 1974; Gelsema and De Ligny, 1982;
Johansson, 1985), but that it does not depend strongly on the salt concentration. A
common intersection of the curves is observed at a pH which corresponds closely to the
isoelectric pH of the protein (Albertsson et al., 1970). Determination of the net protein
charge, z,, from titration experiments has revealed (see Figure 2.3(b)) an approximately
linear relationship between logK, and z,, with the slope dependent on the specific salt
type (Johansson, 1974). In general, the dependence of the protein partition coefficient
on solution pH has been interpreted in terms of an apparent electrical potential difference
between the two coexisting phases (Johansson, 1974; Brooks et al., 1984), under the
influence of which charged proteins partition. Although this viewpoint suggests a useful
correlation for experimental data, some authors refute the appropriateness of the concept
of a bulk electrical potential difference between the phases and prefer to discuss the
dependence of K, on pH in terms of the intermolecular forces operating between the
salts, proteins, water and polymers (Zaslavsky et al., 1978, 1979, 1981, 1982 and 1983).
Indeed, these two viewpoints are not inconsistent, as the intermolecular forces are the
origin of the interphase potential, although the latter viewpoint appears a potentially more
fruitful framework with which to elucidate the molecular-level mechanisms causing the

observed salt effects.
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Figure 2.2 Effect of chain length (number of carbon atoms) of aliphatic ligand bound
to PEO (6000 Daltons) on the partitioning of proteins. The difference in the logarithm
of the protein partition coefficient with and without ligand, AlogK,, was measured in a
system of 7% w/w PEO (6,000 Daltons) and 7% w/w dextran (500,000 Daltons),
(Shanbhag and Axelsson, 1975).
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Protein Charge, Zp

Figure 2.3 (a) Dependence of ovalbumin partition coefficient, K,, on solution pH.
Two-phase system composition: 4.4% w/w PEO (6,000 Daltons), 7.0% w/w dextran
(500,000 Daltons), 0.1 - 0.6 M alkali chloride or 0.05 - 0.3 M alkali sulphate ( with
0.01 M glycine or sodium phosphate) [1 KCl, O NaCl, a LiCl, B K,SO,, ® Na,SO,,
a Li,SO, (Walter et al., 1972). (b) Relationship between the logarithm of the protein
partition coefficient, K,, and the net charge, z,, of ribonuclease-a with 7.0% w/w PEO
(8,000 Daltons) and 9.8% w/w dextran (500,000 Daltons). The system also contained
0.1 M KSCN (0), 0.1 M KClI (), or 0.05 M K,SO, (0O) at 20°C (Johansson, 1974)
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2.3.3 Polymer Molecular Weight

The molecular weights of the phase-forming polymers constitute important
factors in determining the partitioning behavior of proteins (Husted et al., 1978;
Albertsson, 1985; Albertsson et al., 1987; Forciniti et al., 1991a,b). An increase in the
molecular weight of one of the polymers decreases the tendency of the proteins to
partition to the phase which is rich in that polymer. For example, in Figure 2.4 the
influence of a change in the molecular weight of PEO (in a two-phase aqueous PEO-
dextran system) on the partition coefficients of a variety of globular proteins is presented.
An increase of the PEO molecular weight from 3 000 Daltons to 10 000 Daltons
produces a decrease in the protein concentration in the PEO-rich phase, as reflected in
the decrease in the partition coefficient. A further increase of the PEO molecular weight
beyond 10 000 Daltons resulted in a more gradual change of the protein partition
coefficient. In interpreting the measurement presented in Figure 2.4, Albertsson et al.
(1987) observed that in the PEO-dextran-water system the dependence of the protein
partition coefficient on PEO molecular weight was small for small proteins having
molecular weights around 10,000 Daltons, but increased almost linearly with polymer
molecular weight up to proteins with molecular weights of 250,000 Daltons. An
approximately inverse linear relationship between the logarithm of the protein partition
coefficient and the phase polymer molecular weight was reported for bovine serum
albumin, 3-galactosidase, catalase, lactate dehydrogenase, cytochrome-c and ovalbumin
(Albertsson et al., 1987).

An aspect not directly considered in the discussion above is that a change
in the phase polymer molecular weight can, in general, alter the polymer compositions
in the two coexisting polymer solution phases (Albertsson, 1985). Therefore, it is not
always possible to disentangle the direct role of the polymer molecular weight from the
other changes that can occur in the system. Note that Albertsson et al. (1987) chose
experimental conditions far from the critical point of the two-phase system, and thus
were able to minimise the changes in the compositions (wt%) of the two coexisting

phases which can accompany changes in the polymer molecular weight.
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Figure 2.4 Dependence of the protein partition coefficient, K,, on PEO molecular
weight ih a PEO-dextran-water system: (0) cytochrome c; (®) ovalbumin; ( ) bovine
serum albumin; (a) lactate dehydrogenase; (v) catalase; (L1) pullulanase; ()
‘phosphorylase. (Hustedt et al., 1978; Albertsson et al., 1987)

54



2.3.4 Composition of the Coexisting Phases

An increase in the overall polymer concentration in the system can cause
a more uneven distribution of the proteins between the phases (Albertsson, 1985; King
et al., 1988; Baskir et al., 1989b). For example, as shown in Figure 2.5, as the weight
fraction of PEO in the PEO-rich phase increases from 0.053 to 0.088, the partition
coefficient of the protein chymotrypsinogen decreases from 0.30 to 0.07. Very close
to the critical point of the phase diagram (the point at which the two coexisting phases
become identical), the compositions of the phases in equilibrium are very similar, and
therefore the protein partitioning is relatively even. Note that in Figure 2.5, the two-
phase system with a PEO weight fraction of 0.053 in the PEO-rich phase is close to the
critical point of the system. On the other hand, far from the critical point (corresponding
to high weight fractions of PEO in the PEO-rich phase in Figure 2.5) the phase
compositions differ greatly thus providing a strong driving force for the uneven
partitioning of the proteins. It should be emphasized that changes in the phase
compositions can also be induced by the addition of salts, or by changes in the molecular
weights of the polymers, which in turn can affect the protein partitioning between the

phases.

2.3.5 Salt Effects

The variation of salt type and concentration in two-phase aqueous polymer
systems provides one of the most powerful means by which the selectivity and yield of
the protein extraction can be manipulated. The richness of salt effects is due to the
numerous mechanisms through which salts can affect the partitioning of proteins. Figure
2.6 shows the change in Kp as a function of KCl concentration (Albertsson and Nyns,
1961), illustrating the remarkable fact that very different partitioning behaviors can occur
in the limits of low-salt concentrations (less than 0.1-0.2 moles of KCI per kg of phase
system corresponding to log[KCI] being less than approximately -1.0 to -0.7) and high
salt concentration (greater than 0.2 moles of KCI per kg of phase system or log[KCl]
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Figure 2.5 Predicted dependence of chymotrypsinogen partition coefficient (solid line)
on polymer composition (% w/w) of coexisting phases in system PEO (7,500 Daltons),
Polyvinylmethylether(PVME) (100,000 Daltons) at 20°C. The PEO-rich phase is the

bottom phase. (Baskir et al., 1989)
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Figure 2.6 Partition coefficient, K,, of five proteins with increasing KCl concentration
(moles of KCI per kg of phase system). The phase system contained 4.4% w/w PEO
(6,000 Daltons), 7% w/w dextran (500,000 Daltons), 0.005 M KH,PO, and 0.005 M
K,HPO, at 20°C: (®) phycocyanin, (x) barley albumin, (O) phycoerythrin, (a)
ceruloplasmin, (a) serum albumin (Albertsson and Nyns, 1961).
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being greater than -0.7). Below we discuss separately the low-salt and high-salt

concentration regimes.
Low-Salt Concentrations.

Typically, salt concentrations in the range 0.1 M to 0.2 M have negligible
effect on the compositions of the coexisting polymer solution phases (Zaslavsky et al.,
1986, 1987 and 1988), and appear to have only a very small influence on the partition
coefficient at the protein isoelectric points (pI) (Walter et al., 1972). In contrast, away
from the pI, the specific type of salt in the system has a profound effect on the
partitioning behavior of proteins (Albertsson and Nyns, 1961; Albertsson et al., 1970;
Johansson, 1971; Walter et al., 1972; Sasakawa and Walter, 1972, 1974; Gelsema and
De Ligny, 1982; Johansson, 1985). Generally, although not without exception
(Zaslavsky et al., 1978, 1979, 1981, 1982 and 1983), the effect of salts at low
concentrations has been discussed in terms of an apparent bulk-electrical potential
difference established between the coexisting phases, which influences the partitioning
behavior of charged proteins (Albertsson et al., 1970; Johansson, 1974; Brooks et al.,
1984). Formally, the dependence of the partition coefficient on the electrical-potential
difference can be simply understood as follows (Albertsson, 1985). The thermodynamic
requirement for the diffusional equilibrium of a charged protein in the system results
from the equality of the electrochemical potentials of the proteins in the top (t) and
bottom (b) phases (Modell and Reid, 1983). These can be expressed as follows

bo = u2" + KTlnc, + KTIny', + zey’ = pb = po°

2.2)
+ kﬂnclfJ + kﬂnyz+ zpe\ll”

where g, and p; are the chemical potentials of the protein in the top and bottom phases,

respectively, u>‘and p° are the chemical potentials of the protein in the corresponding
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reference states of infinite protein dilution, v,' and +,* are the corresponding activity
coefficients, z, is the net charge of the protein (assumed to be the same in both phases
as there exists negligible difference in pH between the two coexisting phases), € is the
elementary charge, k is the Boltzmann constant, T is the absolute temperature and y*' and
y® are the electrostatic potentials in the top and bottom phases, respectively. Using
Eq.(2.4), the partition coefficient, expressed as InK, = In(c}/c) , can be written as

o t
— | Ak | Yo, BEAY) 2.3)
P kT v kT
p
where
Apy=py' - pp’, and Ay =¥y @4)

Equation (2.4) predicts a linear relationship between the logarithm of the protein partition
coefficient, InK,, and the product of the net charge of the protein, z,, and the interphase
potential difference, Ay. Under solution conditions such that the concentration of salt
ions greatly exceeds the concentration of protein charges, the electrical potential
difference between the two phases, Ay, will be independent of the partitioning of the
protein in the system and determined by the salt type (Albertsson, 1985). Indeed, there
are numerous experimental verifications of this prediction, an example being the
partitioning of ribonuclease in the PEOQ-dextran-water system in the presence of a number
of salts, as shown in Figure 2.3 (b) (Johansson, 1974), where the net protein charge is
maniputed through changes in the solution pH. However, it is also important to note that
deviations from this prediction are often found in the literature (Albertsson et al., 1970)
as other factors, for example, the protein conformation, can also change with pH.

The existence of an interphase electrical potential arises from the tendency
of cations and anions to distribute unequally between the coexisting phases owing to the
different interactions between the ion types, the polymers and water in each phase

(Albertsson, 1985). Note, however, that cations and anions cannot distribute
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independently between the phases as this would lead to a violation of electroneutrality
requirements. If one invokes the useful concept of an electrical potential difference
between the two coexisting phases, the thermodynamic constraint of diffusional
equilibrium leads to the equality of electrochemical potentials of each component present
in each of the coexisting phases (Modell and Reid, 1983). The ions are then allowed to
redistribute between the phases to ensure the electroneutrality of each phase. An
alternative, but equivalent viewpoint, would be to consider ion-ion interactions on an
equal footing with ion-polymer and ion-water interactions and to treat the system using
the requirements of chemical equilibrium. In other words, the requirement of
electroneutrality represents a convenient way to account for the interactions of the ions
within the system.

To date, the precise nature of the interactions between ions, water and
polymers is not well understood. In PEO-dextran-water-salt systems, for instance,
Johansson (1970a,b, 1974) suggested that interactions between the ions and the dipoles
present in the nonionic polymers may be a factor influencing the unequal affinity of the
ions for each of the phases. Furthermore, the strength of these interactions increases
with the polarizability of the anions and the charge-to-radius ratio of the cations. In the
spirit of the so-called lyotropic series, the affinity of the alkali and halide ions for PEO
should be Li* > Na* > K*, and I > Br~ > Cl-, which is indeed observed
experimentally (Johansson 1970a,b, 1974). The electrical-potential difference created by
the simple electrolytes present at 100-200mM is typically measured to be less than 7 mV
(Brooks et al., 1984; King et al., 1988).

An additional complication arises with multivalent ions such as phosphates.
These salts are often present as buffers to stabilize the solution pH and, therefore, the
difference in the affinity of the ions for the phase forming polymers relates the solution
pH to the electrical-potential difference between the coexisting phases (Kula et al., 1982;
Bamberger et al., 1984). Furthermore, changes in the partitioning of proteins with
phosphate ion concentration have been attributed to other mechanisms which are not
directly related to changes in the interphase electrical-potential difference. This is

discussed below.
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High-Salt Concentrations.

The strong dependence of the protein partition coefficent on high salt
concentrations is illustrated in Figure 2.7, where an increase in the sodium chloride
concentration (moles of NaCl per kg of phase system) is seen to cause an increased
protein affinity for (or decreased repulsion from) the phase rich in PEO, as reflected by
the increase in the protein partition coefficient (Albertsson, 1985). In phase systems
containing high salt concentrations, the effect of salts is generally attributed to the
influence of the electric field of the ions on the water in the immediate vicinity of the ion
(Bockris and Reddy, 1970), which may be complementary or antagonistic to the effects
of the polymers and the proteins on the water. Consequently, these effects may be
viewed as either a competitive or a synergistic influence on the structure of water in the
system. Although the influence of simple salts on the structure of water has been the
subject of many investigations (Bockris and Reddy, 1970), resulting in the classification
of salts as so-called structure-making and structure-breaking ions, the influence of
polymers and proteins on the precise structure of water appears unresolved. For
example, both polymers and proteins contain polar regions and apolar regions, and
although both regions impose constraints on the structure of water, their influence is
fundamentally different. The apolar regions are unable to hydrogen bond to water and
thus water will tend to form a cage-like structuring (clathrate) about these regions,
maximizing hydrogen bonding with itself, whereas, polar regions may hydrogen bond
preferentially with the water with or without disrupting the bulk water structure
(Kjellander and Florin, 1981). As discussed in Section 2.2, the effect of salts on the
interactions between the polymer components can have a pronounced effect on the phase
behavior of protein-free two-phase aqueous polymer systems. This, in turn, will influence
the partition of proteins through the effect of the phase composition on the protein
partition coefficient. In addition, the presence of salts can influence the partitioning of
proteins by modifying the effective intermolecular forces between the protein and the
polymer coils, in an analogous manner to their influence on polymer-polymer interactions

(see above). The effects of high salt concentrations are very specific to the type of salt
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Figure 2.7 Partition coefficient, K, of five proteins in system 4.4% w/w PEO (6,000
Da), 7% w/w dextran, 0.005M KH,PO,, 0.005M K,HPO, with increasing NaCl
concentration (moles of NaCl per kg of phase system) at 20°C: (®) phycocyananin, (O)
phycoerythrin, (x) y-globulin, (a) ceruloplasmin, (a) serum albumin (Albertsson, 1985).
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used. For example, the addition of sodium phosphate to the PEO-dextran-water system
decreases the concentration of dextran required to form a two-phase aqueous system,
while the addition of an equivalent concentration of sodium chloride results only in a

small change in the phase behavior (Bamberger et al., 1984).
2.3.6 Affinity Partitioning

A primary objective in the design of an aqueous two-phase polymer system
for protein purification is to maximize the selectivity and yield of one of the phases for
the protein of interest. In affinity partitioning, ligands having a particular affinity for
specific proteins are covalently attached to one of the phase-forming polymers, which can
provide the phase rich in that polymer with a high selectivity for the desired proteins.
In general, the chemical nature of the ligand can take many forms, for example, short
aliphatic hydrocarbon chains (Shanbhag and Johansson, 1974; Shanbhag and Axelsson,
1975; Johansson, 1976; Axelsson, 1978; Shanbhag and Johansson, 1979; Johansson and
Shanbhag, 1984), triazine dyes (for example, Kopperschlager and Johansson, 1982;
Johansson and Andersson, 1984a,b; Johansson et al., 1984; Cordes et al., 1987), metals
(Suh and Arnold, 1990) and other ionic groups (Johansson, 1970b, 1973) have all been
used as affinity ligands. The effect of the ligand presence on the partitioning behavior
of proteins is generally characterised by AlnK,, defined as

Alnk, = ,.{fm) @.5)
Kp

where K, ., is the maximum protein partition coefficient measured in the presence of
the ligand-bound polymer (see below), and K, is the protein partition coefficient in the
absence of ligands. Certain features of affinity partitioning are observed to be
independent of the specific type of ligand attached to the polymers, such as the plateau
(or maximum) in AlogK, at high ligand-bound polymer concentrations illustrated in

Figure 2.8 (Johansson and Andersson, 1984a,b). Other features of affinity partitioning,
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such as the effect of salt type and concentration on AlnK,, are specific to the particular
ligand type (Johansson, 1970b, 1973; Johansson and Andersson, 1984a,b).

A class of ligands that has been thoroughly investigated is that based on
triazine dyes used in the PEO-dextran-water-salt two-phase systems. Enhancements by
factors of 10 to 500 in the partition coefficients of specific proteins from baker’s yeast
have been reported using these dyes, while other proteins were essentially unaffected by
the presence of the ligand (Johansson and Andersson, 1984a). The enhancement in the
partitioning was predominantly observed in the range where up to 2% w/w of the PEO-
phase forming polymer bore ligands, while beyond 4% w/w ligand-bound PEO, little
enhancement was observed. The presence of the plateau is generally attributed to
saturation of the protein binding sites by the ligands bound to the polymers, although in
some affinity partitioning systems (particularly those with aliphatic chain ligands) the
self-association of the ligands at higher concentrations may also contribute to the plateau
(Shanbhag and Axelsson, 1975; Shanbhag and Johansson, 1975, 1979). In the absense
of ligands, an increase in the phase-polymer concentrations resulted in an increased
partitioning of both the total protein and the target proteins away from the PEO-rich
phase. In contrast, an increase in the phase-polymer concentration bearing the affinity
ligands increased the partitioning of both total protein and target proteins to the PEO-rich
phase up to 4% of the total PEO concentration. Beyond this concentration, a further
increase in the phase polymer concentration resulted in a rejection of all proteins from
the PEO-rich phase.

The role of the phase polymer in determing the protein affinity for the
ligands was investigated by binding the ligands to both the PEO and dextran polymers.
The effect of the ligand on the partition coefficient was more pronounced when confined
to the lower dextran-rich phase, which was speculated to result from the presence of
multiple ligands attached to each dextran coil. A decrease in the molecular weight of the
polymer-bound dye has been observed to favour partitioning to that phase. This effect
appears related to the steric interaction (repulsive) of the bulky polymer coil with the
protein which accompanies the binding of the ligand to the protein. This steric

interaction is stronger for ligands attached to higher molecular weight polymers.
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The presence of salts modifies the affinity of the ligands (triazine dyes) for the proteins,
with the effect dependent on the salt type. The addition of 150 mM KCI reduced the
partition coefficient of glucose 6-phosphate dehydrogenase to the PEO-rich phase by a
factor of almost 100 (Johansson and Andersson, 1984a). The effect of acetate was found
to be more moderate than that of chloride, although in the presence of aromatic ions,
such as benzylammonium ions, the effect was found to be comparable. Johansson and
Joelsson (1987) further investigated this sensitivity to salt type in aqueous systems
containing PEO and Procion Yellow HE-3G-bound dextran. In particular, the
partitioning of the dye-bound phase polymer was found to occur to either the PEO-rich
phase or to the dextran-rich phase, with partition coefficients values ranging from 0.02
to 28. With the partitioning of the proteins occuring to the dye-containing phase, the
large changes in the partition coefficients of the proteins simply reflects the partitioning
of the dye-bound polymer in the system.

An increase in temperature is found to decrease the value of AInkK,
(Johansson and Andersson, 1984), presumably because the entropic penalties associated
with forming a protein-ligand complex and confining the proteins to one phase are greater
at higher temperatures, although the origin may also be related to factors such as the
temperature-dependent conformations of the proteins and the influence of temperature on
the properties of water. The addition of free ligands is found to reduce AlnK,, as these
ligands compete with the polymer-bound ligands for binding sites on the protein
(Johansson and Andersson, 1984a,b)

To provide some insight into the influence of the triazine dyes as affinity
ligands, Cordes et al. (1987) measured the binding constants of Cibacron blue 3GA and
Procion red HE3b (coupled to monomethoxy-PEOQ-5000) with formate dehydrogenase
(FDH). They observed that the binding of PEO-blue to formate dehydrogenase decreased
with increasing PEO concentration, whereas the binding of PEO-red did not change.
Furthermore, the binding constants appeared to be higher in dextran solution. In
addition, it was observed that the binding of a second PEO-ligand to the protein was
significantly weaker than that of the first. This was suggested to arise from the mutual

steric interaction of the PEO coils attached to the ligands. From this study it is evident
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that a complete understanding of affinity partitioning must account for the unequal
binding strength of the ligands in each of the phases, multiple and unequal binding of
ligands to the proteins, and the influence of the non-ligand carrying polymer on the
binding of the ligands to the proteins.

Ligands comprising short hydrocarbon chains, typically 4-20carbons per
tail, have also been the subject of a number of investigations (Shanbhag and Johansson,
1974; Shanbhag and Axelsson, 1975; Johansson, 1976; Axelsson, 1978; Shanbhag and
Johansson, 1979; Johansson and Shanbhag, 1984). Although many of the general
features of the behavior of this ligand were common to those of the triazine dyes, some
interesting departures were also noted. For example, a similar saturation behavior was
observed with increasing polymer-bound ligand concentration as was observed when
triazine dyes were used as ligands (Figure 2.8), although, in contrast to the triazine dyes,
at still higher ligand-polymer concentrations AlnK, decreased (Shanbhag and Johansson,
1974). In addition, at constant ligand-bound polymer concentration, AlogK, increased
with the length of the hydrocarbon tail in a protein specific manner. However, at higher
hydrocarbon tail lengths, AlogK, decreased as shown in Figure 2.2 for 8-lactoglobulin.
Furthermore, the onset of saturation appeared to correspond to only a fraction of the total
available protein binding sites of the protein being occupied. In general, the above
observations are specific to the systems which use aliphatic chains as ligands, and suggest
that ligand-ligand self-association may be an important consideration in understanding this
type of affinity partitioning. The formation of micelle-like aggregates with increasing
polymer-ligand concentration and hydrocarbon tail length appears to be consistent with
the observed partitioning of proteins in these systems (Shanbhag and Johansson, 1979;
Shanbhag and Axelsson, 1975).
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Figure 2.8 Logarithm of the partition coefficient of five proteins as a function of PEO-
bound Cibacron Blue F3G-A concentration. System: 5% w/w total PEO (6,000 Daltons),
7% dextran (500,000 Daltons), 25 mM sodium phospahte buffer, pH 7.0, and yeast
extract (10% of system). (a) total protein, ((J) glucose-6-phosphate dehydrogenase, (©)
3-phosphoglycerate kinase, (®) alcohol dehydrogenase, (®) glyceraldehyde phosphate

dehydrogenase (From Johansson and Andersson, 1984).
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2.3.7 Charged Polymers

The partitioning behavior of proteins in aqueous two-phase polymer
systems can be greatly affected by introducing charged groups onto the polymers
(Johansson, 1970, 1973). In these two-phase systems, the strength of the electrostatic
interaction between the polymer-bound charges and the protein-bound charges can be
manipulated through changes in the solution pH and ionic strength. Figure 2.9 shows
the pH dependence of the partitioning of hemoglobin between the two phases of the
system containing water, dextran and the charged polymer trimethylamino-polyethylene
oxide. The charged polymer was either a monovalent or divalent cation, depending on
whether one or both ends of the polymer were derivatized. With increasing pH, the
hemoglobin bears an increasing number of negative charges (and a decreasing number
of positive charges) which results in the enhanced partitioning of the hemoglobin to the
phase enriched in the positively charged polymer. In this system, the presence of low
concentrations of inorganic salts can reduce the influence of the charged polymer on the
protein partition coefficient by screening the electrostatic interaction between the
polymer-bound charges and the protein-bound charges. One would expect that salt
concentrations, which exceed the concentration of the charged polymers, could entirely
swamp the effect of the charged polymer on the protein partition coefficient. In analogy
to the action of ordinary salts, e.g., NaCl, the presence of the charged polymer can be
considered to induce an electrical potential difference between the two-phases, since the
polymer and its counter ions have different affinities for each of the two coexisting
phases.

A novel polyelectrolyte system containing polyampholytes has recently
been reported, with the partitioning of proteins in the system revealing a rich variety of
behaviors (Hughes and Lowe, 1988). The polyampholytic phase-forming polymers were
linear heteropolymers comprised of cationic and anionic derivatives of acrylic acid. As
such, these polymers displayed a number of interesting properties. In particular, the net
charge of the polymers was dependent on the solution pH, which in turn, affected the

equilibrium phase behavior with nonionic polymers, polyampholyte solubilty, and the
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Figure 2.9 The partition coefficient of CO-hemoglobin in system 8% w/w
trimethylamino-PEO, 8% w/w dextran (500,000 Daltons) with increasing potassium
phosphate concentration. 2mM (©), 5SmM (©), 10mM (®) (From Johansson et al., 1973).
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partitioning behavior of proteins in these systems. In addition, as the conformations of
the polyampholytes are sensitive to pH, the rheological properties of polyampholyte
solutions are dependent on solution pH. Hughes and Lowe (1988) suggested that the
partitioning of proteins in these systems appeared to be influenced primarily by
electrostatic interactions between the polyampholytes and the protein charges, which
could be manipulated by variation of solution pH, as well as the addition of salts to the
system. One might also expect that the changing conformational properties, for example,
flexibility of the polyampholyte coils, could be reflected in the protein partition
coefficient. An interesting and potentially useful feature of this system is that protein
recovery from the aqueous polyampholyte phases could be achieved by isoelectric
precipitation of the polymers, while leaving the protein in solution.

Recently, a second investigation of the potential utility of synthetic
polyampholytes as phase forming polymers in two-phase aqueous polymer systems has
been reported (Patrickios et al, 1991). Aqueous solutions of the synthetic polyampholyte
(acrylic acid : dimethylaminoethyl methacrylate : methyl methacrylate = 0.9:1:1)
and poly(vinyl alcohol) were observed to phase separate into two coexisting polymer
solution phases (of low viscosity) within a narrow pH range (less than 2 pH units) above
the isoelectric point of the polyampholyte. Interestingly, with variations in pH,
polyampholyte concentration, salt concentration and type, a variety of different
equilibrium phases behaviors were observed in these systems, although, to date, no
systematic investigation has been reported. For example, in contrast to the behavior of
two-phase aqueous polymer systems containing polyelectrolytes, an increase in the salt
concentration caused the concentration of polyampholyte in the polyampholyte-rich phase
to decrease. With a further increase in salt concentration a phase inversion was
observed. The partitioning behaviors of several proteins were investigated; the protein
partitioning appeared to be governed by a competition of both electrostatic and non-

electrostatic effects.
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2.4 Theories of Protein Partitioning
2.4.1 General Thermodynamic Theories

In 1931, Bronsted proposed a theory for the partitioning of colloid-sized
particles in liquid-liquid two-phase systems that has more recently formed the basis for
several modern theories of partitioning in two-phase aqueous polymer systems (Bronsted,
1931; Bronsted and Warming, 1931). In particular, in studying the partitioning of As,S;
particles in the butanol-water two-phase system, Bronsted recognized that the distribution
of colloidal species between two coexisting liquid phases is determined by a "potential
energy" difference between these phases. In this spirit, he used the Boltzmann
distribution to relate the concentrations of the partitioning colloid in the top and bottom

phases, yielding the result
S _ exp(_i) 2.6)
o kT

where c' and c” are the colloid concentrations in the top and bottom phases, respectively,
A is the difference in the colloid "potential energy" in the top and bottom phases, and k
is the Boltzmann constant. For colloids of similar chemical composition, Bronsted
suggested that the potential energy parameter, A, should be proportional to the colloid

molecular weight, M, namely,

A=A M 2.7

o

where A, reflects the potential-energy difference per unit mass, and depends not only on
the nature of the colloid, but also on properties of the two-phase system, including its

composition. The partition coefficient, K, can therefore be expressed as
k1o £ | = *M 2.8)
ch kT
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Interestingly, this relationship between the logarithm of the partition coefficient and the
molecular weight of the partitioning solute is consistent with the protein partition data
shown in Figure 2.1. For globular non-hemoproteins it appears that A,, which accounts
for differences in protein characteristics other than molecular weight, has a similar value
for all the proteins partitioned. Since the volumes of globular proteins are approximately
proportional to M, the success of Eq.(2.8) in describing the experimental partitioning
results suggests that the volume of the proteins is an important factor in determining the
nature of the interactions between the polymer solution phases and proteins. Such an
interaction could be of the excluded-volume type, that is, the physical exclusion of the
polymer coils from the volume occupied by the proteins. Alternatively, Bronsted
(Bronsted, 1931; Bronsted and Warming, 1931), and later also Albertsson (1985),
suggested that the surface area of the partitioned species may be the more relevant
physical quantity with which to correlate the partitioning data. This would lead to an
equation similar to Eq.(2.8), but with a M*? dependency, rather than a linear one.
Unfortunately, the scatter in the experimental measurements presented in Figure 2.1 does
not permit distinction between these two-possible power-law dependencies on M. Note
that if the partitioning is indeed predominantly a surface-dependent phenomenon, then
it is somewhat surprising that proteins having such different surface compositions fall
onto the same curve, unless, of course, the interactions between the polymers and the
protein surface are very nonspecific. In this respect, an excluded-volume type interaction
is non-specific, and thus appears a somewhat more plausible mechanism for the
interactions with non-hemoproteins.

Bronsted and Warming (1931) also proposed a simple theory to describe
the influence of the phase composition on the partitioning of colloidal species. They
observed that colloids partitioned more unequally when the two-phase system was far
from its critical point (the point in the phase diagram where the two-phases become
identical). Recall that this is also observed when proteins are partitioned in two-phase
aqueous polymer systems (see Section 2.3.4). Indeed, to reduce the degree of
partitioning to measureable values, Bronsted and Warming (1931) performed partitioning

experiments near the critical point of the two-phase system, and used temperature as a
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convenient variable to manipulate the composititions of the two-coexisting phases and the
distribution of the colloids between the phases. Assuming a quadratic relationship
between the temperature and the phase compositions in the vicinity of the critical point
(note that this is the simplest mathematical function that can describe the qualitative form
of the binodal curve), Bronsted and Warming (1931) related the partition coefficient of

the colloids to the phase compositions through the following simple expression

A M(c,c; ) 2.9)
kT

where ¢, and cj are the concentrations of one of the phase forming components (denoted
by 2) at the condition of interest and at the critical point (denoted by c), respectively.
The formal similarity of Eq.(2.9) to several recent models of protein partitioning in two-
phase aqueous polymer systems will be shown and discussed in Sections 2.4.2 and 2.4.3.

More recently, Gerson (Gerson, 1980; Gerson and Akit, 1980; Gerson and
Scheer, 1980) suggested a thermodynamic framework to interpret the partitioning of cells
in two-phase aqueous polymer systems in terms of the difference in their surface free
energies in each phase as obtained from contact-angle measurements. The essence of the
derivation is similar to that presented by Albertsson (1985) elsewhere. Gerson proposed

that the chemical potential of a cell in a polymer-solution phase can be written as

B = Weer + KTIN(Y p Copy) + Afy + 2, €0 2.10)

where pg., is the standard-state chemical potential of the cells, v, is the cell activity
coefficient, c.; is the cell concentration, A is the cell surface area, f is the free
energy per unit cell area at the cell-polymer solution interface, z., is the net cell charge
(in units of elementary charge, €), and y is the electrical potential defined to reflect the
affinity of ionic species for the solution relative to the standard state. At equilibrium,
the cell chemical potentials should be equal in the top (t) and bottom (b) phases (Modell
and Reid, 1983). Thus, use of Eq.(2.10) for both phases leads to the following

expression for the partition coefficient of the cells
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t
o, o, Ycell
“KTInK, ;= AAf + 2_ eAy + (k- p2d) + kTIn[ . ] @.11)

where Af = fiy - for and Ay = ¢* - yb. If the standard-state chemical potentials are
chosen to be equal, and the solutions are sufficiently dilute in cells such that the ratio of

the activity coefficients is close to unity, Eq.(2.11) simplifies to

~KTInK,,, = AAS + 7, eA 2.12)

The proportionality between the logarithm of the cell partition coefficient, InK_,, and
the surface free energy difference per unit cell area, Ay, predicted by Eq.(2.12), was
verified by experimental measurements of the two quantities. It is interesting to compare
Eq.(2.12) to Eq.(2.8) proposed by Bronsted (1931). In particular, with the net surface
charge, z.,, expressed as the product of a surface charge density, z ., and cell area, A,

that is, z., = z.qA, Eq.(2.12) can be written as

-KTInK ., = A(Af + z,, eAy) = A 2.13)

where 8 is a constant characteristic of the specific cell type and two-phase polymer
system considered, which is independent of the surface area of the cells. It is apparent
that Eq.(2.13) differs from Eq.(2.8), with the surface area (proportional to M??) in
Eq.(2.13) replacing the volume (proportional to M) in Eq.(2.8). The fact that cell
partition appears to be a surface-dependent phenomenon should not be taken to imply that
the partition of much smaller proteins is also primarily surface dependent. Cells are
significantly larger objects than the polymer coils (or the mesh size of a polymer solution
of extensively interpenetrating polymer coils, see Chapter 3), and, therfore, at the length
scale of an individual polymer coil the cell surface appears infinite in extent. In addition,
it is likely that the size of the cell is much larger than the range of most forces acting
between the cells and the polymer coils. Consequently, it is reasonable that the

interactions of the cells with the polymer solution be characterized by the area of the cell

74



surface. In contrast, in protein systems, the polymer coils and the proteins have similar
sizes, where this size can be comparable to the range of interactions, such as van der
Waals, operating between the various components. Consequently, the interactions
between proteins and polymers can also reflect the bulk characteristics of the components
(as opposed to their surface properties only). In other words, it appears less likely that
the interactions of proteins and polymers should be characterized solely by the areas of
the components, that is, although Eq.(2.13) suggests that M** may be the more
reasonable parameter with which to correlate cell partitioning data, this does not
necessarily imply that one should also correlate protein partitioning data in the same
manner.

It is relevant to mention the surface-thermodynamic model recently
proposed by Boucher (1989) to describe the partitioning of particles between two liquid
phases and their interface. In this model, the Gibbs adsorption equation was utilized, and
the concept of an interfacial tension at the surface of the particles was invoked. In this
respect, this approach is similar to that of Albertsson (1985) and Gerson (1980). Note
that for proteins present in two-phase aqueous polymer systems, this interfacial free
energy is likely to be a function of the radius of the proteins (due to curvature of the

interface), as discussed in the preceeding paragraph.

4.4.2 Lattice Model Approaches

During the last forty years lattice models of polymer solutions (Flory,
1953; Huggins 1942) have provided a framework through which many of the features of
polymer solution behavior can be understood qualitatively and, in a few instances, also
quantitatively. The primary advantage of this approach is that the thermodynamic
properties of a polymer solution can be related to molecular properties, for example, to
the polymer molecular weight. Since the lattice model description of polymer solutions
has been utilized in a number of cases to model the partitioning of proteins in two-phase
aqueous polymer solutions, we will review briefly the essential features of this approach.

For a more detailed review on the lattice modelling of polymer solutions, as well as
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numerous extensions of the germinal theory proposed by Flory (1953) and Huggins
(1942) see, for example, Cassassa (1976) and Flory (1970).

The free energy of a polymer solution is comprised of two contributions,
the first arising from an entropy change associated with mixing polymers and solvent,
and the second arising from an enthalpy change resulting from the formation of contacts
between polymer coil segments and solvent. In a lattice model, these contributions to the
free energy are estimated by modelling the polymer solution as a lattice, in which the
volume of each lattice site is essentially determined by the size of the solvent molecules.
A second characteristic feature of lattice theories is that the polymer is considered to be
flexible at the length scale of the solvent molecules present in the system, and thus is
treated as a catenation of statistical segments which are of the same size as the solvent
molecules. Owing to the assumed flexibility of the polymer chain, each statistical
polymer subunit possesses a certain degree of independence such that a series of
consecutive segments along a polymer chain will trace out a path resembling a random
walk. Consequently, the total number of configurations available to the polymer solution
and its associated entropy can be conveniently enumerated using this lattice representation
of the polymer solution, where a lattice site is occupied by either a solvent molecule or
a statistical segment of the polymer. It should be noted that a necessary condition used
in the evaluation of the entropy of mixing, as proposed by Flory (1953) and Huggins
(1942), is that the polymer segments are randomly distributed over the volume of the
solution. Clearly, such a situation is approximately realized only when the polymer coils
are diffuse and extensively interpenetrating, and, even then, important correlations
remain within the solution which are not accounted for in the lattice treatment (see
below). The Flory-Huggins result for the entropy of mixing one polymer component and

solvent is given by

AS, = -k(n,Ind, + n,lnd,) 2.14)

where n; and n, are the numbers of solvent molecules and polymer coils present in the

system, respectively, and ¢, and ¢, are the volume fractions of the respective species.
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In general, the mixing of solvent and polymers produces an enthalpy change which,
under conditions where the polymer segments and solvent are randomly distributed

throughout the volume of the system, can be estimated using the following expression

AH, = qAw,n b= xkTn, b, (2.15)

where ¢ is the number of nearest neighbours in the lattice, Aw,, is the energy change
associated with the formation of a contact between statistical segments of species of types
1 and 2, and x is the so-called Flory-Huggins interaction parameter (Flory, 1953;
Huggins, 1942). Flory (1953) and Huggins (1942) emphasized the need to modify the
physical interpretation of x, which is defined in Eq.(2.15) solely as an enthalpy change.
Clearly, the presence of an enthalpic interaction (in addition to excluded-volume type
interactions) between the polymer segments and solvent implies some extent of local
ordering among the interacting species. This ordering has not been accounted for
explicitly in Eq.(2.14) or Eq.(2.15), and, therefore, x is generally regarded as a free-
energy parameter reflecting both enthalpic interactions and the local ordering in the
polymer solution. In aqueous systems, where orientation-specific hydrogen bonding
effects are important, x is found to contain a large entropic component, and therefore the
utilization of these lattice-type models to describe aqueous solutions is a controversial
topic (Kjellander and Florin, 1981; Goldstein, 1984; Karlstrom, 1985; Sanchez and
Balazs, 1989).

When modelling a real polymer system with a lattice-type approach, one
is confronted with the task of determining how well the lattice represents the real system.
From the outset, a lattice size must be assigned to the system. For aqueous polymer
systems, the characterisitic size of a water molecule is about 3 A, yet the appropriate
statistical segment size for PEO in a lattice theory is thought to be approximately 10 A
(Flory, 1968), while for the dextran polymer the statistical segment size is likely to be
even larger. Therefore, in assigning a lattice size to the real polymer solution a
compromise must be made between satisfying the differing requirements of the polymer

type and the solvent. Furthermore, such lattice approaches belong to the class of mean-
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field theories where correlations and fluctuations in the polymer solution are neglected.
This corresponds to distributing the polymer segments uniformly over the volume of the
entire system. The extent to which this approximation is deleterious probably depends
on the properties of interest. In Chapters 3 and 7, it is shown that the range of spatial
correlations measured in PEO solutions utilizing neutron scattering (Cabane and
Duplessix, 1982, 1987) is of the same magnitude as typical protein sizes, suggesting that
these correlations may be important in describing the thermodynamics of protein
partitioning in two-phase aqueous polymer solutions. As mentioned above, in view of
the presence of orientation-specific hydrogen bonding in water, as well as volume
changes which occur upon mixing polymers and water, the application of Flory-Huggins
type lattice approaches to aqueous polymer solutions constitutes an interesting and
controversial topic (Goldstein, 1984; Karlstrom, 1985; Sanchez and Balazs, 1989).
While these considerations have been discussed extensively in the polymer solution
literature, it is important to appreciate the approximations inherent in lattice models when
applying them to protein partitioning in two-phase aqueous polymer systems.

The first attempts to understand protein partitioning in two-phase aqueous
polymer systems in the context of a lattice-model approach utilized the Flory-Huggins
framework (Flory, 1953; Huggins, 1942), treating the protein as a third polymer
component (Brooks et al., 1985; Albertsson et al., 1987). As globular proteins are
dense, compact, and often relatively rigid macromolecules, the treatment of the protein
species as a diffuse random coil can lead, at best, to a qualitative account of the
partitioning of proteins in two-phase aqueous polymer systems. Within this framework,
the system was considered to contain four components: two phase-forming polymers,
protein and solvent. Using the Flory-Huggins lattice theory (Flory, 1953; Huggins,
1942), the chemical potential of the protein, component p, was given by

(/]
p'p_pp_ = 1 + ln¢p +
kT (2.16)

tr, (_d’l +¢2(X2p';1‘) +¢3(X3p'l] * Xpg(1 0102~ 0195)~X250,05
2

Iy
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where it was assumed that x;; = x;3 = X3,. In Eq.(2.16), component 1 is the solvent,
components 2 and 3 are the two polymer types, and r; is the number of lattice sites
occupied by species i. Using Eq.(2.16) for the protein in each coexisting phase, and
demanding the equality of the protein chemical potentials in the top (t) and bottom (b)
phases, one obtains the following expression for the equilibrium protein partition

coefficient

InK, = r,,((«bi 07 M1, )+ (&30 )(riz —xzp]+(¢; ~¢3 )(7‘3 —xg,,)) 2.17)
Note that terms which are second-order in the volume fraction of the various species
were neglected in Eq.(2.17) as the volume fractions are typically around 0.10. The
predictions of Eq.(2.17) are in qualitative agreement with measured protein partition
coefficients, that is, the partitioning of proteins is predicted to become more unequal as
the molecular weight of the protein, which is proportional to r,, increases. This trend
has been observed for a number of non-hemoproteins in the PEO-dextran-water two-
phase system (Albertsson et al., 1987). In addition, Eq.(2.17) predicts the protein
partitioning to be more one-sided as the compositions of the two coexisting phases
become less similar, as represented by increasing values of ¢} - ¢%, ¢35 - ¢5 and ¢} - ¢5,
and this prediction is also in general agreement with experimental observations.
Furthermore, Eq.(2.17) predicts that a decrease in the molecular weight of one of the
polymers should increase the partitioning of the protein to the phase rich in that polymer.
This is generally observed in experiments (Hustedt et al., 1978) and, moreover, it has
been observed that the effect of changing the polymer molecular weight is amplified by
the size of the protein (Albertsson et al., 1987), as also predicted by Eq.(2.17). Thus,
in general, Eq.(2.17) appears to be very successful in predicting the qualitative features
of protein partitioning. This agreement may be fortuitous, however, as the origin of the
predicted trends arises from the Flory-Huggins form of the entropy of mixing (Brooks
et al., 1985). As emphasized above, since globular proteins are dense, compact, and

often relatively rigid macromolecules, the treatment of the protein species as a diffuse
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and random coil in the evaluation of the entropy of mixing raises some uncertainty in the
result. As shown below, recent modelling approaches which treat the protein as an
impenetrable hard sphere, rather than a diffuse coil, predict qualitatively different trends
in the protein partition coefficient based solely on the entropy of mixing contribution
(Baskir, 1987).

Recently, another model for protein partitioning in two-phase aqueous
polymer systems, also based on the Flory-Huggins theory, has been proposed. Diamond
and Hsu (1989) exploited an observed empirical relationship between the polymer
compositions in each of the two coexisting phases in the PEO-dextran-water system in

their analysis. Specifically, it was noted that the ratio

Wb - Wt
=2 3 (2.18)

was approximately constant for the two-phase aqueous polymer systems investigated. In
Eq.(2.18), the symbol wi is the weight fraction of the polymers in each of the coexisting
phases and the subscripts and superscripts are the same as for Eq.(2.17). The ratio, /,
in Eq.(2.18) corresponds to the slope of the equilibrium tie-lines of the binodals for each
two-phase system, which is known to change only slightly with the overall compositions
of the two-phase systems, although a dependence on the molecular weight of the phase-
forming polymers is generally observed (see Section 2.2). This ratio, when determined
for the phase systems investigated by Diamond and Hsu (1989) (dextran T-40 and PEO
of molecular weights 3,400, 8,000 and 20,000 Daltons, respectively) was found to be -
2.15,-2.09 and -1.60, respectively, for the three molecular weights considered. The
approximation made by Diamond and Hsu (1989) was that this ratio is constant,
independent of polymer molecular weight, which simplified the expression for the

partition coefficient given in Eq.(2.17) as follows

b
InK = k,(wy - w;) 2.19)
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where the parameter k, is proportional to the molecular weight of the protein (see
Eq.(2.17)), as well as reflecting interactions of the proteins with the polymers and water.
Eq.(2.19) was found to represent dipeptide partitioning behavior well at pH 7.0.
However, the partition coefficients of most proteins, with the exception of the smallest
ones, were found not to conform to Eq.(2.19). In light of the approximations inherent
in this equation, these observations are not unreasonable. Dipeptides are small
molecules, similar to water molecules in their size, and may therefore be treated as a
second type of solvent molecule in the system. In this respect, they may be realistically
incorporated into the Flory-Huggins framework, and indeed the experimental results seem
to support this expectation. On the other hand, the protein species consist of many
amino acids, and, consequently, are very large compared to the solvent molecules. This
in turn suggests that they cannot be treated as a second solvent species. Furthermore,
as mentioned above, the representation of the globular proteins as random coiling species
lacks a physical basis. Therefore, it is perhaps not surprising that the measured protein
partition coefficients do not, in general, conform to Eq.(2.21). In addition, changes in
the interactions between the salts (buffer) and the charged proteins, water and polymers,
which have been observed experimentally to accompany changes in the concentrations
of the polymers in each coexisting phase, can also affect the partitioning of the proteins.
The dipeptides at pH 7.0 are zwitterionic and bear negligible net charge. Therefore, they
may be less affected by the presence of the salts.

It is interesting to compare Eq.(2.19) and Eq.2.(9). Since k, in Eq.(2.19)
is proportional to the molecular weight of the protein (see Eq.(2.17)), it follows that
Eq.(2.19) and Eq.(2.9) are formally equivalent. Bronsted and Warming (1931)
characterized the concentration driving force in terms of the deviation in concentration
from the concentration at the critical point, whereas Diamond and Hsu (1931) used the
actual difference in concentration between the two coexisting phases.

A third lattice model for protein partitioning in two-phase aqueous polymer
systems has been reported by Baskir et al. (1987, 1988 and 1989), who extended a self-
consistent mean-field model for the adsorption of flexible polymers onto planar surfaces

(Scheutjens and Fleer, 1979, 1980) to the case of a spherical geometry by confining the
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polymer segments to a curved lattice determined by the shape and size of the protein
(Figure 2.10). The protein was approximated as a rigid, impenetrable and spherical body
of known size and with homogeneous surface properties, rather than as a random coiling
polymer species. Each polymer solution phase was assumed to contain only one polymer
type and water, and the protein was assumed to be sufficiently dilute that the partitioning
of proteins is dominated by the interactions of isolated proteins and the polymer solution.
In addition to the conventional polymer-solvent interaction parameter, x, used in lattice
models of polymer solutions, a polymer segment-protein surface interaction parameter,
Xs » was specified. This parameter characterizes the free-energy change that accompanies
the displacement of solvent segments from the protein surface by a statistical polymer
segment. A positive value of x, corresponds to an effective attractive interaction between
the polymer segments and the protein surface. This lattice model approach resulted in
a set of equilibrium chain conformations for the polymer, and an estimation of the free
energy of the protein in the polymer solution phase.

The authors compared the lattice model predictions to measurements of the
protein partition coefficents as a function of several polymer molecular weights, protein
sizes and phase compositions in the PEO-dextran-water and PEO-PVME (poly(vinyl
methyl ether))-water systems (Baskir et al., 1987, 1989b). A comparison of the
experimental (filled circles) and model predicted values (solid curves) of the partition
coefficient of pullulanase with PEO molecular weight is shown in Figure 2.11. In
general, an attractive interaction free energy of approximately 0.2kT between a polymer
segment and the protein surface was required to account for the experimental trends in
the protein partition coefficient. It should also be noted that the authors did not treat
explicitly the interactions of the salt (buffers), polymers and water, implying that this
effect will be accounted for implicitly through the parameter x,. The authors speculated
that the origin of the attraction between the polymer segments and the protein is
hydrophobic in nature, although this seems inconsistent with the fact that x, for PEO
(0.15) is significantly smaller than that for dextran (0.185), since PEO is generally
considered to be the less hydrophilic of the two polymers (Albertsson, 1985). Note also

that the predicted protein partition coefficient was found to be very sensitive to the value
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of x, (Baskir et al., 1987).

By setting x, to zero, Baskir et al. (1987) evaluated the entropy change
arising from the mixing of a hard sphere (the protein) and polymer coils, within in the
context of the lattice model. This entropy change, and thus the predicted trends in the
protein partition coefficient, are qualitatively different from those evaluated by Brooks
et al. (1985) and Diamond and Hsu (1989), where the protein was represented as a
random coil. For example, Baskir et al. (1987) predicted that for x,=0 the entropy of
mixing should be essentially independent of the polymer molecular weight while, in
contrast, the Flory-Huggins form of the entropy of mixing predicts that the protein
partition coefficient should decrease with increasing polymer molecular weight in the top
phase (Brooks et al., 1985). Physically, it appears more reasonable to represent a
globular protein by a hard sphere rather than a random coil, although the precise form
of the entropy of mixing aqueous solutions of globular proteins and diffuse polymers
appears unresolved (see Section 2.4.4).

A further interesting result of the model of Baskir et al. (1987) is the evaluation
of the surface free energy of the proteins as a function of protein size, where it is
reported that the Gibbs free energy of a protein is not proportional to the protein surface
area until its radius is larger than approximately 60 A. As most proteins are less than
60 A in radius, the curvature of the protein surface appears to be important in describing
its interaction with the surrounding polymer solution. This suggests that, in general,
protein partitioning should not be characterized simply by the surface areas of the

proteins, as discussed in Section 2.4.1.

2.4.3 Osmotic Virial-Expansion Approaches

The virial expansion-type approach for the description of protein
partitioning in two-phase aqueous polymer systems is based on a generalization of the
theory proposed by Edmonds and Ogston (1968) to describe the phenomenon of phase
separation of aqueous solutions of macromolecules. The essence of the virial approach

is to propose a mathematical expansion of the thermodynamic properties of the polymer
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Figure 2.10 The lattice model for a protein in an aqueous polymer solution. The actual
lattice is three dimensional (Baskir et al., 1987). ’
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Figure 2.11 Predicted dependence of pullulanase partition coefficient (solid line) on
PEO chain length in 12% w/w PEO (6,000 Daltons), 1% w/w dextran (500,000 Daltons)
system. One unit of PEO chain length corresponds to 1 ethylene oxide repeat unit or 44
Daltons (Data of Hustedt et al., 1978; Model calculations of Baskir et al., 1987).
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solution in terms of the concentrations of the polymers (McQuarrie, 1976). For
example, the solvent chemical potential u, (or, equivalently, the osmotic pressure), in a
system containing three macromolecular species can be expressed as

a a a
B-p] = —kﬂ;lpl(m2+m3+mp+_2"12-(m2 )2+__?’.§(m3)2+-2’2(mp )+

2 (2.20)

+a,,(m,m, )+a2p(m2mp )+a3P(m3mP ) + o )

where u is the pure solvent chemical potential, », is the pure solvent molar volume, p,
is the solvent density, m,, m, and m, are the molalities of the two polymer types and the
protein, respectively, and a; are the second virial coefficients of the i™ and j®
components. Equation (2.20) may be derived using statistical mechanics to provide a
physical interpretation for the coefficients, a;. In dilute polymer solutions, the interaction
coefficients, a;;, reflect the pairwise interactions between polymer coils and proteins, i.e.,
a,, reflects the strength of the interaction between two polymer coils of type 2, ay
reflects the pairwise interaction between two polymer coils of type 2 and 3, and so on.
The higher-order terms, not shown in Eq.(2.20), reflect the simultaneous interactions
between three or more macromolecules in the solution. In general, for dilute solutions,
the terms which are first-order and second-order in concentration describe the qualitative
behavior of the solutions. To date, the virial-expansion approaches for protein
partitioning in two-phase aqueous polymer systems have truncated the expansion at
second-order in concentration. In the spirit of Eq.(2.20), King et al. (1988) and Forciniti
and Hall (1990) have derived expressions for the chemical potentials of the two polymer
types, protein and solvent in a two-phase aqueous polymer system. From these
expressions, an equation for the partition coefficient of the proteins between the two

aqueous polymer solution phases was derived to be
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The last term was included by King et al. (1988) to account for the effect of electrostatic
interactions in the system. In Eq.(2.21), under conditions of sufficient dilution, the
coefficients a,, and a,, describe the strength of binary interactions between a protein and
a polymer molecule. King et al. (1988) have reported an experimental determination of
these coefficients, whereas Forciniti and Hall (1990) have attempted to calculate the
coefficients from the molecular sizes of the proteins and the polymers. The virial model,
Eq.(2.21), and the Flory-Huggins lattice model (Flory, 1953; Huggins, 1942), Eq.(2.17),
both predict a similar dependence of the protein partition coefficient on the compositions
of the two phases.

The interaction parameters, a;, in Eq.(2.21), were measured by King et
al. (1988) using low-angle laser light scattering from buffered aqueous PEO-protein,
dextran-protein, and PEO-dextran solutions under the same salt concentration and pH
conditions as used in the two-phase aqueous polymer systems. A microelectrode was
used to measure an electrical potential difference between the two phases caused by the
presence of salts in the system, typically found to be less than 10mV. The
experimentally determined interaction coefficients and electrical potential difference,
when substituted into Eq.(2.21), gave a good prediction of the partition coefficient for
several proteins with a variety of different salts and polymer concentrations. For
example, for two different salt types, Figure 2.12 compares the experimentally measured
and predicted partition coefficients of a-chymotrypsin as a function of the tie-line length
in a PEO-dextran-salt system, defined as

b =[w3-ws Y + (wy-wy Y 2.22)

Prediction of protein partition coefficients from the measured interaction parameters was
often good, although an interpretation of the interaction parameters in terms of molecular
properties of the proteins, polymers, salts and water was not reported. This has the
disadvantage that measurements of the interaction coefficients, a;, are required for each
polymer molecular weight, salt concentration, pH and protein type. In addition to

enabling the prediction of protein partition coefficients, knowledge of the a;’s permitted
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prediction of the binodals of the two-phase aqueous system.

Forciniti and Hall (1990) have also reported a theoretical treatment of
protein partitioning in two-phase aqueous polymer systems using an osmotic virial-type
expansion derived from a more fundamental consideration of statistical mechanics using
the constant pressure solution theory of Hill (1957, 1959). Under certain assumptions,
namely, those of a noninteracting solvent and an incompressible system, the derivation
simplified to the Edmonds and Ogston theory (1962), the same theory which was used
to provide the thermodynamic framework for the experimental approach of King et al.
(1988). Forciniti and Hall (1990) investigated the dependence of the protein partition
coefficients on the molecular weights of the protein and the polymers with the objective
of exploring the role of excluded-volume interactions in protein partitioning. The
coefficients were calculated using simple excluded-volume models for the polymer-
protein interactions: the polymers were treated as impenetrable spheres, impenetrable
cylinders or flexible coils. The protein was treated as an impenetrable sphere. The most
successful of the three models was that in which the protein and dextran were treated as
impenetrable spheres, and PEO was treated as an impenetrable cylinder, although none
of the models could explain the dependence of protein partitioning on polymer molecular
weight. Furthermore, the predicted trends in the protein partition coefficients were
generally not of the correct order of magnitude, relative to experimental measurements.
The authors concluded that excluded-volume interactions alone appear insufficient to
account for observed protein partition coefficients, although for interactions between low
molecular weight polymers and proteins, the characteristic size of the polymer coil with
which to describe the polymer-protein interaction has not yet been identified (see Section
4.4) Furthermore, in Chapter 3 it will be shown that it is more appropriate to describe
the protein-polymer interactions, for high molecular weight polymers, as interactions
between proteins and a polymer net rather than identifiable polymers coil in the polymer
solution. Note that the conclusion reached by Forciniti and Hall (1990), that excluded-
volume interactions appear unable to account for protein partition coefficients, is also

supported by Baskir et al. (1987).
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Figure 2.12 Comparison of measured (data points) and predicted (continuous lines)
partition coefficients for a-chymotrypsin with increasing tieline length for system (a)
PEO (3,350 Daltons), dextran (70,000 Daltons) salt and water, (b) PEO (8,000 Daltons),
dextran (500,000 daltons), salt and water: (0) 50 mM KCl, (a) 50 mM KH,PO, (King
et al., 1988).

89



2.4.4 Models of Affinity Partitioning

Affinity partitioning is the enhanced partitioning of proteins resulting from
the addition of a polymer derivatized with a ligand, that binds to certain receptor sites
on proteins, to a two-phase system. The ligand may take various forms which include
dyes, hydrophobic ligands, metals and other ionic groups (see Section 2.3.5). Despite
these differences, certain features of affinity partitioning are universal and independent
of the type of ligand, and may be understood using general thermodynamic models.

The first model for the action of polymer-ligand derivatives on the
partition coefficients of proteins was reported by Flanagan and Barondes (1975). Using
this model, they were able to account for the effect of the polymer-ligand concentration
and number of protein receptor sites on the distribution of proteins between the two
phases. Under the condition where only one ligand interacts with a protein, Flanagan
and Barondes (1975) proposed the scheme presented in Figure 2.13. The generalization
to n binding sites is straightforward, provided that the n sites are considered to be
independent. The partition coefficient of the polymer-ligand-protein complex, K,, is
related to the free-energy change resulting from transferring the complex from the bottom

phase to the top phase, AG,, by

AG, = -kTinK, 2.23)

Since the Gibbs free-energy change is solely a function of the thermodynamic state of the
system, an equivalent process is one in which the polymer-ligand-protein complex
dissociates in one phase, transfers between the phases and then reassociates in the other
phase, as shown in Figure 2.12. The Gibbs free-energy for this process, AG,, can be

expressed as

b ¢
AG,=-AG, + AG, + AG, + AG, 2.29)

where the respective free-energy changes, AG;are related to the equilibrium constants K

through
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Figure 2.13 Schematic of interaction between protein and PEO-bound ligand in PEO-
dextran system (Adapted from Flanagan and Barondes, 1975).
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(2.25)
i i
AG/ = —kTink;

Note that K} and K? are the association constants for the proteins and ligands in the top

and bottom phases, respectively. Eqgs.(2.24) and (2.25) yield

14
K, = kg L (2.26)
K,
For n binding sites per protein, Eq.(2.26) can be generalized to yield
kx\
K=K | =2 2.27
K;

To compare Eq.(2.26) with experimental measurements, the ligand-polymer species must
be present in sufficient excess that all n sites on every protein are occupied by the
ligands. In this limit, measurement of the distribution of proteins between the phases
corresponds to a measurement of K,. Furthermore, it is generally assumed that K; =
K? , which corresponds to the association of the polymer-ligand and protein being equal

in both phases. Under these conditions,

= nink, (2.28)

The binding sites per protein, n, can be estimated from measurements of K;, K, and K.
Comparisons with experimental measurements have revealed that this relationship yields
rather low values of the number of ligands, n, bound to the proteins, as compared to the
known number of active sites on the protein. Furthermore, n is generally determined to

be noninteger.
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Flanagan and Barondes (1975) recognized that at lower polymer-ligand
concentrations, Eq.(2.26) will not be satisfied, as all ligand binding sites on the proteins
will not be saturated with ligands. For the case where two ligands bind to each protein,
the following expression for the overall partitioning of protein species (free and those

complexed with the polymer ligand) was obtained,

1+ c, K,
. K. 2.29)
K, =K, -
1+ &
Kt

where c; is the ligand concentration in the top phase. This relationship was generalised
by Brooks et al. (1985), and Cordes et al. (1987) for the interactions of n independent
ligands per protein. The result is essentially identical to Eq.(2.29), except that the
exponent 2 is replaced by n. A further refinement of the model allowed for two types
of binding sites on the protein molecule, leading once again to a reasonable fit of the
model to experimental data (Cordes et al., 1987).

Recently, an extension of the model of Cordes et al. (1987) has been
reported for metal affinity partitioning (Suh and Arnold, 1990). In this model, the
competition between the metal ligand (Cu(II)) and H* for the surface histidine residues
of 4 different proteins was presented. The number of surface histidine sites on tuna
cytochrome-C, Candida krusei cytochrome-C, horse hemoglobin, and whale myoglobin
are 0, 2, 4 and 5, respectively. In contrast to other experimental investigations, a linear
relationship was observed between AlogK, and n, the number of surface histidines. This
result suggests that the binding of each of the five polymers (PEO-5000) to whale
myoglobin is independent of the presence of other bound polymers. In general, using
other types of ligands, investigators have concluded that the number of bound polymers

rarely exceeds 2.
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To investigate the influence of factors such as polymer concentration,
polymer molecular weight and protein size on the binding of ligands to proteins, Baskir
et al. (1989a) have proposed a simple lattice model. In particular, they addressed the
observations of Cordes et al. (1987), that generally (1) AlogK, is not proportional to n,
the number of binding sites on a protein, (2) the binding constants of the ligand-polymer
are generally not equal in the two phases, (3) the binding may become weaker with
increasing PEO concentration, and (4) the apparent number of binding sites, n, is
frequently non-integral and can be less than unity. This model represents an extension
of the earlier treatment by Baskir et al. (1987) for the partitioning of proteins in two-
phase aqueous polymer systems in which the polymer concentration profile in the vicinity
of the protein, in the absence of affinity ligands, was predicted. The extension to affinity
partitioning assumes that the polymer-ligand is superimposed on, and has a negligible
effect on, this concentration profile. The change in the free energy of a polymer-ligand
as it is moved from the bulk polymer solution to the surface of the protein was calculated
allowing for the interaction of only one polymer-ligand with the protein. As the length
of the polymer tail attached to the ligand increased, the free energy of interaction was
predicted to become less favorable. This corresponds to a decrease in AlnK, with
increasing molecular weight of PEO, for a PEO-ligand which has been observed for
some proteins, although for others there appears to be no influence of polymer molecular
weight. As shown in Figure 2.14, an increase in the bulk polymer concentration
(reported as the volume fraction of polymer in the bulk polymer solution, ¢;) was
predicted to cause a decrease in the strength of the association between the polymer-
ligand and the protein (characterized by -In(K,/K,[#;=0]), where K, is the binding
constant for the association of the protein and ligand-bound polymer), consistent with
measurements of the association of PEO-blue and formate dehydrogenase with increasing
PEO concentration (Cordes et al., 1987). It was also predicted that the binding of a
ligand-polymer may be enhanced by the presence of a polymer solution containing a
different type of polymer than that used for the tail of the ligand, in agreement with the
measurements of PEO-blue binding to formate dehydrogenase in dextran (Cordes et al.,

1987).
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Figure 2.14 Predicted (curves) and experimental (data points) dependence of the formate
dehydrogenase/PEO-blue association constant (InK,) on the volume fraction of phase
polymer (PEO) in the bulk polymer solution phase. xy, is the polymer-ligand tail/protein
surface interaction energy. Experimental data from Cordes et al. (1987), theoretical
predictions from Baskir et al. (1989), -- - -- - x,,=0.20, -——-- Xvs=0.175, - - - -
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In general, the model proposed by Baskir et al. (1989a) for the binding of
polymer-ligands to proteins suggests that, since the local environment about a protein
may differ significantly from the bulk one, the binding constants of the polymer-ligands
and the protein will in general vary with changes in the phase compositions, phase
polymer types and polymer molecular weight. Although in the past these factors have
been investigated experimentally, the model provides the first attempt at a molecular-
level description of affinity partitioning processes, and provides possible explanations for
a number of experimental observations. It must be emphasized, however, that this model
implicitly incorporates the assumptions present in the lattice model discussed in Section
2.4, and as such suffers from similar deficiencies. Nevertheless, the good agreement
between the model predictions and experimental results suggests that the dominant

physical features of the affinity partitioning mechansim have been adequately captured.

2.5 Conclusions

In general, experimental investigations of protein partitioning in two-phase
aqueous polymer systems have been successful in illuminating a wide variety of possible
factors which can influence the distribution of proteins between two coexisting aqueous
polymer solution phases. However, due to the large number of species present, and the
complex nature of the individual species themselves, it has not always been possible to
identify the precise mechanism(s) reponsible for specific partitioning behaviors. For
example, experimental investigations have found that accompanying a change in the
molecular weight of the phase forming polymers, there is an associated influence on the
partitioning behavior of proteins in two-phase aqueous polymer systems. However, in
order to rationalize the observed partitioning behavior, it is possible that one or more of
a variety of mechanisms are responsible: Potential molecular-level mechanisms include
the influence of polymer molecular weight on (i) the nature of the direct protein-polymer
interactions, (ii) the polymer concentrations in the coexisting polymer solution phases,
(iii) the Donnan equilibrium of charged species, and (iv) the nature of the protein-protein

interactions in the polymer solution phases. Therefore, while existing experimental
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investigations have been very useful in highlighting a variety of candidate mechanisms,
it is evident that other experimental approaches are required in order to identify the
specific mechanisms operating in these systems. In view of the ambiguity which is often
associated with the interpretation of experimentally observed protein partitioning
behaviors in two phase aqueous polymer systems, two important objectives of this thesis

were,

(i) to consider carefully the potential coupling of mechanisms which influence
partitioning of proteins in two-phase aqueous polymer systems. Specifically, in
interpreting the influence of the phase-forming polymer molecular weight on the protein
partition coefficient, we consider (a) the nature of protein-polymer interactions, (b) the
nature of polymer-polymer interactions (including their influence on protein partitioning
and the equilibrium of the coexisting polymer solution phases), (c) polymer-salt
interactions, and (d) protein-protein interactions (which are mediated by the polymer

solution phase).

(i) to explore alternative experimental techniques with which to investigate
aqueous solutions of proteins and polymers. In particular, we aimed to pursue
experimental investigations in "one-phase” systems, since in single phase systems, the
complications associated with the equilibrium of the coexisting polymer solution phases
are removed. In this thesis we report (i) a small angle neutron scattering investigation
(SANS) of aqueous solutions of PEO and bovine serum albumin and (ii) the partitioning
of proteins between an aqueous solution and an entangled polymer solution using a

diffusion cell with a semipermeable membrane.

In contrast to experimental investigations of protein partitioning in two-
phase aqueous polymer systems, earlier theoretical formulations aimed at identifying the
molecular-level mechanisms responsible for the experimentally observed partitioning
behaviors have met with limited success. One factor which appears common to a number

of the approaches is that insufficient consideration was given to the physical nature of the

97



system being described. In particular, the physical description must be reasonable from
the view point of the protein, and thus approximations which have been successful in
polymer-solution theories to predict thermodynamic properties of protein-free polymer
solutions, can fail when applied to descriptions of the interactions of proteins and
polymers in aqueous solutions. For example, simpler polymer solution theories neglect
the correlations among polymer segments which arise from the excluded-volume
interactions of the polymer coils in dilute polymer solutions, or the excluded-volume
interactions of the polymer segments in extensively entangled polymer solutions.
Accordingly, another central objective of this thesis was to address this issue and
elucidate other aspects of the physical nature of the polymer solution which may be
important in influencing protein partitioning. Specifically, three broad questions have

been addressed:

(i) What factors constitute a physical basis for an understanding of protein
partitioning?  Specifically, how important are geometry and energetics in

determining protein-polymer interactions?
(it) Can we usefully apply scaling concepts from polymer physics (de Gennes,
1988) to rationalize the macroscopic consequences, such as protein partitioning

behaviors, associated with different protein-polymer interaction mechanisms?

(iii) Can we reach a unified theoretical description of both the molecular-level
structure and the thermodynamic properties of protein-polymer solutions, and

verify both aspects using experimental methods?

In the following chapters of this thesis we address each of these objectives.
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Chapter 3.

Novel Physical Pictures for Protein Partitioning

in Two-Phase Aqueous Polymer Systems.

3.1 Introduction

In Chapter 2, a review of the existing theories for protein partitioning in
two-phase aqueous polymer systems was presented. Here, we extract from Chapter 2
the extent to which the molecular natures of the proteins and the two-phase aqueous
polymer systems were considered in earlier theoretical developments. In so doing, we
aim to emphasize the fact that relatively little attention has been devoted in the past to
developing a sound physical understanding of the molecular nature of these complex
systems.

Brooks and coworkers (1985) and Albertsson and coworkers (1987) considered
the molecular nature of two-phase aqueous polymer systems within the framework of the
Flory-Huggins lattice model for polymer solutions (Flory, 1986; Huggins, 1941). In
order to describe protein partitioning, the protein was approximated as a third flexible
and linear polymer chain. On this basis, a qualitative interpretation of the dependence
of the protein partition coefficient on protein size and on phase-forming polymer
molecular weights was suggested. However, and as stated by these authors, some
uncertainty exists in the conclusions reached due to the representation of relatively rigid
and structured globular proteins as flexible and random coiling polymers (Brooks et al.,
1985; Albertsson et al., 1987).

Alternatively, Forciniti and Hall (1990) explored the role of excluded-volume
interactions on protein partitioning, at the protein isoelectric point, by calculating the

second virial coefficients reflecting the protein-polymer interactions and treating the
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protein as an impenetrable sphere and the polymers as either impenetrable spheres,
cylinders or flexible coils. Implicitly, they assumed the polymer solution to contain
identifiable polymer coils over the entire range of polymer molecular weights and
concentrations encountered and did not consider the possibility of entanglement of the
polymer coils into a mesh. In Chapter 3, we question the validity of this approximation
and suggest that the high molecular weight polymers in the coexisting polymer solution
phases of two-phase aqueous polymer systems do extensively entangle to form a polymer
mesh. Within the polymer mesh the identities of individual polymer coils are lost, and
the protein-polymer interactions become independent of the properties of the polymer
coils, such as, their molecular weight. Accordingly, in entangled polymer solutions, we
propose that it is not appropriate to describe the protein partitioning behavior in terms
of protein-polymer coil interactions and therefore we suggest a mechanism which reflects
the interactions of the proteins and a polymer mesh.

Baskir and coworkers (1987 and 1989) have extended a self-consistent
mean-field model (Scheutjens and Fleer, 1979 and 1980) for the adsorption of flexible
polymers onto planar surfaces to the case of a spherical geometry associated with the
protein. In this model, the polymer segments are confined to a curved lattice determined
by the spherical shape and size of the protein. In addition to the conventional polymer-
solvent interaction parameters used in lattice models of polymer solutions (Flory, 1986;
Higgins, 1941), a polymer segment-protein surface interaction parameter, x,, was
introduced. The lattice-model approach predicts the average configurations of the
polymer chains in the vicinity of the protein, as well as the chemical potential of the
protein in the polymer solution phase. This approach, which has represented the most
detailed molecular-level modelling attempt of protein partitioning in two-phase aqueous
polymer solutions to date, contains a number of approximations in the physical
description of the system. For example, it neglects fluctuations and correlations between
polymer segments in the system, where the range can be larger or smaller than the
protein size for the two-phase aqueous polymer systems considered in their work; that

is, it assumes the polymer solution to be extensively interpenetrating over all molecular
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weights of the polymers, and neglects correlations between polymer segments within the
interpenetrating polymer network. In contrast, in the physical pictures developed in this
chapter, we recognize that the solutions of low molecular weight polymers contain
identifiable and singly dispersed polymer coils, and have explored the influence of such
a scenario on the partitioning of proteins. Indeed, this region is of great interest since
it is in this range of polymer molecular weights that the partition coefficient of the
protein is most sensitive to the polymer molecular weight, as we show later. In addition,
in solutions of high molecular weight polymers, where the identities of individual
polymer coils are lost within a polymer network, we consider the existence of
correlations within the polymer network arising from interactions between polymer
segments and describe their influence on the partitioning of proteins.

In view of the rather simple and approximate physical foundations of the
earlier theoretical formulations, in Chapter 3, we pursue a molecular description of the
interactions of proteins and nonionic polymers with an emphasis on the development of
physical pictures of these complex solutions. With this aim in mind, it is pertinent to
note that, in general, the physics controlling the interactions between globular colloidal
particles and flexible chain macromolecules is reflected in such diverse phenomena as the
complexation of polymers and micelles (Tokiwa and Tsujii, 1973; Shirahama, 1974,
Shirahama and Ide, 1976; Cabane, 1977, Cabane and Duplissex, 1982 and 1987,
Goddard, 1986a,b); the polymeric stabilization and flocculation of gold sols (Heller and
Pugh, 1956), ceramic particles (Woodhead, 1986), and other colloidal dispersions
(Napper, 1983); and the stabilization, aggregation and precipitation of proteins (Gekko
and Timasheff, 1981; Ingham, 1977 and 1978; Middaugh and Lawson, 1980). In the
case of the adsorption of hydrophilic polymers onto the surfaces of ionic micelles in
aqueous solutions, experimental measurements have revealed a variety of interesting
physical pictures for these systems (Tokiwa and Tsujii, 1973; Shirahama, 1974,
Shirahama and Ide, 1976; Cabane, 1977; Cabane and Duplissex, 1982 and 1987;
Goddard, 1986a,b). For example, in dilute aqueous polymer solutions, anionic micelles
adsorb onto a polymer coil giving rise to structures resembling beads on a necklace

(Cabane and Duplessix, 1982). In addition, theory, particularly in the form of scaling
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arguments, has complemented the experimental measurements and revealed important
differences in the nature of polymer adsorption onto small globular colloids as compared
to planar surfaces having infinite areas (Alexander, 1977; Pincus et al., 1984; Marques
and Joanny, 1988).

The novel physical pictures which we have proposed are inspired, in part,
by investigations of the interactions of nonionic polymers and micelles in aqueous
solution (Tokiwa and Tsujii, 1973; Shirahama, 1974, Shirahama and Ide, 1976; Cabane,
1977; Cabane and Duplissex, 1982 and 1987; Goddard, 1986a,b). Ionic micelles and
proteins can have similar shapes and sizes, and to some extent both micelles and proteins
have charged surfaces and hydrophobic interiors. Based on this analogy, we reveal a
variety of different physical pictures for aqueous polymer solutions containing globular
proteins where pronounced differences exist which reflect the type, molecular weight and
concentration of the polymer, the protein size, and the nature of the interactions between
polymer segments and the protein.

For the various molecular-level pictures of aqueous polymer solutions
containing proteins that we propose, in Chapters 4,5 and 6, we develop complementary
statistical-thermodynamic models to describe the interactions of the polymers and the
proteins, and discriminate between them by comparing the theoretical predictions with
experimental trends. It is important to note that within the statistical-thermodynamic
framework that relates the free energy of interaction between polymers and proteins to
the protein partition coefficient, we have utilized simple geometric and scaling arguments
(de Gennes, 1988) to capture the essential features of the interactions between polymers
and proteins for each different physical picture proposed, as well as to obtain the various
forms of the free energy of interaction. The essence of the scaling arguments is to
capture the universal features characterizing the polymer-protein interactions. As such,
the lack of cumbersome and complex computations permits us to concentrate on the
underlying physical content of the formulation and freely explore a variety of physical
scenarios.

The remainder of Chapter 3 is organized as follows. Section 3.2 presents

our observations on some experimental protein partitioning data and highlights certain
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correlations which exist between the protein partitioning behaviors, the protein
properties, such as, protein size, as well as the properties of the two-phase systems, such
as, polymer molecular weight. Section 3.3 discusses the applicability of polymer
concepts in order to interpret the experimental observations presented in Section 3.2 and
concludes that polymer concepts are applicable for the relatively low molecular weight
poly(ethylene oxide) (PEO) considered. Using polymer concepts, Section 3.4 investigates
the structure of the aqueous PEO-rich phase of an aqueous two-phase PEO-dextran
system and reveals that the underlying structure of the PEO-rich phase undergoes a
transition in nature with increasing PEO molecular weight. Specifically, a crossover
from a PEO solution phase containing indentifiable polymer coils to a solution phase
containing a polymer mesh (extensively entangled polymer coils) is proposed.
Accompanying this proposition, a hypothesis is advanced which suggests that the protein
partitioning behavior observed to accompany an increase in PEO molecular weight
reflects this transition in the PEO solution structure. This hypothesis is subsequently
supported in Section 3.5 by small angle neutron scattering (SANS) measurements from
aqueous (D,0) solutions which confirms the presence of the transition in the PEO-rich
phase solution structure. In Section 3.6 we review structural studies of polymer-
surfactant solutions and explore the analogy between the nature of a protein and that of
micelles. This analogy is then combined with our description of the underlying structure
of the PEO-rich phase to reveal novel physical pictures for protein partitioning in two-

phase aqueous polymer systems in Section 3.7.

3.2 Experimental Observations

The measured partition coefficients, K,, of a variety of globular proteins
reported by Hustedt and coworkers (1978) and Albertsson and coworkers (1987) are
presented in Figure 2.4 for the two-phase aqueous polymer system containing the
polymers polyethylene oxide (PEO) and dextran. In this system, the top phase is rich
in PEO and the bottom phase is rich in dextran. The response of the protein partition

coefficients to changes in the molecular weight of PEO indicates the following three
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features for these proteins in this system: (1) An increase in the molecular weight of PEO
results in the partition of the proteins away from the top PEO-rich phase, and hence in
a decrease in InK,, (2) the protein response to the change in PEO molecular weight is
greatest at PEO molecular weights below approximately 10,000 Daltons as reflected by
the rapid decrease in InK, over this molecular-weight range, and (3) the response of the
proteins to changes in PEO molecular weight is protein specific. Feature (3) is further
reflected in Figure 3.1, where the change in the protein partition coefficient (per 4,000
Daltons PEO), AlnK,/AM, measured when the PEO molecular weight is varied from
4,000 Daltons to 8,000 Daltons (as shown by the circles) or from 20,000 Daltons to
40,000 Daltons (as shown by the diamonds) is given as a function of the hydrodynamic
radii of the proteins. For example, in the region of low PEO molecular weight
(M, < 10,000 Daltons), a doubling of the PEO molecular weight from 4,000 to 8,000
Daltons caused a change in the logarithm of the partition coefficient for ovalbumin (with
a radius of 29A) of 0.44kT per 4,000 Daltons of PEO. In contrast, for two-phase
systems containing high molecular weight polyethylene oxide (M,> 10,000 Daltons), a
change in the PEO molecular weight from 20,000 Daltons to 40,000 Daltons caused
negligible change in the logarithm of the partition coefficient (per 4,000 Daltons change
in PEO molecular weight). For all the proteins shown in Figure 3.1 it is apparent that
this behavior is a general feature with the difference in partitioning between the low and
high PEO molecular weight regions increasing with protein size.

For the systems in which the protein partition coefficients were measured
by Albertsson and coworkers (1987), the weight fractions of each of the phase forming
polymers in both the upper and lower phases are shown in Figure 3.2 (Albertsson, 1985).
The constancy of the phase compositions over the range of PEO molecular weights
investigated by Albertsson and coworkers (1987) suggests, to a first approximation, that
the origin of trends measured in the protein partition coefficients with protein size and
polymer molecular weight are not founded in variations of the phase compositions which
may, in general, accompany changes in PEO molecular weight. Note that theinsensitivity
of the phase compositions (%w/w) to the polymer molecular weight is due to the fact that

the composition of the system is far from the critical-point composition. Furthermore,
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it is evident from Figure 3.2 that each phase contains essentially only one type of
polymer species. Typically, the concentration of the minor polymer species is less than
1% wiw.

Experimental observations such as those presented in Figures 2.4 and 3.1
motivated, in part, the philosophy behind our physical description of aqueous solutions
and proteins and polymers. In particular, the correlation observed between the size of
the proteins and their partitioning behavior suggests that geometry plays an important role
in determining the protein partitioning behavior. Furthermore, it was apparent that the
differences between the detailed chemical and physical natures of the proteins presented
in Figure 2.4 are less important in determining their partitioning behaviors than are their
common and averaged properties. The realization that a coarse-grained view of these
systems, rather than an atom-by-atom account, may capture the essential nature of the
interactions responsible for the partitioning behaviors of these proteins prompted the
decision to pursue a scaling account (de Gennes, 1988; Alexander, 1977, Pincus et al.,
1984; Marques et al., 1988) of protein partitioning. In addition, the formulation of a
physical basis to account for the protein partitioning trends reported in Figures 2.4 and
3.1 was simplified by several experimental observations presented in Figure 3.2, namely,
(1) negligible PEO was present in the dextran-rich phase, (ii) negligible dextran was
present in the PEO-rich phase, and (iii) the weight fractions of PEO and dextran in the
coexisting polymer solution phases were essentially constant over the range of PEO
molecular weights investigated. Under these experimental conditions, the origin of the
protein partitioning trends is traced to the influence of the PEO molecular weight on the
PEO-rich phase. This simplification is discussed in more detail in Chapter 4. The
impact of these simplifying observations on the development of physical pictures of
protein partitioning is that we can focus our attention on the nature of the PEO-rich
phase, and the protein-PEO interactions within the phase, in order to understand the

protein partitioning behaviors presented in Figure 2.4.
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Figure 3.1 Change in protein partition coefficient (per 4,000 Daltons PEO), AlnK /AM,,
with PEO molecular weight for five proteins; ( ©) 4,000 Daltons to 8,000 Daltons, (<)
20,000 Daltons to 40,000 Daltons. The data are taken from Figure 2.4. In order of
increasing size the proteins are: cytochrome-c, ovalbumin, bovine serum albumin, lactate

dehydrogenase and catalase.
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3.3 The Physical Nature of Aqueous Poly(Ethylene Oxide) (PEO) Solutions:
Ordinary and Extraordinary Polymer Features

In the two-phase aqueous polymer systems of interest, the molecular
weights of the PEO molecules are typically low, for example, Albertsson and coworkers
(1987) used PEO molecular weights of 3,000 Daltons and above. We therefore examine
the nature of PEO in a structured solvent such as water, and consider the applicability
of polymer concepts to such species. PEO in the crystalline state possesses a helical
structure (Tadokor et al., 1964). Upon dissolution in water, Raman (Koenig and
Angood, 1970; Maxfield and Shepherd, 1975), infrared (Liu and Parsons, 1969) and
nuclear magnetic resonance spectroscopies (Liu and Parsons, 1969; Liu and Anderson,
1970), as well as ultrasonic attenuation measurements (Hammes and Roberts, 1968)
suggest the retention, to some extent, of the helical ordering present in crystalline PEO.
Alternatively, investigations of high-molecular weight PEO in water using viscosity
(Bailey et al., 1958; Beech and Booth, 1969; Molyneux, 1982), small-angle neutron
scattering (SANS) and light scattering measurements (Cabane and Duplessix, 1982)
reveal typical polymer-like behavior. For example, the exponent relating the polymer
radius of gyration, R,, to the molecular weight, M, is 0.62 and independent of the
molecular weight for high molecular weight PEO (Cabane and Duplessix, 1982), as
predicted by polymer scaling arguments (de Gennes, 1988). Therefore, one can conclude
that high molecular weight PEO in water behaves as a quasi-random coil having some
solvent-induced short-range order along the backbone of the polymer (Molyneux, 1982).
For low-molecular weight PEO the evidence is less conclusive. There is an absence of
appropriate SANS and light scattering data below PEO molecular weights of 10,000
Daltons, and the issue of partial coil drainage prevents the interpretation of viscosity data
for low molecular weight polymers in terms of the polymer configuration (Beech and
Booth, 1969; Bailey and Koleske, 1976). However, the elution of PEO in the molecular-
weight range of 1,000 Daltons to 6,000 Daltons in water using size-exclusion
chromatography was found to be only slightly affected by the addition of 6M guanidine
(Ingham, 1977). As 6M guanidine disrupts hydrogen bonding in aqueous solution, this
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Figure 3.2 The weight fraction of PEO and dextran in the top and bottom phases as a
function of PEO molecular weight; (®) dextran in bottom phase, (0) dextran in top
phase, (l) PEO in top phase, () PEO in bottom phase. Data compiled from
Albertsson, 1985).
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suggests hydrogen bonding in aqueous solutions of low molecular weight PEO, at least,
does not control the configuration of the polymer coils significantly. This observation,
along with the flexibility of high molecular weight PEO, suggests that it is reasonable to
treat PEO of molecular weight down to, at least, 3,000 Daltons using conventional

polymer concepts.

3.4 The Structure of the PEO-Rich Solution Phase in Aqueous PEO-Dextran Two-
Phase Systems

To elucidate the nature of the aqueous PEO solution comprising the top
PEO-rich phase, we found it instructive to examine the PEO crossover concentration, ¢,
as a function of PEO molecular weight, which can be estimated from

. M

€ 4n 3’ G.1)
—R
3 -4

where M and R, are the molecular weight and radius of gyration of the PEO polymer
molecules, respectively (de Gennes, 1988). Eq.(3.1) defines the characteristic
concentration of polymer mass within each polymer coil volume. Clearly, when the
actual concentration of polymer in the solution exceeds this characteristic concentration,
the coils are overlapping. In other words, the crossover concentration, ¢, is a polymer
concentration characteristic of the region where the extensive overlap of polymer coils
begins to occur. At polymer concentrations, ¢, much less than ¢” the solution is dilute
in polymer coils and consequently the identity of each individual polymer coil is
preserved, and the solution properties reflect the identities of the individual polymer coils
(Figure 3.3(a)). In contrast, when the polymer concentration is much greater than c’,
the polymer coils, no longer separated by regions of solvent, overlap and entangle with
each other to form a continuous polymer web or net (Figure 3.3(b)). Within this web,

the identities of the individual polymer coils are lost, and all thermodynamic properties
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Figure 3.3 Polymer solution regimes: (a) c<c’, (b) c»c’
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Figure 3.4 The polymer concentration, c’, characterizing the transition from dilute to
semidilute polymer solution regimes, evaluated from Eq.(3.1) as a function of PEO
molecular weight (full line), and the measured PEO concentration, ¢, in the top PEO-rich

phase, (®).
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of the solution become independent of the molecular weight of the polymer coils. For
aqueous solutions of PEO, the values of ¢’, calculated from Eq.(3.1) as a function of
polymer molecular weight, M, are reported as the full line in Figure 3.5. Also shown
in Figure 3.4 is the measured PEO concentration in the top PEO-rich phase (data points
with dashed line) for the systems in which the protein partition coefficients were
measured by Albertsson (1985) and Albertsson and coworkers (1987). The two curves
intersect in the vicinity of a PEO molecular weight of 10,000 Daltons, indicating that in
going from a low to a high PEO molecular weight, the nature of the top PEO-rich
solution phase undergoes a profound change in nature, as illustrated in Figure 3.4. This
is an important observation, as it suggests that the change in the measured protein
partition coefficents with increasing PEO molecular weight may, in fact, reflect the
changing nature of the polymer solution in the top PEO-rich phase. This also suggests
that the interactions of proteins and polymers will be quite different in the limits of low
and high PEO molecular weights. Important objectives of this chapter are to characterize
the changing nature of these interactions between proteins and polymers, and to
investigate how these changes relate to the trends observed in the experimentally

measured protein partition coefficients.

3.5 Neutron Scattering from Aqueous PEO Solutions

In Section 3.4, the importance of the theoretically predicted transition in
the structure of the top PEO-rich phase (from singly dispersed polymer coils to an
entangled polymer web) of the two-phase aqueous PEO-dextran system was outlined.
In view of the important consequences of this prediction, the first objective of our
neutron scattering investigation was to test experimentally the existence of such a
transition over the range of PEO concentrations and molecular weights typically
encountered in two-phase aqueous PEO-dextran systems. Here we present only the
interpretation of the results of the experimental investigation, and their implcations on
the development of physical pictures of protein-polymer interaction, and defer a detailed

discussion of the technique of small angle neutron scattering and our experimental
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methods to Chapter 7.
In general, the scattering of neutrons from flexible polymers dispersed in
a low molecular weight solvent (such as D,0) can be interpreted using the expression

(Wilzius et al., 1983; Schaefer, 1984)

L(0)

—( - g (3.2)
g U CED

where the correlation length, £, may be interpreted as R;/3'? in the limit of vanishing
polymer concentration (provided, q <3'%/R,), or as proportional to the polymer mesh or
"blob" size (de Gennes, 1988), &,, for entangled polymer solutions (provided
q<1/0.35¢,). More precisely, £ =0.35¢, for an entangled polymer solution (Cabane and
Duplessix, 1987).

In Figure 3.5, the logarithm of the correlation lengths for PEO in D,O are
presented as a function of the logarithm of the PEO volume fractions for a range of
polymer molecular weights between 1 500 Da and 860 000 Da (data taken from Table
3.1). Several regimes corresponding to different solution behavior can be identified from
an inspection of Figure 3.5. For the higher molecular weight polymers (M, 10 000
Da), the £ values are observed to collapse onto a universal curve (solid line) over the
range of polymer volume fractions reported in Table 3.1. For these polymers, the
magnitude of £ is independent of polymer molecular weight, being solely a function of
the polymer volume fraction. This observation is consistent with the existence of an
entangled polymer mesh within which the identities of the individual polymer coils are
lost (de Gennes, 1988).

In contrast to the universal behavior (molecular weight independence)
observed for the high molecular weight polymers, the ¢ values determined from the PEO
samples having molecular weights of 1 500 Da, 4 000 Da and 9 000 Da were sensitive
to the molecular weight of the polymer. The deduced £ values were observed to increase
with an increase in polymer molecular weight. This suggests that the structure of these

solutions is sensitive to the sizes of the polymer coils, and is therefore indicative
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Table 3.1 The polymer solution correlation length, &, deduced from SANS
measurements for various molecular weights and volume fractions of PEO in D,0.

PEO MOLECULAR PEO VOLUME PEO SOLUTION
WEIGHT (Da) FRACTION CORRELATION
LENGTH (A)

860 000 0.008 45
0.041 18

270 000 0.033 18
0.067 12

160 000 0.054 13
0.025 24

85 000 0.008 46
0.047 15

0.083 10

45 000 0.017 31
0.083 10

0.124 6.7

0.039 16

21 000 0.025 23
0.083 9.1

0.124 6.3

0.207 4.2

9 000 0.058 10
0.097 8.4

0.143 5.6

0.167 4.6

0.250 2.8

120




4 000 0.057 7.7
0.097 6.0
0.140 5.3
0.125 5.6
0.166 4.2
0.250 2.5
1 500 0.057 5.3
0.097 4.6
0.140 3.9
0.167 3.5
0.250 2.5
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Figure 3.5 Logarithm of the static correlation length, log, as a function of the
logarithm of the PEO volume fraction, log¢, deduced from SANS measurements of PEO
in D,0. Polymer molecular weights in Da: (*) 860 000, (0) 270 000, (a) 160 000, ()
85 000, (M) 45 000, (a) 21 000, (CJ) 9 000, (+) 4 000, (¢) 1 500. See text for

description of arrows.

122



of a polymer solution which contains identifiable polymer coils (Wiltzius et al., 1983;
Schaefer, 1984). With decreasing polymer concentration, the £ values for the low
molecular weight polymers (1 500 Da, 4 000 Da and 9 000 Da) appear to be increasing
towards a limiting value (dependent on the polymer molecular weight), which in the limit
of vanishing polymer concentration should become equal to R,/3'? (see Chapter 7)). In
Figure 3.5, on the ordinate axis, the correlation lengths evaluated according to £ =R,/3'
are indicated by the horizontal arrows for PEO 1 500 Da, 4 000 Da and 9 000 Da, where
R, was determined from independent theoretical predictions which are reported in
Chapter 6. The calculated & values (indicated by the arrows) appear to be in keeping
with an extrapolation of the measured values of £ to vanishing polymer concentration.
Clearly, additional measurements are required at lower polymer concentrations to make
a more precise comparison and reach a more definitive conclusion. At a fixed volume
fraction of low molecular weight PEO, for example, log¢=-1, the value of £ was
observed to increase with molecular weight, but was always bounded by the £ value of
the solutions containing entangled high molecular weight PEO. The presence of the
upper bound is consistent with the fact that with increasing molecular weight, the
polymer coils entangle into a mesh. Within the entangled polymer mesh, the indentities
of the individual polymer coils are lost and, therefore, the correlation length is observed
to become independent of polymer molecular weight (de Gennes, 1988).

The central conclusion resulting from the experimental determination of
the correlation lengths of aqueous PEO solutions is the confirmation of the occurrence
of a transition in the polymer solution structure, from one containing identifiable polymer
coils to one containing an entangled polymer network. In particular, beyond a PEO
volume fraction of about 0.1 (see the vertical arrow in Figure 3.5), which is close to the
concentration of PEO typically encountered in the PEO-rich phase of a two-phase
aqueous PEO-dextran system, the onset of the molecular weight dependence of the
correlation length occurs in the vicinity of a PEO molecular weight of about 10 000 Da.
This is consistent with the hypothesis reported in Section 3.4 of a transition in the PEO-
rich phase structure on the basis of experimentally observed protein partitioning (a

thermodynamic property). It is important to note that the transition in the solution
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structure is a gradual one, and in practice, much of the protein partitioning occurs in the
crossover region (with reference to Figure 3.5, the crossover for a particular molecular
weight of PEO can be defined as the range of polymer concentrations where the
correlation length of the polymer solution is a function of both PEO molecular weight
and volume fraction). This conclusion is not only relevant to past and future theoretical
developments, but also impacted on our interpretation of the neutron scattering from
polymer solutions containing proteins presented in Chapter 7. That is, for the 5.9% w/w
PEO solution of molecular weight 8,650 Da (with BSA) that we investigate in detail
below, we have adopted an analysis which describes the interactions between identifiable
polymer coils and protein molecules (rather than an entangled polymer net interacting

with protein molecules).

3.6 Structural Studies on Polymer-Surfactant Solutions: The Polymer-Micelle
Analogy.

Although in Sections 3.4 and 3.5 we have established that individual
polymer coils will be present in PEO solution phases of low PEO molecular weight, and
an entangled PEO mesh will be present in PEO solution phases of high molecular weight
(and concentration), the underlying physical nature of the polymer solution in the
presence of proteins also depends, in part, on the relative strength of the interactions
between the polymer coils and the globular protein molecules.

In Section 3.1, an analogy between interactions of proteins and polymers and
interactions of ionic micelles and polymers was proposed. This analogy appears fruitful
because the interactions of ionic micelles and polymers have been the subject of a
number of experimental investigations (Tokiwa and Tsujii, 1973; Shirahama, 1974,
Shirahama and Ide, 1976; Cabane, 1977; Cabane and Duplissex, 1982 and 1987;
Goddard, 1986a,b). In particular, the structure of the aqueous polymer-micelle system
containing PEO and sodium dodecylsulfate (SDS) anionic micelles has been studied in
some detail by a variety of techniques including dialysis (Shirahama, 1974), conductivity
(Tokiwa, 1973), surface tension (Jones, 1967), dye solubilization (Tokiwa, 1973),
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nuclear magnetic resonance (Cabane, 1977), and small-angle neutron scattering (Cabane
and Duplessix, 1982 and 1987). A conclusion supported by these experiments is the
existence of a strong attraction between the anionic micelles and the PEO coils. More
generally, it appears that interactions between polymers and micelles depend on the
extent to which the polymer shields the micellar hydrocarbon cores from water, as well
as on the magnitude of steric and electrostatic interactions between the polar surfactant
head groups and the polymer segments (Nagarajan and Kalpacki, 1982). For example,
the interaction of PEO with cationic micelles is found to be weaker than that with anionic
micelles (Nagarajan and Kalpacki, 1982), and negligible interactions of PEO with
nonionic micelles have been reported (Cabane, 1977). Therefore, by analogy,
interactions of both the protein charges and the more hydrophobic amino acid residues
with PEO may provide an attraction between the protein and the polymer segments. In
proposing possible physical pictures of polymer-protein solutions we have catered for the
existence of such attractive interactions.

Although the similarities of ionic micelles and proteins have been
emphasized and will be exploited in our development of a physical basis for protein
partitioning, we recognize that other properties of these two colloids differ from each
other. For example, the structures of globular proteins are often stabilized by the
formation of intramolecular covalent disulfide bonds which impart a degree of rigidity
to the protein. In contrast, the assembly of surfactant molecules into a micellar structure
is driven by purely physical forces and results in a less rigid assembly than a protein, and
allows the continual exchange of surfactant molecules between micelles as well as
surfactant monomers in solution. However, despite these difference, similarities in the
nature of proteins and micelles do exist, and it is interesting, to consider, in general, the
extent to which the understanding of well defined self-assembling systems can be

translated to more complicated biological systems.

3.7 Novel Physical Pictures for Proteins in Polymer Solutions

We consider polymer solution phases rich in PEO having molecular
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weights of less than approximately 10,000 Daltons as low molecular weight polymer
solutions. In these solutions, for which c<c’, the identities of the individual polymer
molecules are preserved, and the important characteristic length scale to consider is the
polymer coil size, described by its radius of gyration, R, (see Figure 3.4(a)). For dilute
solutions of PEO and water at ambient temperatures, excluded-volume interactions
between the polymer segments cause the radius of gyration to scale as M*® (Cabane and
Duplessix, 1982, de Gennes, 1988). For the range of PEO molecular weights typically
encountered in protein partitioning experiments, the polymer coil radius of gyration and
the protein hydrodynamic radius have comparable sizes. Note, however, that the
polymer can be larger or smaller than the protein, depending on the specific protein
species and particular PEO molecular weight. Since the specific nature of the
interactions between proteins and PEO appears unknown, we have explored a variety of
possible physical pictures which differ primarily in the strength of the polymer coil
interaction with the protein. Three pictures representing the nature of the interactions
of proteins and low molecular weight PEO molecules are presented in Figure 3.6. The
first picture, Figure 3.6(a), presents a scenario where the only interaction between the
protein and the polymer coils is a physical excluded-volume interaction. That is, the
free-energy change resulting from the introduction of a protein into the PEO solution
arises solely as a consequence of the change in the number of configurations available
to the system. The second picture, Figure 3.6(b), describes a scenario where a very
weak attraction exists between the protein and polymer coils in addition to the excluded-
volume interaction. Specifically, the attractive interaction is not strong enough to cause
the collapse of the polymer coils onto the protein surface. Consequently, the polymer
coils remain essentially undeformed in the vicinity of the protein surface. If the attractive
interaction between the protein and the polymer coils increases in strength, the polymer
coil will deform and actually adsorb onto the protein surface thus forming a polymer-
protein complex. This third scenario is reflected in Figure 3.6(c). The deformation of
the polymer from its relaxed configuration in the bulk solution, characterised by R,, to
a pancake-shaped configuration, characterised by thickness D <R, concentrates the

polymer segments in the vicinity of the protein surface and thus increases the number of
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contacts between each polymer coil and the protein surface. Limiting the extent of
polymer adsorption are the loss of polymer conformations, as well as an increase in the
excluded-volume interactions between the polymer segments present in the adsorbed
layer.

In proposing physical pictures to describe the interactions of similar
proteins and PEO in solutions where the PEO coils have extensively entangled, we have
also considered the influence of steric and attractive interactions on the thermodynamic
properties of these solutions. In Figure 3.7, we suggest four possible pictures for the
interactions of globular protein molecules with an entangled polymer solution network.
These scenarios reflect differences in the relative sizes of the polymer solution blob size,
&y, and the protein size, R,, in addition to the strength of the attractive interactions
between the polymer and protein molecules, which is characterized by e, the energy
change associated with bringing a single polymer segment from a solvated environment
to the protein surface. For example, when R, is less than &,, and only steric interactions
occur 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 3.7(a)). While the protein is unaware of the mesh size of the
polymer solution, depending on the relative size of the protein and the persistence length
of the polymer chain, b, the protein may either interact independently with each polymer
segment, R,<b, or the protein may interact simultaneously with a group of correlated
polymer segments within a volume roughly the size of the protein, R,>b.

A rather different situation prevails when the protein size is much larger
than the polymer blob size, that is when R, > £,. In this case, repulsive excluded-volume
interactions between polymer strands belonging to the mesh and the impenetrable protein
surface will cause a depletion of the polymer segments near the protein surface (Figure
3.7(b)). In view of the ability of the polymer segments to 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 &, In this situation,
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
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(a)

(c)

, physical exclusion only; (b)

Three pictures representing the possible nature of the interactions between

Picture 2, a weak attraction exists between the polymer and the protein in addition to

proteins and low molecular weight polymers: (a) Picture 1

Figure 3.6.

and (c) Picture 3, a stronger attraction between the polymer coils and

)

physical exclusion;

the protein causes the formation of an adsorbed polymer layer about the protein.
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determining the interactions of the protein and polymer network (other than to define the
surface area of the protein).

One can also imagine scenarios where there are both steric and weak
(perturbative) attractive interactions between the protein molecules and the polymers
(Ingham, 1977). Under conditions such that the attraction is sufficiently weak, the
structure of the solutions, as presented in Figures 3.7(a) and 3.7(b), are essentially
preserved. In Chapter 5, we examine the influence of such weak attractions on the
thermodynamic properties of entangled polymer solutions containing proteins.

In contrast to the case where there is a very weak attraction between the
protein and polymer solution net, the presence of a stronger attraction will promote the
decoration of the protein surface with an adsorbed layer of polymer, and consequently
will induce a significant alteration of the structure of the polymer solution phase in the
neighborhood of the protein. Scenarios corresponding to this situation are depicted in
Figures 3.7(c) and 3.7(d). For polymer solution conditions where the polymer net size
greatly exceeds the size of the protein, £, R, under the influence of strong attractive
interactions between proteins and polymers, proteins may adsorb to the polymer net like
beads on a necklace (Figure 3.7(c)). This regime is analogous to that investigated by
Cabane and Duplessix (1982 and 1987) for a semidilute PEO solution complexing with
SDS micelles. In this limit, where the protein is much smaller that the size of the
polymer mesh (that is, much smaller than the range of the correlations between polymer
segments) the nature of interactions between the polymers and proteins will be essentially
independent of the polymer mesh size. That is, at the length scale of the protein (which
is very small compared to the polymer mesh size), the nature of the polymer net is
independent of the polymer concentration. This arises since the correlations between the
polymer segments (that the protein feels) are determined by the excluded-volume
interactions between polymer segments belonging to a local section of the polymer chain
(intra-blob correlations) (de Gennes, 1988). The previous statements should not be
interpreted to suggest that the partition coefficient of the protein will be independent of
polymer concentration when R, <£,, since in this limit the concentration of polymer still

determines the probability of a protein interacting with a strand of the polymer mesh.
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Figure 3.7 Possible pictures for the interactions of globular proteins and high molecular
weight polymers: (a) very weak attraction or no attraction between the polymer mesh and
the protein, and R, «£,; (b) very weak attraction or no attraction between the polymer
mesh and the protein and R, > £,; (c) strong attraction between the polymer mesh and the
protein, R, <£,; (d) strong attraction between the polymer mesh and the protein and
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In the alternative limit, corresponding to the limit where the protein size greatly exceeds
the polymer net size, R, > £,, the polymer strands will adsorbs to the surface of the
protein, just as they would to a macroscopic and planar surface.

In the following Chapters, we examine the consequences of each of these
physical scenarios on the thermodynamic properties, including the protein partition
coefficient, of the aqueous solutions of proteins and polymers. Furthermore, through a
comparison of the predicted and experimentally observed protein partitioning behaviors
we show that one can distinguish between these possible pictures for the interactions of

proteins and polymers.
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Chapter 4.

Proteins in Solutions of Identifiable Polymer Coils. 1.

Scaling-Thermodynamic Formulation

———

4.1 Introduction

In Chapter 3, novel molecular-level pictures for the interactions of globular
proteins and flexible nonionic polymers in solution were proposed. In essence, certain
protein partitioning behaviors were suggested to arise from changes in the polymer
solution structure at length scales corresponding to the sizes of the protein molecules.
Specifically, in the two-phase aqueous system containing poly(ethylene oxide) (PEO) and
dextran, where an aqueous PEO-rich solution phase coexists with an aqueous dextran-rich
solution phase, these novel physical pictures were based, in part, on a proposed transition
in the nature of the PEO-rich phase, from the dilute to the entangled polymer solution
regimes, with increasing PEO molecular weight. In systems containing a concentration
of approximately 10% w/w low molecular weight PEO (M, < 10 000 Da), the solution
is in the dilute regime in which individual polymer coils, which may be larger or smaller
than the proteins, interact with the proteins. In contrast, in systems containing high
molecular weight PEO (M, > 10 000 Da), the solution is in the entangled regime and the
proteins interact with an entangled polymer mesh rather than with identifiable polymer
coils. Depending on the protein size and the polymer concentration, the size of the
polymer mesh can be larger or smaller than that of the protein molecule.

Here, we focus our attention on polymer solutions containing identifiable
polymer coils. We aim to explore the nature of the free-energy change arising from the
interactions of the protein and polymers in each of the physical scenarios proposed in

Chapter 3 by developing scaling-thermodynamic formulations. A statistical-
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thermodynamic framework is used to relate the free-energy change to the protein
chemical potential and thus predict the associated protein partitioning behaviors. On the
basis of these scaling arguments, we will demonstrate that although the physical exclusion
of the proteins by the polymer coils contributes to the observed partitioning behavior,
other interactions between polymers and proteins need to be considered to explain the
observed partitioning trends. In particular, the influence of the PEO molecular weight
on the partitioning behavior of the series of proteins (Albertsson et al, 1987; Hustedt et
al, 1978), cytochrome-c, ovalbumin, bovine serum albumin, catalase, pullulanase and
phosphorylase, is observed to be consistent with the presence of a weak attractive
interaction (in addition to physical exclusion) between the protein molecules and the
polymer coils. Finally, the presence of a strong attractive interaction between the
proteins and polymers will be shown to be inconsistent with the partitioning behavior of
the proteins reported in Figure 2.4.

The remainder of this chapter is organized as follows. In Section 4.2 a
statistical-thermodynamic formulation is presented in order to relate the theoretically
predicted free energy change arising from the interactions of the proteins and polymer
coils to the experimentally measurable protein partition coefficient. Assuming that the
sole contribution to the protein-polymer coil interaction arises from excluded volume
interactions of the protein and polymer, Section 4.3 presents a derivation of the free
energy of interaction and predicts the associated protein partitioning behavior. The
importance of the polymer-polymer interactions on the protein partitioning behavior are
emphasized and the influence of the solvent quality for the polymer is explored. At ©-
solvent conditions for the polymer, a picture which incorporates solely the excluded-
volume interactions between the proteins and the polymer coils is unable to account for
the influence of polymer molecular weight on K,; at athermal-solvent conditions, where
repulsive polymer-polymer interactions also influence the protein chemical potential, the
predicted protein partition coefficient is shifted in a direction qualitatively consistent with
experimental trends. In Section 4.4, for both athermal- and ©-solvent conditions, the
observed change in K|, is shown to be qualitatively consistent with the presence of a weak

attraction between the polymer coils and the proteins. Finally, in Section 4.5, the
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presence of a strong attraction between the polymer coils and the proteins, and associated
formation of an adsorbed polymer layer at the surface of the proteins, can lead to a new
partitioning behavior that has not yet been realized experimentally. In Section 4.6 we

present our concluding remarks.

4.2 Statistical-Thermodynamic Framework

A thermodynamic formulation is required to relate the free-energy changes
associated with the interactions between proteins and polymers to the experimentally
accessible protein partition coefficient. Experimental measurements performed in the
limit of vanishing protein concentration, namely, high protein dilutions, simplify the
connection between the required free-energy changes and the protein partition coefficient,
as it can be assumed that the proteins do not interact with each other significantly during
measurement of the protein partition coefficient and thus may be assumed to be isolated
from each other. As expected, in this limit, the protein partition coefficient is generally
observed to become independent of protein concentration (Albertsson, 1985). This point
is addressed further by experiment in Chapter 9 where measurements of the partition
coefficients of ovalbumin are reported. In brief, over the range of ovalbumin
concentrations from 0.2g/1 to 2 g/1, the protein partition coefficient was observed to be
independent of the ovalbumin concentration. Note that although the experimental
conditions chosen reduce the influence of protein-protein interactions on the partition
coefficient, we recognize that proteins can associate under certain conditions, particularly
near their isoelectric point (Tanford, 1961). Furthermore, the presence of polymers may
promote the association or dissociation of proteins depending on the polymer type and
protein species (Middaugh and Lawson, 1980). Therefore, although the independence
of the protein partition coefficient on protein concentration provides some justification
for the assumed minor role of protein-protein interactions on protein partitioning, this
topic warrants further investigation, particularly for those proteins which are known to
self-associate. Another useful simplification that arises from the measurement of K, at

high protein dilution is that these low protein concentrations cause a negligible
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perturbation to the two-phase equilibrium of the phase-forming polymers in the absence
of the proteins. A typical protein concentration is 1 g/l (<0.1 mM) and thus the latter
assumption appears reasonable and has been confirmed by experiments (Baskir, 1988).
Finally, we consider each phase to contain water, protein and only one of the two
polymers present in the system. Provided that the two-phase systems are far from their
critical points, the concentration of the minority polymer is very low as is apparent from
Figure 3.2, and hence this assumption appears very reasonable.
In general, the protein chemical potential in phase i (t or b) is given by

By i = Ky + KTINGG, , ¥, ) *+ 2, (0 - W,) @.1)

where p,°; is the standard-state chemical potential of the protein in phase i, 1, ; is the
activity coefficient of the protein at concentration c,; , z,; is the net protein charge in
phase i, and y; and y, are the electrical potentials of phase i and a reference phase o,
respectively. Note that the last term in Eq.(4.1) arises from the necessary presence of
buffering salts in the system to control pH. The equilibrium distribution of proteins
between two coexisting phases is determined by the equality of the chemical potentials
in each phase, that is, by u,,=u,,. Furthermore, in the absence of significant protein-
protein interactions (see discussions above), the protein activity coefficient in each phase
is approximately unity. Using this information and Eq.(4.1), the protein partition

coefficient is given by

K. = Cp,z - p';,b - p’;,t + Z, (‘I’b = \V,) 4.2)
P e kT i)’

pb

where the net charge of the protein has been assumed to be independent of the phase in
which the protein resides, that is z,, = z,, = z,. This assumption is supported by the
small pH difference between the two coexisting phases, as well as by the almost uniform
partition of most salts between the phases (Albertsson, 1985). In general, experimental
investigations have revealed that - ¥, can be influenced by the specific salt types in the
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system, and the concentrations of the polymers in each of the coexisting phases
(Albertsson, 1985; King et al., 1988). Since only very small changes are measured in
the phase polymer compositions (% wt/wt) over the PEO molecular weight range of
interest (see Figure 3.2), to a reasonable approximation, by examining changes in the
protein partition coefficent with PEO molecular weight for a given salt (buffer) type and
concentration, Eq.(4.2) suggests that one probes only those factors which affect the
standard-state chemical potentials of the proteins. Note that an assumption implicit in
the prior statement is that y,- v, is not significantly influenced by the PEO molecular
weight. This can be justified, in part, if one considers the interactions between salts and
PEO to be short-ranged, that is, if salt interacts with PEO at the length scale of the
polymer segments rather than the polymer coil size. Indeed, the precise nature of the
interactions of nonionic polymers and salts remains to be elucidated although some
experimental evidence (see below) supports our assertion. Under the above assumptions,
the change in the protein partition coefficient accompanying changes in the PEO

molecular weight reduces to
o o o [
Alnk = A .t _| Ptz " Bpn1| [ Hpn2 THpgt 4.3)
7 €, h kT kT

Note that the symbol AlnK, denotes the change in the protein partition coefficient

between two systems containing different PEO molecular weights, defined as states 1 and
2. We now return briefly to the assumptions leading to the cancellation of the electrical
potential term in Eq.(4.3). If this is justified, the change in the protein partition
coefficient predicted by Eq.(4.3), AlnK,, should be independent of the salt type present
in the system, which is indeed observed experimentally (see Chapter 9). In addition,
since a very low concentration of PEO is present in the bottom dextran-rich phase, we
assume that only the protein standard-state chemical potential term in the top PEO-rich
phase changes with changes in PEO molecular weight. This further simplifies Eq.(4.3)
yielding
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Eq.(4.4) is a central result which indicates that, under the assumptions detailed above,
changes in the protein partition coefficient are essentially determined by the interactions
of the protein in the top PEO-rich solution phase. Recall that the physical meaning of
the protein standard-state chemical potential is the excess free-energy change upon
introducing a single isolated protein from a polymer free solvent (where the center of
mass of the protein is fixed) into a polymer solution phase. Note that the standard-state
protein chemical potential is an excess free energy because the contribution arising from
the ideal entropy of mixing the protein with the polymer solution is contained in the
logarithmic term of Eq.(4.1) (with y,;=1). In evaluating this free-energy change we
have made an additional simplifying assumption regarding the proteins. That is, we have
treated the proteins as rigid impenetrable spheres with homogeneous surface properties
and have assumed that all properties of the protein may be uniformly averaged over the
entire molecule. As previously mentioned, this simple view of the proteins is justified
by the clear correlation between the protein partition coefficient and the characteristic
protein size (see Figures 2.4 and 3.1), which suggests that other factors, for example,
amino acid composition and distribution throughout the protein, may be less important
than the protein size in determining the interactions with flexible polymers. It should be
kept in mind, however, that proteins generally have rather inhomogeneous surface
properties and possess structures which can breathe about a mean conformation. The
incorporation of these additional protein properties into the description of protein-polymer
interactions is likely to be necessary for any detailed quantitative treatment of these

interactions.
4.3 Picture 1: The Mechanism of Physical Exclusion

The first picture, Figure 3.6(a), assumes that the sole contribution to the

139



free-energy change associated with introducing a protein into an aqueous PEO solution
arises from the change in the number of configurations available to the system, in other
words, a change in the entropy of the system. The precise meaning of the entropy of
mixing in the present case is the entropy change resulting from mixing a single protein
molecule, polymers and solvent relative to mixing polymers and solvent in the absence
of the protein. Note that prior to mixing the protein with polymer and solvent, the
protein is considered to be in a solvent phase, and therefore the protein is assumed not
to change its state, for example, hydration characteristics and average configurational
state, when mixed with the polymer and solvent. In contrast to Brooks and coworkers
(1987) and Baskir and coworkers (1987 and 1989), the essential physics captured in our
estimation of the entropy change is that polymer solutions of low PEO molecular weight
do not consist of a web of entangled polymer, but rather contain individual, identifiable
and non-overlapping coils, each characterized by a radius of gyration, R,.

At constant temperature and volume, and therefore assuming negligible
volume change upon mixing the protein and the polymers, the standard-state chemical
potential of the protein is equal to the change in the Helmholtz free energy (Modell and
Reid, 1983) of the system per protein introduced into the system, that is

l";, ti— 34, @.5)

P b i

where 0A°,,; is the Helmholtz free-energy change upon introducing a single and isolated
protein molecule into the top (t) PEO-rich solution phase at conditions i (i=1 or 2). For
a change in the PEO molecular weight (denoted by the symbol A), and using Eq.(4.4),

we find that,

04, ., - 84, , 1] 4.6)

AlnK = -
LS [ kT

In general, the change in the Helmholtz free energy can be expressed as (Modell and
Reid, 1983)
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where 0U,° , ; and 0S,° , ; are changes in internal energy and entropy, respectively. In
Picture 1, no change in internal energy accompanies the transfer of a protein into the
polymer solution phase. Thus, using Egs.(4.6) and (4.7), the protein partition coefficient
can be directly related to the change in the entropy, that is,

8S, ., - 8S,, 1] (4.8)
k

AlnK, = [
The isothermal entropy of mixing the protein with the polymer solution is related to the
number of configurations adopted by the various components of the solution through
3S, L

SR _n QL (N, Y, T) - ln Gy O, W, T) “9

where {ly,-; and {dy,-, are the numbers of polymer solution configurations with and
without the protein present, respectively, and N, is the number of polymer molecules in
volume V.

Assuming that the number of ways of placing a polymer molecule in the
volume V is proportional to the available free volume with a proportionality constant, A,

(see Appendix 4 A), the number of configurations Qy,-, is given by (Tanford, 1961)

) A;v’(V —U) (V- U . (V-Uy) (4.10)

O, N,

where U; is the volume excluded by the j®-1 polymer coils present in the system. Thus,
V-U; is the free volume available to the j* polymer coil as it is placed sequentially in the

volume V. For example, U, =0, since the entire system volume V is available for the
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placement of the first polymer coil. The factor N,! accounts for the indistinguishability
of the polymer coils. The major difficulty in the evaluation of Eq.(4.10) is the
assignment of excluded volumes U; (Tanford, 1961; Ruckenstein and Chi, 1975). In the
dilute polymer solution regime we assume that the excluded volumes are additive, that
is, U;=(-1)U,, where U, is the volume excluded by each polymer coil in the system.
In that case, expanding the various natural logarithms appearing in InQy,—, in terms of

the expansion parameters (j-1)U,/V <1 to quadratic order yields

U,N; _ U;N, @.11)
(3 %

InQy , = In(4;") - InQN,)) + NyInV -

where the result N,(N,-1)=N,2 for N,> 1 has been used.

We have extended the above approach to estimate the number of
configurations of the polymer solution in which a protein molecule is dissolved. In
general, the protein has a different size than each polymer coil. In the evaluation of the
number of configurations, we place the N, proteins (where N,=1) in the volume V first,
and follow it by the successive placement of the N, polymer coils. The logarithm of the
number of configurations available to the solution, In{}y,_,, is obtained by expanding the
various natural logarithms in terms of the expansion parameters U,(j-1)/(V-U,N,) <1.

To quadratic order this yields

InQ, - In(4,’4,”) - In(Ny!) + N,In(V - N,U) + N,InV - In(N,})

) ’ 3 4.12)

2V 2V - NPUP) ) 6(V - Upr)2

where U, is the volume excluded by the protein to the polymer coils, and A, is the
proportionality constant relating the fraction of the system volume accessible to the

protein (free volume) to the possible configurations of the system when the protein is
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introduced. Note, that for N,=0, that is, with no protein present, Eq.(4.12) correctly
reduces to Eq.(4.11). Setting N,=1 in Eq.(4.12), corresponding to a single protein in
the system, followed by the substitution of Eqs.(4.11) and (4.12) into Eq.(4.9) yields

uNCR)
852, . U, M5,

T=ln(APV)+N2 1—7 _—U—

211 - =2)

|4 4.13)

U 1U
UsN3(—=2)(1-=-2
2N ( V)( 2 V)

L/
3V(1-=D)

In Eq.(4.13) the term In(A,V), which depends on the magnitude of the system volume,
V, describes the ideal mixing of the protein in a volume V. As this term is also
accounted for in the second term of the protein chemical potential in Eq.(4.1), and
therefore does not contribute to the standard-state chemical potential of the protein as
defined in that equation, we subtract it from Eq.(4.13). In the dilute protein solution
limit of interest to us, for which U,<V, we can further expand Eq.(4.13) to leading

order in U,/V. Carrying out this expansion and substituting the resulting expression in
Eq.(4.8) yields

N,U,

AlnK = - A
P vV

1

) 4.19)

2
+ N,U, + 0 MU,
2y | 4

Clearly, the truncation present in Eq.(4.14) produces an insignificant error provided that

2

N, 4.15)

<<1
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From Eq.(4.15) it is apparent that the validity of the truncation depends upon both the
number density of polymer coils in the solution, N,/V, and the strength of the polymer-
polymer interactions, characterized by U,, which depends upon the solvent conditions.
Therefore, we consider two typical types of solvent conditions corresponding to the so-
called athermal- and ©-solvent conditions for the polymer (de Gennes, 1988). Athermal-
solvent conditions prevail when there is no enthalpy change upon mixing polymer and
solvent from the pure-component states. In the absence of an enthalpy change upon
mixing, the interactions between polymer coils are strongly repulsive due to excluded-
volume interactions. In the notation of Flory (1986) and Huggins (1941), this condition
is characterised by x =0, where x is the Flory-Huggins interaction parameter. The O-
solvent condition corresponds to the presence of an effective attraction between polymer
coils which exactly balances the repulsive excluded-volume interactions, and is
characterized by x=0.5. PEO in water at ambient conditions lies between these two
limits with a Flory-Huggins interaction parameter, x, of typically 0.45 (Edmond and
Ogston, 1968; Rogers and Tam, 1977). Consequently, by examining these two limits
we hope to bound the behavior of the PEO-water (and salt) system.

In Picture 1, the polymer-protein interaction is characterized by U,. For
globular proteins which are relatively rigid (as compared to flexible random coiling
polymers) and effectively impenetrable to the polymer, the assignment of the
characteristic dimension of the protein needed to describe the exclusion of the polymer
corresponds closely to the hydrodynamic radius of the protein. Furthermore, owing to
the presence of relatively strong intramolecular forces within the protein it is unlikely that
weak intermolecular interactions, for example, those with nonionic polymers, will cause
large deformations of the protein structure. Indeed, the maintenance of enzymatic
activity in most aqueous nonionic polymer solutions suggests, at the very least, the
absence of changes in the protein structure associated with the active sites of the proteins
(Albertsson, 1985; Walter et al., 1985). Contrasting this situation is the behavior of
flexible and deformable polymers, where the average configuration of an isolated
molecule reflects a delicate balance of the intramolecular forces. Furthermore, at finite

concentrations, intermolecular interactions will also influence the polymer coil
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configurations. That is, in polymer solutions of finite concentration, polymer coil
configurations will reflect both intra- and inter-molecular interactions, effectively
coupling these two factors. Note also that the average configurations of the flexible
polymer coils associated with polymer-polymer interactions may differ from those
associated with polymer-protein interactions as a result of the differing nature of the
intermolecular interactions in the two cases. Specifically, for the interactions of globular
proteins and flexible polymer coils, the characteristic dimension of the polymer coils for
the description of the polymer-protein interaction will differ, in general, from that used
to describe the polymer-polymer interactions. In particular, the former characteristic
dimension will depend upon the relative sizes of protein and polymer. To illustrate this
point the results of Hermans for excluded volumes are useful (Hermans, 1982; Hermans
and Hermans, 1984). In the limit where the protein is much larger than the polymer,
that is, R,>R,, the excluded volume arising from interactions between a polymer coil
at O-solvent conditions and a spherical protein was determined to have the form

(Hermans, 1982)

3 12
U=4”RP+[4] <R 4.16)

where S, is the surface area of the protein, and Eq.(4.16) is valid for R/R,<0.41. In
the associated physical picture, the protein and polymer coil interact at their surfaces
(where the polymer coil surface is defined by a sphere of radius R,) since the protein is
too large to penetrate to any significant extent into the polymer-coil volume.
Alternatively, in the limit R, 3R, corresponding to the polymer coils being much larger
than the protein, the excluded volume was determined to have the form (Hermans, 1982;

Hermans and Hermans, 1984)

U=47R R, 4.17)

The difference in the functional form of Eq.(4.17) as compared to that of Eq.(4.16)

reflects the fact that when the polymer coil increases in size as compared to the protein,
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a significant number of polymer-coil configurations exist which permit the protein to
diffuse unhindered into the volume occupied, on average, by the polymer coil. For the
proteins reported in Figure 1 and for PEO in the molecular-weight range from 4,000
Daltons to 10,000 Daltons, the range of interest corresponds to 0.4 < R,/R, < 2.5.
Therefore, we are interested in the behavior of the excluded volume, U, in the region
between the two limits treated by Eqs.(4.17) and (4.16).

Recently, Jansons and Phillips (1990) have reported the evaluation of the
excluded volume over the complete range of relative polymer and impenetrable sphere
sizes for ©-solvent conditions. The excluded volume, U,, was evaluated using the
analogy between the flight of a diffusing particle and the statistics of ideal polymer coils
(that is, polymer coils that possess no excluded volume and hence correspond to O-

solvent conditions) and is given by

3
U —4rR R +8(x)"R2R + 4”3RP 4.18)

Note that Eq.(4.18) correctly reduces to Eq.(4.17) or Eq.(4.16) in the appropriate limits
of R,/R,, and will be used to characterize the excluded-volume interactions of polymer

coils and proteins.
Case 1: 0-Solvent

At O-solvent conditions for the polymer, the enthalpy of interaction
between the polymer coils and solvent exactly balances the excluded-volume interactions
between polymer coils implying that U,=0. Therefore, Eq.(4.15) is always satisfied.
Using the fact that U,=0 in Eq.(4.14) yields

N,U, 4.19)

Aanp = -A
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When comparing the prediction of AlnK, to the experimentally observed
trends in the protein partition coefficient, it is important to note that the change in the
polymer molecular weight occurs at constant weight fraction of the polymer solution
phase. This fact was emphasized in Chapter 3. Therefore, accompanying a change in
the polymer molecular weight is not only a change in the polymer coil size, but also
changes in both the number concentration of polymer coils and the associated volume of
the solution excluded by polymer coils. At constant weight fraction of polymer in the
solution, the number of polymer coils per unit volume, N,/V, scales with the number of
polymer segments per polymer coil, N, as 1/(NV). However, since the volume of the
system, V, is constant, for simplicity we omit the term V hereafter and use the scaling

relation

N.
| 4

(8]

4.20)

~

1
N

For a polymer coil at ©-solvent conditions, the radius of gyration scales as (Flory, 1986;
de Gennes, 1988)

R~ aN 7 4.21)

where a is the characteristic size of a polymer segment. Substituting Eqgs.(4.18), (4.20)
and (4.21) into Eq.(4.19), the protein partition coefficient is predicted to have the form

47RN"! @4.22)

AlnK, ~ -A 41era2+8’n-”2RﬁaN'”2+ 3

With the exponent of N constrained to negative values, the qualitative behavior of the
experimentally determined protein partition coefficients shown in Figure 1 cannot be
reproduced. Such a behavior requires that this exponent be greater than 0. To

understand the behavior predicted by Eq.(4.22) we return to Eq.(4.19) which reflects two

clear contributions. The first one arises from the term N,/V, the number concentration
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of polymer coils in the solution, which is a measure of the frequency of interaction
between the protein and the polymer coils. The second one, U, the volume excluded by
the protein from the polymer coils, is a measure of the strength of the polymer-protein
excluded-volume interaction. It is the competition between these two factors that leads
to the predicted behavior. An increase in the polymer molecular weight (recall that N
is proportional to polymer molecular weight), at constant weight fraction of polymer in
the solution, results both in a decreased frequency of interaction (since N,/V decreases,
see Eq.(4.20)) as well as in an increase in the strength of the excluded-volume interaction
(since U, increases, see Eqs.(4.18) and (4.21)). For ©-solvent conditions the former
factor dominates for small polymers, whereas for large polymers the two factors balance

each other.

Case 2: Athermal-Solvent

For a polymer in an athermal solvent, the repulsive excluded-volume
interactions between polymer coils causes U, to be greater than zero. Therefore, the
validity of the truncation presented in Eq.(4.14) is not guaranteed and the condition in
Eq.(4.15) must be satisfied to justify the truncation. Clearly, if Eq.(4.15) is satisfied,
this constraint dictates that the second term in Eq.(4.15), which contains the influence
of the polymer-polymer steric interactions (through U,) on InK,, cannot dominate the first
term. Recall that the first term describes the contribution of the direct protein-polymer
interaction to the protein chemical potential. In other words, because Eq.(4.15) must be
satisfied to justify the truncation present in Eq.(4.14), it is not possible, in the context
of the formalism developed so far, to predict protein partitioning behavior under
conditions where polymer-polymer steric interactions dominate the form of the protein
chemical potential. Nevertheless, it is of interest to examine the direction of the
influence of polymer-polymer interactions on the partition coefficient of the protein
(under conditions where Eq.(4.15) is satisfied) in addition to the infuence of the
athermal-solvent conditions on the direct protein-polymer interaction. This will be done

in the spirit of a scaling approach. For polymer coils in athermal solvents, the excluded
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volume describing the interactions between equal sized polymer coils can be described

using the polymer coil radius of gyration as (Tanford, 1961)

U, ~ N (4.23)

where we have used the fact that R, ~aN** for a polymer coil in an athermal solvent
(Flory, 1986; de Gennes, 1988). Note that U, is proportional to the spherical volume
defined by R,. To determine the form of the excluded volume which characterizes the
interaction between the polymer coil in an athermal solvent and the protein we have
adopted Eq.(4.18) suggested by Janson and Phillips (1990). Although Eq.(4.18) was
derived for a ©-solvent, we utilize it for polymer coils in an athermal solvent, using the
appropriate scaling relation (shown above) to connect the polymer radius of gyration to
the number of polymer segments per polymer coil. This approach for describing the
qualitative features of polymer-protein interactions in an athermal solvent is supported
by the Monte-Carlo calculations of U, which are presented in Chapter 6. Substituting
Eq.(4.18) (with R, ~aN* and U, given in Eq.(4.23)) and Eq.(4.20) into Eq.(4.14), and

neglecting numerical prefactors, the following expression for AlnK, results

87'2R’a 4xR’ 4.24
AlnK,~ -A [[4era2N“5+ NM” + 3NP (1+paN*s) @.24)

where p is an order unity numerical prefactor. Recall from the discussion above that the
term (1+pa’N*5) in Eq.(4.24) describes the influence of polymer-polymer interactions
on the protein chemical potential and thus on the protein partition coefficient. The

essence of the result in Eq.(4.24) may be summarized as
o 4.2
AlnK, ~ -A[RN°N ) (4.25)

where the exponents are constrained to lie in the limits 1<a<3, -1<f<1/5 and
0<y<4/5. In Eq.(4.25), the exponents o and B describe the influence of the protein
size and polymer molecular weight, respectively, on AlnK, through direct polymer-
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protein interactions, whereas vy captures the influence of the polymer molecular weight
on AlnK, through polymer-polymer interactions. As noted earlier, the exponent of N
must be greater than 0 to describe the experimental trends. Although this appears
unlikely to result from B, as § decreases to -1 with decreasing N, it is important to note
that the influence of the polymer-polymer interaction (through #) is in the direction of
the experimental trends in the protein partition coefficient. Indeed, the possibility that
a more quantitative and detailed treatment of the entropy of mixing of protein and
polymers may account entirely for the protein partition coefficient cannot be discarded.
From this analysis it is evident that important features to be incorporated in future
developments include the deformability and permeability of the polymer coils in the
presence of the globular proteins, the partial permeability of the polymer coils to each
other (which varies with the solvent condition), and the contributions of higher-order

interactions between polymer coils and proteins. Work in this direction is in progress.

4.4 Picture 2: The Influence of Perturbative Weak Attractions

In the second picture, Figure 3.6(b), a weak attractive interaction between
the polymer coils and the protein molecules is introduced to determine the influence of
such weak attractions on the protein partition coefficient. Owing to the assumed
weakness of the attraction we have treated it as a perturbation of the repulsive excluded-
volume interactions considered in Section 4.3. Although in this chapter we have assumed
the range of the attractive forces to be small relative to the size of the protein and
polymer coils, we are aware that forces such as those of the van der Waals type can be
significant between dense colloidal spheres and polymers and can act over length scales
comparable to the typical dimensions of the protein and the polymer coils. Therefore,
a more detailed treatment may consider the interactions of the entire protein molecule
with the polymer coils, rather than the surface-type interactions of range a, the polymer
segment size, characterized by an energy &, considered below. Defined more precisely,
€ is the local energy change (measured in units of XT) that accompanies the replacement

of solvent at the protein surface by one polymer segment. Provided that ¢ is sufficiently
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weak, the presence of the attraction will not significantly influence the frequency of
contacts between a polymer coil and a globular protein (as compared to the random-
mixing case). This is in contrast to the third picture to be treated in Section 4.5, where
an increase in & beyond a certain threshold value results in the extensive deformation of
the polymer coil and the associated formation of an adsorbed polymer layer about the
protein.

The contribution of the attraction between the polymer coils and the
protein to the standard-state protein chemical potential, u,>*", in the polymer solution can

be considered to have the following form

p;,m - N2Vc <m >e (4-26)
kT

Eq.(4.26) results from a consideration of binary interactions between the protein and the
polymer coils. Note that although the contribution of the attraction between protein and
polymer to the free energy of the solution is proportional to both the protein
concentration, N,/V, and polymer concentration, N,/V, the protein chemical potential is
only linear in N,/V. The combined term (N,/V)V, reflects the fact that in a dilute
polymer solution the likelihood of contact between the polymer coils and the protein
increases with both the polymer coil concentration, N,/V, and the sizes of the protein and
polymer coils, both of which are reflected in the term V,. More specifically, with the
center of mass of the protein fixed in space, V. is the total volume traced out by the
center of mass of the polymer coil for which the polymer coil has an attractive
interaction energy <m,>¢ with the protein. The term <m,> is the characteristic
number of contacts between a polymer coil and a protein, averaged over all polymer
configurations, for which at least one contact has occurred between the polymer coil and
the protein. In the above formulation, the qualitative forms of V., and <m,> depend
upon the relative sizes of the protein and the polymer. We consider first a situation
where the polymer coil size is either smaller or similar to that of the protein, that is,

R,<R,, and subsequently show that our general treatment is also physically reasonable
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in the limit R, >R,

In the limit R, <R, on average, very few configurations of the polymer
chain permit the protein to penetrate the polymer-coil volume, which is characterized by
R,’. For the case of interest here, where the range of the attractive interactions is of
order a, V, scales as (R;+R,)’a, the volume of a shell having an area of order (R;+R,)’
and a thickness of order a. The term <m,> is estimated as

<mp> ~p*Aa @.27)

(4

where p” is the characteristic polymer-segment density at the protein surface, and A, is
the area of contact between the protein and the polymer coil, which depends, in general,
on the sizes and deformability of both species. Since the attractive interaction is weak,
the deformation of the polymer coil due to the attraction is considered to be small in the
vicinity of the protein (in contrast to Picture 3), and thus the density of polymer segments
at the protein surface will scale with the density of polymer segments within a polymer
coil far from the protein surface. In particular, for athermal-solvent conditions (O-

solvent conditions will be considered later)

p* - N N 1
4n R @ NS g3NS 4.28)
3 -4

When the protein and the polymer coil are similar in size, the curvature of the protein
surface will reduce the available contact area for the polymer below that corresponding
to an infinite planar surface. To account for this, we have estimated the contact area
between the protein and the polymer coil, A,, as R.4*, where R is an effective radius

between the protein and the polymer coil defined as

4.29)

~

1.1, 1
Reﬁ' RP Rg

Although other forms for the effective radius can be proposed, Eq.(4.29) is a

152



conveniently simple representation which also tends to a physically reasonable limit for
R, <R,. In this latter limit, the number of contacts between the polymer coil and the
protein is limited by the size of the polymer coil and naturally is independent of the
protein dimension.

Using the above result for A, in Eq.(4.26), along with Eqgs.(4.27)-(4.29),
the scaling form for the contribution of the attraction to the standard-state protein

chemical potential for athermal-solvent conditions is given by

b (M) 2 (4.30)
T ~ —(7)eRpaN2"

Although our treatment of Picture 2 includes a number of simplifications,
the essence of the approach is supported by evaluations of <m,> using Monte-Carlo
techniques to generate the configurations of a self-avoiding chain in the vicinty of a hard-
sphere for R, < R,, the region of behavior accessible to the simulation (see Chapter 6).
In particular, the scaling prediction that the contribution of the attraction to the protein
standard-state chemical potential becomes more favorable with increasing polymer
molecular weight (at constant N,/V) for R, < R, was verified, as was the predicted
influence of the protein size on <m,>.

Using Eqs.(4.4), (4.20) and (4.30), the contribution of the attractive

interaction to the protein partition coefficient (for athermal-solvent conditions) is given

by

AlnKy" ~ A

2
eak, (4.31)
N3/5

For 6-solvent conditions, Eqs.(4.26) to (4.29) lead to the same scaling form for AlnK,*
with the exception that the exponent of N in Eq.(4.31) changes from 3/5 to 1/2. Note
that the contribution of the entropy of mixing (excluded-volume interactions) to the

protein partition coefficient, for both athermal- and ©-solvents, is the same as that
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derived for Picture 1. In other words, Eq.(4.31) represents the contribution of the
attraction between protein and polymers to the change in the protein partition coefficient
and not the total change in the protein partition coefficient.

Equation (4.31) predicts two qualitative features of the protein partition
coefficient, both of which are consistent with trends observed in experimental
measurements of K, (see Figures 2.4 and 3.1). First, with increasing polymer molecular
weight, or equivalently with increasing N, the protein partition coefficient is predicted
to decrease, in a manner consistent with Figure 2.4, and secondly the magnitude of this
decrease in the protein partition coefficient is predicted to increase with protein size.
This is also observed experimentally as shown in Figure 3.1. While allowance for a
weak attraction between protein and polymer coils gives results that are consistent with
experimental observations, this is not the case when the attraction is significantly
stronger; as shown in Section 4.5 the presence of a stronger attraction produces a
strikingly different behavior due to the formation of an adsorbed layer of polymer about
the protein. For a hard sphere of radius b, Pincus and coworkers (1984) estimated the
sticking energy necessary to form an adsorbed polymer layer around the sphere to be of
order a/b (in units of kT), where a is the polymer segment size, and translational entropy
effects associated with forming the adsorbed layer are neglected. This estimate
corresponds to an & value of order 0.1 (in units of kT) for typical protein and polymer
segment dimensions encountered in protein partitioning in two-phase aqueous polymer
systems, and may be considered to represent a bound between Pictures 2 and 3. In
Section 4.5, we explore this latter scenario, and show that formation of an adsorbed
polymer layer about the protein is qualitatively inconsistent with the measured protein
partition coefficients presented in Figure 2.4. Finally, it is important to note that
although the presence of a weak attraction between the polymer coils and the protein
exerts an influence on the protein partition coefficient which is consistent with
experimental measurements, without the precise numerical prefactor in Eq.(4.31) it is not
possible to predict the relative magnitude of this contribution and that arising from the
entropy of mixing to the protein partition coefficient.

It is also of interest to briefly consider the influence of the weak attraction
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between the polymer coils and the protein in the alternative limit of R,>R,. In this
limit, the polymer coil becomes penetrable to the protein and thus both V, and <m,>
exhibit a different behavior from that corresponding to the previous case R, <R,. The
difference between the behaviors of V, and <m,> in the limits R,>R, and R;<R,
arises because of the difference in the ability of the protein to penetrate the polymer-coil
volume. As discussed above, in the limit R, <R,, the protein is sufficiently large (in
comparison to the polymer coil) so as to sample the average properties of the polymer
coil. On the other hand, when R,>R,, the protein is so small as to only sample local
domains within the polymer coil, the properties of which are independent of the overall
polymer-coil configuration. Therefore, in the limit R,>R,, V. becomes linear in N,
corresponding to a long cylindrical shell of thickness @ which encases the contour of the
linear polymer chain, and consequently <m,> becomes independent of N. These
observations combined with Eq.(4.26) predict that the contribution of the attraction to the
protein chemical potential, in the limit of high polymer molecular weight, will be
independent of the polymer molecular weight (at constant weight fraction of polymer).
For this latter limit it is interesting to compare and contrast our approach to the treatment
due to Alexander (1977), who has proposed scaling descriptions for the free energy of
interaction between an impenetrable sphere and a single polymer coil in the presence of
a weak attractive interaction. Note that Alexander (1977) was considering the limit of
N-»o0, where the entropy of mixing the sphere and polymer vanishes, and the sphere is
located within the polymer coil with a probability approaching unity. The form proposed
(Alexander, 1977) for the change in the free energy of the system upon introducing the
sphere into the polymer system was

2
Fou eR, 4.32)

~ -

KT g2N%

for the polymer coil in an athermal solvent. Note that a direct and simple comparison
of Eqs.(4.31) and (4.32) cannot be made as Eq.(4.32) is derived for a single polymer coil

in solution. Consequently, in Eq.(4.32), accompanying an increase in polymer coil
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molecular weight there must also be an increase in polymer weight fraction. In contrast,
the polymer weight fraction remains constant in Eq.(4.31). Accordingly, it should be
realized that the approaches leading to Eqs.(4.31) and (4.32) differ in the following
ways. First, we have included a probability, (N,/V)V,, that the protein resides in the
vicinity of the polymer coil, and have also accounted for the entropy contribution to the
protein chemical potential arising from the mixing of polymers and protein (as described
in Picture 1).  Second, and perhaps more importantly, Alexander (1977) considers a
scenario where the small spheres within the polymer coil experience the average density
of segments within the coil, p°. In other words, the spheres experience an average
attractive field, associated with the average segment concentration, which decreases with
N. In contrast, we consider spheres that are sufficiently small to penetrate the polymer-
coil volume and experience a local interaction with polymer segments, which is
independent of N, rather than sample the average properties of the entire polymer coil.
It is important to note that this latter conclusion regarding the influence of the attractive
interaction as N increases is consistent with the predicted independence of the excluded-
volume interaction on N observed in the same limit (see Section 4.3). This is
reasonable, since in this limit both the excluded-volume interactions and the attractions
reflect the interactions of the protein with local polymer segments rather than with the
entire polymer coil.

Although we have determined that the presence of a weak attraction is consistent
with experimental observations, which is similar to the conclusion reached by Baskir and
coworkers (1987 and 1989), it is important to appreciate the difference in the underlying
physics treated in Picture 2 as compared to that incorporated by Baskir and coworkers
(1987 and 1989). In particular, they did not treat the low molecular weight polymer
solutions as dilute, and thus neglected the correlations between polymer-segments that
arise because they belong to identifiable polymer coils in the polymer solution phases.
Instead, the polymer segment concentration was smeared uniformly over the bulk solution
volume and the polymer solution interaction with the protein was described in terms of
a continuum of polymer segments rather than discrete polymer coils. In contrast, we

suggest that the trends observed in the protein partition coefficient (see Figure 2.4) can
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be a consequence of the existence of identifiable polymer coils in the solutions of low-
molecular weight polymer. In Picture 2, it is precisely this changing nature of the
polymer solution and the associated change in the extent of solution inhomogeneity on
the length scale of the protein, that causes the attraction between the protein and the
polymer to influence the protein partition coefficient in a manner consistent with trends
observed experimentally. In such inhomogeneous polymer solutions, the protein is able
to experience an environment that does not correspond to the macroscopic volume
average, as assumed in the model of Baskir and coworkers (1987 and 1989). It is
interesting to note that the presence of the very weak attraction between PEO coils and
the proteins is consistent with observations of a very weak adsorption of proteins onto

hydrogel surfaces (Lee and Ruckenstein, 1988).

4.5 Picture 3: A Protein-Polymer Coil Complex.

In this third scenario, as shown in Figure 3.6(c), the attractive interactions
of the polymer segments and the protein are sufficiently strong to cause the collapse of
the polymer coil into a pancake shape, with an associated spreading along the protein
surface to form an adsorbed polymer layer. The adsorbed layer of polymer coils on the
protein surface is characterized by a length scale D, the characteristic thickness of the
adsorbed layer, and by m, the number or fraction of polymer coils contained within the
adsorbed layer. Depending on the relative size of the polymer coil and the protein, more
than one polymer may participate in the formation of the adsorbed layer (m> 1), one
polymer may dominate the interaction with the protein (m~1) or, in the limit of the
polymer size being much larger than that of the protein, only a fraction of the polymer
molecule may saturate the surface of the protein (m<1). Previously, Alexander (1977)
and Pincus and coworkers (1984) proposed scaling relations for the interactions of
colloidal spheres with one polymer, and their work has provided the foundations for the
generalized scaling analysis proposed for Picture 3.

We consider the free-energy expression describing the interactions of the

polymers and the proteins to contain five physically distinguishable contributions. The

157



first arises from the formation of favorable contacts between the polymer segments and
the protein. In contrast to Picture 2, the stronger attractive interaction between the
protein surface and the polymer coil causes a change in the polymer segment
concentration at the protein surface, as compared to that of the undeformed polymer in
the bulk. This term, F,, scales as

F, ~ -Nmef, 4.33)

where f; is the fraction of polymer segments in the adsorbed layer at the protein surface.
The fraction f, has the following scaling form (Pincus et al., 1984),

2
il 4.34)
(R, + D - R,

f;,..

where the constant, ki, is an unknown order 1 prefactor, and R, and D are measured in
units of the polymer segment size a. In Eq.(4.34), f is estimated by assuming an
approximately uniform segment density within the adsorbed layer, allowing for the
spherical geometry of the protein. Relative to a planar geometry, corresponding to
R,=o, in Eq.(4.34) the curvature of the spherical protein reduces the value of f.
Implicit in Eqs.(4.33) and (4.34) is the assumption that the adsorbed layer, containing,
in principle, several polymer molecules, can be pictured locally as an entangled mesh of
polymer. This seems physically reasonable for large high molecular weight polymers
which are rather diffuse and may interpenetrate, but the generalization to low molecular
weight polymers, which contain quite high polymer volume fractions, is less certain as
they less readily form a homogeneous and entangled polymer mesh.

The second contribution to the free energy, F,, accounts for the loss of
configurational freedom accompanying the deformation of the polymer from a relaxed
and unperturbed random-coil conformation far from the protein to a pancake-shaped
configuration in the adsorbed layer. The essential scaling form of this contribution can

be derived from at least two approaches. The first approach uses dimensional arguments
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(de Gennes, 1988), combining the observation that the leading term of the entropy change
will be linear in N along with the identification of the relevant length ratio R,/D (de
Gennes, 1988). The second approach uses random-flight statistics to describe the
configurational freedom of ideal polymers (Cassasa, 1967). The precise exponents
obtained from the two approaches can differ as the latter neglects the excluded-volume
interaction between the polymer segments. In terms of the qualitative behavior shown
by the protein partition coefficient, we found that the two approaches yielded the same
predicted trends and thus we have arbitrarily adopted the exponent associated with the

latter approach. The term F, scales as

R Y 4.35)
~ _8 .
F, kzm(D]

Once again, the evaluation of the precise numerical value of this term requires knowledge
of the order unity prefactor, k,.

Accompanying the formation of the adsorbed polymer layer, there is an
increase in the extent of the repulsive excluded-volume interaction between the polymer
segments. To evaluate this contribution we have used a simple scaling form based on a
mean-field approximation for the interactions between polymer segments, as well as a
description of the adsorbed polymer layer as a local entangled mesh of polymer solution
(de Gennes, 1988). The form of this contribution to the free energy, F;, is obtained by
evaluating the work required to concentrate the polymer segments in the adsorbed layer
against an osmotic pressure, ,, due to the excluded-volume interactions between the
polymer segments. This contribution is given by

r=Rp#D
Fo= [ mdr (4.36)

p
r=Rp

where the substitution of an expression for the osmotic pressure, namely,
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2
v(mN) 4.37)

(®, + DY - R’

yields

ky(mN)y

(4.38)
2((Rp + D)® - Rj)

F,=

Note that in Eq.(4.38) the parameter » is the polymer-segment excluded-volume
parameter, k; is an order 1 prefactor, and the term mN/((Rp+D)3-Rp3) is the
concentration of polymer segments within the adsorbed layer of thickness D. A
reference term describing the extent of these same types of interactions in the

unperturbed polymer solution is

5
_ _6kymN'® 4.39)
4 2n

Equation (4.39) is also derived from Eq.(4.36), where the integral is performed over the
volume of the polymer coil, characterized by R;*, with R, ~ aN*>, rather than the volume
of the adsorbed polymer layer as indicated in Eq.(4.36). Note that k, is an order unity
prefactor. The summation of Eqs.(4.38) and (4.39) describes the change in the extent
of polymer segment interactions in going from the unperturbed polymer-coil state to the
state characterizing the adsorbed polymer layer on the protein surface.

The final contribution to the free energy of interaction arises from a change in the
translational entropy of the system which accompanies the complexation of m polymer
molecules with each protein, and the subsequent mixing of the complex with the
remaining N,-m free polymer coils in the polymer solution. The derivation of this term,
F;, which is presented in Appendix 4 A, is analogous to the development of the entropy

of mixing in Section 4.3. The resulting expression is
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In Eq.(4.40), where the molecular volume of water is denoted by V,° and U, is the
volume excluded by the protein-polymer complex, a simple physical interpretation can
be ascribed to each of the terms. The first term accounts for the loss of configurations
(states) accessible to the system, due to the m polymer coils complexing with the
proteins, under hypothetical conditions such that excluded-volume interactions between
polymers and between the protein-polymer complex and polymers are negligible, that is,
U,=0 and U,=0, respectively. The last two terms account for the influence of these
excluded-volume interactions on the free-energy term, Fs. Specifically, the second term
accounts for a restriction on the configurations available to the system, as compared to
the U, =0 case, due to a fraction of the system volume, U,/V, being excluded to polymer
coils by the volume of the protein-polymer complex. Clearly, this reduction in the free
volume of the system increases the free energy of the polymer solution. The last term
describes the increased freedom experienced by the N,-m free polymer coils remaining
in solution which results from the removal of m polymer coils from solution to form the
protein-polymer complex. That is, the complexation of the m polymer coils with the
protein reduces the "cluttering” of the free polymer coils in solution.

The truncation present in Eq.(4.40) is similar to that discussed in Section
4.3, and the same considerations discussed at that stage apply here with the exception of
the treatment for O-solvent conditions. To treat ©-solvent conditions, in addition to
setting U,=0 in Eq.(4.40), and »=0 in Egs.(4.37), (4.38) and (4.39), one must
necessarily include the three-body interactions between polymer segments in the system
(Pincus et al., 1984). The failure to include these interactions will result in the
prediction of m=oo, as there will be no mechanism to oppose the adsorption of
increasing numbers of polymer molecules onto the protein surface. Due to this
complication, which does not arise in the treatment of ©-solvent conditions for Pictures

1 (no attraction) and 2 (weak attraction), we have not treated ©-solvent conditions for
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Picture 3. Rather, we have concentrated on the solvent conditions for which U,>0,
which is the relevant solvent condition for PEO in water. Furthermore, since the
determination of the form of the free-energy change arising from the interactions of the
protein and the polymers is not analytic, and involves the summation of five terms (see
below), it is important to establish the correct magnitude for the entropy term. Using
x=0.45, corresponding to PEO in water at 25°C (Edmond and Ogston, 1968; Rogers and
Tam, 1977), and the Flory-Krigbaum (1982) theory to estimate the magnitude of U,, it
was determined that the truncation of the expansion in terms of N,U,/V at quadratic
order (see Eqgs.(4.11) and (4 A.1)) cannot be justified for polymer concentrations of 10%
w/w and PEO molecular weights in the range 3,000 Daltons to 9,000 Daltons.
Therefore, we have pursued an alternative semi-empirical approach, determining U,
within the context of the existing theoretical framework through a comparison to
independent experimental vapor-pressure data for aqueous PEO solutions (Haynes et al.,
1989). That is, using Eq.(4.11), the chemical potential of water in an aqueous PEO
solution can be derived (Tanford, 1961), and from this the vapor-pressure depression of
aqueous PEO solutions can be evaluated (Haynes et al., 1989) as a function of U,. Note
that in the context of this approach, U, should not be strictly regarded as an excluded
volume for binary interactions between polymers since it can also reflect higher-order
interaction terms. A comparison of the predicted vapor-pressure depression of aqueous
PEO solutions of approximately 10% w/w polymer with experimental measurements
(Haynes et al., 1989), predicts a U, of similar magnitude to that obtained from the Flory
and Krigbaum (1950) theory. Specifically, by interpolating between vapor-pressure
depression data for aqueous PEO solutions having number average molecular weights,
3,800 Daltons and 9,000 Daltons, respectively, we predict that U, is given by the

following empirical form

U,~ 0.80 N'$ (4.41)

where U, is measured in units of the polymer segment volume @’. Note that the

exponent of N in Eq.(4.41) appears physically reasonable as it falls between the limits
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of 3/2 and 9/5, expected for ©- and athermal- solvent conditions, respectively. Although
we have resorted to a semi-empirical treatment of polymer-polymer interactions,
importantly, through a comparison to binary PEO-water vapor-pressure data we have
established that our estimate of the magnitude of these interactions is accurate and will
not lead to artifacts in predicted protein partitioning behavior. U, the excluded-volume
characterizing the interactions of the protein-polymer complex and free polymer coils,
was estimated using Eq.(4.18), where the protein radius R, is replaced by the radius of
the protein-polymer complex R,+D.

The equilibrium free energy of interaction of the protein and the polymers
is obtained by minimizing the total free energy, 8A°,,;, obtained by summing the
contributions F, to Fs, with respect to the number of polymers in the adsorbed layer, m,
and the average characteristic equilibrium thickness of the adsorbed layer, D. A steepest
gradient descent algorithm was used in the minimization process. Eq.(4.6) was used to
relate the change in free energy, 6A°,;, to the protein partition coefficient, AInK,. The
predicted dependence of AlnK, on polymer molecular weight, protein size and polymer
segment-protein surface sticking energy was examined subject to the uncertainty in the
order unity prefactors. Although variation of the numerical prefactors, k;-k,, yields
quantitative changes in AlnK,, the predicted qualitative behavior remains unchanged. For
the purpose of the discussions that follow, we have assigned the order unity prefactors,
k;-k4, the numerical values of 1.

The qualitative dependence of AlnK, on the number of polymer segments
per coil, N, is shown in Figure 4.1. For a given polymer segment-protein surface
sticking energy, €, an adsorbed layer of polymer will form about the protein only above
a critical polymer size, denoted by N*. A polymer smaller than the critical size will not
be confined to an adsorbed layer, and is free to diffuse about the bulk polymer solution.
This is the scenario presented in Picture 2, see Section 4.4. The critical polymer size
required to form an adsorbed layer increases with the decrease in the strength of the
interaction between the polymer segments and the protein surface. For polymers larger
than the critical polymer size, an increase in the polymer molecular weight, or

equivalently in N, causes the protein to partition towards the polymer species. This is
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a result of a more favorable interaction of polymer and protein with increasing polymer
molecular weight.

The qualitative behavior predicted for AlnK, in Picture 3, depicted in
Figure 4.1, is opposite to that observed in available experimental data for the partitioning
of proteins shown in Figure 2.4 (recall that N is proportional to the polymer molecular
weight). To date, the trends that we predict in Figure 4.1 for Picture 3 have not been
observed experimentally in two-phase aqueous polymer systems. Indeed, it is interesting
that the above scaling arguments predict that an enhanced interaction of the polymer
segments and the partitioning colloids will produce a qualitatively different behavior from
that traditionally observed. For example, in phase systems with flexible polyelectrolytes,
electrostatic interactions of the charges residing on the polymer with those residing on
the protein surface may be of sufficient strength to cause the confined adsorption of the
polyelectrolyte onto the protein surface. Alternatively, the partitioning of solutes more
hydrophobic than the hydrophilic proteins partitioned to date could provide a realization
of the predictions of Picture 3. Such solutes may include, for example, the more

hydrophobic proteins or gold sols.

4.6 Conclusions

In this chapter we have presented a new molecular-thermodynamic
description for the interactions of globular proteins and flexible nonionic polymer coils
which influence the partition of proteins in two-phase aqueous polymer systems.
Polymer solution phases which contain identifiable polymer coils were considered. We
have proposed descriptions for the free energy of interaction for each of the pictures
suggested in Chapter 3 and related this quantity, through a statistical-thermodynamic
framework, to the experimentally measured protein partition coefficient. To provide the
connection between the molecular properties of the polymers and the thermodynamic
parameters within the framework, we have utilized the results of scaling arguments. For
our purposes, a scaling approach appears to provide a useful qualitative description of

the protein partition coefficient, and suggests qualitatively different trends in the protein
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Figure 4.1 Predicted behavior of protein partition coefficient. for Picture 3 with
increasing polymer size, N, for sticking energy values ¢=0.20, 0.25, 0.30 and R,=10aq.
Note that the order unity prefactors, k;-k,, were assigned the numerical values of unity
in Figure 4.1, although this should not be taken to suggest that the predictions are
quantitative. For details, see Section 4.5.
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partition coefficient with polymer molecular weight for the three scenarios investigated.
Although our description of Picture 2 can at best be qualitative when using the scaling
relations (without known numerical prefactors) the statistical-thermodynamic framework
presented is suitable for the development of a more detailed description. Specifically we
have concluded that at ©-solvent conditions for the polymer, a picture which incorporates
solely the excluded-volume interactions between the proteins and the polymer coils is
unable to account for the influence of polymer molecular weight on K; at athermal-
solvent conditions, where repulsive polymer-polymer interactions also influence the
protein chemical potential, the predicted protein partition coefficient is shifted in a
direction qualitatively consistent with experimental trends. For both athermal- and ©-
solvent conditions, the observed change in K is found to be qualitatively consistent with
the presence of a weak attraction between the polymer coils and the proteins. The
presence of a strong attraction between the polymer coils and the proteins, and associated
formation of an adsorbed polymer layer at the surface of the proteins, can lead to a new
partitioning behavior that has not yet been realized experimentally.

In this chapter we have not speculated in detail on the origin of the weak
attraction incorportated in Picture 2, although we have discussed briefly the influence of
the range of the attraction. In particular, when dealing with such small colloidal systems,
where the role of van der Waals interactions may be important, the concept of a polymer
interaction with the surface of the protein may not be appropriate. That is, the influence
of the volumes and geometries of the interacting bodies on the interaction, as well as the
possible long-range nature of the forces may be important. Also, we have not treated in
detail the potentially important role of water in protein partitioning. Such considerations
may be important in proposing a more detailed statistical-thermodynamic description of
Picture 2. Indeed, within the framework of the equation of state/Monte-Carlo approach
reported in Chapter 6, it is found that the apparent strength of the attractive interaction
between a polymer segment and protein molecule is an increasing function of the protein
size.

It is further evident from this scaling-thermodynamic approach that there

is a clear need for alternative experimental studies to provide independent evidence for
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the existence of weak attractive interactions between this class of proteins and PEO. To
this end, measurements using light scattering and neutron scattering, analogous to those
performed in the anionic surfactant-polymer systems, may be illuminating. Along these
lines, a small angle neutron scattering investigation of aqueous solutions of PEO and
bovine serum albumin is presented in Chapter 7.

Although many improvements of the current developments outlined in this
chapter are readily evident, the Chapter 4 establishes a physically sound statistical-
thermodynamic framework on which these developments may be founded. Furthermore,
the qualitative predictions of the protein partition coefficients suggest a direction for a
more detailed description of the interactions influencing protein partitioning in two-phase
aqueous polymer systems. Specifically, it is evident that future theoretical formulations
should include (1) the influence of the deformability and permeability of the polymer
coils on their interactions with globular proteins, (2) the partial permeability of polymer
coils to each other (which varies with the solvent quality), and (3) the contributions of
higher-order interactions between polymer coils and proteins. With these considerations
in mind, in Chapter 6, we develop an Equation of State/Monte-Carlo formulation to

predict the thermodynamic properties of aqueous solutions containing PEO and proteins.
Appendix 4 A

The derivation of the entropy of mixing term, Fs, presented in Section 4.4
starts with Eq.(4.11) and a modified form of Eq.(4.12), where the latter is altered to
account for the reduction in the number of free polymer coils in the system from N; to

N,-m. In addition, substituting N,=1 on the right-hand side of Eq.(4.12) yields

InQ, _, = In(4;* "4,) - In(N,-m)!) + (N-m)la(V - Uy +

3.A1
Uy(N,-m)*  Up(N,-m)’ G-AD

nVv -
2V - Up) 6V - UP)2
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where U, is the volume excluded by the protein-polymer complex (that is, the protein and
m adsorbed polymer coils) to the polymer coils. Subtracting Eq.(4.11) from Eq.(4.A1)
leads to the translational-entropy change accompanying the mixing of the protein-polymer

complex and the remaining N,-m polymers, AS,;,, where

AS, m
< - -min(4,V) + ln(ApV) - N,In(1 - F) + min(N, - m) -
2

UN;

+ (N,- lnl-U")+——
m + (Np-min(l-20+ =5 (3.A2)

UWN,-my? UN;  Up(N,-m)?

612 :
) ofe
vV vV

Expanding Eq.(4.A2) to leading order in the expansion parameters, U/V (< <1) and
m/N, (< <1), yields

. A N,
A _ —mln(LV) +In(4 V) - 2UI’(1 R
k N, 4 v o2y

4.A3)

mNZUZ{I N2U2]
v {2y

In Eq.(4.A3), the term In(A,V) represents the entropy of mixing a single protein in a
volume V in the absence of free polymers. As the quantity of interest is the deviation
in the entropy of mixing from that in the absence of polymer-protein excluded-volume

interactions, this term is subtracted from Eq.(4.A3) (see also Section 4.3).
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In order to evaluate the entropy of mixing from Eq.(5.A3), the value of
A, must be determined. Recall that A, is defined as follows: if V-U, is the free volume
accessible to a polymer coil upon placement in the system, where U, is the total system
volume that is excluded by the other molecules in the system, then A,(V-U)) is the
number of ways to place the center of mass of the polymer coil in the available system
volume, V-U,. We have defined A, as

A, = 4.A4)

1
4

where V,° is the molecular volume of the solvent. That is, we assumed that the volume
of a solvent molecule defines an imaginary lattice of cells each of which can accomodate
the center of mass of a polymer coil. Note that A, is independent of the polymer-coil
size, and that the influence of the polymer-coil size on the configurations available to the
system 1is reflected through the free volume available to the polymer coil. Using
Eq.(4.A4) in Eq.(4.A3), subtracting In(A,V) from Eq.(4.A3) (as discussed above), and
recognizing that Fs=-AS , */k leads to Eq.(4.40) in Section 4.5.
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Chapter S.

Proteins in Entangled Polymer Solutions. II.

A Scaling-Thermodynamic Formulation

5.1 Introduction

The influence of the polymer solution structure on the partitioning of
proteins in two-phase aqueous polymer systems was investigated in Chapter 3.
Experimentally observed protein partitioning behaviors were proposed to arise from
changes in the underlying structure of the polymer solution which occur at length scales
corresponding to the sizes of the protein molecules. Specifically, in the two-phase
aqueous polymer system containing poly(ethylene oxide) (PEO) and dextran (Albertsson,
1985), molecular-level pictures of protein-polymer interactions were advanced based on
a proposed transition in the nature of the PEO-rich phase, from a solution containing
individually dispersed PEO coils to an entangled PEO solution, with increasing PEO
molecular weight. Observations on experimental data (Abbott et al., 1991a) (which were
reported in Chapter 3) are consistent with this prediction, since the partitioning behavior
of proteins in two-phase aqueous PEO-dextran systems is sensitive to polymer molecular
weight in the limit of low PEO molecular and insensitive to the polymer molecular
weight in the limit of high PEO molecular weights (Abbott et al., 1991a). While the
proposed transition in the polymer solution structure was intially advanced on the basis
of theoretical estimates for the crossover and observations regarding the partitioning
behavior of certain proteins in two-phase aqueous polymer systems (Abbott et al.,

1991a), the presence of the crossover was subsequently confirmed by small angle neutron
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scattering measurements from aqueous (D,0) PEO solutions (Abbott et al., 1991c).

In Chapter 4, for proteins in polymer solutions containing identifiable
polymer coils, statistical-thermodynamic descriptions, utilizing scaling concepts from
polymer physics (de Gennes, 1988), were developed for each physical scenario presented
in Chapter 3 and the associated protein partitioning behaviors were predicted (Abbott et
al., 1991a). It was concluded that although the physical exclusion of the protein by the
polymer coils contributes to the observed partitioning behavior, other interactions also
play a significant role. In particular, the influence of the PEO molecular weight on the
partitioning behavior of a series of hydrophilic proteins was observed to be consistent
with the presence of a weak attractive interaction between the protein molecules and the
polymer coils (Abbott et al., 1991a). In Chapter 6, a more quantitative evaluation of the
protein partition coefficient, using a combined Equation of State/Monte-Carlo approach
is presented. This approach corroborates the important role of non-steric interactions
between the proteins and PEO. These more precise calculations suggested the presence
of a weak attractive interaction energy which increased with protein (characteristic) size,
R,, where 17A <R,<51A, from order 0.01KT to 0.1kT (per polymer segment at the
protein surface) (Abbott et al., 1991b). Finally, in Chapter 7 we show that the
measurement and interpretation of the intensity of neutrons scattered at small angles
(SANS) from bovine serum albumin (Rp=35A) in PEO solutions containing identifiable
polymer coils is also consistent with the existence of a weak attractive interaction
between BSA and PEO (in addition to a repulsive steric interaction) (Abbott et al.,
1991c¢).

While a somewhat unified picture of the interactions between proteins and
polymers in solutions containing identifiable polymer coils appears to be emerges from
Chapters 3, 4, 6 and 7, the alternative scenario, where the polymer coils are extensively
entangled in solution also requires attention. The central aim of the present Chapter
(along with Chapter 8) is to provide an account for the interactions of protein molecules
and entangled polymer solutions which complements our descriptions of protein-polymer
coil interactions presented in Chapter 4.

While the partitioning of proteins between entangled polymer solution
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phases can be studied using two-phase aqueous polymer systems, several factors
introduce ambiguity into the interpretation of the results. First, the partitioning behavior
of proteins in two-phase aqueous polymer systems reflects the relative interactions
between the proteins and fwo coexisting polymer solution phases. Second, the
independent control of the polymer concentration in only one of the two coexisting phases
of a two-phase aqueous polymer system is not possible. Therefore, in order to overcome
these limitations, in Chapter 8 we report the results of an alternative experimental
technique, which does not suffer these limitations. Specifically, we report the
measurement of the partitioning of proteins between an entangled polymer solution phase
and an aqueous polymer-free phase using a diffusion cell (see Figure 8.1 in Chapter 8).
In contrast to the two-phase aqueous polymer systems, such an experimental set-up
allows us to study the interactions of the proteins and a single entangled polymer solution
phase. Therefore, in proposing a scaling-thermodynamic theory for proteins in entangled
polymer solutions we focus our attention on predicting the partitioning behavior of
proteins in the diffusion cell experiments. While the partitioning of proteins in two-phase
aqueous polymer systems appears very similar to the partitioning of proteins in a
diffusion cell, we demonstrate that the subtle difference in experimental set-up has
important consequences on the partitioning behavior. The origin of this non-trivial
difference lies in the fact that the mechanical membrane of the diffusion cell can support
a pressure difference (the osmotic pressure) between the two compartments. In contrast,
in two-phase aqueous polymer systems both phases are at the same pressure.

In order to interpret the protein partition coefficients measured using the
diffusion cell, in the spirit of our prior treatment of protein-polymer interactions in dilute
polymer solutions (Abbott et al., 1991a, b, and c), we have (i) utilized the molecular-
level pictures for the interactions of proteins and entangled polymer solutions presented
in Chapter 4, (ii) developed scaling-thermodynamic theories for each picture, and (iii)
predicted the associated protein partitioning behavior. In Chapter 8 we compare the
theoretical predictions with protein partitioning trends observed experimentally in the
diffusion cell experiments.

We have chosen to focus our attention on the interactions of certain

174



globular hydrophilic proteins and PEO since the partitioning of these species has been
the subject of previous investigations in two-phase aqueous polymer systems containing
PEO as one of the "phase-forming" polymers (Saskawa and Walter, 1970 and 1972;
Walter et al., 1972; Zaslavsky et al., 1983; Albertsson et al., 1987; Johansson, 198S;
Diamond and Hsu, 1989 and 1990). In order to elucidate the character of the
interactions between PEO and the proteins in aqueous solution, an appreciation of the
physical nature of the polymer solution is required. Specifically, the length scales which
characterize the aqueous PEO solutions and which are used to describe the interactions
between PEO and proteins, must be identified. At polymer concentrations, ¢, much less
than ¢* (where ¢’, is a polymer concentration characteristic of the region where the
extensive overlap of polymer coils begins to occur), the solution is dilute in polymer coils
and consequently the identity of each individual polymer coil is preserved (de Gennes,
1988). However, in contrast, when the polymer concentration is much greater than c”,
the polymer coils overlap and become entangled to form a transient polymer solution web
or mesh (de Gennes, 1988). 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. For polymer solutions containing extensively
entangled polymer coils, the characteristic length scale of the polymer solution, that is
the mesh size (blob size) of the polymer web or mesh, £,, no longer reflects the identities
of the individual polymer coils, but instead is determined by the total volume fraction of
polymer in solution.  This mesh size, which is also a measure of the range of
correlations between polymer segments in the solution, scales with polymer volume
fraction, ¢, as (de Gennes, 1988)

E, ~ap™ 5.1)
Note that Eq.(5.1) can be derived by requiring that the polymer-coil radius (characterized
by R,) and the blob size (£,) be equal at the cross-over polymer concentration, ¢’. For

aqueous (D,0) solutions of PEO, an analysis of small angle neutron scattering

measurements was consistent with a value of a=4A (Abbott et al., 1991c; Cabane and
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Duplessix, 1987). The range of polymer volume fractions encountered in two-phase
aqueous polymer systems containing PEO is typically 0.05 to 0.15, and thus using
Eq.(5.1), the corresponding £, values in an entangled aqueous PEO solution are 40A to
20A, respectively (Abbott et al., 1991c). Significantly, this web size is comparable to
the sizes of small proteins partitioned in these systems. For example, the hydrodynamic
radius of cytochrome-c is about 20A (see Table 8.3). This is an important observation
since, when the blob size of the entangled PEO solution is comparable to the size of a
protein, the correlations and fluctuations among the polymer segments over distances of
order &, can influence the nature of the interactions between the polymer and the protein.

While the relative sizes (i.e., the geomerries) of the polymer blob, £,, and
the protein radius, R,, play a significant role in determining the nature of protein-
polymer interactions, the energeric interactions between the polymer segments and the
protein molecules can also be important. In Chapter 3, our treatment of the influence
of attractive interactions between PEO coils and proteins was motivated, in part, by an
analogy between the physical nature of spheroidal micelles (Cabane and Duplessix, 1987
and 1982; Cabane, 1977) and protein molecules (Abbott et al., 1991a) and the way in
which they interact with PEO coils in aqueous solutions. On the basis of this analogy,
it was concluded that attractive interactions between proteins and PEO can also influence
the properties of aqueous protein-PEO solutions (for example, protein partitioning
behavior). Here, we continue this analogy and consider the influence of attractive
interactions (of differing strengths) between the proteins and extensively entangled PEO
in aqueous solution (in addition to the influence of geometry). It is also relevant to point
out that accompanying the investigations of polymer-micelle interactions (Cabane and
Duplessix, 1987 and 1982; Cabane, 1977), a number of scaling-type theoretical
descriptions were developed which pointed out that important differences exist between
the nature of polymer adsorption onto planar and curved surfaces (Alexander, 1977; de
Gennes, 1979; Pincus et al., 1984; Marques and Joanny, 1988). These scaling
descriptions are developed further here, and then incorporated into a statistical-
thermodynamic theory of protein partitioning in entangled polymer solutions, which is

presented in Section 5.
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Finally, we mention that a number of investigations exist on the hindered
diffusion of globular objects through polymer networks (Lin and Phllies, 1982, 1984a
and b); Ullmann et al., 1985; Phillies et al., 1985; Brown and Rymden, 1986). 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 chapter we consider issues related to the
equilibrium properties of proteins in entangled polymer solutions, the study of the
hindered diffusion of proteins through the entangled polymer solutions complements this
report.

The remainder of this chapter is organized as follows. In Section 5.2 we
present and discuss a statistical-thermodynamic framework that relates the predicted
thermodynamic properties of solution of proteins and entangled polymers to the
experimentally measureable protein partition coefficient. In the Sections, 5.3 to 5.8 we
present scaling-thermodynamic arguments for each of the physical scenarios presented
in Figure 3.7 and predict the associated protein partitioning behavior in a diffusion cell

experiment (see Chapter 8.). Finally, in Section 5.9 we present our concluding remarks.

5.2 Statistical-Thermodynamic Framework

In the limit of vanishing protein concentration, the interactions between
the protein molecules themselves are very infrequent, and the equilibrium partition
coefficient of the protein is simply related to the free-energy change associated with the
transfer of the protein between the top (PEO-free) and bottom (PEO solution)
compartments of the diffusion cell. Accordingly, the partition coefficient of the protein,

K,, can be expressed as (see Chapter 4)

pos(TPILG) — o (TP | [z (- ¥) [ (5.2)
kT kT

Cp,b

c
InK, = ln[i’.] =
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where pu; is the standard-state chemical potential of the protein in phase i (top (t) or
bottom (b)), II is the osmotic pressure of the polymer solution in the bottom
compartment, and c,; is the protein concentration in phase i. The physical interpretation
of the protein standard-state chemical potential is the free-energy change upon taking the
protein from a polymer-free solvent phase at temperature, T, and pressure, P, and
introducing it into a solution with a composition, temperature and pressure,
corresponding to the conditions in either the top or the bottom compartments of the
diffusion cell.

It is relevant to point out that an important difference exists between
Eq.(5.2) and the thermodynamic framework of Chapter 4, where the partitioning of
proteins between the two coexisting polymer solution phases of a two-phase aqueous
polymer system was considered (Abbott et al., 1991a). The difference in these two
situations influences our definition of the standard-state protein chemical potential. In
two-phase aqueous polymer systems, proteins are partitioned across a planar liquid-liquid
interface between the two coexisting polymer solution phases which are at the same
pressure. In contrast, in the diffusion cell experiment, the mechanical membrane which
scparates the top and bottom compartments can support a pressure difference. This
pressure difference, which corresponds to the osmotic pressure of the polymer solution,
determines that the pressures in the protein standard states, as defined by Eq.(5.2), are
no longer the same. Interestingly, this subtle difference between the experimental
systems can lead to rather significant differences in the predicted protein partitioning
behaviors (see Section 5.5).

The macroscopic electrical potential term in Eq.(5.2) (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
diffusional cell (Albertsson, 1985; Johansson, 1985; Bamberger et al., 1984; Brooks et
al., 1984). The origin of the potential difference is the interactions of the salt ions and
PEO and, thus, the effect is ion specific (Albertsson, 1985; Johansson, 1985; Bamberger
et al., 1984; Brooks et al., 1984). As discussed in Chapter 8, this term predicts that the

partitioning of proteins in the diffusion cell experiments will be sensitive to the types of

178



ions present. In view of the relatively small influence that (sodium) sulphate and
chloride salts have on the partitioning of cytochrome-c, as reported in Figure 8.2, it
appears that the contribution of the last term in Eq.(5.2) to the protein partition
coefficient, K,, is not dominant at these low PEO concentrations. In particular, we have
estimated the maximum magnitude of the electrical potential difference to be around
0.2mV (see Chapter 8). Accordingly, for the range of PEO concentrations, ¢,
considered in Chapter 8, we can simplify Eq.(5.2) to

InK = F';,b(TaP"'H’qS) - y:_,(T,P) (5.3)
P kT

In order to evaluate the difference in the standard-state protein chemical
potential, ug (T,P+II,¢)-u;(T,P), it is useful to consider the reversible isothermal
process where a protein is transferred from a solvent phase at pressure P, to a polymer
solution phase at pressure P+II. We consider that u (T,P+I1,¢)-x; (T,P) contains two
identifiable contributions, AG, and AG,, with relative magnitudes which depend on the
solution conditions, as discussed below. First, accompanying the introduction of the
protein into the polymer solution, interactions between the proteins and polymers (which
can be steric and energetic) constrain the movement of the protein, and an entropic
penalty, arising from the loss of the translational freedom of the proteins, is incurred.
The corresponding free-energy change is denoted AG,. The second contribution, which
mirrors AG,, arises from the influence of the same interactions (between proteins and
polymers) on the configurational and translational freedom of the polymer. This
contribution is denoted AG,. Clearly while, these two contributions to u,(T,P+1I,¢)-
:(T,P) are coupled through the nature of the interactions between the protein and
polymer, it turns out (as shown below) that depending on the solution conditions, only
one of the two contributions tends to dominate. For polymer concentrations (and protein
sizes) such that R,/¢,<1, AG, dominates the standard-state protein chemical potential,
while in the limit, R /£,> 1, the contribution AG, dominates. In keeping with the

division of the protein standard state chemical potential into two contributions, we
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consider the evaluation of the protein partition coefficient for each of the physical

pictures as,

/"‘;,b(TaP+H,¢) - I“Z,I(Tap)
kT

AG, + AG,
kT

5.9

4

-

It is relevant to briefly compare Eq.(5.4) with the spirit of our previous statistical-

thermodynamic description of protein solutions containing identifiable polymer coils (see

MU, (5.5
+ UP =7 +

where N,/V is the number density of polymer coils in solution, U, is the excluded-

Chapter 4 for details), namely,

N U2
VQ

N,U,
v

AInKP =-A

volume describing the steric interactions of the protein and polymer coils, and U, is the
excluded-volume describing the steric interactions of two polymer coils. Note that
Eq.(5.5) was derived under conditions where only steric interactions occur between the
protein and polymers coils (Abbott et al., 1991a). In order to compare Eq.(5.5) with
Eq.(5.4), the term N,U,/V, which describes the volume fraction of solution excluded
from the proteins by the polymer coils, is identified with AG, in Eq.(5.4). The terms
U,[...] in Eq.(53.5) are identified with AG, in Eq.(5.4). Specifically, the terms in the
square bracket are the nonideal portion of the polymer solution osmotic pressure. These
terms, when multiplied by the volume of solution excluded to the polymer coils by the
protein, U, describe the (excess) free energy change AG, in Eq.(5.4). Finally, it is
interesting to note that AG, vanishes at the ©-solvent conditions for the polymer (in

contrast to AG, which remains at a non-zero value).
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5.3 Steric Interactions (¢=0) with Small Proteins (R, <)

Figure 3.7(a) corresponds to solution conditions where the protein size,
R,, is much smaller than the blob size of the polymer solution, £,. First we evaluate
AG,, and subsequently show that, in the limit R, <&, this term is much larger than AG,.
In Figure 3.7(a) the only interaction between the polymers and proteins occurs because
they can not occupy the same physical space (there is no attraction, e=0, where ¢ is the
energy change upon bringing a single polymer segment from bulk solution to the protein
surface (in units of kT)). Since the protein is much smaller than the typical distance
between the polymer strands within the entangled polymer mesh, the probability of the
protein interacting simultaneously with two strands of the polymer net is very low.
Therefore, and as shown below, the fraction of the solution phase which is excluded from
a protein molecule will be proportional to the volume fraction of polymer in solution.
Statistical-thermodynamic considerations equate the (volume) fraction of the solution
excluded to the protein, U, with AG/KT, that is, AG,/kT=U, (Tanford, 1961).
Physically, 1-U, is the average probability of finding space in the solution which is
accessible to the protein. This "free-volume" fraction in the solution decreases with an
increase in the polymer concentration. Depending upon the relative sizes of the protein,
R,, and the polymer persistence length, b, the functional dependence of the excluded-
volume, U, on the protein radius, 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 R,>b, the
polymer chain "appears” flexible to the protein and 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 local chain length will simultaneously interact with the protein.
Specifically, the protein will interact with sections of the polymer strands which have
sizes similar to R,. The number of polymer segments, n,, within a local section of a

polymer strand, with a size (radius of gyration) equal to the protein size is,
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3

. (5.6)
a

a

Since, by definition, these "protein-sized blobs" of polymer chain interact independently
with the protein molecules, the total volume excluded from the protein per protein-sized
blob is of order R,’. To evaluate the volume fraction of the solution which is excluded
from the protein by the blobs, the number of protein-sized blobs in solution (per unit
volume of solution), N,, is required. This can be estimated as N, ~ ¢/(a’n,) and leads

to the result

4/3
AG oR; R 6.7
2 ~NR ~—2 ~¢ |2 a<R < .
kT aRP a3np ¢ a D Eb

Equation (5.7) can be compared to the simpler case where the polymer chain is rigid on
the length scale corresponding to the size of the protein molecule. For the case of rigid
polymer chains (R,<b), all polymer segments interact independently with the protein
molecule, and therefore the volume fraction of solution excluded from the protein, U,
can be estimated by considering the interactions of a rod (the polymer chain) and sphere
(protein), that is, U,=¢(R,/a)’>. The exponent of R, in Eq.(5.7), 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 compared to the
protein size, the protein will simultaneously interact, on average, with several polymer
segments. In particular, the number of simultaneous interactions increases with the
protein size as R,”?, and thus the sensitivity of U, to the size of the protein decreases,
as compared to the case when the polymer chain is stiff on the length scale of the protein
and the polymer segments interact independently with the protein. A form similar to
Eq.(5.7) has been previously derived by de Gennes using a slightly different argument
(de Gennes, 1979).

182



In order to predict the protein partition coefficient using Eq.(5.4), we also
require an estimate of AG,, which accounts for the influence of the protein-polymer
interactions on the translational and configurational freedom of the polymer. It turns out,
as shown below, that this term is negligible in the limit R,<£,. The term AG, can be
estimated by considering the work done to introduce a protein into the polymer solution
against the osmotic pressure of the polymer, that is, AG,=U,II, where U, is the volume
of the solution that is excluded from the polymer by the protein. It should be understood
that, in general, the volume U, does not correspond to the molecular volume of the
protein species, however, in the limit R,<£, U, is of the order the protein size. 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 the vicinity of the protein
surface), at distances beyond (order) R, from the protein surface, the polymer can "feel"
the edges of the protein and thus experiences the freedom it has in bulk solution.
Consequently, the polymer is excluded from a volume of the solution of order R.? (this
contrasts to the situation R,> £, (described below), where the polymer is depleted from
a volume of order £,’ about the protein). Scaling relations for the osmotic pressure of
the polymer solution, w,, which account for the existence of correlations between

monomers, predict the osmotic pressure scales as (de Gennes, 1988)

LA 5.8)

" 3
&5

where £,? is the effective concentration of "blobs", each of which behaves independently
to each other, in the polymer solution. Therefore, using Eq.(5.8) for the osmotic

pressure of the polymer solution and U,~R_?, AG, can be evaluated as,

AG
—Z=UJ ~
kT

b

3
Rp] (5.9)

Clearly, in the limit, R /£, <1, this term is negligible as compared to Eq.(5.7) (which
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are of order (R,/£,)*?). Therefore, using Egs.(5.4) and (5.7), and the result AG,» AG,,
the protein partitioning behavior, in the limit R, <, is predicted as

4/3
R (5.10)
InK, ~ go[?”] a<R <,

5.4 Steric and Weak Attractive Interactions (¢ <€1) with Small Proteins (R, <)

In view of the significant role that attractive protein-polymer interactions
(in addition to steric interactions) play in determining the thermodynamic properties of
proteins in solutions which contain identifiable PEO coils (Abbott et al., 1991a, b, and
c), it is also relevant to examine 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 a number of simplifying
assumptions (which are consistent with those previously made when treating the
interactions of protein and PEO solutions containing identifiable polymer coils (Abbott
et al., 1991a, b, and c)); the attractive interactions between polymer segments and
protein molecules are short-ranged (with a range on the order the polymer segment size,
a); the distribution of polymer segments in the vicinity of the protein molecule is not
significantly perturbed by weak attractive interactions (see Figure 3.7(a)). With these
assumptions in mind, the influence of the perturbative weak attractive interaction can be
estimated from the number of polymer segments, N°, found, on average, within a

distance a of the protein surface. That is,

AGy _ e (5.11)
kT

Recall ¢ is the energy change upon bringing a single polymer segment from bulk solution

to the protein surface (in units of kT).
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When the protein is large compared to the persistence length of the
polymer chain, one must consider the interaction of N, "protein-sized polymer blobs"
(each containing n, polymer segments) with the protein molecule (see Eq.(5.6) and the
accompanying text). This physical situation is analogous to the interaction of N, polymer
coils (each with n, statistical segments) with protein molecules which was considered in
Chapter 4. That is, for a solution of N, polymer coils which interact with the protein
with energy & (per polymer segment contact), the influence of an attractive interaction

on the protein partition coefficient can be written as,

InK, ~- NaeRzan,f'S (5.12)

Eq.(5.12) was derived previously by considering a balance of two opposing effects
(Abbott et al., 1991a). First, when a protein and polymer molecule collide, the density
of polymer segments that is "felt" by the protein molecule scales with the density of
polymer segments within a polymer coil having its unperturbed average configuration
(which decreases as an,*’ with increasing polymer size (de Gennes, 1988)). Second,
with each collision, the number of polymer segment contacts made with the protein will
be proportional to the available surface area of the protein, R?, and the "surface area"
of the polymer coil, defined by R.>~a’n,**. Finally, Eq.(5.12) also accounts for the
probability of a collision occuring between a protein molecule and a polymer blob, which
is proportional to the number of protein-sized polymer blobs in solution, N,. To use
Eq.(5.12) for solutions of extensively entangled polymer coils, we subsitute, N,=¢/a’n,
and Eq.(5.6) into Eq.(5.12), to yield the influence of an attractive interaction on AG, as

AGY  ¢eR (5.13)

—

kT a

Substituting Eqs.(5.7) and (5.13) into Eq.(5.4), along with the condition AG,> AG,,
yields
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R

£
a

anp = ¢

P

413 1/3
5.14
1 -ke [_‘_l_] ( )
R

It is relevant to compare Eq.(5.13) to an equivalent equation which can be obtained using
a different form for N*, derived previously by de Gennes (1979), namely

AG,* - —ed [&] " (5.15)
kKT a

The difference between Eq.(5.15) and Eq.(5.13) appears because in the evaluation of
Eq.(5.13) we attempted to include the fact that when a protein-sized polymer blob and
a protein molecule collide, the strength of the interaction will depend on the number of
polymer segment contacts. As mentioned above, we have predicted that the number of
contacts scales as n,5°4°=n,2%, If this term is omitted from Eq.(5.12), Eq.(5.13) returns

to Eq.(5.15).
5.5 Steric Interactions (¢=0) with Large Proteins (R > §)

For the scenario (Figure 3.7(b)) where the protein size is large compared
to the polymer solution mesh, &, the interactions between the polymer network and the
protein molecules are intimately related to the the relative size of protein and the polymer
correlation length. In this situation, we will show that the dominant contribution to the
protein partition coefficient is the term AG, (in Eq.(5.4)). Recall, AG, is the free energy
change in transferring a protein from a solvent phase at pressure P into a polymer
solution phase at pressure P+II. It is evaluated as the reversible isothermal work done
in order to exclude the polymer from the protein volume and the polymer depletion layer
at the protein surface, denoted as U,, against the osmotic pressure of the polymer

solution, II (de Gennes, 1979). This can be estimated as
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AG, = U,II ~ (R,+§,)’I (5.16)

where the depletion of the polymer extends a distance &, from the protein surface (see
Chapter 3). Using Eq.(5.8) in Eq.(5.16), a scaling form for AG, can be estimated as
(Alexander, 1977)

3
AG, | (fz)S - (ﬁ) O act.<R (5.17)
a b="p

To estimate the magnitude of AG, in the limit R,>§,, it is useful to reconsider the
evaluation of AG, for the limit R,<£,. Equation (5.7) predicts that for the limit R, <y,
where polymer segments interact with the polymer segments independently, AG,~ ¢.
On the other hand, as the ratio R /£, increases, polymer segments will simultaneously
exclude the protein, and thus volume excluded (from the protein) per polymer will
decrease. Therefore, Eq.(5.7) also forms an upper bound on the magnitude of AG, for
R,>£,. By rewriting Eq.(5.7) in the form

4/3
R, } (5.18)

and comparing it with Eq.(5.17) it becomes apparent that in the limit R,>£,, AG, is
much larger than AG,. Accordingly, in the limit R, > £,, the partition coefficient of the

protein can be written as

R (5.19)
anp =~ (_ae) ¢9I4 .

It is interesting to contrast Eq.(5.19) 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 such a
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situation, 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 to Eq.(5.16) that excluded the protein volume
from U,, InK, is predicted to have the form

2
& ] (5.20)

InK, ~ ¢3’2[

a
A comparison of Eq.(5.20) with Eq.(5.19) shows the rather different exponents that
relate the concentration of polymer and protein size with the protein partition coefficient

for two subtly different experimental situations.
5.6 Steric and Weak Attractive Interactions (¢<1) and Large Proteins (R,» £)

In the spirit of previous scaling arguments (de Gennes, 1988 and 1979),
we have proposed the following extension of Eq.(5.19) to account for the influence of
weak attractive interactions between the polymer segments and the protein surface
(Figure 3.7(b)). 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 (for the case £=0). Provided that e<1, this scenario appears
reasonable (unless neg>1, where n, is the number of surface contacts). Under these
conditions, de Gennes (1988) suggested that the concentration of polymer segments at the
surface may be estimated by assuming the equality of the osmotic pressures in the bulk
and at the surface. Assuming that the osmotic pressure is proportional to the
concentration of polymer segments at the surface, ¢,, equating the osmotic pressure at
the surface to the bulk osmotic pressure, w,, and using Eq.(5.8) one obtains the simple

result
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o, - O (5.21)

If the introduction of the very weak attractive interaction between the polymer segments
and the protein does not significantly perturb ¢,, substituting N'=(R,,/a)2<15s into Eq.(5.11)
leads to the following form for the influence of attractive interactions on the protein

partition coefficient measured using the diffusion cell

2
AG’:’m o _Rg e (5.22)
kT a

In Eq.(5.22), the number of contacts between the protein molecule and the polymer
segments is proportional to the surface area of the protein, R?>. The form of the protein
partition coefficient which incorporates both repulsive steric and weak attractive

interactions between the protein molecule and polymers is obtained by summing

Eq.(5.19) and Eq.(5.22).

3
R (5.23)
InK, = ¢** [.-5”] [1 - kzeRi]

P

5.7 Strong Attractive Interactions (n,e> 1) and Small Proteins (R, <£,)

In Figure 3.7(c), we have depicted a situation where a protein-polymer
complex has formed under the influence of a strong attractive interaction between the
polymer and protein. In view of the findings of Chapter 4, which predicted protein-
polymer complexation in dilute polymer solutions to be inconsistent with the observed
partitioning behaviour of certain hydrophilic proteins in two-phase aqueous polymer
systems containing low molecular weight PEO, it appeared unlikely that the scene
depicted in Figure 3.7(c) would predict the partitioning behavior of the same hydrophilic

proteins (interacting with semidilute PEO solutions) used in the diffusion cell experiment.

189



However, a recent diffusion cell measurement (Cleland and Wang, 1991) (see Chapter
8), which was based on the same experimental technique developed in this chapter, found
a partitioning behavior for the hydrophobic protein intermediate (a partially refolded
protein), carbonic anhydrase, which is qualitatively different from the results in Figure
2 and which cannot be accounted for by the scenarios depicted in Figures 3.7 (a) and (b)
(Cleland and Wang, 1991). Indeed, as we show below, the partitioning behavior of the
carbonic anhydrase intermediate is qualitatively consistent with the scene depicted in
Figure 3.7(c).

Following the experimental observations of complexation
between anionic micelles and semidilute PEO solution networks (Cabane and Duplessix,
1987), a number of theoretical attempts have been reported to describe the free energy
change when small spheres and flexible polymers form complexes (Alexander, 1977; de
Gennes, 1979; Pincus et al., 1984; Marques and Joanny, 1988). Due to the similar
geometries of the micelle and protein, these results serve as a useful foundation for the
description of protein interactions with semidilute polymer solutions (for the case where
protein-polymer complexation occurs). In view of the rather complete descriptions for
the form of the free energy of interaction which are available elsewhere, here, we shall
only briefly summarize the pertinent results (Alexander, 1977; de Gennes, 1979; Pincus
et al., 1984; Marques and Joanny, 1988).

When the protein molecule is sufficiently small compared to the polymer
mesh size, only one strand of the polymer net will complex with the protein. Under the
influence of a strong attractive interaction between the protein and polymer segments,
polymer will adsorb to the surface of the protein molecule. The adsorption of the
polymer chain to the protein surface severely restricts the configurations available to the
polymer chain and an entropic penalty is associated with the loss of configurational
freedom. The formation of a dense adsorbed polymer layer is opposed further by
repulsive excluded volume interactions between polymer segments which increase with
the concentration of polymer in the adsorbed layer. Accordingly, we consider three
contributions to the free energy change, F/kT, which accompany the formation of a

protein-polymer complex, namely (Alexander, 1977; de Gennes, 1979; Pincus et al.,
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1984; Marques and Joanny, 1988),

F eNa | k3a2N ' k48> a’
kT D 6D>  4nR.D

(5.24)

where N is the number of polymer segments within the adsorbed polymer layer of
thickness D which envelopes the protein, g,=1-2x, where x is the Flory-Huggins
constant (Flory, 1986; Huggins, 1941), and k; and k, are order 1 numerical constants.
In Eq.(5.24), the first term describes the contribution to the free energy of interaction
that arises from the formation of favorable contacts between the polymer segments and
the protein. Assuming a uniform density of polymer segments in the adsorbed polymer
layer, the ratio a/D is the fraction of polymer segments in the adsorbed layer that contact
the protein. The second term captures the entropic penalty incurred by the polymer chain
when it is confined to the adsorbed layer. It can be thought of as an elastic energy.
Note that the second term is only strictly correct for an ideal chain, and therefore, for
the sake of simplicity, in Eq.(5.24) we make an approximation. The last term in
Eq.(5.24) captures the work done in concentrating the polymer segments into the adorbed
layer against their repulsive excluded volume interactions. If Eq.(5.24) is minimized
with respect to N and D, the equilibrium number of polymer segments in the adsorbed

polymer layer, N*, and the free energy of complexation, F'/KT can be derived as

N* ~ L (5.25)
kg,a*
and
* 3 2
F ke'R, (5.26)
kT a2g2

where k; is a numerical constant which is evaluated as
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1
ky ~ — (5.27)
ST &k,

Below, we sketch a scheme which relates the predicted free energy change
upon complexation, F'/KT (see Eq.(5.26)), to the experimentally measureable protein
partition coefficient, InK,. To simplify the analysis, we assume that F'/kT is the
dominant contribution to the protein chemical potential, and in doing so we neglect terms
such as the entropy of mixing the protein and polymer species. Since in general, for
complexation to occur, F*/KT® 1, this approximation does not appear limiting. The free

energy of binding, F'/kT, describes the protein-polymer binding equilibrium

[c,] + [N 1= [c,N 1 (5.28)

where [c,] is the concentration of unbound protein in solution, [N] is the concentration
of polymer domains which contain N* polymer segments (each domain can be thought
of as a potential binding site of a protein molecule) and [c,N] is the concentration of
protein-polymer complexes in the solution. The equilibrium constant, K;, which

describes the complexation is defined by

[c,N']
[¢,]IN"]

K, - (5.29)

Equation (5.29) is related to the free energy of complexation by F'=-kTInK,. The
experimentally measureable quantity, the protein partition coefficient in a diffusion cell

experiment, is related to the concentrations of the species in Eq.(5.30) as

K, = _ ol (5.30)
[c,N*] + [c,]

Eqgs.(5.28) to (5.30), when combined with the polymer conservation statement
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[N'], = [N"] + [c,N"] (5.31)

where [N7], is the total concentration (bound and unbound) of protein complexation sites

on the polymer, predict the protein partition coefficient as

B 1+ K,[cP]

- (5.32)
? KIN"],+1+K]c)]

Eq.(5.32) is a useful equation since K, and [N7], are related to the physical properties of
the system, such as the protein size, R, by the scaling relations in Egs.(5.25) and (28),
and [c,] and K, are experimentally measureable quantities.

In Chapter 8, we compare the form of the protein partition coefficient
predicted by Eq.(5.32) to that observed for the partitioning of the hydrophobic protein
intermediate, carbonic anhydrase (Cleland and Wang, 1991).

5.8 Strong Attractive Interactions (n,e» 1) with Large Proteins (R, > £,)

When the protein is much larger than the polymer mesh size, as depicted
in Figure 3.7(d), the protein surface behaves as a macroscopic body with an area for
adsorption which is defined by the protein surface area. This scenario has been studied
in detail by a number of theoretical methods, including the use of scaling techniques .
In view of the rather detailed and exhaustive prior treatments, and absence of any
directly relevant protein partitioning data, we simply refer the reader to the following
selection of papers on the topic of polymer adsorption at macroscopic surfaces (de
Gennes, 1976; Scheutjens and Fleer, 1979 and 1980; de Gennes, 1981; Cohen-Stuart et
al., 1986; Bouchaud and Daoud, 1987; Fleer et al., 1988; Douglas, 1989; Auvray and
Cotton, 1987; de Gennes, 1987).
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5.9 Conclusions

In two-phase aqueous polymer systems containing high molecular weight
polymers, the coexisting solution phases contain entangled webs of polymer, within
which the identities of the individual polymer coils are lost. In such two-phase aqueous
polymer systems, the partitioning of proteins is insensitive to the molecular weight of the
polymers but is sensitive to their concentration. The physical nature of the interactions
of globular proteins and entangled polymer solutions depends on the relative sizes of the
polymer solution net, &,, and the protein dimensions, R, in addition to the strength of
energetic interactions between the protein and the polymer, & (per polymer segment at
the protein surface). For the various scenarios, scaling-thermodynamic theories were
developed to predict the form of protein chemical potential in entangled polymer
solutions. Through a thermodynamic framework, the thermodynamic properties of the
solution are related to the experimentally measureable protein partition coefficient.
Rather different protein partitioning behaviors were predicted for the different physical
scenarios developed in Chapter 3. In order to eliminate the ambiguity associated with
interpreting the partitioning of proteins in two-phase aqueous polymer systems, where
the concentrations of the phase-forming polymers are coupled through the polymer
solution equilibrium, the partitioning of proteins across a semipermeable membrane is
considered. In Chapter 8, the scaling predictions for the protein partitioning behavior

are compared to experimental measurements using a diffusion cell.
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Chapter 6.

Proteins in Solutions of Identifiable Polymer Coils. II.
Equation-of-State/Monte-Carlo Approach

6.1 Introduction

The important role of the interactions between polymers and proteins in
determining the protein partitioning behavior in phase-separated aqueous polymer systems
was emphasized in Chapter 4. In particular, the influence of these interactions on the
free energy of mixing proteins and polymers was examined in the context of a scaling-
thermodynamic formulation. In the course of that work many of the more general issues
associated with the evaluation of the free energy of mixing macromolecules were
encountered. Specifically, the need to consider the potential coupling of interactions
berween macromolecules and interactions within macromolecules was discussed. The
purpose of the present chapter is two-fold: (i) to address many of the important and
unresolved issues related to the free energy of mixing globular proteins and flexible
linear polymers in aqueous solution which were identified in Chapter 4, and (ii) to shed
light on the more general problem of the role of deformability and penetrability in
evaluating the free energy of colloidal systems, where the deformability of the particles
arises from the coupling of intra- and inter colloid interactions.

An important contribution to the free energy of mixing solutions which
contain colloids and flexible polymers arises from the translational and configurational
degrees of freedom available to these macromolecular species (Tanford, 1961; Flory,
1986; de Gennes, 1988). Specifically, the translational degrees of freedom arise from

the many positions that the centers of mass of the species can assume, while the
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configurational degrees of freedom reflect the different conformations that the flexible
macromolecules can adopt for a fixed position of their centers of mass. In all
macromolecular systems, the existence of a variety of interactions, for example, weak
attractive interactions of the van der Waals type, or strong repulsive steric (excluded-
volume) interactions, restricts the translations and the configurations which can be
sampled by the species within the system. While the translations are influenced by the
interactions between macromolecules, the nature of these interactions can, in general,
also reflect their internal configurational states. It follows, therefore, that the
configurations of macromolecules can also reflect, in general, a balance of the
interactions within and berween species. However, when there are strong cohesive
interactions within macromolecules (and particles) and only weak interactions between
species, their configurational states (the shapes) are only weakly perturbed by
interparticle interactions. An example of a system where there is a clear separation of
the intra- and inter-particle interactions is a solution of gold or silica sols where the
individual sols are held together by short-ranged, yet very strong “"chemical" forces
(metallic or covalent bonds, respectively), and only weak van der Waals interactions exist
between the sols (Wilcoxen et al., 1989; Lin et al., 1989). In contrast, many other
colloidal systems exhibit rather weak interactions within the colloidal particles. In that
case, the configurational state of the colloidal particles is greatly influenced by both the
interactions within the particles and between particles. An example of such a system is
a micellar solution containing aggregates of surfactant molecules (micelles) (Israelachvili
et al., 1976; Puvvada and Blankschtein, 1990; Chenalier and Zemb, 1990). In this case,
the "physical" forces, such as, hydrophobic forces, which are responsible, in part, for
the self-assembly of the surfactant molecules into fluid-like and deformable aggregates,
are similar in nature and strength to the interactions occurring between micellar
aggregates. Indeed, the wide variety of shapes and sizes of micelles that are observed
experimentally in surfactant solutions reflects, in general, the delicate nature of the
balance between intra- and inter- micellar interactions.

Another class of systems in which the above mentioned considerations are

important is aqueous solutions containing globular proteins and flexible linear polymers
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(Albertsson, 1986; Walter et al., 1985; Sutherland and Fisher, 1989). Changes in the
configurational state of flexible linear polymers in response to variations in solution
conditions, such as, polymer concentration, have been documented both experimentally
and theoretically (de Gennes, 1988; Cotton et al., 1972; Farnoux et al., 1975; Daoud et
al., 1975). For example, the average radius of gyration of a polymer coil within an
entangled polymer network decreases with increasing polymer concentration (Cotton et
al., 1972; Farnoux et al., 1975; Daoud et al., 1975). Indeed, under certain conditions,
a concentration dependent collapse of the chain to a globular state is observed (Momii
et al., 1991). Similarly, proteins are delicately folded linear polypeptide chains having
average conformations which generally reflect a balance between the "physical" and
"chemical” forces acting within the polypeptide chain, as well as the interactions
occurring between the polypeptide chain and its surrounding environment (Dill and
Alonso, 1988). For example, upon addition of anionic surfactant molecules, such as,
sodium dodecyl sulphate, or other denaturants, such as urea, to an aqueous protein
solution, a protein will typically undergo a gross conformational change from a highly
structured and compact globular state to a more expanded and tenuous random-coil
conformation (Tanner et al., 1982; Guo et al., 1990).

For the sake of brevity, the reader is referred to two recent reviews of
previous theoretical work dealing with protein partitioning in two-phase aqueous polymer
systems (Baskir et al., 1989; Abbott et al., 1990). Below we summarize only the
essential points needed for the theoretical developments presented in this chapter.

As was discussed in Chapter 4, in the poly(ethylene oxide) (PEO)-dextran-
water two-phase system, a transition occurs in the nature of the top PEO-rich phase,
from a solution of identifiable polymer coils to a solution of extensively interpenetrating
polymers, with increasing PEO molecular weight (Abbott et al., 1991). Solutions of the
former type, that is, "dilute" polymer solutions, consist of singly dispersed polymer coils
separated from each other, on average, by domains of pure solvent (Tanford, 1961;
Flory, 1986; de Gennes, 1988). In contrast, the solutions of high molecular weight PEO
contain polymer coils which overlap extensively and entangle to form a transient polymer
mesh (Tanford, 1961; Flory, 1986; de Gennes, 1988). Within this mesh, in contrast to
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the "dilute” polymer regime, the identities of the individual polymer coils are lost and
properties of the solution, such as the osmotic pressure, become independent of polymer
molecular weight. Interestingly, in the two-phase aqueous PEO-dextran system, the
transition in the underlying structure of the PEO-rich solution phase, bought about by an
increase in PEO molecular weight, was accompanied by large changes in the partitioning
behavior of a variety of globular proteins. Specifically, the protein partition coefficient,
defined as the ratio of the protein concentrations in the top and bottom phases,
respectively, was observed in experiments (Hustedt et al., 1978; Albertsson et al., 1987)
to decrease with an increase in the molecular weight of PEO in the system. However,
for sufficiently high molecular weights of PEO, where the PEO was extensively
entangled, the protein partition coefficient was observed to be independent of the PEO
molecular weight, reflecting the fact that the protein "lost sight” of the PEO coils within
the entangled polymer mesh (Abbott et al., 1991a). Furthermore, it was observed that
the ability of a protein to sense the transition in the underlying solution structure
correlated with the size of the protein species. That is, large proteins, for example,
catalase, exhibited large changes in their partition coefficients, whereas small proteins,
such as cytochrome-c, were insensitive to changes in the structure of the solution (Abbott
et al., 1991a). For the purpose of the present chapter we confine our treatment to
polymer solutions in the "dilute" regime, since it is in this regime that one observes the
greatest sensitivity of the protein partition coefficient to changes in the PEO molecular
weight (Abbott et al., 1991a). In Chapters 5 and 8, we discuss the rather different
situation of proteins interacting with entangled polymer solutions (Abbott et al., 1991b).

In a typical PEO-rich solution phase which contains low molecular weight PEO
(M <10 000 Da), the individual polymer coils which interact with the protein may be
larger or smaller than protein molecules (Abbott et al., 1991a). It is important to point
out that this situation is in sharp contrast with the extensively-studied case where a
colloid, for example, a silica sol, interacts sterically with a flexible polymer that is
significantly smaller in size than the sol (Vrij, 1976; de Hek and Vrij, 1981; Vincent et
al., 1979; Patel and Russel et al., 1989a and b; Dey and Hirtzel, 1991). In that case,

the polymer coil and sol are essentially impenetrable to each other, so that, in effect, one
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can represent the steric interaction potential between the two particles as a simple hard-
sphere repulsion (Vrij, 1976; de Hek and Vrij, 1981; Vincent et al., 1979, Patel and
Russel, 1989a and b; Dey and Hirtzel, 1991). The range of this steric repulsion is given
by the sum of the globular colloid radius and the polymer radius of gyration, R, (Vrij,
1976; de Hek and Vrij, 1981; Vincent et al., 1979; Patel and Russel, 1989a and b; Dey
and Hirtzel, 1991). In contrast, in the protein partitioning case, where the polymer-coil
size can become large compared to the size of the globular protein, the polymer coil can
no longer be represented effectively as an impenetrable sphere of size R, since an
increased number of polymer-coil configurations allows the protein to penetrate the
volume occupied, on average, by the polymer (Abbott et al., 1991a). In order to model
this interesting situation, and at the same time be able to exploit some of the available
useful results for hard-sphere systems, we have chosen to generalize the conventional
treatment of excluded-volume hard-sphere interactions. Specifically, we have represented
the polymer coil as an effective hard-sphere whose size reflects the permeability of the
polymer coil towards the protein. In other words, due to the penetrable and diffuse
nature of the polymers, one expects that as the polymer molecular weight increases, the
effective hard-sphere size associated with the polymer should increase more slowly than
that corresponding to a rigid impermeable particle. It is this new physical situation,
dealing with excluded-volume interactions between particles possessing different degrees
of penetrability, which does not appear to have received much attention in the past, but
which is essential to the treatment of protein partitioning in two-phase aqueous polymer
systems, that we address in this chapter. Indeed, in Section 6.6 we show that if the
penetrability of the polymer coil to the protein is neglected, within the framework of our
theoretical development, qualitatively different trends in the protein partition coefficient
are predicted.

In Chapter 4 it was shown that under certain experimental conditions (Abbott et
al., 1991a), the change in the logarithm of the protein partition coefficient, AlnK,
accompanying a change in PEO molecular weight, can be related simply to the standard-
state chemical potential of the protein, Au°,,, in the top (t) PEO-rich polymer solution
phase, that is,
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where k is the Boltzmann constant, and T is the absolute temperature. The standard-state
chemical potential of the protein in the top phase corresponds to the free-energy change
upon introducing a single protein molecule into the top polymer solution phase from a
phase containing pure solvent. Therefore, this term captures the effects of the direct
interactions of the protein with the polymers, as well as the influence of polymer-polymer
interactions on the protein. Note that protein-protein interactions are not considered
because in the limit of vanishing protein concentration, corresponding to the experimental
conditions (Hustedt et al., 1978; Albertsson et al., 1987), they make a negligible
contribution to the observed partitioning behavior. Mathematically-simple geometric and
scaling arguments were developed to probe the qualitative form of the standard-state
protein chemical potential, and thus the protein partition coefficient, arising from protein-
polymer and polymer-polymer interactions (Abbott et al., 1991a). A rather interesting
picture emerged which suggested that change in the partition coefficients of proteins,
which is observed to accompany a change in the PEO molecular weight, reflects a
delicate balance of several competing factors. These factors can be readily understood

with reference to the following equation (Abbott et al., 1991a),
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where N,/V is the number density of polymer coils in solution, U, is the excluded
volume characterizing the steric interactions between a protein and a polymer coil, U,
is the polymer-polymer effective excluded volume, & is the local energy change
(measured in units of kKT) that accompanies the replacement of solvent at the protein

surface by one polymer segment, N is the number of polymer segments per coil (which
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is proportional to the polymer molecular weight, M,), a is the size of a polymer segment,
R, is the radius of the protein, and k' is an order unity numerical constant. The first
term in Eq.(6.2), N,U,/V, describes the influence of steric interactions between proteins
and polymers on AlnK,, and results from a competition between the number density of
polymer coils in the solution, N,/V, (which decreases with increasing PEO molecular
weight, M,, at a constant weight fraction of PEO; N,/V ~ 1/M,) and the magnitude of the
repulsive steric interaction between a protein and a polymer coil, U, (which increases
with the molecular weight of the PEO; the functional dependence of U, on the PEO
molecular weight is U,~M,*, where « is dependent on the relative size of the protein
and PEO coil). It turns out, that with increasing molecular weight of PEO, due to the
increasing permeability of the polymer coils to the proteins, the exponent « is constrained
to the range, 0<a<1. Specifically, in the limit when the polymer coil is much larger
than the protein, a—>1, which reflects the ability of the protein to readily penetrate the
volume occupied on average by the polymer coil, and interact with the entire length of
the polymer chain within the coil. By combining the predicted influence of a change in
PEO molecular weight on both U, and N,/V, it is evident that the term U,N,/V ~M,*!
decreases with increasing PEO molecular weight, M,. That is, with reference to
Eq.(6.2), the effect of this term on the predicted protein partitioning behavior is opposite
to the trend observed experimentally.

In Eq.(6.2), the bracketed expansion in terms of N,U,/V, describes the
influence of polymer-polymer interactions on the standard-state chemical potential of the
proteins. Physically, this influence on the standard-state protein chemical potential can
be understood, to first order in N,U,/V, by considering the competing influences of a
change in the PEO molecular weight on the number density of polymer coils in solution,
N,/V, and the polymer-polymer excluded volume, U,. As discussed above, at a constant
weight fraction of PEO within the PEO-rich polymer solution phase, N,/V ~1/M,.
However, in contrast to the protein-polymer excluded volume, U,, the functional
dependence of the polymer-polymer excluded-volume on PEO molecular weight is
U,~M,*, where a=9/5. The reason for the rather different form of the polymer-

polymer excluded-volume, as compared to the protein-polymer excluded-volume, is that
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in the former case, the two polymer coils are of equal size at all molecular weights of
PEO, and therefore, the exponent av=9/5 is only weakly molecular weight dependent.
Combining the influence of a change in PEO molecular weight on both N,/V and U,, the
predicted functional dependence is N,U,/V ~M,*!, which increases with the molecular
weight of PEO. Therefore, the influence of the polymer-polymer interactions is to
increase the standard-state protein chemical potential in a manner which is consistent with
the experimentally observed influence of a change in PEO molecular weight on the
protein partition coefficient (Abbott et al., 1991a). However, within the framework of
the scaling-thermodynamic approach presented in Chapter 4, due to (i) the truncation of
the expansion in Eq.(6.2) at second order in the expansion parameter, N,U,/V, (ii) the
unknown values of the polymer-polymer excluded-volume, U,, and (iii) the additional
influence of polymer-polymer excluded-volume effects (within a polymer coil) on the
magnitude of the protein-polymer excluded-volume, U, it became evident that in order
to evaluate the precise influence of the protein-polymer and polymer-polymer interactions
on the predicted protein partitioning behavior, a more quantitative approach was
required. Nevertheless, from a consideration of the first two terms in Eq.(6.2), it is
apparent that the predicted influence of an increase in PEO molecular weight results from
a delicate balance reflecting the opposing influences of the protein-polymer and polymer-
polymer interactions on the standard-state protein chemical potential.

In view of the possibility that steric effects alone could not predict the
observed protein partitioning behavior, the last term in Eq.(6.2) was introduced to
examine the influence of a weak attractive interaction between the protein molecules and
the PEO coils on the standard-state chemical potential of the protein. For the sake of
brevity the reader is referred to Chapter 4, where a detailed discussion of this term is
presented and the possible physical origins of the attraction are discussed. However, it
is pertinent to mention that while the attractive interaction between a PEO coil and
protein molecule was shown to increase with increasing PEO molecular weight, when the
opposing influence of the decreasing number density of polymer coils was included,
N,/V, an increase in the standard-state protein chemical potential was predicted. It is
noteworthy that this trend in the standard-state protein chemical potential is consistent
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with that observed experimentally (Hustedt et al., 1978; Albertsson et al., 1987).
Although the realization that weak attractive interactions between PEO coils and certain
proteins may be important in determining the protein partitioning behavior, in order to
estimate the strength of the attraction required to account for the observed partitioning
behavior, the additive effects of steric and attractive interactions on the protein chemical
potential, that is, all three terms of Eq.(6.2), must be included. As discussed above, due
to approximations present within Eq.(6.2), such a quantitative prediction was beyond the
scope of Chapter 4. There, the aim was not to provide a detailed quantitative account
of the protein partitioning problem but rather establish a sound physical description of
these systems which can be used as a basis for more detailed theoretical formulations.
In this spirit, using Chapter 4 as the foundation, here we present a more quantitative
account of protein partitioning in two-phase aqueous polymer systems.

Each of the issues outlined above is addressed and, in particular, we develop a
quantitative account of protein-polymer and polymer-polymer interactions, including the
relative importance of their contributions to the standard-state protein chemical potential.
We reveal that very weak attractive interactions can have a marked effect on the
qualitative nature of the predicted protein partitioning behavior. In these evaluations,
by combining liquid-state (McQuarrie, 1976; Carnahan and Starling, 1969; Carnahan and
Starling, 1970) and dilute polymer solutions theories (Flory and Krigbaum, 1950; Zimm
et al., 1953; Orofino and Flory, 1957), along with a simple Monte-Carlo evaluation
(Wall and Mandel, 1975; Hermans, 1982; Hermans and Hermans, 1984), we include (1)
the influence of the deformability and permeability of the polymer coils on their
interactions with globular proteins, (2) the partial permeability of polymer coils to each
other (which varies with the solvent quality), and (3) the contributions of higher-order
interactions between polymer coils and proteins. In addition, we investigate the influence
of the protein shape on the partitioning behavior of proteins. Specifically, we evaluate
the influence of deviations from sphericity (ellipsoidal shape) on the predicted standard-
state protein chemical potential.

The remainder of the chapter is organized as follows. In Section 6.2, a

general thermodynamic framework that relates thermodynamic quantities at constant
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solvent chemical potential to those at constant pressure is developed. Within this
framework, using an equation of state for a binary-hard sphere mixture, the chemical
potentials of the hard spheres are evaluated. In Section 6.3, the components of the hard-
sphere mixture are identified with the protein and polymers, and the effective hard-sphere
interaction potentials describing steric protein-polymer and polymer-polymer interactions
are evaluated. Subsequently, in Section 6.4, within the thermodynamic framework at
constant pressure, the protein chemical potential in solutions containing flexible linear
polymer molecules is evaluated. The dependence of the standard-state protein chemical
potential on polymer molecular weight, as well as on protein shape and size is also
reported. In Section 6.5, the additional effect of weak attractive protein-polymer
interactions on the protein chemical potential is evaluated. In Section 6.6, we discuss
our findings and compare our predictions with earlier thermodynamic formulations for

protein partitioning in two-phase aqueous polymer systems.

6.2 Thermodynamic Framework

As discussed in Chapter 4, under judiciously chosen experimental
conditions, the change in the protein partition coefficient with PEO molecular weight,
can be simply related to the standard-state chemical potential of the protein (see Eq.(6.1))
(Abbott et al., 1991a). Since the system pressure is held constant in the experimental
measurement of the protein partition coefficients, we present here an evaluation of the
chemical potentials of the protein and PEO in an ensemble at constant pressure. For the
evaluation of the thermodynamic properties of solutions containing solvent, salts,
polymers and proteins we treat the species as incompressible, and approximate the
solvent in the presence of salts as a structureless continuum (the approximation made in
treating the solvent as a continuum is justified by the large size of the proteins and
polymers as compared to that of the solvent molecules). The present treatment contrasts
with that presented in Chapter 4, where a simplifying approximation was made, and the
protein chemical potential was evaluated holding constant the solvent chemical potential
(Abbott et al., 1991a). A comparison of the predicted standard-state protein chemical
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potential at constant pressure, P, with that at constant solvent chemical potential, u,, is
presented and further discussed in Section 6.6.

In Appendix 6.A, a derivation is given of a general thermodynamic framework
relating the chemical potential of species i in an incompressible solvent at constant
pressure, to that at constant solvent chemical potential. This development is particularly
useful because it enables us to make use of some existing analytical results for the
chemical potentials of hard-sphere mixtures which were derived at constant solvent
chemical potential (Jansen et al., 1986a). It is noteworthy that in the protein partitioning
case, the evaluation of the protein and polymer chemical potentials is simplified
considerably by the fact that we are concerned with the limit of vanishing protein
concentration, namely, ¢,~0 (Abbott et al., 1991a). In this limit, with the understanding
that the polymer chemical potential, u,, becomes independent of protein concentration,

it is shown in Appendix 6.A that the following condition must be satisfied
[;’i] =a- @)[?] (6.3)
%, X %, T, b9,

Equation (6.3) is a central result that is used to evaluate changes in the protein chemical
potential at constant pressure from changes in the protein chemical potential occurring
at constant solvent chemical potential. The latter quantity has been previously evaluated
for hard-sphere systems (Jansen et al. 1986a).

We present an evaluation of the protein chemical potential at constant pressure
using a description of the system in terms of effective hard-sphere sizes. This
approximate representation of the system is justified in view of the following
considerations.  First, it is emphasized that we account for the deformability and
penetrability of the polymer coils (both for polymer-polymer and for polymer-protein
interactions) through the careful choice of the effective hard-sphere sizes of both
polymers and proteins (see Section 6.3). Second, we realize that, in general, equations

of state for simple hard-sphere systems will not be sufficient to describe complex
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systems, such as protein-polymer mixtures. This is due to the fact that different effective
hard-sphere sizes will be required to describe the polymer hard-sphere size associated
with polymer-polymer interactions and that associated with polymer-protein interactions.
That is, such mixtures belong to the class of so-called non-additive hard-sphere systems
(Flory, 1968). However, because our aim is to describe the standard-state chemical
potential of the protein in the limit of vanishing protein concentration, which is the
relevant limit for the protein partitioning behavior considered here, it is not neccessary
to resort to equations of state for non-additive hard-sphere systems. This follows because
one can adjust the effective hard-sphere size of the protein species such that the same
polymer effective hard-sphere size can be used both for polymer-polymer and polymer-
protein interactions. Although, in general, this approach will not predict correctly the
contribution of protein-protein interactions to the protein chemical potential, this
contribution is insignificantly small in the limit of vanishing protein concentration
considered in this paper. Finally, we emphasize that in our theoretical formulation the
effective protein and polymer hard-sphere sizes should not be identified with the actual
physical sizes of these species.

With the above considerations in mind, and with the excluded-volume
interactions between proteins and polymer coils, as well as between the polymer coils
themselves, represented in terms of effective hard-sphere sizes, we have utilized an
equation of state for a binary mixture of hard spheres at constant solvent chemical
potential, as well as Eq.(6.3), to evaluate the protein chemical potential at constant
pressure (Jansen et al., 1986a). Under conditions of constant solvent chemical potential,
Jansen and coworkers (1986a) derived the following expression for the chemical potential
of component p (the protein, in our case) in a binary hard-sphere mixture of components

p and 2 (the polymer in our case)

Mp] _[I»‘Z] +In 4’,, + 5 2
- = | = n,+30m,+ 30, +
[kT e Kl )n,  |1&] 7 T 6.4)

2 9 ;2 33
3a,m,m, + —2"71»’72 + 30,
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where the parameters 7, and £, are defined by

(6.5)

= -

and
Ek = d)zo'l;~3 + Po'f,-3 (6.6)

where k=0,1,2, and 3, and ¢, and ¢, are the volume fractions of the polymer and
protein, respectively. In Eq.(6.4), p,° is the standard-state chemical potential of the
protein at a constant solvent chemical potential, and in Eqs.(6.6) and (6.4), ¢, and o, are
the effective hard-sphere diameters of the polymer coils and the protein molecules,
respectively. Using Eqgs.(6.5) and (6.6) in Eq.(6.4), then substituting the resulting
Eq.(6.4) in Eq.(6.3), and finally integrating (in the limit of vanishing protein

concentration, ¢,>0) from ¢,=0 to ¢,, yields the following useful result

kT T, P, $,,6,+0 T, P, $,20, $,~0 27 27

9, > 9., ) 3
+ ¢2[ 5 a] + 1 - ¢2 [3r 2 a] + 3-——(1_¢2)2r, (6.7)

+ In(1 - ¢2)(~4r3 + 6r2 - 3r0) + _(1_1¢) [—Grz + %rf] +
2

3 P
2(1-¢,)°

where 1,=0,/0,. In Eq.(6.7), pu,(T,P,¢,,6,0) corresponds to the standard-state protein
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chemical potential in a polymer solution phase having an effective hard-sphere polymer
volume fraction ¢,, and u,(T,P,$,0,¢6,~0) corresponds to the standard-state chemical
potential of the protein in a polymer-free solvent phase. The difference between these
two is equal to u°,, in Eq.(6.1) and Chapter 4 (Abbott et al., 1991a).

To utilize Eq.(6.7) in Eq.(6.1), in order to predict the change in the
logarithm of the protein partition coefficient, AlnK,, the two length scales o, and o, need
to be evaluated. Recall that o, is the effective hard-sphere diameter of the polymer,
which reflects the deformability and penetrability associated with the polymer-polymer
excluded-volume interactions, and g, is the effective hard-sphere diameter of the protein,
which reflects the deformability and penetrability associated with protein-polymer

excluded-volume interactions.

6.3 Effective Hard-Sphere Potentials for Steric Interactions

The topic of polymer-polymer interactions in solutions of identifiable
polymer coils has received considerable experimental and theoretical attention over the
last few decades (Flory and Krigbaum, 1950; Zimm et al., 1953; Orofino and Flory,
1957; Flory, 1968). Our approach utilizes the classical theories of Flory (1968) to
calculate the radius of gyration of isolated polymer coils (PEO), and Flory and Krigbaum
(1950) to calculate the equivalent hard-sphere diameters corresponding to the effective
excluded-volume interactions between two polymer coils. The theoretically calculated
polymer-coil radius of gyration (Flory, 1968) is substantiated through a comparison with
the radius of gyration of an isolated PEO coil obtained using neutron-scattering and light-
scattering measurements (Cabane and Duplessix, 1982). To assess the validity of the
characterization of polymer-polymer interactions using an effective hard-sphere potential
over the range of polymer concentrations encountered in two-phase aqueous polymer
systems. That is, we have compared available vapor-pressure measurements of aqueous
PEO solutions (Haynes et al., 1989) with predicted vapor-pressure values based on the
use of the theoretically-calculated effective polymer hard-sphere diameters.

The classical theory of Flory (1968) yields the following expression for the
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polymer-coil radius of gyration

12
R =a [Cw’z”] (6.8)
6

where c,, is the characteristic ratio of the PEO chain (see below),  ? is the mean-square
length of each bond comprising the repeat units of PEO, n is the number of bonds per
polymer coil, and « is the Flory expansion parameter. In Eq.(6.8), the characteristic
ratio describes the intrinsic stiffness of the polymer chain, which arises from the fact that
neighboring bonds along the polymer chain are correlated in their orientations due to
restrictions on the bond angles between them. The characteristic ratio of the PEO chain

can be defined at the ©-solvent conditions for the polymer, namely (Flory, 1968)

<r> 6.9)
c, = 2=4.1104 ,
nl?

where <r’> is the mean square end-to-end length of the polymer coil at ©-solvent
conditions. The literature value of the characteristic ratio reported in Eq.(6.9) was
determined from viscosity measurements in aqueous salt solutions at 35°C (Flory, 1968).
The Flory expansion parameter, « in Eq.(6.8), describes the swelling of the polymer coil
due to the repulsive excluded-volume interactions which occur between the polymer-coil

segments, and can be evaluated from (Flory, 1968)

_ 21M(1-20M,"

227)*2c PN,

as_a3

(6.10)

where v, is the specific volume of the polymer, M, is the molecular weight of a polymer
bond, M, is the molecular weight of the polymer coil, v,° is the molar volume of the
solvent, x is the Flory-Huggins interaction parameter, and N, is Avogadro’s Number.

Inspection of Eq.(6.10) shows that the strength of the excluded-volume interactions
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between polymer coils is mediated by the solvent quality, as characterized by the term,
1-2x. Under the conditions of sufficiently high polymer molecular weight, M,, and
sufficiently good solvent quality (x <0.5), the polymer coil will be extensively swollen,
that is, > 1, and Eq.(6.10) predicts that « ~ M,"!°. Substituting this result into Eq.(6.8)
yields the well-known result (Flory, 1986; de Gennes, 1988), R, ~M,** (note that for
PEO, 3n=M,/44). Using Eqs.(6.9) and (6.10) with the following literature values for
the physical parameters which characterize PEO in water at 25°C, x=0.45 (Edmond and
Ogston, 1968; Rogers and Tam, 1977), I=1.46 A (Flory, 1968), M,=44/3 g/mole,
v,°=18 cm’/mole and v,,=0.83 cm’/g (Cabane and Duplessix, 1987), in Eq.(6.8), the
radius of gyration of PEO was calculated as a function of PEO molecular weight. In
Table 6.1, the theoretically predicted PEO radius of gyration, R,, is compared as a
function of PEO molecular weight to the radius of gyration data extrapolated from
neutron scattering and light scattering measurements for PEO in water (Cabane and
Duplessix, 1982). As can be seen, a good agreement exists between the theoretical and
experimental values of the polymer radius of gyration.

The Flory-Krigbaum theory (1950) estimates the effective volume excluded by one
polymer coil to another, which reflects, in essence, two competing contributions. The
first arises from the actual physical exclusion of one polymer coil by another, such that
two polymer-coil segments cannot occupy the same physical space. The second has an
enthalpic origin and reflects energetic interactions (mediated by the solvent) between the
polymer-coil segments. In particular, an enthalpic contribution arising from attractive
energetic interactions between the polymer coils will tend to reduce the effective volume
excluded by one polymer coil to another, and at the so-called ©-solvent condition, the
net excluded volume is zero (Flory, 1968). The general expression for the excluded

volume, U,, is given by

2 2
vS

v, =2 _a)(1 - X . ._’%_2_ — 6.11)
WN, 212 33

where the expansion parameter X is defined by
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M, (Da) Predicted R, (A) Measured R, (A) ) RE (A)
3 000 20.4 18.9 11.4
4 000 23.9 22.6 13.8
5 000 27.1 26.0 16.0
6 000 29.9 29.1 18.0
7 000 32.6 32.0 19.9
8 000 35.1 34.7 21.7
9 000 37.5 37.4 23.5
10 000 39.8 39.9 25.1

Table 6.1. Comparison of the predicted PEO radius of gyration, R,, and measured R,
from neutron and light scattering measurements (Cabane and Duplessix, 1982), as a
function of PEO molecular weight, M,. Also presented are the predicted effective hard-

sphere radius of PEO, RY; as a function of PEO molecular weight, M,.
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X=20*-1) (6.12)

At O-solvent conditions for the polymer, x=0.5, a=1, and, as is evident from
Eqgs.(6.11) and (12), both U,=0 and X=0. The effective hard-sphere radius of a
polymer coil characterizing polymer-polymer interactions, R%3, is calculated by equating
the expression for the excluded volume, U,, in Eq.(6.11) with the following well-known
expression (Tanford, 1961) for the excluded volume between two hard spheres,
R (6.13)
U, = 7"(3 2

The predicted RY; values as a function of PEO molecular weight, M,, are also presented
in Table 6.1. Owing to the possible effect of polymer-polymer interactions on the
average configuration of the polymer coils (Cotton et al., 1972; Farnoux et al., 1975;
Daoud et al., 1975), one can, in general, expect the effective hard-sphere polymer radius
to exhibit a concentration dependence as the polymer concentration increases. As this
aspect of the polymer-coil behavior was not incorporated in our description of the
effective polymer-coil hard-sphere radius, a comparison between the measured vapor
pressure of PEO in water (Haynes et al., 1989) and a theoretical prediction, which
explicitly incorporates the effective hard-sphere radius of the polymer, was made to
assess the range of validity of our approximate treatment in terms of concentration-
independent R%5.

To compute the vapor pressure of an aqueous solution of PEO, we have used the

following well-known result (Modell and Reid, 1983)

g, =_L (6.14)

where q, is the solvent activity, P,° is the vapor pressure of pure water, and P, is the

vapor pressure of an aqueous PEO solution. The activity of the solvent is related to the
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osmotic pressure of the aqueous PEO solution by (Modell and Reid, 1983)

(6.15)
RT Ing, = -y, II

where v,° is the partial molar volume of the solvent, and II is the solution osmotic
pressure. We have evaluated the osmotic pressure of the polymer solution using the
Carnahan-Starling equation of state for a monodisperse hard-sphere system (Carnahan and
Starling, 1969 and 1970). This description of the polymer solution in terms of effective
hard-sphere sizes, is consistemt with our previous description of the polymer-polymer
interactions used to evaluate the protein chemical potential in a polymer solution.
Accordingly, the osmotic pressure of the PEO solution can be calculated as (Carnahan
and Starling, 1969 and 1970)

II N,(1+¢,+ ¢'§) (6.16)
kKT 'V

TV A-ey

where N,/V is the number density of PEO coils in the solution, and ¢, is the effective
hard-sphere volume fraction occupied by the polymer coils in solution
(¢, =47N,(R%3)*/3V). Substituting Eqs.(6.15) and (6.16) into Eq.(6.14) leads to the
desired result which relates the vapor-pressure depression to the effective hard-sphere

volume fraction of PEO in solution, that is,

—vloNz a- ¢, + ¢§) 6.17)
14 (1 - 4)2)3

In evaluating the vapor-pressure depression predicted by Eq.(6.17), and
subsequently comparing it with the experimental measurements reported by Haynes and
coworkers (1989), one must consider the influence of polymer-size polydispersity in the
polymer samples used in the experiments. Specifically, the PEO samples used in the

vapor-pressure measurements (Haynes et al., 1989) had number-average molecular
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weights of 3 790 Da and 9 037 Da, and weight-average molecular weights of 3 860 Da
and 11 800 Da, respectively. Since the osmotic pressure of a polydisperse system
reflects the number-average properties (Modell and Reid, 1983), in computing the
effective hard-sphere radius of the polymer coils the number-average molecular weights
were used. From Table 6.1, an interpolation of the appropriate molecular weights to 3
790 Da and 9 037 Da yields effective PEO hard-sphere radii (R%3) of 13.5A and 23.5A,
respectively. In Figure 6.1, the predicted vapor-pressure depression of the aqueous PEO
solutions, is compared to experimental measurements. For the PEO sample
corresponding to a number-average molecular weight of 3 790 Da, the reasonable
agreement between the calculated (solid line) and experimental (®) vapor pressures of
the PEO solutions shown in Figure 6.1 suggests that the essential nature of the polymer-
polymer interactions has been captured effectively. Unfortunately scatter in the
experimental data points prevents a more precise comparison between the theoretical
prediction and experimental measurements of the vapor-pressure depression. However,
the general agreement suggests that such a description of the polymer-polymer
interactions will provide a reasonable estimation for their contribution to the protein
standard-state chemical potential and associated protein partition coefficient. For the
larger PEO having a molecular weight of 9 037 Da, the comparison of theory (dotted
line) and experiment (M), shown in Figure 6.1, indicates that a significant difference
exists beyond PEO weight fractions of approximately 0.1. This difference may reflect
a transition in the underlying structure of the PEO solution, from one composed of singly
dispersed polymer coils to one characterized by an entangled polymer coils, that can
occur with either increasing PEO weight fraction or molecular weight (de Gennes, 1988).
Significantly, and as reported (Abbott et al., 1991a) in Chapter 4, aqueous solutions of
PEO having a molecular weight of approximately 10 000 Da will undergo such a
transition in the vicinity of PEO weight fraction of approximately 0.1. With this in
mind, it is very reasonable that our description of the 9 037 Da PEO solution as one
composed of separate polymer coils becomes inappropriate above PEQO weight fractions
of around 0.1. PEO of molecular weight 3 790 Da undergoes a similar transition in the

nature, but at a significantly higher PEO weight fraction of approximately 0.2 (or more).
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In summary, over the range of solution conditions consistent with the description of the
aqueous PEO solution as one containing singly-dispersed polymer species, the agreement
between the theoretical predictions and the experimental vapor-pressure measurements
is very reasonable. This suggests that the contribution of polymer-polymer interactions
to the protein chemical potential is described adequately. It is noteworthy that this
conclusion is supported by neutron scattering measurements which will be reported in
Chapter 7 (Abbott et al., 1991c¢).

The second important type of interaction that must be characterized in
order to predict the protein chemical potential in aqueous PEO solutions is the direct
polymer-protein interaction. First, we consider excluded-volume interactions occuring
between the protein and the polymer, and subsequently, in Section 5, we consider the
influence of other interactions (attractions). The steric interaction in this case is rather
more interesting than the polymer-polymer one described earlier, since it involves two
unlike species: a rather flexible, deformable and penetrable polymer coil, and a relatively
impenetrable, globular and structured protein molecule. At ©-solvent conditions for the
polymer, where the configurations of a polymer chain can be described in analogy with
Brownian motion, the solution of the diffusion equation yields the following analytical
expression for the excluded volume arising from the interaction of a flexible chain and

an impenetrable sphere (Jansons and Phillips, 1990)

47R;
U,=4xRR’ + 8(m" R R, + ’; 2 (6.18)

Equation (6.18) is not strictly applicable in the case of PEO in water, where solvent
conditions at 25°C are better than ©-solvent conditions (Cabane and Duplessix, 1982;
Edmond and Ogston, 1968; Rogers and Tam, 1977; Cabane and Duplessix, 1987), since
additional correlations between polymer segments will influence the nature of the
excluded-volume interaction between the entire polymer coil and the protein. However,
consideration of this equation proves illuminating since some qualitative features of the

equation are common to the two cases of ©-solvents and good solvents. In particular,
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from an inspection of Eq.(6.18), it can be seen that when the polymer coil is much larger
than the protein, that is, R, >R, the excluded volume scales as R )R;%. This contrasts to
the opposite limit where R, >R, and the excluded volume scales with R >. The different
functional forms of U, in the two limits R, <R, and R, > R, reflects the difference in the
deformability and penetrability of the protein as compared to the polymer. It is this
feature of the interaction that we have attempted to capture in our evaluation of the
protein-polymer excluded-volume away from the ©-solvent conditions. To account for
the swelling of the PEO chains, which arises from the interactions between PEO
segments in the same coil, a simple Monte-Carlo method was developed to estimate this
excluded volume contribution (Wall and Mandel, 1975; Hermans, 1982; Hermans and
Hermans, 1984). Although qualitatively one may expect the excluded volume to be
similar to that corresponding to the ©-solvent case, the purpose of the present work is
to provide a somewhat more quantitative determination of the protein chemical potential
in a polymer solution. Accordingly, the steric interaction between the polymer coil and
the protein was evaluated using a reptation method (Wall and Mandel, 1975) to generate
the configurations of the polymer coil (on a cubic lattice) in the vicinity of the protein
(modelled as a hard sphere or ellipsoid). The excluded volume is evaluated as (Hermans,
1982; Hermans and Hermans, 1984)

N ] (6.19)

where N is the number of statistical polymer segments per polymer coil, V,° is the
molecular volume of the protein, and <m> is the number of statistical polymer
segments which simultaneously overlap the protein volume, averaged over an ensemble
of polymer-coil configurations generated using the Monte-Carlo method. Eq.(6.19) can
be understood intuitively using the following simple argument. If all N statistical
polymer segments on the chain interact independently with the protein, the excluded
volume, U,, would be equal to NV,° (the polymer segment volume is very small

compared to the protein volume) (Tanford, 1961). However, the polymer segments are
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not independent since they belong to the same polymer chain, and therefore, their
positions are correlated. The result of the polymer chain connectivity is that if a single
polymer segment interacts with the protein, because it belongs to a polymer coil, there
will be, in all likelihood, other polymer segments interacting simultaneously with the
protein. This implies a reduction of the excluded volume NV,° by the factor <m> .
In addition to providing a quantitative evaluation of the excluded volume, an additional
advantage of this general method is that it is not constrained to linear polymer
architectures or spherical protein geometries. An account of non-spherical (ellipsoidal)
protein geometries will also be given in this chapter.

To ensure the correct generation of an unbiased sample of polymer configurations,
as shown in Figure 6.2, the root-mean-square end-to-end length of the polymer coil,
<R?>!2  was evaluated as a function of the number of polymer-coil segments, N. The
data points represent the average of 10 independent runs, each consisting of 200N?
attempted polymer-segment moves, and the error bars extend a standard deviation on
either side of the average. The solid line is a linear fit to the data points and was used
to determine the exponent relating <R?>>'2to N. The value determined was 0.587 +
0.018, and is consistent with the expected value of approximately 3/5 for a self-avoiding
polymer coil in three dimensions (Flory, 1986; de Gennes, 1988).

To determine the scaling prefactor that relates the dimensions of the lattice-
generated polymer coil to the actual size of the PEO coils in aqueous solution, a
correspondence between the size of a lattice segment and a PEO segment (g) must be
established. In essence, the number of bonds along the PEO chain that corresponds to
the statistical-segment size is determined by the polymer flexibility, that is, c,, (Flory,
1968). Consistent with the known flexibility of PEO (c,, =4.1) (Flory, 1968), we assume
that 4 bonds of the PEO chain constitute one statistical segment of the simulated polymer
chain. Accordingly, the number of statistical polymer segments within the polymer chain
is N=n/c,. The size of a statistical segment was determined by requiring that the radii
of gyration of the statistical chain (with N polymer segments) equal the radius of gyration

of the PEO chain. In order for the dimensions of the simulated chains (see Figure 6.2)
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Figure 6.2. Logarithm of the root-mean-square end-to-end length of polymer coil,
In(<R?>1?), as a function of the logarithm of the number of polymer segments per coil,
In(N). The error bars extend one standard deviation either side of the mean value, and

the line of best fit is shown.
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to equal the measured PEO chain dimensions (Table 6.1), a statistical-segment length
corresponding to 4 A was determined. Note that although the solvent condition for PEO
in water does not correspond to the athermal conditions of the simulation, the departure
of the solvent conditions from athermal is incorporated by choosing the effective
statistical-segment size to be 4 A (de Gennes, 1988).

The excluded volume characterizing the polymer-protein interactions,
evaluated according to Eq.(6.19), is presented in Figure 6.3 as a function of PEO
molecular weight. The results are presented for three spherical protein sizes,
corresponding to cytochrome-C (R,=19 A), ovalbumin (R,=29 A) and catalase (R,=52
A), for the range of PEO molecular weights between 3 000 Da to 5 500 Da. From an
inspection of Figure 6.3 it can be seen that the excluded volume increases both with
protein size and PEO molecular weight.

Using the excluded-volume data presented in Figure 6.3, and the spherical
(physical) size of a protein, the effective hard-sphere radius of the polymer coil
(associated with excluded-volume interactions with a protein), RS, can be evaluated from
(Tanford, 1961)

HS
v, - T0 ) " 3 (6.20)

The predicted variation of RY;, with PEO molecular weight is shown in Figure 6.4.
Owing to the deformable and penetrable nature of the polymer coil, R%; changes both
with the size of the protein molecule and the polymer molecular weight. Note that RYS
is, in general, different from RY3, and that for a fixed polymer molecular weight, RS
increases with increasing protein size. This trend reflects the fact that with an increase
in the protein size, there will be a decrease in the number of polymer configurations
which permit the protein to penetrate the volume occupied, on average, by the polymer
coil. Furthermore, for a fixed protein size, as is also reflected in Figure 6.4, an increase
in polymer molecular weight results in an increase in the effective hard-sphere radius of

the PEO coil. For small proteins, the increase in the effective polymer size is less than
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for the large proteins. This is, once again, because the fraction of the average polymer
volume which is accessible to the protein increases with decreasing protein size. In
Figure 6.4, for the purpose of comparison, we also show the effective hard-sphere radius
of a PEO coil associated with polymer-polymer interactions (taken from Table 6.1). It
is interesting to observe that this effective radius is always smaller than the effective
hard-sphere size of the polymer coil used to characterize polymer-protein interactions.
In other words, for the range of protein sizes investigated, the polymers are more
permeable to each other than to the protein species.

While the above discussion of Rj; illuminates the nature of polymer-
protein interactions, it is necessary to further develop the above result in order to
incorporate the protein-polymer and polymer-polymer potentials into a thermodynamic
framework which can predict the standard-state protein chemical potential. In Section
3 we developed a generalized hard-sphere representation of the polymer-protein solution,
and in so doing, we implicitly assumed the same polymer coil effective hard-sphere size
to describe both polymer-polymer and polymer-protein interactions. The essential
complication arises from the fact that, as reported in Figure 6.4, different effective hard-
sphere polymer sizes are required to describe polymer-polymer interactions (R¥®) and
polymer-protein interactions (R%5). However, with a change in polymer molecular
weight, rather than attributing changes in the protein-polymer excluded-volume to the
effective hard-sphere size of the polymer (R5;), one can distribute these changes between
an effective hard-sphere protein size, and an effective polymer hard-sphere size. In
particular, for our purposes it is advantageous to use the same polymer effective hard-
sphere radius to characterize the polymer for both protein-polymer and polymer-polymer
interactions, that is, R} (since this is required for the thermodynamic analysis).
Accordingly, using the excluded-volumes from Figure 6.4 and the effective hard-sphere
radii of the polymer coils that characterize the polymer-polymer interactions (RY5) from
Table 6.1, an effective hard-sphere radius of the protein molecules, R:", can be evaluated

by rewriting Eq.(6.20) in the form
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excluded-volume interaction with protein, as a function of PEO molecular weight, M,:
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U = %E(Rf” + Ry 6.21)

The ratio of the effective protein size to the actual protein size, RS/R,, evaluated
according to the above description as a function of PEO molecular weight, is presented
in Figure 6.5. In Figure 6.5, it is evident that the protein size used in Eq.(6.21) is a
function of the polymer molecular weight. For a small protein like cytochrome-c, an
increase in PEO molecular weight results in a decrease in the effective protein radius.
This prediction follows naturally from the results presented in Figure 6.4, and may be
understood in terms of the increasing penetrability of the polymer coils towards small
proteins at the higher PEO molecular weights (de Gennes, 1988). Perhaps a less
expected result is the observed increase in the effective protein radius with PEO
molecular weight observed for the large proteins. For large proteins, such as catalase,
the effective hard-sphere size of the polymer used to characterize the protein-polymer
interactions (R%;) is more sensitive to polymer molecular weight than is the effective
hard-sphere size of the polymer coil used to characterize the polymer-polymer
interactions (R55). This can be seen from a careful inspection of Figure 6.4.

It should always be kept in mind that the effective hard-sphere size of the
protein used in Eq.(6.7) for the protein chemical potential reflects the nature of both
protein-polymer and polymer-polymer interactions. That is, 0,=2R;T=2(R,+R5>-R%3).
Clearly, this approach will only be successful in the limit of vanishing protein
concentration, where interactions between proteins have a negligible effect on the protein
chemical potential. It is also quite clear that this approach cannot be easily generalized
to higher protein concentrations, where protein-protein interactions may play an

increasingly important role in determining the protein partitioning behavior.
6.4 Evaluation of the Standard-State Protein Chemical Potential

In order to evaluate the standard-state protein chemical potential using the
effective hard-sphere sizes evaluated in Section 6.3, we identify R3; with 0,/2 and R<®
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radii, RS"/R,, as a function of PEO molecular weight, M,: (a) cytochrome-C, R,=194;
(M) ovalbumin, R,=29A; (®) catalase, R,=52A.
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Figure 6.6. Predicted standard-state protein chemical potential in a 10% w/w aqueous
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catalase, R,=52A.
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with 05/2 in Eq.(6.7). Figure 6.6 presents a prediction of the change in the standard-
state protein chemical potential as a function of PEO molecular weight for three proteins
of differing size, and for solution conditions corresponding to 10% w/w PEO in water
(as discussed in Chapter 4, this PEO concentration is typical of that encountered in the
top PEO-rich phase of a two-phase aqueous polymer system containing PEO and dextran)
(Abbott et al., 1991a). For the smallest protein species, cytochrome-c, a negligible
change in the standard-state protein chemical potential is predicted to accompany changes
in PEO molecular weight from 3 000 Da to 5 500 Da, subject to the statistical
uncertainty introduced by the evaluation of the protein-polymer excluded volume using
the Monte-Carlo method. The change in the chemical potential is amplified by the
protein size. For example, the prediction for the change in the standard-state chemical
potential of catalase, (®), shows a statistically significant decrease to accompany an
increase in PEO molecular weight. On the basis of Eq.(6.1), it is evident that this
decrease in the standard state protein chemical potential translates into a predicted
increase in the protein partition coefficient with increasing PEO molecular weight. This
result is in direct contrast to the trends observed experimentally, where increasing PEO
molecular weight resulted in a decrease in the protein partition coefficient (Hustedt et al.,
1978; Albertsson et al., 1987). Therefore, within the approximations of the
thermodynamic formulation presented in this chapter, it appears that on the basis of
entropy alone (steric interactions) it is not possible to account for the observed
partitioning behavior of proteins in the PEO-dextran two-phase aqueous polymer system.

One approximation in the above treatment is the representation of the
protein molecules as spherical bodies. Indeed, many proteins are rather more ellipsoidal
in shape with ratios of the major and minor axes of approximately 3 (Creighton, 1984;
Peters, 1985). To assess the role of the more detailed protein geometry on the
partitioning behavior, we have investigated the influence of introducing asymmetry in the
protein shape. The Monte-Carlo method developed for the evaluation of the protein-
polymer interactions is well suited for this investigation, and geometries more intricate
than ellipsoidal ones could also be treated readily.

Figure 6.7 shows the influence of the protein shape on the change in the
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standard-state protein chemical potential predicted to accompany a change in PEO
molecular weight. Keeping the volume of the protein constant (which, for the sake of
illustration, corresponds to the volume of a BSA molecule), the aspect ratio of the protein
was varied from 1.0 to 3.5 (Creighton, 1984; Peters, 1985). Interestingly, it appears that
an increase in the asymmetry of the protein will increase the change in the standard-state
protein chemical potential. Physically, this arises because an increase in the aspect ratio
of the protein causes an increase in the magnitude of the excluded volume characterizing
the protein-polymer interactions. The relatively large magnitude of this effect, as seen
in Figure 6.7, suggests that for a more accurate and quantitative prediction of protein
partitioning in two-phase aqueous polymer systems it will be necessary to account for the

nonspherical shape of most proteins.

6.5 Attractions and the Standard-State Protein Chemical Potential

In Chapter 4, in addition to revealing the (competing) contributions of
steric protein-polymer and polymer-polymer interactions to the standard-state protein
chemical potential, the important role of weak short-range attractive interactions between
the protein and the polymer segments was examined (Abbott et al., 1991a). For this
purpose, qualitative scaling-type arguments were used. The conclusion of that
investigation was that weak attractive interactions influence the standard-state protein
chemical potential in a manner that is consistent with trends observed experimentally.
The primary aims of the following section is (1) to assess the validity of the scaling-type
arguments through a simple Monte-Carlo calculation, and (2) to determine the strength
of attractive interactions that would be sufficient to account for the experimentally
observed influence of PEO molecular weight on the protein partition coefficient.

The treatment of the attractive interactions between the protein and the polymer-
coil segments utilizes a hard-sphere perturbation approach (McQuarrie, 1976), which has
been successful in describing the influence of weak attractions on the equilibrium phase
behavior and light scattering properties of other colloidal systems (Jansen et al., 1986a,

b, and c¢). This approach relies on the fact that for systems with weak interactions, the
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attractive contribution to the osmotic pressure remain of order p?, where p is the number
density of a species in solution, up to quite high number densities (we consider the
validity of this approximation in Appendix 6.B) (Jansen et al., 1986a, b, and c¢). To
second order in number density, the osmotic pressure, II, for a solution containing a

mixture of species can then be written as (McQuarrie, 1976)

=11, + E Bffp,pj (6.22)
ij

where II,, is the hard-sphere contribution to the osmotic pressure, p; is the number
density of species i, and B;* is the attractive portion of the second-virial coefficient for

species i and j, defined as

B = % J (1-e77 ) gor (6.23)

where V(1) is the contribution of the attractive interaction to the potential of mean
force between species i and j which are separated by a distance r. In the notation of
statistical mechanical perturbation theory, V;®(r) is the perturbation potential relative to
a reference potential (which, in our case, is the pure hard-sphere system treated in
Section 6.4).

Under the constraint of constant solvent chemical potential, the
contribution of attractive interactions of the form given in Eq.(6.22) to the chemical

potential of species i in a mixture of j species is given by (Jansen et al., 1986a)

(6.29)

[ (ﬂ:’)alt

_ ant
kT ] =2 B
y

For a mixture of proteins (species p) and polymers (species 2) dispersed in a solvent

(species 1) at vanishing protein concentration (o,~0), Eq.(6.24) for i=p reduces to
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Recall that the solvent, species 1, does not appear explicitly in Eq.(6.25) since it is
treated in the continuum approximation. However, the solvent properties do influence
the protein chemical potential, that is, B3} is a function of the solvent quality, since all
interactions in the solution are mediated by the solvent. It is interesting to note that the
expression in Eq.(6.25) is identical to that derived in Chapter 4 (Abbott et al., 1991a).
Here, however, we wish to evaluate the protein chemical potential at constant pressure
(rather than at constant solvent chemical potential, see Appendix 6.A). This can be
achieved readily by combining Eq.(6.3), which relates changes in the chemical potential
at constant pressure to those at constant solvent chemical potential, and Eq.(6.25), which
describes the influence of the attraction on the protein chemical potential at constant
solvent chemical potential. The resulting expression for the contribution of the attractive
interactions to the protein chemical potential at constant pressure is given by (Jansen et
al., 1986a)

(mp)™ « « 2.2
l’Z’T =2B¥p, - BV, pl (2.26)
P

where V,=47(R%5)*/3.

Whereas in Chapter 4 the attractive crossed-virial coefficient, B3y, was
estimated using simple scaling-type arguments, here we report a more quantitative
evaluation using a Monte-Carlo method. Since B3 describes the interactions between
a deformable and penetrable polymer coil and an impenetrable sphere, the evaluation of
this quantity required that we account for the influence of both repulsive excluded-volume
and attractive interactions on the configurations that are sampled by the polymer coil

when residing in the vicinity of the protein. We approximate this evaluation by the
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integral,

P -V o -Ve®

By = %(j A1-e ) dr) = L(l -e<T>)d3r (6.27)
0

N -

where the angular brackets denote a weighted average over all possible polymer
configurations that (i) do not intersect the volume occupied by the protein and (ii) satisfy
the constraint that the centers of mass of the polymer coil and the protein be separated
by a distance r. In order to evaluate Bj;' we have used the approximation presented in
Eq.(6.27), where the averaging is performed over the interaction potential, rather than
over the entire integral. This approximation, which greatly reduces the effort involved
in evaluating the integral, is a good one provided that V{)(r)/kT<1. In Appendix 6.B,
we show that this constraint is generally satisfied for our use of Eq.(6.27). For a short-
range contact-type interaction between the polymer-coil segments and the protein (as was

treated in Chapter 4 and is investigated here), this average can be simply evaluated as

{¢}
1) Emsﬁems
<V(2;;’)> - (6.28)

where the summations are over a representative sample of the polymer configurations,
{C}, such that the two criteria mentioned above are satisfied, m, is the number of
contacts between the polymer coil and the protein for a given polymer-coil configuration
and e is the energy change upon bringing a polymer coil segment from infinity to the
protein surface (¢ is defined to be positive for an attractive interaction). In view of the
conditions for which the perturbation approach is valid, that is, for weak long-range
attractions (McQuarrie, 1976; Jansen et al., 1986a, b, and ¢), it is interesting to note that
despite the short-range attractive nature of the interactions between the polymer segments

and the protein, the interaction potential between the polymer coil and the protein, as
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Figure 6.8. Predicted contribution of the protein-polymer attraction to the standard-state
protein chemical potential in a 10% w/w aqueous PEO solution, relative to a solution of
PEO 3 000 Da, (App)™, as a function PEO molecular weight, M,, and for ovalbumin
(Rp=29A). Polymer segment-protein interaction energies; (L) 0.001kT, (a) 0.01KT,
(O) 0.1kT.
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Figure 6.9. Predicted contribution of the protein-polymer attraction to the standard-state
protein chemical potential in a 10% w/w aqueous PEO solution, relative to a solution of
PEO 3 000 Da, (Ax9)™, as a function PEO molecular weight, M,. Polymer segment-
protein surface interaction energies: 0.01kT; (a) cytochrome-C, R,=19A; (M)
ovalbumin, R,=29A; (®) catalase, R,=52A.
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evaluated in Eq.(6.28), is slowly varying and long-ranged. Finally, it is relevant to
mention that the above framework is also suitable for exploring the influence of different
types of interactions potentials on the predicted protein partitioning behavior.

In Figure 6.8, the contribution of the attractive interactions between the
polymer-coil segments and the protein to the standard-state protein chemical potential at
constant pressure, evaluated according to Eqs.(6.26), (6.27) and (6.28), is presented.
The quantity reported is the change in the standard-state protein chemical potential
accompanying an increase in PEO molecular weight, for a fixed protein size
corresponding to that of ovalbumin (R,=29 A), and 3 different interaction energies
(e=0.001, 0.01 and 0.1 kT). It is evident that an increase in PEO molecular weight
results in an increase in the chemical potential of the protein, and that the increase is
magnified by the strength of the attractive interaction. Figure 6.9 illustrates the influence
of protein size on the change in the standard-state protein chemical potential with an
increase in PEO molecular weight. For the 3 spherical proteins investigated (R,=17, 29
and 51 A), the effect of protein size is also to magnify the change in the protein
standard-state chemical potential. Using Eq.(6.1), it can be seen that the predicted
increase in the standard-state protein chemical potential translates to a decrease in the
protein partition coefficient with an increase in PEO molecular weight. This prediction
is consistent with experimental investigations of protein partitioning in the two-phase
aqueous PEO-dextran system which found that the influence of an increase in PEO
molecular weight is to decrease the protein partition coefficient (Abbott et al., 1991a;
Hustedt et al., 1978; Albertsson et al., 1987).

The numerical evaluations of the influence of attractive interactions on the
standard-state protein chemical potential can be compared to the result of the simple
scaling argument reported in Chapter 4 (Abbott et al., 1991a). In particular, for the
condition, R, =R,, it was reported that (Abbott et al., 1991a)

[ p,;] _&a R’ (6.29)
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and for higher molecular weights, where R,>R,, the exponent on N was predicted to
decrease to zero (Abbott et al., 1991a). For comparison, our numerical results for
ovalbumin predict an N exponent of 0.45+0.05 for £=0.001 as well as £=0.01, and
0.40+0.05 for £€=0.10 and, therefore, are in satisfactory agreement with the simple
scaling theory (Abbott et al., 1991a). Very similar exponents were determined for two
other protein sizes, corresponding to cytochrome-C (R,=17A) and catalase (R,=51A).
Combining the contributions of both the excluded-volume interactions (see
Section 6.2) and attractive interactions (described above) to the predicted standard-state
protein chemical potential for ovalbumin, it was determined that an attractive interaction
of strength between 0.01 and 0.05 kT per polymer segment can predict the
experimentally observed change in the protein partition coefficient with PEO molecular
weight. For catalase, an attractive interaction of approximately 0.20 to 0.30 kT is
required, and for cytochrome-C an attractive interaction of only (approximately) 0.01 kT
is needed. Thus, on the basis of this theory, it appears that there may be a correlation
between the size of the protein and the strength of the attractive interaction required to
account for the change in the protein chemical potential with PEO molecular weight.
This observation is suggestive of an attractive interaction between the polymer segments
and the protein molecules, where the polymer segments are interacting with the bulk of
the protein instead of solely its surface. Van der Waals-type interactions are of this
nature (Israelachvili, 1985), although it is not clear that they are of sufficient strength to
explain the partitioning of the larger proteins, for example, catalase. Although the
precise origin of the attractive interaction is unknown, it is interesting to note that their
magnitudes are consistent with neutron scattering measurements of BSA in aqueous PEO
solutions which are to be reported in a future publication (Abbott et al., 1991¢). Finally,
it is relevant to consider the relative contributions of the attractions and the steric
repulsions to the total interaction between the protein and the polymer. In Table 6.2, the
two contributions, B3, and B3, to the second-virial coefficient describing the protein-
(ovalbumin, RP=29A) PEO interactions are presented as a function of the PEO molecular
weight for ¢=0.01kT and 0.1kT. From the comparison presented in Table 6.2 it is

evident that, despite the presence of the attractive interaction, the net interaction between
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the protein and the polymer is repulsive. For an attractive interaction of around
£=0.05kT (the approximate strength of attraction required to predict the partitioning
behavior of ovalbumin), interpolation of the results for e=0.01kT and £=0.1kT suggests
that the second virial coefficient is approximately 80% of the value calculated for purely

steric interactions.
6.6 Discussion

In Section 6.3 we evaluated the effective hard-sphere radius of a PEO coil,
RYS, in order to describe the steric interaction of a PEO coil with a globular protein
molecule.  Specifically, in evaluating, R%;, we accounted for the increase in the
penetrability of the coil to the protein as the PEO molecular weight was increased.
Consequently, this approach contrasts with previous descriptions of polymer-colloid
interaction in which the polymer-coil radius of gyration, R,, was used to describe the
steric interaction of a flexible polymer and a rigid colloid (Vrij, 1976; de Hek and Vrij,
1981; Vincent et al., 1979; Patel and Russel, 1989a and b; Dey and Hirtzel, 1991). In
order to assess the importance of taking into account the penetrability of the PEO coil,
rather than simply using the polymer-coil radius of gyration, in Figure 6.10 we have
presented the standard-state protein chemical potential calculated using either R, or R}
to characterize the polymer in the evaluation of the protein-polymer interaction. From
an inspection of Figure 6.10, where the predicted changes in the protein (ovalbumin,
R,=29A) standard-state chemical potential as a function of PEO molecular weight are
presented, it can be seen that qualitatively different trends in the standard-state protein
chemical potential are predicted. The characterization of the polymer-protein interaction
using the polymer-coil radius of gyration, Ry, is seen to predict an increase in the
standard state protein chemical potential as a function of polymer molecular weight. In
contrast, when the protein-polymer interaction is characterized using R5; (see Section
6.3), a decrease in the protein standard-state chemical potential is predicted. The
difference between the two predictions arises because the former characterization of the

polymer coil does not correctly take into account the increase in the penetrability of the
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I M, (Da) e (kT) BYS (A% -B3t (A% -B3y/Bbs l
3 000 0.01 167 500 4 940 0.03
3 500 182 800 5430 0.03
4 000 199 400 6 050 0.03
4 500 216 200 6 400 0.03
5000 230 900 6 610 0.03
5500 246 000 6 790 0.03
3 000 0.10 167 500 76 050 0.45
3 500 182 800 83 490 0.46
4 000 199 400 93 920 0.47
4 500 216 200 101 730 0.47
5 000 230 900 104 580 0.45
5500 246 000 109 000 0.44

Table 6.2. Predicted contributions of steric repulsions, B;, and attractions, B3, to the

second virial coefficients of PEO and ovalbumin as a function of PEO molecular weight,

M,, and strength of attraction, &.
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polymer coil (to the protein) as the polymer molecular weight is increased. This
comparison demonstrates the importance of accounting for the penetrability of the
polymer coil in order to correctly describe the thermodynamic properties of solutions
containing globular proteins and flexible polymer coils.

In Section 6.2, a theoretical framework to determine the chemical potential of a
protein in a polymer solution phase was presented for the conditions of constant solution
temperature and pressure. In view of the previous evaluation of the protein chemical
potential at constant solvent chemical potential (Abbott et al., 1991a) (Chapter 4), it is
pertinent to examine to what extent these different thermodynamic ensembles influence
the predicted protein partitioning behavior. Physically, the two approaches to the
evaluation of the protein chemical potential differ as follows. In Chapter 4, an ensemble
at constant temperature and volume was used and accordingly, upon introduction of the
protein species into the system (at constant system volume) a change in the pressure of
the system will occur (Abbott et al., 1991a). In the context of the formulation used to
evaluate the protein chemical potential, this pressure change, which will manifest itself
as a change in the molar and excluded volumes of the species in the system, was
neglected (Abbott et al., 1991a). This approximation is equivalent to the evaluation of
the protein chemical potential in a solution where the chemical potential of the solvent
remains constant upon the introduction of the protein species. Although this neglect of
the pressure change would appear to become negligible as the size of the system is made
arbitrarily large (and vanishes as 1/L, where L is a measure of the system size), in
evaluating the chemical potential of the protein, we actually evaluate the change in the
free energy of the entire system (that is, we integrate over all L), such that the effect of
the pressure change does not vanish (Modell and Reid, 1983). In this paper we have
made no such approximations and have derived the protein chemical potential at constant
T and P. To assess the practical significance of the current development, in Figure 6.11
the predicted standard-state chemical potential of a spherical protein (ovalbumin,
Rp=29A) at constant solvent chemical potential and at constant pressure is presented as
a function of PEO molecular weight. From Figure 6.11 it is apparent that, for the

prediction of rather subtle changes in the protein chemical potential, the difference
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Figure 6.10. Predicted change in the standard-state protein chemical potential in a 10%
w/w aqueous PEO solution, relative to a solution of 3 000 Da, Aug, as a function of PEO
molecular weight, M,, for ovalbumin (R,=29A, £=0): (®) protein-polymer interaction
characterized by R,, (a) protein-polymer interaction characterized by R,
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between the two approaches can lead to qualitatively different predictions of the protein
chemical potential. Note that the quantities being compared in Figure 6.11 are p,( ¢,
¢,—0, T, p)-p,( 6,20, ¢,20, T, p)) and p( ¢, 6,0, T, P)-p,( 6,0, ¢,-0, T, P).
It is apparent that the change in the protein chemical potential at constant T and gy, is
always greater than that at constant T and P. This difference can be understood with
reference to the imaginary experiment presented in Figure 6.12 (see also Appendix 6.A).
A process involving the introduction of species into the right compartment of the cell at
constant solvent chemical potential, will result in a higher pressure (P+II) within the cell
as compared to the same process conducted at constant P. In the latter case, following
the introduction of impermeable solutes into the right compartment there will be a
decrease in the solvent chemical potential. This will be reflected in a decrease in the
pressure (P-II) within the left compartment of the cell. It is essentially this difference
in pressure between the two systems, which corresponds to the osmotic pressure of the
solution, which is responsible for the difference between the chemical potentials p,( ¢,,
6520, T, )t 620, 6,20, T, ;) and p( b, 6,0, T, P ( 6,20, ¢;0, T, P).
A second and important difference between the present development and
the earlier scaling-thermodynamic treatment is in the accounting of higher-order
interactions. In particular, with reference to Eq.(6.2), a truncation was made in an
expansion which produces an insignificant error only when (N,U,/V)’<1. As was
discussed in Chapter 4, near ©-solvent conditions for the polymer and for very dilute
polymer solutions, this constraint is readily satisified (Abbott et al., 1991a). However,
at polymer concentrations, N,/V, typically encountered in two-phase aqueous polymer
systems, is not (typically) satisfied (Abbott et al., 1991a). Consequently, the
incorporation of higher-order interactions was a significant advance in the evaluation of
the standard-state protein chemical potential. It is interesting that errors introduced by
the two approximations in Chapter 4, and discussed above, tend to cancel each other.
That is, the correct evaluation of the protein chemical potential at constant T and P, as
compared to that at constant T and u,, results in a lower protein chemical potential, while
the incorporation of the higher-order interactions tends to increase the predicted protein

chemical potential.
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Figure 6.11. Comparison of standard-state protein chemical potential in a 10% w/w
aqueous PEO solution, relative to a solution of 3 000 Da, Ay, at constant pressure (Hf)

and at constant solvent chemical potential (®), as a function of PEO molecular weight,
M,: R,=29A, £=0.
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Finally, a few comments are in order to connect our conclusions with the
suggestions of previous workers. First, our conclusions appear consistent with that of
Forciniti and Hall (1990), who examined (using a virial expansion which was truncated
at second order) the steric interactions between proteins and polymers (modelling both
species for a variety of different geometries), and concluded that the influence of polymer
molecular weight on the protein partition coefficient could not be accounted for by steric
interactions alone. In addition, our conclusions regarding the presence of weak attractive
interactions between the proteins studied and PEO are similar to those based on the
lattice model results of Baskir and coworkers (1987 and 1989), who also included an
attractive interaction between the protein and the polymer. However, the mechanism
through which the attraction influences the protein partitioning behavior is rather different
in the two cases. Specifically, our approach recognizes the existence of identifiable
polymer coils in the polymer solution phase, and describes the interactions of polymer
coils with the proteins. Baskir and coworkers considered the polymer solution phase to
be a homogeneous polymer solution with a uniform concentration of polymer segments
throughout the bulk polymer solution phase (Barkir et al., 1987 and 1989). In contrast,
in our description of protein partitioning, we have proposed that it is precisely this
transition from the dilute to the entangled polymer solution regimes (with increasing PEO
molecular weight) which is the underlying cause of the observed protein partitioning
behavior accompanying a change in PEO molecular weight.

In concluding, we have presented a new formulation for the free energy of mixing
solutions of proteins and identifiable polymer coils, and have used it to describe
experimental observation on the partitioning of proteins in two-phase aqueous PEO-
dextran systems. The physical situation we have treated was based on our previous
scaling-thermodynamic approach, which revealed that in two-phase aqueous polymer
systems containing low-molecular weight PEO, identifiable PEO coils in the PEO-rich
solution phase interact with the protein molecules. In the free-energy formulation
presented in this paper, we have emphasized the importance of including the penetrable
and deformable nature of the polymer in the description of the polymer-polymer and

protein-polymer interactions. Furthermore, we have demonstrated that the inclusion of
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these considerations can lead to qualitatively different predictions of protein partitioning
behavior. Within the framework of the thermodynamic formulation presented, we have
concluded that (1) the deformability and penetrability of the polymer coils to the proteins
is an essential feature of protein-polymer interactions, (2) direct steric interactions
between hydrophilic proteins (considered here) and PEO coils cannot account for the
observed influence of PEO molecular weight on the protein partitioning behavior, (3) the
contributions of interactions between PEO coils, which are a function of PEO molecular
weight, represent an important influence on the observed protein partitioning behavior
observed to accompany a change in PEO molecular weight, (4) the presence of weak
attractive interactions, of strength 0.01kT to 0.1kT, are consistent with the observed
influence of PEO molecular weight on the protein partitioning behavior, (5) deviations
of the protein shape from spherical symmetry can significantly influence the predicted
protein partitioning behavior, and (6) evaluation of the protein chemical potential at
constant solvent chemical potential, rather than at constant pressure, can lead to
qualitatively incorrect predictions in the observed protein partitioning behavior. While
the above conclusions are based on the evaluation of the predicted protein partitioning
behavior (a thermodynamic property of the system), in a Chapter 7 we describe the
interpretation of neutron scattering measurements (which reflect the average correlations
in the solution) of solutions containing PEO and proteins, and which lead to similar
conclusions (Abbott et al., 1991c¢).

Appendix 6.A

The derivation of Eq.(6.3) is best described with reference to Figure 6.12
which depicts an imaginary cell divided by a membrane which partitions a pure solvent
compartment (left compartment) from a compartment which contains solvent and two
types of solute macromolecular species (right compartment). In what follows, the solvent
will be denoted as component 1, and the solute species as components 2 and 3. Later,
components 2 and 3 will be identified as the polymer and protein, respectively. The

volume fraction of component i is ¢; (i=1,2,3) in the right compartment. The system
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is maintained at constant temperature, T. Since the membrane (dotted line) is only
permeable to the solvent, the pressure, P, in the right compartment is different from the
pressure, P’, in the left compartment. In view of the semipermeable nature of the
membrane, the pressure difference across the membrane corresponds to the osmotic

pressure, II, of the macromolecular solution, that is,

P +IT,P,$,, $,)=P (6.A1)

Note that to define the intensive state of a three-component single-phase system, the
Gibbs phase rule requires that 4 intensive and independent state variables be specified
(for example, T, P, ¢,, ¢;) (Modell and Reid, 1983).

Consider the system in Figure 6.12 constrained in such a way that in the
right compartment the total pressure, P, is held constant. The Gibbs-Duhem equation
for the right compartment is given by

Ndﬂ(T,P’¢’¢)+Nd (T7P7¢’¢)+
191, 2 P3 24k, 2> V3 (6.A2)

IV:;dﬂS(T, P’ ¢2’ ¢3) = 0

where N; and y; (i=1,2,3) are the number of molecules and the chemical potential of
component i, respectively (Modell and Reid, 1983). In addition, under conditions of
solvent diffusional equilibrium between the two compartments, changes in the solvent

chemical potentials in each compartment must be equal, that is,

d”l‘l(T’ P’ ¢2 ’ ¢3) = d[.li(T, P/) (6-A3)

Furthermore, since the left compartment contains pure solvent, it follows that, at constant
temperature, changes in the pure solvent chemical potential can only result from changes

in the pressure, P’, of the left compartment. That is,

ou(T, P’ )] P (6.A4)

/ —
dl"l(T) P,)_ [ aP,

T
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Figure 6.12. Schematic of an imaginary cell, divided by a membrane (dotted line) which
partitions a pure solvent compartment (left compartment) from a compartment containing

_solvent and two types of solute macromolecular species.
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Finally, expressing the Gibbs free energy of the left compartment, at constant

temperature, as

dG/(T, P/, N)), = V'dP' + pidN| (6.A5)

leads to the Maxwell relation
(T, P') _
aP’ TN

where V,° is the molecular volume of the pure solvent in the left compartment (Modell
and Reid, 1983). In view of Eqgs.(6.A3), (6.A4) and (6.A6) it follows that

"’_V’] —v (6.A6)
aNl/ T,P

dl"'l(T’ P’ ¢2’ ¢3,) = VlodP/ (6.A7)

At constant P, Eq.(6.A1) implies that dP'= -dII(T, P, ¢,, ¢5). Using this result in
Eq.(6.A7), and subsequently inserting the resulting expression for du, in Eq.(6.A2)
yields

Ndu,(T, P, $,, ¢;) + Nydu,(T, P, 6,, ;) = N,V{dI(T, P, ¢,, $;) (6-A8)

Differentiating Eq.(6.A8) with respect to ¢,, at constant T, P and ¢, yields

oIl

a9,

3 d
N, | 2 +N, |25 =N,V
992 | 1 5, L2 I (6.A9)

T.P.é,

In general, the osmotic pressure in the right compartment is a function of temperature,
T, pressure, P, and the volume fractions, ¢, and ¢,;. For the case of incompressible

solutes and constant temperature, T, assumed in this derivation, the osmotic pressure in
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the righthand side of Eq.(6.A9) becomes a functional of only ¢, and ¢;. Therefore,
since the osmotic pressure is independent of both the system pressure and the solvent

chemical potential,

01L(S,, ¢y (6.A10)
a¢2 T, p,, ¢

M@, )| _
9, TP, ¢,

In view of Eq.(6.A10), and utilizing volume fraction units (¢;=N;V,°/V, where V is the

volume of the right compartment), Eq.(6.A9) leads to the central result that
¢’2 al“z . ¢3 al‘-; = ¢ dIl
Vo | 36, Ve | 3. %
V, a¢2 T, P, ¢, Vs 3¢2 T, P, ¢,

o (6.A11)
39,

T, pys

where V,° and V;° are the molecular volumes of components 2 and 3, respectively. The
importance of Eq.(6.A11) rests in the fact that it relates the chemical potentials of the
macromolecules at constant pressure, P, (the left-hand side of Eq.(6.All)) to a
thermodynamic property of the same system at constant solvent chemical potential, y,.
An equivalent expression to Eq.(6.A11) can be obtained by differentiating Eq.(6.A8) with
respect to ¢,, rather than ¢,, at constant ¢,, T, P.

To evaluate the right-hand side of Eq.(6.A11), it is useful to consider an
alternative constraint imposed on the system shown in Figure 6.12 where now the
pressure P’ in the left compartment is held constant (along with the temperature). Under
these conditions, in view of Eq.(6.A4), the solvent chemical potential in the left
compartment, u,'(T,P’), is constant. In that case, Eq.(6.A3) implies that

du(T, P, ¢,, &) = dui(T, P') =0 (6.A12)

In addition, at constant P’, Eq.(6.Al) implies that the pressure change in the right

compartment, dP, is equal to the osmotic pressure change, dII, that is
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dP = dI(T, P, $,, $,) (6.A13)

For the right compartment, under isothermal conditions, and using Eq.(6.A12), the
Gibbs-Duhem equation takes the following form (Modell and Reid, 1983)

del"z(T’ P, ¢2’ ¢3) + Ivg,d”':;(T, P, ¢2: ¢3) = VdP

(6.A14)
Substituting Eq.(6.A13) in Eq.(6.A14) and utilizing volume fraction units, leads to the
result

D2 (T, P, by 89+ (T, P, 6y, 6) =T, P, 6, 6)  (6.ALS)
V2 V3
Differentiating Eq.(6.A15) with respect to ¢, at constant T, u, and ¢ yields
il el INCTY 1LY I 01 (6.A16)
v | 9% T, by $5 vy |9 T, by 9y 9%, T, p,, 4,
Multiplying Eq.(6.A16) by ¢, and substituting the resulting expression for
$1(011/3¢,)1, 1, 43 in the right-hand side of Eq.(6.A11), yields
& % + & 3#3 = ¢1 ¢2 aﬂz +
Vi 9¢:], . o Vil9%)., o V5 9], po b,
(6.A17)
bids | 22
v | 9 T, b, 4,

The equivalent expression to Eq.(6.A17), which accounts for the variation of the

chemical potentials with respect to the volume fraction of component 3, is given by
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¢,
A

%_] i[éﬂ_] Jﬂ’%[%] .
64’3 TP ¢, V; a¢3 T, P, ¢, V20 a¢3 T, b, ¢,

$ids | 26
Vi |99, .

(6.A18)

With the knowledge of the chemical potentials x, and p; at constant solvent chemical
potential that is, the terms on the right-hand sides of Eqs.(6.A17) and (6.A18), these two
equations provide coupled differential equations whose solution yields expressions for the
chemical potentials, u, and u;, as a function of compositions, ¢, and ¢;, at constant
pressure, P, and temperature, T.

To connect the formulation presented above to the protein partitioning problem,
we identify component 2 with the polymer species and component 3 with the protein
species. Accordingly, component 3 is renamed as component p. It is noteworthy that
in the protein partitioning case, the solution of Eqs.(6.A17) and (6.A18) for the protein
and polymer chemical potentials is simplified considerably by the fact that we are
concerned with the limit of vanishing protein concentration, namely, ¢,~0 (Abbott et al.,
1991a). Therefore, we do not need to solve Eq.(6.A18) since this equation describes the
dependence of the protein and polymer chemical potentials on protein concentration.
Furthermore, in Eq.(6.A17), the polymer chemical potential, u,, becomes independent
of protein concentration, that is, in the limit of vanishing protein concentration, the
contribution of the protein to the osmotic pressure is negligible, as compared to polymer
contribution. Thus, in Eq.(6.A17), the terms describing the polymer chemical potential
are independent from the terms involving the protein, while the protein chemical potential
is dependent on the polymer presence (since this determines the osmotic pressure of the

solution). Therefore, Eq.(6.A17) yields the two equations,
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i) [fﬁ] _ %% [f’_’iz] (6.A19)
T, p, 4)’

and

1[3_] _ M[z@] 6.420
T, @,

Note that Eq.(6.A19) can be derived by considering simply a two component system
containing polymer and water. The solution of Eq.(6.A19) provides the polymer
chemical potential at constant pressure. However, since our interest is in the influence
of the polymer concentration on the protein chemical potential, we need solve only
Eq.(6.A20). Equation (6.A20) can be rewritten as

1 ou, _ |9 (6.A21)
T-6) |3 ),,. [%],,,

where the approximation, ¢,=1-¢,-¢,=1-¢,, valid for vanishing protein concentrations,
has been used. Equation (6.A21) is a central result that will be used in Section 2 to
evaluate changes in the protein chemical potential at constant pressure from changes in
the protein chemical potential occurring at constant solvent chemical potential (see
Eq.(6.3)). Specifically, the usefulness of Eq.(6.A21) results from the fact that the term
on the right-hand side has been evaluated previously from an equation of state for the

case of hard-sphere mixtures (Jansen et al., 1986a).

Appendix 6.B

In Section 6.5, in calculating the influence of attractive interactions on the
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standard-state protein chemical potential using a perturbation approach, the following

approximation was made to derive Eq.(6.27)
lxp(-8V) Y =1+ (V9 ) +o(®v™ ) (6.BD)

where the truncation of the expansion in SV;® (8=1/kT) is valid when -8V;®<1. In
order to assess the validity of this truncation, the theory of Barker and Henderson (1967)
was used to estimate the size of the term of order (8V;®)?. In order to justify the
truncation at order BV;®, it can be readily shown that the following constraint must be
satisfied (McQuarrie, 1976).

[ BVP@Y > d°r

oo

1 BV dr

<1 (6.B2)

N =

The denominator in Eq.(6.B2) was evaluated using the Monte-Carlo
scheme described in Section 6.5, and the term <V;(r)>> in the numerator was readily

calculated by an analogous technique (see Section 6.5) from the summation

()
1 E (ms 8)2 e (me)
BV = —5— (6.B3)

E e(nt.s)’

In Table 6.3, for a spherical colloid with a 37A radius (the size of bovine
serum albumin) and a polymer chain with 147 statistical segments (the size of PEO 8,650
Da), the ratio defined by Eq.(6.B2) is presented for a range of interaction strengths &.
For this relatively large protein and PEO molecular weight, it is evident that provided

that the interaction strength is less than approximately 0.1kT per polymer segment
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interaction with the protein, the error introduced in the truncation of Eq.(6.B1) is

relatively small. For attractive interactions stronger than 0.1kT, a significant error

(>20%) can result, although the qualitative features are expected to remain the same.

For the smaller molecular weights of PEO investigated in other sections of this paper the

truncation error will be less.

Polymer Segment Interaction Strength Truncation Error
€
0.01 0.02
0.03 0.05
0.05 0.08
0.07 0.13

Table 6.3. Truncation error evaluated using Eq.(6.B2) as a function of the strength of

the attraction between a polymer segment and a protein, &, for bovine serum albumin

(R,=37A) and PEO 8 650 Da.
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Chapter 7.

A Small Angle Neutron Scattering Investigation of

Proteins in Aqueous Polymer Solutions

7.1 Introduction

In Chapter 3, the nature of protein-polymer interactions was explored through the
development of novel molecular-level pictures for the structure of polymer solution
phases. Accompanying the development of the novel molecular-level pictures for the
interactions between proteins and polymers in solution, complementary scaling-
thermodynamic descriptions were advanced for each physical scenario to predict the
associated protein partitioning behaviors (Chapter 4). On the basis of these scaling
arguments, it was concluded that although the physical exclusion of the proteins by the
polymer coils contributes to the observed partitioning behavior, other interactions
between polymers and proteins need to be considered to explain the observed partitioning
trends. In particular, the influence of the PEO molecular weight on the partitioning
behavior of the series of proteins (Hustedt et al., 1978; Albertsson et al., 1987),
cytochrome-c, ovalbumin, bovine serum albumin, catalase, pullulanase and
phosphorylase, was observed to be consistent with the presence of a weak attractive
interaction (in addition to physical exclusion) between the protein molecules and the
polymer coils (Abbott et al., 1991a). In Chapter 6, the thermodynamic properties of
polymer solution phases containing globular proteins were investigated further using a
more quantitative evaluation of the steric and non-steric (attractive) interactions between
proteins and polymers (Abbott et al., 1991b). Specifically, the protein-polymer
interactions were evaluated using a simple Monte-Carlo scheme which included the

influence of both repulsive steric and short-ranged attractive interactions. The
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experimental trends in the protein partitioning behavior were reproduced by allowing for
a weak attractive interaction energy, &, which appeared to increase with protein size, R,
where 17A <R, <51A, from order 0.01KT to 0.1kT per polymer segment at the protein
surface, where k is the Boltzmann constant.

The aim of the work presented in this chapter is to support and confront
the theoretical developments on the partitioning of proteins in two-phase aqueous polymer
systems, which were presented in Chapters 3-6, through a comparison with more precise
experiments. In doing so, we hoped to provide, in some cases, a verification of the
theoretical predictions and, in other cases, some guidance for future developments. The
experimental investigation reported in this chapter represents a significant departure from
the many previous experimental investigations (Albertsson, 1985; Walter et al., 1985;
Walter and Johansson, 1986; Carlson, 1988; Abbott et al., 1990; Walter et al., 1991) of
protein paritioning in two-phase aqueous polymer systems in that we probe, using small
angle neutron scattering (SANS) techniques, both the structure and the thermodynamic
properties of aqueous polymer solution phases which contain proteins, rather than
measuring only thermodynamic properties, such as the protein partitioning behavior. We
also deal with a one-phase system, and in doing so, remove the ambiguity associated with
the interpretation of protein partitioning behavior, where the experimental measurements
reflect the difference between the interactions of proteins with each of two coexisting
polymer solution phases.

Small angle scattering methods (x-rays, neutrons and light) interpret the
interference patterns in the scattered radiation to yield information regarding the average
correlations of the scattering centers (structure) within a sample (Guinier and Fournet,
1955; Cabane, 1987; Glatter and Kratky, 1982). For a given sample, the type of
interference pattern produced, and thus the length scales of the average correlations
measured by each scattering method, depends upon two factors: (1) the wavelength of
the radiation source, A, and (2) the scattering angle, 6. Reflecting these facts, the
magnitude of the scattering vector (or the momentum transferred) is defined as (Guinier

and Fournet, 1955; Cabane, 1987; Glatter and Kratky, 1982),
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g= 4_;rsin0 (7.1)

For a given q, the scattering is primarily produced by structure in the solution on length
scales of 2@/q. Accordingly, to probe the polymer-protein solution structure in the range
of length scales from approximately 20A (typical sizes of proteins and polymers) to S00A
(many times the sizes of proteins and polymers), a g-range from about 0.4A™ to 0.01A"!
is required. Light scattering, performed with typical wavelengths, A, of around 5 500A
only provides access to the smaller g-range around 103A, and is, therefore, not suitable
for the present studies (Pecora, 1985). In contrast, both neutrons and x-rays used in
scattering experiments have much smaller wavelengths (Guinier and Fournet, 1955,
Cabane, 1987; Glatter and Kratky, 1982). For example, a typical radiation wavelength
from a cold neutron source is 5A, and thus provides ready access to a g-range of 0.02A™!
to 0.3A"! with variations in the scattering angle, § (0.5°<6<7°). In addition, the
scattering of neutrons is very sensitive to the isotopic substitution of hydrogen by
deuterium, and, therefore, neutron scattering experiments conducted in D,0 exploit the
difference in the number densities of deuterium atoms in, for example, hydrogenated
macromolecules and the surrounding deuterium-rich solvent medium (D,0) (Cabane,
1987).

While the above discussion has focussed on considerations related to
deriving structural information from small angle scattering, it is also relevant to point out
that in the limit of q—=0, where very large length scales of the solution are probed,
information on the thermodynamic state of the solution can also be obtained (Guinier and
Fournet, 1955; Cabane, 1987; Glatter and Kratky, 1982). Provided that q<2x/d, where
d is the characteristic dimension of the macromolecules in solution, the scattering is no
longer sensitive to the shapes of the molecules, but rather to the local fluctuations in the
concentrations of the molecules within a volume, V, which is macroscopically small, but
much larger than the macromolecular length scale (specifically, it must be large enough
such that there are sufficient molecules within V for thermodynamic concepts to be

relevant). The magnitude of the concentration fluctuations is related, through fluctuation
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theory, to the isothermal osmotic compressibility of the solution (Guinier and Fournet,
1955; Cabane, 1987; Glatter and Kratky, 1982). Accordingly, by examining the
scattered intensity of neutrons in the limit q <€2/d, the thermodynamic properties (for
example, the isothermal osmotic compressibility) of aqueous protein-polymer solutions
can be measured, and consequently the important connection between the structure of the
solutions and their thermodynamic properties (as explored theoretically in Chapters 3,
4 and 6 (Abbott et al., 1991a and b)) can be probed and investigated further.

The remainder of this chapter is organized as follows. In Section 7.2,
experimental considerations associated with SANS from aqueous PEO solutions, aqueous
bovine serum albumin (BSA) solutions, and their aqueous mixtures are discussed. Note
that BSA was chosen as a model hydrophilic protein since it has been the subject of prior
SANS investigations (Bendedouch and Chen, 1983; Nossal et al., 1986; Chen and
Bendedouch, 1986), and its partitioning behavior in two-phase aqueous polymer systems
containing PEO-rich phases has also been examined (Albertsson et al., 1987). In
Sections 7.3 and 7.4, the measurement and interpretation of SANS from (i) aqueous PEO
solutions, and (ii) aqueous BSA solutions are presented. In particular, Section 7.3
examines the proposal advanced in Chapter 3, that the underlying influence (on protein
partitioning) of changes in PEO molecular weight in the two-phase aqueous PEO-dextran
system is a transition in the structure of the PEO-rich solution phase (as discussed above)
(Abbott et al., 1991a). Following the experimental confirmation of the existence of this
transition, and using polymer solution models appropriate for describing the polymer
solution structure determined in Section 7.3, a more quantitative interpretation is
presented for the intensity of neutrons scattered at small angles from polymer solutions
containing identifiable polymer coils. In particular, the connection between the
thermodynamic and structural characteristics of the PEO solution is investigated. These
studies highlight the fact that while certain polymer-polymer intermolecular potentials can
successfully describe the thermodynamic properties of the PEO solution, they predict the
average correlation functions (structure), as measured by SANS intensities, less

adequately.

In Section 7.4, measurements presented for the neutron intensities scattered
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from BSA solutions (without PEO) serve two central purposes. First, the measurements
confirm that the solutions are sufficiently dilute so that protein-protein interactions are
not a dominating factor in determining the intensity of scattered neutrons. Second, the
measurements enable the determination of the contrast factor of BSA in D,0, which is
a prerequisite for the interpretation of SANS from solutions containing mixtures of BSA
and PEO.

In Section 7.5, SANS measurements from mixtures of PEO and BSA in
aqueous solution are presented. Interpretation of the scattering results provide the first
independent experimental verification that, while the net interaction between BSA and
PEO is repulsive, the strength of this repulsive interaction is less than that corresponding
to excluded-volume interactions. This is consistent with our previous statistical-
thermodynamic models (Abbott et al., 1991a and b) (and those of others (Baskir et al.,
1987 and 1989; Forciniti and Hall, 1990)) which suggest that a weak attractive
interaction exists between the PEO coils and certain protein molecules, mediated by
water, although the net interaction is repulsive. A quantitative comparison is made
between the strength of the attraction required to predict the SANS measurements from
solutions containing BSA and PEO and that required to predict the partitioning behavior
of BSA in two-phase aqueous PEO-dextran systems. Finally, Section 7.6 presents our

concluding remarks.

7.2 Materials and Experimental Methods

7.2.A Materials

Molecular weight standard grade PEO was purchased from Polysciences
Inc. (Warrington PA) having molecular weights of (in Da) 1 450 (M,,/M,=1.10), 4 250
M,,/M,=1.10), 8 650 (M,/M,=1.10), 23 000 (M,/M,=1.13) and from Toyo Soda
(Japan) 45 000 (M,/M,=1.07), 85 000 (M,/M,=1.06), 160 000 M,/M_=1.07), 270
000 M,/M,=1.09) and 860 000 (M,/M,=1.17), where M,, and M, are the weight-

average and number-average molecular weights, respectively. The polydispersivity
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indices (M,,/M,) were reported by the manufacturers. BSA was purchased from Sigma
Chemical (St Louis, MO), catalogue #A-7030. The D,0O was purchased from Aldrich
Chemical (Milwaukee, WI) and had a nominal purity of 99.8%. All other chemicals

used were of analytical reagent grade.

7.2.B Sample Preparation and Measurements

For the SANS measurements of the PEO solutions reported in Section
7.3A, the solvent was pure D,0O (as detailed below, this contrasts to the experiments
reported in Sections 7.3B, 7.4 and 7.5, where 0.5M sodium acetate was present in the
samples). The PEO-D,O solutions were prepared 10 hours before measurement and
stirred with small magnetic stir bars to ensure complete dissolution of PEO. The
solutions were prepared by weighing the desired mass of polymer into a known volume
of D,0O. All experimental measurements were performed at 25°C in a thermostated cell
holder and at ambient pressure.

For the SANS measurements of aqueous PEO solutions, aqueous BSA
solutions, as well as aqueous BSA-PEO solutions, reported in Sections 7.3B, 7.4 and 5,
respectively, all solutions were prepared with 0.5M sodium acetate at pH 5.6 (the
isoelectric pH of BSA is approximately 4.9) (Squire et al., 1968). The salt was present
to buffer the solution pH and screen the electrostatic interactions between the charged
BSA molecules. The inclusion of 0.5M anhydrous sodium acetate had a negligible
contribution to the incoherent scattering of the solution due to the hydrogens on the
acetate ion (Cabane, 1987). As noted above, 0.5M sodium acetate was included in all
the samples connected with the investigation of PEO-BSA interactions to ensure that any
salt effects, for example, on the solvent quality for PEO (Ataman and Boucher, 1982;
Florin et al., 1984), are uniformly present throughout the SANS measurements.

The SANS experiments were conducted at the Brookhaven National Laboratory’s
High Flux Beam Reactor (HFBR) using the Department of Biology low angle
spectrometer (Schneider and Schoenborn, 1984). Before being scattered by the sample,
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the neutron beam was conditioned by passing it through a Be filter, a monochrometer,
and 3 collimators to produce an average neutron wavelength of 4.9A. The neutron flux
was typically 3.5x10° neutrons/cm’s. The liquid samples were housed in flat cylindrical
cells made of quartz and with a path length of 2mm. The two-dimensional detector for
the scattered neutrons contained 128 x 128 detector elements (pixels) and was 50cm x
50cm in size. The experimental quantity measured was the recorded number of neutron
collisions with each detector pixel. The raw neutron scattering measurements were
corrected for (i) background scattering, (ii) empty cell scattering, (iii) sample
transmission, and (iv) variations in the efficiency of the detector elements (according to

the method of Chen and Bendedouch (1986) which is discussed in Appendix 7.A).
7.3 Neutron Scattering from Aqueous PEO Solutions
7.3.A Measurement of the Polymer Solution Structure

In Section 7.1, the importance of the predicted transition in the structure
of the top PEO-rich phase (from singly dispersed polymer coils to an entangled polymer
web) of the two-phase aqueous PEO-dextran system was outlined. In view of the
important consequences of this prediction (Abbott et al., 1991a and b), the first objective
of the neutron scattering investigation was to experimentally test the existence of such
a transition over the range of PEO concentrations and molecular weights typically
encountered in two-phase aqueous PEO-dextran systems. A summary of this
experimental investigation can be found in Chapter 3.

In general, the scattering of neutrons from macromolecules dispersed in
a low molecular weight solvent (such as D,0) reflects both spatial correlations between
scattering sites within the same macromolecule (intramolecular correlations), as well as
those correlations between scattering sites which belong to different macromolecules
(intermolecular correlations) (Guinier and Fournet, 1955; Cabane, 1987; Glatter and
Kratky, 1982). In the limit of vanishing concentration, the macromolecules are

uncorrelated in their positions and only the intramolecular correlations between the
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scattering sites will contribute to the measured intensity of scattered neutrons. For
isotropic solutions, the scattering in the limit of very small angles (defined more precisely
below) is independent of the precise shape of the macromolecule, being determined solely
by its effective radius of gyration (Guinier and Fournet, 1955; Cabane, 1987; Glatter and
Kratky, 1982). The term "effective radius of gyration" is used here to denote a radius
which reflects the distribution of scattering sites within the macromolecule, rather than
the distribution of mass. The result for the intensity of neutrons, I(q), scattered at very
small angles is the well known Guinier limit (Guinier and Fournet, 1955)

o _,_x 2 7.2
70 1 3+0(x) (7.2)

where x=q’R?,, with R, the effective radius of gyration of the macromolecule. When
the shape of a macromolecule is unknown, Eq.(7.2), which is a simple expansion of the
intensity at small x (truncated at order x?), will be accurate only for the small scattering
angles satisfying the constraint x<1. For flexible chain molecules (denoted as
component 2), a slightly different form of the mathematical expansion in Eq.(7.2), which
remains valid up to higher scattering angles (x ~ 1) has been suggested, namely (Cabane,
1987),

LO _ 1+2 (7.3)
L(x) 3

Equation (7.3) constitutes a useful form for the interpretation of neutron scattering from
dilute polymer solutions.

In contrast to the dilute solution limit considered above, for polymer
solutions of sufficiently high molecular weight and concentration, the polymer coils
overlap extensively and entangle to form a flexible mesh or net structure (de Gennes,
1988). Within the entangled mesh of polymer coils, the separate identities of the
individual polymer coils are lost and the scattering of neutrons reflects both

intramolecular and intermolecular correlations between polymer segments in the solution
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(de Gennes, 1988). At short length scales which satisfy r < £, where £ is the correlation
length of the polymer web, or equivalently for scattering angles which satisfy q> 1/¢,
the correlations measured are those which occur between the polymer segments belonging
to the same polymer chain (intramolecular correlations). Accordingly, for q> 1/£, the
scattered intensity of neutrons will resemble the scattering measured for a single polymer
chain. At larger length scales r>£, or equivalently q <1/, the interactions between
polymer segments that dominate the correlations in the solution are those which occur
between polymer segments belonging to different polymer chains, or at least, are distant
along the contour length of the same chain (that is, both intramolecular and
intermolecular correlations affect the scattering). The influence of the interactions
between polymer segments on their correlations in an isotropic solution can be

characterized by the radial distribution function, g(r), defined as (de Gennes, 1988)

g(r) = %[ ey - ] (7.4)

Phyically, the radial distribution function in Eq.(7.4) can be thought of as the local
concentration of polymer segments at a distance, r, from a reference polymer segment,
relative to the average concentration of polymer segments, ¢, in the solution. For the
range r>§, the radial distribution function of the polymer segments, g(r), has the
Ornstein-Zernike form (de Gennes, 1988; Daoud et al., 1975; Edwards, 1966)

g0 ~ e 7.9

which leads to the following scattering law (by a Fourier transform)

__bhO (7.6)

valid for q<1/¢£. Comparing Eq.(7.3), valid for singly dispersed polymer coils, with
Eq.(7.6), valid for entangled polymer coils, it is evident that the scattered intensity of
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neutrons from polymer solutions, in general, can be interpreted using the unifying

expression (Wiltzius et al., 1983; Schaefer, 1984)

12_(9 = (1 + £2¢% 7.7

I(9)

where the correlation length, £, may be interpreted as R,/3'? in the limit of vanishing
polymer concentration (provided, q <3"*/R,), or as proportional to the polymer mesh or
"blob" size (de Gennes, 1988), &,, for entangled polymer solutions (provided
q<1/0.35¢,). More precisely, £ =0.35¢&, for an entangled polymer solution (Cabane and
Duplessix, 1987). For PEO molecules in the range 1 500 Da to 860 000 Da, the former
limit, g <3"*/R,, corresponds to the range of scattering vectors ¢<0.1 A and q <0.002
A, respectively. The constraint, q<0.1 A, was satisfied in our SANS measurements,
and therefore, the presence of "dilute" polymer solutions with the low molecular weight
polymers was detected. In contrast, the constraint, ¢ <0.002 A™!, was not satisfied, and,
therefore, we could not detect the presence of single polymer coils for the high polymer
molecular weights. However, at the polymer concentrations necessary to perform the
SANS measurements, the high molecular weight PEO coils were entangled in solution,
and thus the relevant constraint, q < 1/0.35¢,, was readily satisfied (note that the polymer
blob size is always smaller than the polymer radius of gyration) in our measurements.
Following the determination of the polymer solution correlation lengths from the SANS
measurements, the range of g-values used was checked to ensure that the constraints
outlined above were satisfied.

Before reporting the correlation lengths determined for the aqueous PEO
solutions, the qualitative features of typical scattering intensity profiles will be discussed.
For example, Figure 7.1 presents the intensity of neutrons scattered from an aqueous
solution of PEO having a molecular weight of 21 000 Da as a function of the scattering
vector, q, for four PEO solutions which differ in their PEO concentrations. In the low-q
region (q<0.04 A™), the decrease in the intensity with increasing polymer concentration

reflects the contribution of the steric (repulsive) interactions between polymer coils to the
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structure of the solution. The fact that polymer-polymer interactions influence the
observed scattering to this extent suggests that the polymer concentrations (0.025, 0.083,
0.124 and 0.204, as volume fractions) are in the vicinity of the cross-over concentration,
¢’, for PEO 21 000 Da (Cabane, 1987). Note that ¢ is a characteristic polymer
concentration which reflects a region of polymer solution behavior where the extensive
entanglement of polymer coils occurs with either increasing polymer concentration or
molecular weight. For PEO 21 000 Da, ¢’ is in the vicinity of 0.05 (volume fraction).
In the high-q region (q>0.14A™"), where correlations between polymer segments over
shorter length scales determine the scattered intensity (specifically, correlations within
PEO coils), the magnitudes of the scattered neutron intensities rank in the opposite order
with increasing polymer concentration. This follows from the fact that in the large-q
limit, the nature of the correlations within each polymer coil are relatively insensitive to
polymer concentration, and each polymer coil acts as an independent scatterer.
Consequently, the scattered intensity is simply proportional to the polymer concentration.
For the higher molecular weight polymers (not shown in Figure 7.1), the intersections
of the scattered intensity curves with increasing concentration (which are shown in Figure
7.1 for PEO 21,000 Da) were either not observed, within the range of scattering vectors
accessible, or were observed at very low q values. This observation reflects the fact that
for the large polymer coils, over the accessible g-range, only length scales smaller than
the polymer coil size were probed, and therefore the measured intensity ranked in order
of increasing polymer concentration.

Experimental measurements of the intensity of scattered neutrons as a
function of q, analogous to those reported in Figure 7.1, were performed for the range
of PEO molecular weights and volume fractions shown in Table 3.1. For all PEO
solutions investigated, the scattered intensity was interpreted using Eq.(7.7) to yield a
correlation length. For example, a plot of the data presented in Figure 7.1, in terms of
the reciprocal intensity, 1,7(q), as a function of ¢?, as shown in Figure 7.2, yields the
ordinate intercept as I,'(0), and the slope as L,’(0)£2. Accordingly, the correlation
length, £, can be determined from the square root of the ratio of the slope and the

ordinate intercept. Over the q>-range of 0.001A? to 0.03A2, the plots presented in
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Figure 7.1. Measured neutron scattering intensity, I,(q), as a function of the magnitude
of the scattering vector, q, for solutions of PEO 21 000 Da in D,0. Polymer volume
fractions: ((J) 0.025, (+) 0.083, (<) 0.124, (2) 0.204.
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Figure 7.2 are essentially linear in accordance with the form suggested by Eq.(7.7). This
procedure of determining, £, was repeated for all the other polymer molecular weights
and polymer volume fractions, and a summary of the measured correlation lengths is
presented in Table 3.1. In Figure 3.5, the logarithm of the correlation lengths so
determined is reported as a function of the logarithm of the PEO volume fractions for
a range of polymer molecular weights between 1 500 Da and 860 000 Da (data taken
from Table 3.1). Several regimes corresponding to different solution behavior can be
identified from an inspection of Figure 3.5. For the higher molecular weight polymers
(M,>10 000 Da), the ¢ values are observed to collapse onto a universal curve (solid
line) over the range of polymer volume fractions reported in Table 3.1. For these
polymers, the magnitude of ¢ is independent of polymer molecular weight, being solely
a function of the polymer volume fraction. This observation is consistent with the
existence of an entangled polymer mesh within which the identities of the individual
polymer coils are lost (de Gennes, 1988). For polymers in good solvents, and when
probing length scales sufficiently large that excluded-volume interactions can swell the

polymer coils locally, a simple scaling argument suggests that (de Gennes, 1988)

£~aqgp™ (7.8)

where ¢ is the volume fraction of polymer in solution, and a is proportional to the size
of a statistical polymer segment. In Figure 3.5, a full line having a slope of -3/4 has
been passed through the experimental data points for the high molecular weight data. A
close agreement between the slope of the data points and the theoretical prediction in
Eq.(7.8) is apparent up to volume fractions of at least 0.10 (log¢=-1, as indicated by
the vertical arrow).

In contrast to the universal behavior (molecular weight independence)
observed for the high molecular weight polymers, the £ values determined from the PEO
samples having molecular weights of 1 500 Da, 4 000 Da and 9 000 Da were sensitive
to the molecular weight of the polymer. The deduced § values were observed to increase

with an increase in polymer molecular weight. This suggests that the structure of these
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solutions is sensitive to the sizes of the polymer coils, and is therefore indicative of a
polymer solution which contains identifiable polymer coils (Wiltzius et al., 1983;
Schaefer, 1984). With decreasing polymer concentration, the £ values for the low
molecular weight polymers (1 500 Da, 4 000 Da and 9 000 Da) appear to be increasing
towards a limiting value (dependent on the polymer molecular weight), which in the limit
of vanishing polymer concentration should become equal to R,/3'? (according to
Eq.(7.3)). In Figure 3.5, on the ordinate axis, the correlation lengths evaluated
according to £ =R,/3'” are indicated by the horizontal arrows for PEO 1 500 Da, 4 000
Da and 9 000 Da, where R, was determined from independent theoretical predictions
(Abbott et al., 1991b). The calculated £ values (indicated by the arrows) appear to be
in keeping with an extrapolation of the measured values of £ to vanishing polymer
concentration.  Clearly, additional measurements are required at lower polymer
concentrations to make a more precise comparison and reach a more definitive
conclusion. At a fixed volume fraction of low molecular weight PEO, for example,
logep =-1, the value of ¢ was observed to increase with molecular weight, but was always
bounded by the £ value of the solutions containing entangled high molecular weight PEO.
The presence of the upper bound is consistent with the fact that with increasing molecular
weight, the polymer coils entangle into a mesh. Within the entangled polymer mesh, the
indentities of the individual polymer coils are lost and, therefore, the correlation length
is observed to become independent of polymer molecular weight (de Gennes, 1988).
Finally, a more tentative observation can be made at high polymer concentrations where
the correlation length values are small. In Figure 3.5, it appears that in the limit of high
polymer concentrations (approximately greater than a volume fraction of 0.1 or log¢=-1,
which is indicated by the vertical arrow), the correlation lengths display a universal
behavior similar to that observed for the very high molecular weight polymer meshes,
but with a higher value of the slope relating logé to logé. The observed higher slope is
consistent with the notion that at sufficiently small log¢ (or alternatively sufficiently large
log¢), excluded-volume interactions between the polymer segments do not swell the local
chain configuration significantly (de Gennes, 1988; Schaefer, 1984). For this situation,

a scaling argument similar to that used to obtain Eq.(7.8), but without excluded-volume
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effects, leads to (de Gennes, 1988; Schaefer, 1984)

g ~ a¢'1 (7.9)

The dashed line having a -1 slope which is plotted in Figure 3.5 appears consistent with
the experimental deduction of £ in the high-concentration region, although more
experimental measurements are required to reach a definitive conclusion.

The central conclusion resulting from the experimental determination of
the correlation lengths of aqueous PEO solutions is the confirmation of the occurrence
of a transition in the polymer solution structure, from one containing identifiable polymer
coils to one containing an entangled polymer network. In particular, beyond a PEO
volume fraction of about 0.1 (see the vertical arrow in Figure 3.5), which is close to the
concentration of PEO typically encountered in the PEO-rich phase of a two-phase
aqueous PEO-dextran system, the onset of the molecular weight dependence of the
correlation length occurs in the vicinity of a PEO molecular weight of about 10 000 Da.
This is consistent with the previously reported (Abbott et al., 1991a) hypothesis of a
transition in the PEO-rich phase structure on the basis of experimentally observed protein
partitioning (a thermodynamic property). As previously stated (Abbott et al., 1991a),
the transition in the solution structure is a gradual one, and in practice, much of the
protein partitioning occurs in the crossover region (with reference to Figure 3.5, the
crossover for a particular molecular weight of PEO can be defined as the range of
polymer concentrations where the correlation length of the polymer solution is a function
of both PEO molecular weight and volume fraction). This conclusion is not only
relevant to past (Abbott et al., 1991a and b) and future theoretical developments, but also
impacted on our interpretation of the neutron scattering from polymer solutions
containing proteins. That is, for the 5.9% w/w PEO solution of molecular weight 8 650
Da (with BSA) that we investigate in detail below, we have adopted an analysis which
describes the interactions between identifiable polymer coils and protein molecules (rather

than an entangled polymer net interacting with protein molecules).
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7.3.B Neutron Scattering from Solutions of Identifiable PEO Coils

While in the previous section we reported polymer solution correlation lengths
deduced from SANS measurements (in order to identify the polymer solution regime),
here we seek to provide an analysis of the scattering of neutrons from PEO solutions
containing identifiable polymer coils which can be generalized to solutions containing
mixtures of protein and PEO. In particular, to develop a tractable description of the
scattered intensity from aqueous solutions containing mixtures of BSA and PEO, it was
first necessary to separate the contributions of intramolecular and intermolecular
correlations to the scattered intensity from PEO solutions (see Section 7.5). For rigid
particles in solution, where the intermolecular interactions do not perturb the shape of
the particle, this separation is, in principle, straightforward. However, here, we are
dealing with a flexible and deformable PEO coils with (fluctuating) configurations which
reflect the coupling of both intramolecular and intermolecular interactions. In such a
situation, in order to facilitate the separation of intramolecular correlations and
intermolecular correlations, an approximation is required. Specifically, we adopt the
approach of Benoit and Benmouna (1984), in which the intramolecular and intermolecular
interactions are predicted from the average configurations of the polymer coils in
solution. This approach (Benoit and Benmouna, 1984), which is further discussed below,
has been successful in describing the scattering from polymer solutions over a wide range
of polymer concentrations. Here, we also find that the scattered intensity measured from
aqueous PEO solutions is successfully predicted using the theory of Benoit and Benmouna
(1984). With this approximation in mind, for an ensemble of identical particles, the
scattered intensity of neutrons can be expressed as (Guinier and Fournet, 1955; Cabane,
1987; Glatter and Kratky, 1982)

N, P(q) »?2
I(q) = <80 )* (V) <Pi(g)) |1+ <‘2(i> S - 1) (7.10)
4 Pi(@) >

where N,/V is the number density of macromolecules in solution, Ap; is the contrast
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factor (number of scattering sites per unit volume) between the macromolecule and
solvent, V¢ is the molecular volume of the macromolecule, P,(q) is the form factor which
reflects the intramolecular correlations between scattering sites within an individual
macromolecule, S,(q) is the structure factor which reflects the contribution to the
scattered intensity due to intermolecular correlations between scattering sites residing on
different macromolecules, and the brackets, <..>, denote an averaging over all
orientations of the macromolecule.

Here we make use of Eq.(7.10) for the scattering of neutrons from a
solution of 5.9% w/w PEO having a molecular weight of 8 650 Da, since it is in this
polymer solution that we have examined the excess scattering of neutrons in the presence
of BSA. If we assume that the polymer coils are, on average, spherically symmetric,
Eq.(7.10) can be simplified by noting that <P,(q)>? and <P?(q)> are equal, and the
intensity of the neutrons scattered from the PEO solutions can be interpreted using the
following expression (Guinier and Fournet, 1955; Cabane, 1987; Glatter and Kratky,
1982)

N.
L@ = < 807 (V) <P2(a) S,@) (7.11)

Note that when applying Eq.(7.11) to the case of PEO, the general subscript i is replaced
by 2. To describe the intensity of neutrons scattered from aqueous PEO solutions we
require the evaluation of P,(q) and S,(q) (all other quantities in Eq.(7.11) are available
(Cabane, 1987)). First, we consider the form factor, P,(q), for flexible polymer chains.
For a flexible polymer chain at 6-solvent conditions, where the polymer chain statistics
are Gaussian, the form factor is given by the well-known result first derived by Debye
(Debye and Bueche, 1949; Debye et al., 1957), namely,
Pit)=2le= -1 +x) (7.12)

x
where, as before, x=g¢’R,*. For polymers in good solvents, repulsive excluded-volume
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interactions between polymer segments within the same coil will cause chains of
sufficient length to swell in size, and, therefore, the chain statistics are no longer strictly
Gaussian (Tsunashima and Kurata, 1986; Croxton, 1988; Boothroyd, 1988; Bishop and
Saltiel, 1991). Accordingly, for swollen polymers one can expect some deviation from
Eq.(7.12). However, in the low-q region, specifically for x <10, the deviation has been
determined to be small (Tsunashima and Kurata, 1986). At higher q some deviation
from Eq.(7.12) can be expected, although, in view of other approximations (see Section
7.4), this does not appear to limit our conclusions.

Turning now to the structure factor, we report two approaches for the
evaluation of S,(q) for the PEO solution. Pursuing these two approaches turned out to
be quite illuminating, since a comparison of their predictions provided us with some
useful insights on the relationship between the thermodynamic and structural properties
of the PEO solution. In addition, this comparision also shed light on the interpretation
of the neutron scattering measurements from solutions containing PEO and BSA.

First, we present an interpretation of the scattering data from the PEO
solution based on the formulation of Benoit and Benmouna (1984), who generalized the
classic Zimm model (1948) for the small angle scattering from dilute polymer solutions,
to that from solutions of arbitrary polymer concentration. Using the so-called "single-
contact approximation" between different chains to describe the interactions between
polymer coils, in solutions of low polymer concentration, Zimm derived the result

(Zimm, 1948)

S,(q) = L (7.13)

1 + »p,N? {PiqP

where N is the number of polymer segments within a polymer coil, and » is the binary
cluster integral (de Gennes, 1988) characterizing the strength of the interaction between
two polymer segments, and p, is the number density of polymer coils (p2=N,/V).
Although Eq.(7.13) was derived for the case of low polymer concentration and using the

single-contact approximation (Zimm, 1948), at higher concentrations and with multiple
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contacts occurring between polymer chains, the mathematical structure of Eq.(7.13) has
been shown to be retained (Benoit and Benmouna, 1984). However, in the generalized
form of Eq.(7.13), the parameter », which characterizes the strength of the interactions
between two polymer segments, becomes an effective parameter which includes the
contributions of multiple contacts between polymer chains, and also depends on the
polymer concentration. If, in addition, the average configuration of the polymer coil is
assumed to be concentration dependent, in which case the form factor, P,(q), is also a
function of polymer concentration, Eq.(7.13) can be generalized for an arbitrary polymer

concentration as follows (Benoit and Benmouna, 1984)

S@ = L (7.14)

1 + w()p,N? {P3(c,q)

In view of the generalized definition of »(c) and the difficulty associated
with its a priori estimation (Ullman et al., 1986), we have determined its value by fitting
Eq.(7.14) to the neutron scattering intensity measured from a solution of 5.9 %w/w PEO
having a molecular weight of 8 650 Da. For the theoretical prediction of L,(q) we have
utilized Eqgs.(7.12) and (7.14) in Eq.(7.11), along with the parameter values (Abbott et
al., 1991b; Cabane, 1987), p,=4.931x10° A3, Ap,=5.710x10° A2, N=197 and
R,=36.5A. In Figure 7.3, we show that a close agreement between the theoretically
predicted I,(q) values and the experimental values is obtained for »(c=5.9% w/w)=28A3,
This deduced value of »(c) appears consistent with the independent estimation (Venneman
et al., 1987) of »(c)=16A2 in the limit of vanishing PEO concentration in aqueous PEO
solutions. At a higher polymer concentration, due to an increase in the number of
multiple contacts between polymer coils, the value of »(c) is expected to increase (Ullman
et al., 1986). It is also relevant to note that the presence of 0.5M sodium acetate can
also influence the »(c) value that we determined. In general, the addition of salts will
influence the effective solvent quality for PEO, and thus may also affect »(c).
Furthermore, the same change in solvent quality can be expected, in general, to influence

the average configuration of the PEO coils, as described by R,. However, using the
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value of R;=36.5A for PEO with a molecular weight of 8 650 Da (determined in pure
water and at a vanishing PEO concentration) (Abbott et al., 1991b), the measured
intensity appears well predicted. This suggests that, in fact, the addition of 0.5M sodium
acetate did not greatly influence the average configuration adopted by the PEO
molecules.

The second approach to evaluate the polymer solution structure factor,
S,(q), was motivated, in part, by the successful theoretical development, reported (Abbott
et al., 1991b) in Chapter 6, leading to the prediction of the vapor pressure of aqueous
PEO solutions (for c<c"), that is, in the dilute solution regime. In this approach
(Abbott et al., 1991b), the polymer-polymer interaction was captured in terms of an
effective hard-sphere potential, and an equation of state (Ashcroft and Lekner, 1966;
Hansen and McDonald, 1976) for the resulting effective hard-sphere system was used to
predict thermodynamic properties of the solution, such as, the vapor pressure. Although
a hard-sphere potential was used to describe the interactions between the PEO coils, the
soft and penetrable nature of the coils was incorporated into the evaluation of their
effective hard-sphere sizes (Abbott et al., 1991b). In a similar spirit, we have evaluated
S,(q) using a hard-sphere description (Ashcroft and Lekner, 1966) of the PEO solution
phase and the previously (Abbott et al., 1991b) developed effective hard-sphere
potentials. In so doing we hoped to shed light on the following important questions.
First, is the osmotic compressibility of the polymer solution, calculated
thermodynamically using the hard-sphere sizes determined from vapor pressure
measurements, consistent with the osmotic compressibility deduced from the intensity of
scattered neutrons in the limit g=0? Second, is an effective hard-sphere potential,
deduced from neutron scattering measurements, for the description of polymer-polymer
interactions, a function of the polymer concentration? Finally, can the successful
description of the thermodynamic properties of PEO solutions in terms of hard-sphere
potentials be extended to the description of the structure of the PEO solution, as reflected
in the SANS measurements?

Using an effective hard-sphere potential to characterize the interactions

between polymer coils, the structure factor of the polymer solution, S,(q), was calculated
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Figure 7.3. Neutron scattering intensity, I(q), as a function of the magnitude of the
scattering vector, q, for 5.9% PEO 8 650 Da in D,0: (UJ) experimental measurement,
(—) theoretical prediction using the theory of Benoit and Benmouna (1984).
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from the direct correlation function, C,(q) (Hansen and McDonald, 1976), using the well

known Ornstein-Zernicke equation (Ornstein and Zernike, 1914)

1

- 7.1
1 -p, Cq) 715

Sz(Q) =

The direct correlation function for a system of hard-spheres has been previously
evaluated (Ashcroft and Lekner, 1966) using the theory of Percus and Yevick (1958),

and a given by

1 .
Cg = -47D; | ds S2M£(a + Bs+ vs%) (7.16)
sqD,
where
2
o= L 2m) (7.17)
(1 - 7’2)4

6n, (1 + 1, /2)

8= T . (7.18)
_772 (1 + 2772)2 (7 19)
20 - ) '

The parameter, 7,, is the effective hard-sphere volume fraction of the polymer coils in

the solution, and is given by

m= 10,0} (7.20)

where D, is the effective hard-sphere diameter of the polymer coils. It is important to
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note that in Egs.(7.16) to (7.20) the effective hard-sphere diameter of the polymer coil,
D,, (which captures the effect of polymer-polymer interactions) is different from 2R,,
(where R, describes the distribution of scattering sites in an individual polymer coil).
Recall that R, was used in Eq.(7.13) to evaluate the polymer form factor, P,(q). As
previously reported (Abbott et al., 1991b), we have evaluated R, and D, for PEO in
water using the theories of Flory (1986), and Flory and Krigbaum (1950), respectively,
and the predicted values of both R, and D, were found to be in good agreement with
independent experimental measurements (Abbott et al., 1991b). For PEO having a
molecular weight of 8 650 Da in water, and using a Flory-Huggins interaction parameter
(Flory, 1986; Huggins, 1941) of x=0.45, the radius of gyration, R,, and effective hard-
sphere radius, D,/2, were predicted to be 36.5 A and 22.4 A, respectively. In Figure
7.4, the predicted intensity of scattered neutrons, I,(q) vs q, obtained using Eqgs.(7.11),
(7.12) and (7.15) to (7.20), (full line) is compared to the experimentally measured
intensity for the solution of 5.9% w/w PEO having a molecular weight of 8 650 Da (data
points). The multiplicative contributions of the form factor (dashed line) and the
structure factor (dotted line) to the total intensity are also shown in Figure 7.4.
Inspection of Figure 7.4 leads to several interesting observations. First,
in the limit =0, where the scattering reflects primarily the structure factor, S,(q), and
thus the large-scale fluctuations in the system (Cabane, 1987), the magnitude of the
predicted scattering intensity (full line) appears to agree with an extrapolation of the
experimental measurements (data points). Note that the experimental measurements were
limited to g>0.02A"! by the beam-stop in the spectrometer. Through fluctuation theory
(Cabane, 1987; McQuarrie, 1976; Knoll and Hermans, 1983), in the limit q—0, the
structure factor can be related to the fluctuations in the number density of PEO coils in
an imaginary volume of solution that is large compared to the size of the PEO coils, and

yet is small compared to macroscopic scales. That is,

<(NJVY > - <NJV >* K, (7.21)

S =
A>0) <NV >? K?
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Figure 7.4. Neutron scattering intensity, I,(q), as a function of the magnitude of the
scattering vector, q, for 5.9% PEO 8 650 Da in D,O: (<) experimental measurement,
(—) theoretical prediction using a hard sphere structure factor, S,(q), and Debye form
factor, P,(q). Multiplicative contributions to the theoretically predicted scattering: (- -)
form factor P,(q), () structure factor, P,(q).
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where <(N,/V)?*> and <N,/V>? are the mean-square and squared-mean fluctuations
in the number densities of PEO coils, K; is the isothermal osmotic compressibility of the
PEO solution, and K;° is the isothermal osmotic compressibility of an ideal solution
(Cabane, 1987; McQuarrie, 1976). In other words, the scattering in this limit is
essentially a measure of the thermodynamic state of the system (Vennemann et al.,
1987). Therefore, the agreement between the measured and predicted intensity in the
limit g0 is consistent with the previously demonstrated ability of the effective hard-
sphere model to predict thermodynamic properties, such as the vapor pressure, of
aqueous PEO solutions (Abbott et al., 1991b). This observation also supports our earlier
assertion, that the addition of 0.5M sodium acetate does not greatly perturb the
thermodynamic state of the aqueous PEO solution. It is also relevant to note that also
in the limit g->o0, where S,(q)->1, the form factor of the PEO coils, P,(q), predicts the
correct magnitude of the measured intensity of scattered neutrons. This observation
supports our description of the PEO molecules as Gaussian coils.

In contrast to the close agreement between the predicted and measured
neutron scattering intensities in both the low- and the high-q regions of Figure 7.4, at
intermediate q values a significant oscillation is observed in the predicted neutron
scattering intensity which is absent in the experimentally measured I,(q). This suggests
that the prediction of the structural properties of the solution using an effective hard-
sphere model is less successful than the prediction of thermodynamic properties. In
essence, the solution structure predicted by the effective hard-sphere model is greater
than that observed experimentally for the PEO solution. Presumably, this arises from
the fact that the actual interactions between the PEO coils are somewhat softer and
longer-ranged than those accounted for by representing the polymer coils as effective
hard spheres.

The observation that an intermolecular pair potential can predict quite
accurately the thermodynamic properties of a solution, yet not adequately describe its
structure, as reflected in the neutron scattering measurements, can be illustrated by a
comparison of the properties of two simple model potentials. For simplicity and for the

sake of illustration, we consider an isotropic fluid which is sufficiently dilute that only
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pairwise interactions between molecules need to be considered in calculating its
properties. In such a fluid, the deviation of thermodynamic properties from their ideal-
solution values are described by the second virial coefficient, B,, evaluated as
(McQuarrie, 1976)

® -o(n)
I(l - ¢ T Yaxridr (7.22)
0

where ¢(r) is the (spherically symmetric) potential of mean force. The structure of the
fluid is described by the radial distribution function, g(r), which can be expressed as an

expansion in the concentration, p, namely (McQuarrie, 1976)

grp) =g, +gMp + .... (7.23)

where, for sufficiently dilute solutions (o < 1), g(r) is determined by a simple Boltzmann-
factor term (McQuarrie, 1976)

- () (7.24)
0= | 42|
For two simple model potentials we have evaluated B, and g,(r). The first model is

o0 _ 1 ® TS0 723
kT 0 r>o

where ¢ is a hard-sphere diameter. The second model potential, which is a continuous

function of r, is

o) _ @ (7.26)
kT r

For the parameter values o=1, and «=0.0139, these two model potentials lead to
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identical second virial coefficients, that is,

B,=4r (7.27)

and, therefore, identical thermodynamic properties in dilute solution. On the other hand,
the dilute solution radial distribution function, g (r), presented for each model potential
in Figure 7.5, shows a pronounced difference between the two cases. In other words,
although the predicted thermodynamic properties of the solution are identical, the
predicted structure of the fluid is markedly different.

The previous discussion and observations are consistent with the general
comments of Vennemann and coworkers (1987) and others (Guinier and Fournet, 1955;
Cabane, 1987; Glatter and Kratky, 1982) who point out that the thermodynamic state of
a system, defined by the system temperature, pressure and composition, directly
determines the scattering of a solution in the limit 0. In contrast, at higher values of
q, the scattering reflects less of the interparticle interferences, that is, S(q—=»o)=1, and
is dominated by the configurations of the individual species (intramolecular correlations,
as captured in P(q)). Therefore, in the region of higher q, the connection of the
scattering to the thermodynamic properties of the system is more tenuous. Specifically,
this connection depends on the extent to which the configurations of the PEO coils are
coupled to their intermolecular interactions, and thus to the concentration of PEO in
solution (Vennemann et al., 1987). If this coupling is significant, it may manifest itself
not only in the form factor, P,(c,q), but also in the structure factor, S,(q), of the polymer
solution. That is, in the context of the effective hard-sphere description of the aqueous
PEO solution, the hard-sphere radius used to capture the polymer-polymer interactions
may be a function of the concentration of polymer in solution. In view of the
developments described in Chapter 6 (Abbott et al., 1991b), it is important to note that
the Flory-Krigbaum theory (1950) evaluates the effective hard-sphere potential for the
interaction of two isolated polymer coils, and, therefore, cannot capture any
concentration dependence of the effective hard-sphere radii. To assess the extent to

which the PEO concentration influences the effective hard-sphere potential that describes
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g,(1)

Figure 7.5. Dilute solution radial distribution functions, g (r), as a function of the
distance between the centers of mass, r, for the two intermolecular potentials, Eqs.(7.25)
and (7.26), which predict the identical dilute solution thermodynamic properties: (- -)
Eq.(7.25), (—) Eq.(7.26).
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the polymer-polymer interactions, we have interpreted the measured intensity of scattered
neutrons in the limit -0 to obtain an effective hard-sphere diameter of the polymers as
a function of polymer molecular weight and volume fraction. The result is presented in
Figure 7.6, where the effective hard-sphere diameters, D,, of PEO in solutions having
molecular weights of 1450 Da (®), 4250 Da (IB) and 8650 Da (a) are reported over a
range of polymer volume fractions between 0.05 and 0.25. It is evident that with
increasing polymer concentration the effective hard-sphere diameter of the polymer coils
decreases slightly. Although the decrease is small, less than 3A, the predicted intensity
of scattered neutrons was very sensitive to the effective hard-sphere diameter of the
polymer coils and the precision of the hard-sphere diameters determinations is
remarkably good; the uncertainty is typically less than 0.5A. Furthermore, it is evident
that the effective hard-sphere diameter of a 8650 Da PEO coil is more sensitive to
changes in the polymer concentration than that of a 4 250 Da PEO or a 1 450 Da PEO.
This observation is consistent with either a more compact chain configuration at higher
polymer concentrations, as is observed in entangled polymer solutions (Daoud et al.,
1975; Farnoux et al., 1975), or an increasing penetrability of the polymer coils to one

another at higher concentrations.
7.4 Neutron Scattering from Aqueous BSA Solutions

Measurement of the neutron intensities scattered from aqueous bovine
serum albumin (BSA) solutions (without PEO) served two central purposes. First, we
confirmed that the protein solutions were sufficiently dilute so that protein-protein
interactions had little effect (if at all) on the intensity of scattered neutrons. Second, the
contrast factor, Ap,, for BSA in D,0 was determined. Both of these considerations are
a prerequisite for the interpretation of neutron scattering from aqueous solutions
containing PEO and BSA.

The intensity of neutrons scattered from aqueous BSA solutions was
measured and interpreted using Eq.(7.10), where the subscript i is now p to denote

protein, N,/V is the number density of proteins in solution, Ap, is the contrast factor
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between the solvent and BSA, V; is the molecular volume of BSA, P,(q) is the form
factor of the BSA molecules, and S,(q) is the structure factor reflecting the interactions
between the BSA molecules. To simplify the interpretation of the BSA scattering, we
have investigated solutions of BSA (in 0.5M sodium acetate) which are sufficiently dilute
for the protein molecules to be uncorrelated in their positions. Accordingly, S,(q)=1,
and the scattered intensity of neutrons will reflect solely the intramolecular correlations
between scattering sites within individual BSA molecule. Under the condition of

S,(@=1, Eq.(7.10) simplifies to

L@ =22 a0 07 @) (7.28

The shape of a BSA molecule is ellipsoidal (Bendedouch and Chen, 1983; Nossal
et al., 1986; Chen and Bendedouch, 1986), and therefore the simple form factor for a
sphere does not adequately describe the intensity of neutrons scattered from BSA
solutions. It is noteworthy that the previous neutron scattering investigations have
represented the BSA molecules as prolate ellipsoids having dimensions 70x20x20 A3,
The form factor of a prolate ellipsoid with dimensions, ta,a,a, where t is a numerical
constant which is greater than unity and a is the minor axis, can be evaluated according
to (Bendedouch and Chen, 1983; Nossal et al., 1986; Chen and Dendedouch, 1986)

/2

Pig)) = le(q,B) cosB dB (7.29)
where
P}(q,B8) = P.(qa(cos’8 + t’sin’B)) (7.30)
and
P, (qa) = 3 sin(ga) - gacos(qa)) (7.31)
| (qay’
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In Eq.(7.31), P,(qa) is the form factor for a spherical molecule of radius a.

In Figure 7.7, the measured intensity of neutrons scattered from a 9.9 g/l
BSA solution is compared to the theoretical prediction using Eqgs.(7.28) to (7.31), where
we have assumed that the solution is sufficiently dilute so that the structure factor, S,(q),
is unity, and the constrast factor, Ap,, was treated as a fitting parameter. The
assumption that S(q)=1 is supported by measurements of Bendedouch and Chen (1983).
For the calculation of the intensity of scattered neutrons, 1,(q), reported in Figure 7.7,
we have used V,=117 300 A? (Bendedouch and Chen, 1983), and the number density
of BSA molecules was calculated from the BSA concentration (9.9 g/l) as
N,/V=9.02083x10®* A using a BSA molecular weight of 66 700 Da (Squire et al.,
1968). The best fit of the theoretical prediction and the experimental intensity was
obtained with Ap,=2.1x10 A?, which is comparable to the value of 2.5x10°¢ A2
obtained by Bendedouch and Chen (1983). The good agreement between the measured
and calculated neutron scattering intensities supports the view of the protein as being
ellipsoidal, as well as the assumption of S(qQ)=1. The intensity of scattered neutrons
was also calculated for spherical molecules with a volume equivalent to that of the BSA
molecule (not shown), and a significant deviation of the theoretical prediction from the

experimental data was evident.
7.5 Neutron Scattering from Aqueous Mixtures of PEO and BSA

Equation (7.10) can be generalized to describe the case of small angle
neutron scattering from a binary macromolecular mixture (PEO and BSA) in solution
(Tong et al., 1990). The general expression, simplified for the case where the protein
is sufficiently dilute such that S,(q)=1 (Section 7.4 and below), is

292



0.4|-
F{"\
g o3l
Q
g
Ve
S o022}
[= 9
| ]
0.1}
++++
0.0} M e -
1 | | } | 1 i | | | 1 | | | i
004 008 012 016 020 024 028
2-1
q (A”)

Figure 7.7. Neutron scattering intensity, I,(q), as a function of the magnitude of the
scattering vector, q, for a solution of 9.9 g/l BSA in D,0: (+) experimental
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a unity structure factor.
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where S,,(q) is the partial structure factor which is of central interest to us since it
contains the contribution of the interactions between the protein and polymer molecules
to the correlations within the solution that are reflected in the scattered intensity.
Accordingly, it is useful to define the excess scattering of the mixture, I*(q), by
subtracting from the total intensity, I(q), the intensity of neutrons scattered from aqueous
solutions of protein and polymer, separately. Subtracting the first and third terms from
Eq.(7.32) yields

(7.33)

172
NN,
I(g) =2 [ ;’/] Ap, Bp, P(D)? P9 S,(q)

It is important to qualify the conditions under which the subtraction leading
to Eq.(7.33) is valid. Specifically, subtraction of the single-component scattering from
the mixture is only valid under the conditions for which the form factors, P,(q) and P,(q),
and the structure factors, S,(q) and S,(q), are the same in the mixture and the single-
component solutions. Experimentally this can be verified by measuring the excess
scattered intensity of neutrons as a function of protein concentration. According to
Eq.(7.33), if the subtraction is valid, the excess intensity, I*(q), will be linearly
proportional to the protein concentration (S,,(q) scales as p,'?, see Eq.(7.37)). This has
been verified to be true for aqueous solutions of PEO and BSA up to 5 g/l BSA, at least,
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using light scattering measurements (Knoll and Hermans, 1983). Furthermore, and as
reported in Section 7.4, the interpretation of the scattering of neutrons from a 9.9 g/l
BSA solution (without polymer) was consistent with the interactions between BSA
molecules making a negligible contribution to the overall scattered intensity of neutrons.

The measured excess scattered intensity from a solution containing 9.9 g/1
BSA and 5.9% w/w PEO having a molecular weight of 8 650 Da is reported in Figure
7.8 (data points). The excess scattering was measured to be negative over the entire
range of q values (0.02A* to 0.28A™). Qualitatively, the negative excess scattering
reveals that the ner interaction between polymer coils and protein molecules in solution
is repulsive (Cabane, 1987). In the limit g0, an equation analogous to Eq.(7.21) can
be derived which relates the excess scattered intensity to the concentration fluctuations
in solution. Specifically (Knoll and Hermans, 1983),
0N ON,

(7.34)
G

1%(g—=0) = K <

where 6N/V is the instantaneous fluctuation in the number density of molecules of type
i (1=2 or p) in solution, and K is a positive constant. When a net repulsion exists
between the two species, on average, the two species will tend to reside apart from one
another, and as is seen in Figure 7.8, the right-hand side of Eq.(7.34) will be negative.
Alternatively, for a net attraction between the molecules in solution the excess scattered
intensity will be positive (Knoll and Hermans, 1983).

In Figure 7.8, as the magnitude of the scattering vector increases, the
excess scattering approaches zero asymptotically. This is because the scattering in the
high-q region is dominated by intraparticle correlations which are essentially the same
in both the mixture and the single-component solutions (Guinier and Fournet, 1955;
Cabane, 1987; Glatter and Kratky, 1982).

In Chapters 4 and 6, on the basis of theoretically predicted protein
partitioning behavior as a function of PEO molecular weight, it was concluded that

although a net repulsive interaction exists between the protein and the PEO molecules in
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solution, this repulsion is less than that expected based only on steric considerations
(Abbott et al., 1991a and b). Such a situation is suggestive of an attractive interaction
between PEO coils and proteins. In order to determine the possible roles of repulsive
steric and attractive interactions on the structure of the solution containing proteins and
polymers, a quantitative interpretation of the excess scattered intensity was developed.
The challenge in predicting the excess scattered intensity, I**(q), is in evaluating the
partial structure factor S,(q) (see Eq.(7.33)), since all other quantities required to predict
I*(q) can be evaluated from the scattering measurements reported in Sections 7.3 and
7.4. The partial structure factor, S,,(q), can be calculated using the Ornstein-Zernike
equation (Ornstein and Zernike, 1914) for a two-component system from the direct

correlation functions, C;(q), as (Ornstein and Zernike, 1914; Lebowitz, 1964)

-1
p; 0,C5(q) (7.35)
S. — 1 - C = —L
z(Q) [ p i u(q) 1 - pjcﬂ(q)]
and
12,12
Si@ = i 739

[1 - p,CAIL - p,Ci@] - p, p,Ci(q)

Eqs.(7.35) and (7.36) can be simplified since in Section 7.4 it was demonstrated that the
protein concentration is sufficiently low such that S,(q)=1. Furthermore, in the limit of
vanishing protein concentration, the influence of the protein presence on the structure of
the polymer solution will vanish, and, therefore, S,(q) will be independent of protein
concentration. Substituting j=p for the protein and i=2 for the polymer into Eqgs.(7.35)
and (7.36), and taking the limit of vanishing protein concentration, p,~0, yields

_ 1
Sz(Q) - 1—_p2c—2(q) (7.37)
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Note that Eq.(7.37) is identical to Eq.(7.15). As mentioned above, this reflects
the fact that the correlations between PEO coils in solution are not affected by the very
low BSA concentrations. To evaluate the direct correlation functions, Cx(q) and C,(q),
in Eqs.(7.37) and (7.38) several approaches were explored (see below), each of which
contained different approximations. Despite this, they all lead to the common conclusion
suggesting the presence of attractive interactions between the protein molecules and the
polymer coils (in addition to the steric repulsions).

In the first approach, the structure factors, S,,(q) and S,(q), were predicted
from the direct correlation functions for a hard-sphere mixture, C,,(q) and C,(q) which
have been erived previously by Lebowitz (1964) using the Percus-Yevick equation (1958)
generalized for a multicomponent system (Ashcroft and Langreth, 1967 and 1968). The
inputs which are required to evaluate the direct correlation functions are the effective
hard-sphere potentials of the polymer and protein molecules. = For PEO having a
molecular weight of 8 650 Da, the effective hard sphere radius is 22.4A (Abbott et al.,
1991b). This is consistent with the hard-sphere potential used to predict the
thermodynamic properties of aqueous PEO solutions in Chapter 6 (Abbott et al., 1991b),
and was also the potential used to predict the small angle neutron scattering from PEO
solutions in Section 7.3. The effective hard-sphere protein radius was initially treated
as a fitting parameter, and subsequently compared with that evaluated using the Monte-
Carlo method described in Chapter 6 (Abbott et al., 1991b). Note that the effective
hard-sphere radius of the BSA molecule, when interacting with PEO, does not, in
general, equal to the physical protein radius since the effective BSA hard-sphere radius
includes the deformable nature of the PEO coil (Abbott et al., 1991b). In Figure 7.8 the
experimental excess scattering (data points) are compared to the excess scattering
predicted using the hard-sphere mixture structure factor (solid line) for three different

effective hard-sphere protein sizes of 34A, 29A and 24A. The best agreement between
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the experimental data points and the theoretical prediction is when a BSA radius of 29A
is used.  This value is significantly smaller than 37A, the value obtained for the
effective hard-sphere radius of BSA assuming only steric interactions between BSA and
the PEO molecules (see Chapter 6) using the Monte-Carlo method (Abbott et al., 1991b).
This observation is suggestive of an attractive interaction between the protein and the
polymer molecules (in addition to the steric repulsion) (Guinier and Fournet, 1955;
Cabane, 1987; Glatter and Kratky, 1982). The influence of an attractive interaction
between PEO and BSA would be to decrease the effective hard-sphere radius of a BSA
molecule. Despite the weak attraction, the net interaction between the protein and the
polymer molecules (which includes the contribution of steric interactions) remains
repulsive, and thus the excess scattering intensity is negative.

In the second approach, the direct correlation function C,(q) was again
calculated from the Percus-Yevick equation for hard-sphere mixtures (Lebowitz, 1964),
but, in contrast to the first approach, the polymer structure factor, S,(q) (or alternatively
C,(q)), was evaluated using the previously described approach developed by Benoit and
Benmouna (1984). This alternative description of the polymer solution was explored here
because in Section 7.3 it was shown that it leads to a better description of the polymer
structure factor than does the hard-sphere structure factor (particularly for intermediate
q values). The effective hard-sphere polymer and protein radii were used for the
evaluation of C,(q) were unchanged. The result of this evaluation (not shown) was
almost identical to the theoretical predictions presented in Figure 7.8. This suggests that
the excess scattering intensity, 1°(q), is not very sensitive to the form of the PEO-PEO
structure factor and, accordingly, that the correlations in the PEO coil positions (due to
PEO-PEO coil interactions) do not have a dominating effect on the PEO-BSA
correlations.

In the third approach, the excess scattering was predicted by explicitly
introducing an attractive interaction between the protein and the polymer molecules, in
addition to their steric repulsion. These two features, a repulsive core and an attractive
part are captured in the sticky hard-sphere potential model introduced by Baxter (1968),

which has been successfully applied to the description of microemulsions (Robertus et
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al., 1989 and 1990) and other colloidal systems (de Kruif et al., 1989). The model

interaction potential for the case of a binary mixture has the following form

o0 2r<s
D +D, -S
Sn(r) | 10g121'm( w * D =S,) S <r<D, +D, (7.39)
kT D, +D,
0 2r>D + D,

where S,,—»D,+D,,, 7. is the stickiness parameter (Baxter, 1968) (which characterizes
the strength of the attractive interaction between the polymer coils and the protein
molecules, and where 7= oo corresponds to the hard-sphere limit, namely, no stickiness),
and D, and D, are the hard-sphere diameters. For the case of a hard-sphere mixture
with attractions between unlike species only, an analytic equation can be derived
(Barboy, 1975) for C,(q) using the Percus-Yevick approximation (Percus and Yevick,
1958). The inputs to the evaluation of the sticky hard-sphere structure factor are the
effective hard-sphere diameters of the proteins (D,) and polymers (D,), and the stickiness
parameter, 7,. As discussed above, the effective hard-sphere diameters which
characterize the PEO-PEO coil interaction and the PEO-BSA steric interaction have been
determined previously to be 44.8A and 74A, respectively (Abbott et al., 1991b). In
Figure 7.9, the excess scattering intensity measured experimentally (data points) is
compared to the predicted intensity using the sticky hard-sphere structure factor for
various values of the stickiness parameter, 7,,. An inspection of Figure 7.9 shows that
in the absence of any attraction between the protein and the polymer moiecules (1,,=00),
the excess scattering is smaller than that observed experimentally in the low-q region.
Furthermore, accompanying an increase in the strength of the attraction (a decrease in
T,2), the predicted excess scattering intensity approaches that observed experimentally.
A stickiness parameter of approximately 7,,=1.5 was determined to produce the closest

fit of the predicted excess scattering intensity to the experimental data. Finally, it is
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relevant to discuss the "hump" that is present in the predicted excess scattering at
q=0.1A"1, In view of the earlier discussion of a similar "hump" in the predicted
scattering of a PEO solution (see Figure 7.4), the most likely explanation lies in our
characterization of the protein-polymer interaction using an effective hard-sphere model.
In reality, the true interaction potential will be "softer” and longer-ranged than the
effective hard-sphere potential and the effect of this "softness" will be reduce the strength
of the correlations within the solution, that is, to damp the oscillations in the structure
factor. However, it is important to note that these considerations do not affect our
conclusions in the lower-q region and higher-q regions, where good agreement is
observed between the experimental and theoretically predicted intensity.

To make a quantitative comparison between the strength of the attraction
required to describe the neutron scattering data (7,,=1.5, in the notation of the sticky
hard-sphere model (Baxter,1968)) and the strength of the attraction required in Chapter
6 to account for the influence of PEO molecular weight on the protein partition
coefficient (g, in the notation of Chapters 4 and 6 (Abbott et al., 1991a and b)), the
second virial coefficient reflection protein-polymer interactions (McQuarrie, 1976) was
calculated for both models. For the sticky hard-sphere model (Baxter, 1968), the second

virial coefficient describing the protein-polymer interactions, B,,, is related to the

P

stickiness parameter and the hard-sphere diameters by (de Kruif et al., 1989)

3
B,=T|B Pl |, L (7.40)
o6 2 T

Substituting the sticky hard-sphere parameter values that describe the measured excess
scattered intensity (determined above), that is, 7,,=1.5, D,=44.8A and Dp=74A, the
crossed second virial coefficient was evaluated from Eq.(7.40) to be 4.66x10°A3. Using
the Monte-Carlo approach described in Chapter 6, the same value of the crossed second
virial coefficient is obtained with an attractive interaction energy of €=0.05kT (per

polymer segment interacting with the protein surface). The strength of the attractive
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interaction energy, £=0.05kT, predicted here from the measured intensity of neutrons
scattered from an aqueous BSA-PEO solution, is consistent with previous values (0.01-
0.10kT) obtained on the basis of our earlier thermodynamic models for protein-polymer
interactions (Abbott et al., 1991a and b), which predicted the partitioning behavior of

proteins, such as BSA, in two-phase aqueous polymer systems containing PEO.

7.6 Concluding Remarks

Experimental measurements of the intensity of neutrons scattered from
solutions of PEO in D,0 over a wide range of PEO concentrations and molecular weights
were reported. Using these measurements, the correlations lengths of the PEO solutions
were determined, and a transition in the nature of the polymer solution phase was
observed. That is, with an increase in PEO molecular weight, the PEO-D,0O system
undergoes a transition from a polymer solution containing individually dispersed polymer
coils to one containing an entangled network of polymers. Significantly, the PEO
solution conditions at which the transition is observed correspond closely to those
encountered in the PEO-rich phase of a two-phase aqueous PEO-dextran system utilized
in protein partitioning experiments. In the spirit of the microscopic models of polymer
solutions containing proteins proposed in earlier chapters of this thesis (see also Abbott
et al., 1991a and b), these experimental observations support our proposal that the
underlying cause of a number of trends observed in protein partitioning measurements
is the transition in the polymer solution structure (Abbott et al., 1991a). This recognition
is fundamental for the development of physically based models of protein partitioning in
two-phase aqueous polymer systems.

In addition to determining the correlation lengths of the PEO solutions
using SANS measurements at intermediate q values, in the limit g0, the thermodynamic
state, as reflected in the osmotic compressibility, of the solutions was determined. The
osmotic compressibility of PEO solutions containing identifiable polymer coils was well

described using an effective hard-sphere potential to describe the interactions between
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polymer coils. In the vicinity of the crossover in polymer solution regimes, a weak
concentration dependence of the polymer-polymer effective hard-sphere potential was
found. In view of the rather subtle effects which can influence the predicted protein
partitioning behavior, it is important to consider the impact of the concentration-
dependent effective hard-sphere potential on the predicted protein partitioning behavior.
The effect of the concentration-dependent hard-sphere potential is to decrease the
molecular weight dependence of the hard-sphere diameter (at constant polymer volume
fraction). This arises because the higher molecular weight polymers are closer to the
crossover, and therefore, de-swell or interpenetrate each other more than the low
molecular weight polymers. Qualitatively, the effect of the reduction in the polymer-
polymer effective hard-sphere potential (due to concentration effects) is to decrease the
protein chemical potential at the higher molecular weights (Abbott et al., 1991a). This
observation does not influence our previous suggestion that steric interactions alone
appear not to account for certain protein partitioning behaviors in two-phase aqueous
polymer systems (although it could influence, for example, the precise strength of the
attractive interaction between the proteins and PEO required to account for the observed
protein partitioning behavior) (Abbott et al., 1991a and b).

Neutron scattering measurements for solutions containing a mixture of
PEO and BSA determined that the net interaction between the BSA and PEO molecules
is repulsive. Despite this net repulsive interaction, quantitative modelling of the solution
structure and the excess scattering from the solutions suggests that the repulsive
interaction is significantly less than that expected on the basis of steric interactions only.
Accordingly, the existence of an attractive interaction between the protein and the
polymer molecules is proposed on the basis of the predicted structure of the solution, as
reflected in the SANS intensity measurements. This is consistent with our previous
statistical-thermodynamic models for the interactions of proteins and polymers which also
suggested the presence of a weak attraction, in addition to the steric repulsion (Abbott
etal., 1991a and b). Quantitatively, both statistical-thermodynamic models and structural
models for PEO solutions containing BSA predict that an attractive interaction of

approximately 0.05kT (per polymer segment at the protein surface) exists between PEO
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and BSA.

In view of the increasing evidence, both structural and thermodynamic,
which suggests the presence of a weak attractive interaction between the protein and
polymer molecules, it is relevant to address the previous investigations (Knoll and
Hermans, 1983), notably light scattering measurements, which were interpreted to
suggest that the interactions between between BSA and PEO arise purely from excluded-
volume interactions. Considering the rather small influence of the attraction on the BSA-
PEO second virial coefficient (around 20% of the steric contribution), it appears
conceivable that, due to the difficult extrapolations required by light scattering
measurements (Knoll and Hermans, 1983), such a small effect may have been beyond
the resolution of the experiments. Indeed, the neutron scattering measurements
corroborate the view that the dominant contribution to the protein-polymer second virial
coefficient is that due to steric interactions. While clearly additional experiments with
PEO over a range of molecular weights, concentrations, and with a variety of proteins
are required to solidify the propositions of this chapter, the consistency between the
microscopic models, statistical-thermodynamic theories, protein partitioning and neutron
scattering measurements is satisfying, and a unified description of interactions between

certain types of proteins and polymers appears to be developing.
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Appendix 7.A

Prior to interpretation, the raw neutron scattering data, that is, the
recorded number of neutron collisions per detector pixel, were corrected for (i) sample
transmission, (ii) empty cell scattering, (iii) background scattering, and (iv) variations
in the efficiency of the detector elements. The method used, which is detailed below,
is similar to that outlined previously by Chen and Bendedouch (1986).

The sample transmission, T,, is defined as

T = L-1 (7.A1)
* Io - Ib

where I, is the incident intensity, I, is the total number of detector counts, and I, is the
background intentsity. The sample transmission is simply the fraction of incident
neutrons that reach a detector element. This quantity is less than unity since some
neutrons are scattered at sufficiently wide angles that they do not intersect a detector
element. From knowledge of the transmission of the sample, T,, and the total number
of incident neutrons during the scattering experiment, M,, (measured upstream of the
scattering sample) the total number of neutrons incident on the detector is M,T,. Note
that the latter quantity is not determined by the integration of the number of scattering
counts over the entire detector, since a beam stop is inserted during the scattering

experiment to prevent the direct irradiation of the detector elements with an intense
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neutron beam. The beam stop is absent during the measurement of the transmission of
the sample. The background scattering, I, and scattering of the empty cell, I, are

subtracted to provide the net scattering of the sample, L™

I Isz I IbMe
Inet . : Mb ) Mb (7.A2)
©TIM, M,

where M, and M, are the total number of incident neutrons, measured upstream of the

sample holder, during the empty-cell and background scattering experiments, amd T, is

the transmission of an empty sample cell. The net scattering of the sample was futher

corrected for variations in the detector efficiency through a comparison of the measured

scattering of water with that which would be measured in the event of uniform detector
I net

pixel efficiency. The measured net scattering of water, I,*, is corrected for the

thickness of the water sample, t,, to calculate the differential cross section, (dZ/dQ),,,
that is

[ dE] _ L (7.A3)

To calculate the differential cross section of water, outside the intense forward peak
(those neutrons which do not hit any scattering bodies) the scattering of water is assumed
isotropic. With the understanding that during the transmission test the total counts are
dominated by the unscattered neutrons, the fraction of incident neutrons that are
isotropically scattered corresponds to 1-T,,. With the isotropic scattering of the neutrons

over a solid angle of 4w, the correction factor applied to the sample scattering takes the

form
1-T
ld (7.A4)
41rTw13e‘
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Accordingly, the intensity of scattered neutrons from the sample, corrected for the

detector efficiency, that is, the differential cross section of the sample, is evaluated as

ar) _ (A -T) L (7.A5)
aaj,  4xTp1

The differential cross section of the sample, (dX/d{2),, contains both coherent scattering
(containing information about the structure) and incoherent scattering (which contains no
information about the structure or position of the atoms) (Cabane, 1987). The coherent
portion is estimated as (Cabane, 1987)

; (7.A6)
4Z)  _ [dE] _ Nl
al., (@, 4

where Ny is the number density of hydrogen atoms within the sample, and ¢",,, is the
scattering cross section of a hydrogen atom (79.90 x 102 cm?). For the highest weight
fraction of PEO in D,0O used in the investigation, the contribution of the PEO hydrogens
to the incoherent scattering was approximately 0.08 cm™?, and therefore, represents an
important correction for these samples. The inclusion of 0.5M anhydrous sodium acetate
buffer in some of the PEO solutions had negligible contribution to the calculated
incoherent scattering intensity. The differential cross section, (dX/d().,, which is
denoted as I;(q) (i=2,p), is a quantity which is independent of the spectrometer used to

perform the measurements.
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Appendix 7.B

Derivation of the direct correlation function between hard spheres in a hard sphere

mixture.
-C,(n=aq, r< .;_(02-01) (7.B1)
3 4
=g +PPRHAMRAR] 1y cr<lie) (B2
r 2 2
where
R= r-%(az-ol) (7.B3)
A= %(02— o) (7.B4)
d= [7) N a3n 202] (7.B5)
o
-3(1+a n.8 7.B
b= (0 ) ,: ;211 1 2822:| &n (7.86)
2

where the functions g;;, g, and g,, are defined as
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_ Urgmrgned (1.87)

8 = (1 _ "7)2
1 3 1
(1+§1, + _2.1)1) [;-1] (7.B8)
En =
(1-n)?
1 31-a
. (1+51)*537=(1,71) (7.B9)
12
(1-n)

The functions a; and a, are

) [ (1, +0n,) (1 +9+9%)=3n,m,(1 -a)’[1 +n, +a(1 +’72)]] (7.B10)

a, = —
Lo, (1-n)
0 =0 | @ren)lenen’)3nm,(-a)’[T+nra(l+n)] | (7.B11)
P oo, (1-n)*

In Fourier space the direct correlation function c;(y) becomes (Ashcroft and Langreth,

1967)
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112 - 1/2 3 sm
2y 1-0) Y X{612[2)’1C<>sy,+(y1 -2)siny,]
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712

—2[(3y;-6)cosy, ~(y1 ~6)siny, +6]

1

+ D114y} -24y,)cosy, +({-12y] +24)siny, 1}
N

+cos__{[$12[2ylsmy1 (i -2)cosy, 2]+ (7.B12)
)’1

o2 ((3y2-6)siny, - -6y,)cosy,]

1

+1%[(4y13 -4y )siny, —(yf —12y,2 +24)cosy, +241}
N

4 {cosy,( siny, --);,cosy1 LA-o 1-cosy, "
N N 20y,
. _cosy +y.siny. -1 1_g siny
smy)\( 1 l2 1 + 2 o 1)}]
N a )
where the parameters are defined as

y, = % y (1-a) (7.B13)
B,=oab (7.B14)



Y =2 [%] (7.B15)

Appendix 7.C

A clear account of the use of the Percus-Yevick equation for the calculation of
the direct correlation functions in multicomponent sticky hard sphere fluids can be found
in ref. X. The general formalism is simplified for the binary fluid case where attractive
interactions (stickiness) exist only between unlike species. In addition, in the limit of
vanishing protein concentration, only the direct correlation function C;,(q) will be
influenced by the attraction and the polymer-polymer direct correlation function will not
be perturbed from that corresponding to the absence of the attractive interaction.
Therefore the results derived for C,;(q) in Appendix 7.B are still valid and here we
report the influence of the stickiness on Cy,(q) only.

From Eq.(6) of reference X the direct correlation function C;,(q) can be

evaluated in terms of so-called Wiener-Hopf transforms, Q,,(q), of C,,(q).

~Cp(@) = 0,,(9212(9) + 0,,(9)0x(9) (7.C1)

where

igDJ2

0,(@ =8, + Z(xx)'%

N D, D} D. DD, . gD, D%
X __yDj(Di+D')2.].o(q2]) +6 J jl(q J)+3 J tj (q ]) -12 J

gD, . DD.  qD,
J 3 j
alc2f ’ q1-&y" 2 {5y ° 2 05 3 ()

1= ERA!

314



3(Dl + D2)€2 + (Dl + D2)2
2(1-£) 2D D,
30, D), _
20-¢) °

A“ =0 and XZ2=0
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a8 X
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and j, and j, are the zero and first order spherical Bessel functions.
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Chapter 8.

Proteins in Entangled Polymer Solutions. II.

Protein Partitioning Across a Semipermeable Membrane

8.1 Introduction

In two-phase aqueous polymer systems containing high molecular weight
polymers, the coexisting solution phases contain entangled webs of polymer, within
which the identities of the individual polymer coils are lost. In such two-phase aqueous
polymer systems, the partitioning of proteins is insensitive to the molecular weight of the
polymers but is sensitive to their concentration. Accordingly, in Chapter 3, novel
physical pictures describing the interactions of globular proteins and entangled polymer
solutions were proposed. A variety of different scenarios were shown to exist depending
on the relative sizes of the polymer solution net, &,, and the protein dimensions, R,, in
addition to the strength of energetic interactions between the protein and the polymer, &
(per polymer segment at the protein surface). For these various physical scenarios,
scaling-thermodynamic theories were developed in Chapter S to predict the form of
protein chemical potential in entangled polymer solutions and the associated protein
partitioning behavior. The aim of the experimental investigation reported in this chapter
is to confront these theoretical predictions. In doing so, we hoped to distinguish between
the possible physical scenarios which describe proteins in entangled polymer solutions
(which were presented in Chapter 3).

While the partitioning of proteins between entangled polymer solution
phases can be studied using two-phase aqueous polymer systems, several factors

introduce ambiguity into the interpretation of the results. First, the partitioning behavior

316



of proteins in two-phase aqueous polymer systems reflects the relative interactions
between the proteins and rwo coexisting polymer solution phases. Second, the
independent control of the polymer concentration in only one of the two coexisting phases
of a two-phase aqueous polymer system is not possible. Therefore, in order to overcome
these limitations, we have explored an alternative experimental technique, which does not
suffer these limitations. Here, we report the measurement of the partitioning of proteins
between an entangled polymer solution phase and an aqueous polymer-free phase using
a diffusion cell (see Figure 8.1 and Section 8.2.C). In contrast to the two-phase aqueous
polymer systems, such an experimental set-up allows us to study the interactions of the
proteins and a single entangled polymer solution phase. We focus our attention on the
interactions of certain globular hydrophilic proteins and PEO since the partitioning of
these species has been the subject of previous investigations in two-phase aqueous
polymer systems containing PEO as one of the "phase-forming" polymers (Sasakawa and
Walter, 1970 and 1972; Walter, et al., 1972; Zaslavsky et al., 1983; Albertsson et al.,
1987; Johansson, 1985; Diamond and Hsu, 1989 and 1990).

The remainder of this chapter is organized as follows. In Section 8.2 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 addition, Section 8.2 summarizes the experimental difficulties which prevented the
measurement of the partition coefficients of relatively large protein molecules, for
example, ovalbumin, chymotrypsinogen and bovine serum albumin. These proteins
appeared to take a prohibitively long time to reach equilibrium. In Section 8.3, we
present results of the experimentally measured partition coefficients of two relatively
small hydrophilic proteins, cytochrome-c and ribonuclease-a, between an entangled PEQ
solution and an aqueous solution. Since, in two-phase aqueous polymer systems, the
presence of different salt types can have a pronounced 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 salt types, NaCl and
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Na,SO,, in order to assess the importance of salt effects in the diffusion cell
measurements. In Section 8.4 we compare and contrast the experimentally measured
and theoretically predicted protein partition coefficients. In doing so, we are able to
assess the importance of different physical mechanisms in determining the protein
partitioning behavior. In addition, we consider the partitioning of another protein,
carbonic anhydrase, which has different physical properties as compared with
cytochrome-c and ribonuclease (Cleland and Wang, 1991). The partially refolded form
of carbonic anhydrase used in the experiments is more hydrophobic than cytochrome-c
and ribonuclease-a. Accordingly, the partitioning of carbonic anhydrase, which appears
to reflect a strong attractive interaction with PEO, contrasts with cytochrome-c and

ribonuclease-a. Finally, in Section 8.5 we present our concluding remarks.
8.2 Materials and Experimental Considerations
A. Materials

Poly(ethylene oxide) (PEO) with a nominal molecular weight of 5 000 000 Da
was obtained from Polysciences Inc., Warrington, PA (Lot No. 60004). The radius of
gyration of the PEO coils is about 1 900A (Abbott et al., 1991b), which is at least six
times larger than the average pore size of the membrane used in the diffusion cell
experiments (see below), thus rendering the membrane effectively impermeable to the
polymer (Deen, 1989). Although reptation of the PEO chains through the pores is still
possible, at these large polymer molecular weights this mechanism will result in very
small polymer fluxes. Type V-A, Bovine Heart Cytochrome-c and Type I-AS, Bovine
Pancreas Ribonuclease-a were purchased from Sigma Chemical Company, St Louis, MO.
The hydrodynamic radii of these proteins are both approximately 20A (see Table 8.3),
and therefore, these proteins are sufficiently small to diffuse, relatively unhindered,
through the membrane in the diffusion cell. Additional properties of the proteins can be
found in Table 8.3. Track-etched polycarbonate membranes (which have a narrow

distribution of pore-sizes) having a 300A pore size (Lot No. 86B9B55) were obtained
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from Nucleopore Corp., Pleasanton, CA. 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).
B. Sample Preparation

All solutions were prepared in 10 mM sodium phosphate buffer to control the pH
at 7.0, 1.5mM sodium azide to prevent bacterial growth in the samples, and either 0.1M
NaCl or 0.05M Na,SO, to screen electrostatic interactions between the protein molecules.
The solution pH of 7.0 was chosen since cytochrome-c and ribonuclease-a are not known
to associate or undergo large conformational changes in the vicinity of this pH (Sasakawa
and Walter, 1970 and 1972; Walter et al., 1972; Zaslavsky et al., 1983; Albertsson et
al., 1987; Johansson, 1985; Diamond and Hsu, 1989). A stock solution of 2% w/w PEO
having a molecular weight of 5 000 000 Da was dissolved in the buffered salt solution
by gently stirring it for at least 24 hours at 25°C. The polymer solutions were heated
briefly (less than 1 hour) to 45°C to speed up the dissolution process. No degradation
of the polymer under these conditions is expected (PEO 1 200 000 Da has been reported
to be stable for several days at 50°C and stable for several weeks at 20°C) (Cabane and
Duplessix, 1987 and 1982). All protein solutions were prepared in the same buffer that
was used to dissolve the PEO, and the protein solutions were prefiltered (Amicon Co.,
Danvers, MA) through a polycarbonate ultrafiltration membrane with a 150A pore size.
This latter precaution was to ensure that any undissolved protein (aggregates) was
removed from the solution prior to the experiment, and thus all the protein within the
diffusion cell could freely diffuse through the 300A membrane and reach an equilibrium

distribution between the two compartments of the cell.
C. Description of Diffusion Cell

A diagram of the diffusion cell used to measure the partition coefficients of the

proteins between polymer networks and aqueous (polymer-free) solutions is presented in
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Figure 8.1. The diffusion cell contains two compartments which are divided by a
semipermeable membrane. The bottom compartment, having a volume of approximately
0.8ml, 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 7ml, 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 protein molecules diffused
freely across the membrane and were partitioned between the top and bottom
compartments. The device was constructed by carefully separating 8ml plastic sample
tubes (Olympic Plastics, Los Angeles, CA) into two sections. A small teflon coated
magnetic stir bar was inserted into the lower section and then the two sections were
reattached across a polycarbonate membrane with an expoxy 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 lower section, and the polymer
solution (initially free of protein) was injected through the soft plastic tubing into the
lower chamber at the start of the experiment. The second hole permitted the escape of
air during injection of the polymer solution into the lower section and care was taken to
remove all air bubbles from the lower chamber before the section was resealed with a
small dot of epoxy resin. The prefiltered protein solution (free of PEO) was poured into
the top chamber of the cell at the beginning of the experiment. The bottom chamber of
the cell was stirred gently during the experiment since the diffusion of the protein
through the polymer network appeared to be the rate controlling factor during
equilibration of the protein concentration between the two chambers of the cell. The cell
was discarded after one experiment.

All protein concentrations were determined by measurement of the solution
absorbance using a Perkin-Elmer Corp. 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 10mM sodium phosphate at pH 7.0, 1.5mM sodium
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Aqueous Protein Solution

/

Proteins in a Semidilute

v Polymer Solution

Figure 8.1 Schematic diagram of the diffusion cell constructed for the measurement of
the protein partition coefficient between the top, polymer-free solution, and the bottom,

entangled polymer solution phase. See Section 8.2 for details.
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azide, and either 0.1M NaCl or 0.05M Na,SO,. The chromatograph was operated in a
size exclusion mode using a Toya Soda TSK 3000PW, TSK 5000PW and guard column
purchased from Varian Associates (Sunnyvale, CA). The presence of solutes in the
eluent phase was detected with a Hewlett-Packard 1037A refractive index (RI) detector.
The solute concentrations were calculated from the peak areas using the appropriate

calibration standards.

D. Partitioning of Proteins into Entangled Polymer Solutions

Before the partitioning of proteins into a semidilute PEO solution was
measured, a control experiment was performed to ensure that, in the presence of a PEO-
free solution in the lower compartment, the protein was able to diffuse freely across the
membrane and establish an equal concentration in the two compartments. This
experiment also provided a lower bound on the time required to reach equilibrium during
the partitioning experiments. Note that when PEO was present in the bottom chamber,
the hindered diffusion of the protein molecules through the semidilute polymer network
increased the time required to reach an equilibrium distribution of proteins between the
two chambers. It is relevant to mention at this point, that a number of larger proteins,
including ovalbumin, chymotrypsinogen and bovine serum albumin, could not be
partitioned equally between the two compartments of the cell in a reasonable length of
time even in the absence of PEO. Either the time taken to reach equilibrium was
prohibitively long, or turbidity was detected in the protein solutions before equilibrium
was reached thus suggesting the formation of protein aggregates. Only for the two
relatively small proteins, cytochrome-c and ribonuclease-a, could the equilibrium be
reliably and repeatedly obtained.

At the beginning of the partitioning experiment a buffered aqueous PEO solution
(protein free) was injected into the bottom compartment of the cell, and a prefiltered and
buffered aqueous protein solution (PEO free) was loaded into the top compartment of the
cell. During the equilibration of the protein between the two compartments of the cell,

the bottom compartment was stirred gently using a magnetic stir bar and the temperature
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of the cell was thermostated at 15°C in a refrigerator. Multiple samples (typically 7)
were prepared for each experiment, and these were sacrificed during the course of the
experiment to monitor the approach of the system towards equilibrium. The time taken
to reach equilibrium was typically greater than 3 days and less than one week (dependent
on the polymer concentration). Upon reaching equilibrium, samples were aspirated with
a syringe from the cell by piercing a hole in the wall of each compartment. The samples
from each cell were analysed for both polymer and protein concentration.

The protein concentration in each compartment of the cell was measured
by determining the absorbance of the solution. The ribonuclease concentration was
determined by measuring the peak absorbance at a wavelength close to 280nm, and the
concentration of cytochrome-c was determined by measuring the absorbance at
wavelengths of 414nm and 549nm. Since the absorbance spectrum of cytochrome-c 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 concentration. All absorbance measurements 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 of both compartments
were found to change from the concentrations at the start of the experiment for several
reasons: (i) the presence of the polymer in the bottom compartment of the cell produced
an osmotic "pumping" of solvent towards the polymer rich-phase and a concomitant
dilution of the polymer concentration within the lower compartment, and (ii) a small flux
of polymer was observed to diffuse through the membrane into the top compartment,
which contributed to the dilution of the polymer solution in the bottom compartment and
also introduced very low concentrations of polymer into the top compartment (see
below). It was considered very important to accurately monitor the concentration of
polymer "introduced" into the (initially polymer-free) top compartment (by the polymer
"leakage" through the membrane) to ensure that it was always much less than the

polymer concentration in the bottom polymer-rich phase.
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8.3 Experimental Results

The partition coefficient of the protein, K,, is defined as the ratio of the
protein concentrations in the top (PEO-free compartment) and bottom (PEO-rich)
compartments, respectively. Figure 8.2 presents the partition coefficients measured as
a function of the concentration of PEO in the bottom compartment, ¢, for cytochrome-c
in buffered salt solutions of concentrations 0.05M Na,SO, (O) and 0.1M NaCl (a), and
for ribonuclease ([1) in a buffered solution of 0.05M Na,SO,. Figure 8.2 shows that as
the concentration of PEO is increased, the partition coefficients of both proteins were
observed to increase. The increase in the partition coefficients of the proteins reflects
the tendency of the proteins to distribute away from the bottom PEO-rich solution phase
at higher PEO concentrations. These measurements, which are suggestive of a physical
exclusion of the protein by the volume occupied by the PEO, are compared to theoretical
predictions in Section 8.4.

In Figure 8.2, in order to assess the influence of salt effects on the
measured partition coefficients, the partitioning of cytochrome-c is presented in the
presence of NaCl and Na,SO,. From an inspection of Figure 8.2, it can be seen that the
influence of the different salt types is not large (see Section 8.4 and Table 8.2 for a
statistical analysis of the experimental data). This observation contrasts with
experimental measurements in two-phase aqueous PEO-dextran systems where the
substitution of NaCl by Na,SO, is found to have a profound effect on the observed
protein partitioning (Walter et al., 1972). In order 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, traditionally characterized by a bulk
electrical potential difference, Ay, between the two-phases, correlates linearly with the
difference in concentration of PEO between the phases (Bamberger et al., 1984; Brooks
et al., 1984). In two-phase aqueous PEO-dextran systems, this difference is typically
10% w/w PEO, and the corresponding Ay is 1-2mV. In the diffusion cell experiments,
we are dealing with PEO concentrations which are an order of magnitude less, typically

1% w/w, and thus the anticipated electrical effects are expected to be accordingly less
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Figure 8.2 Measured protein partition coefficient, K, plotted as a function of PEO
concentration in the bottom phase, ¢; cytochrome-C in 0.05M sodium sulphate (a),
cytochrome-c in 0.10M sodium chloride (O), and ribonuclease in 0.05M sodium sulphate
(O). All solutions contained 10mM sodium phosphate pH 7.0 buffer and 1.5mM sodium

azide.
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pronounced. Indeed, we can make an estimate of the strength of Ay from the partition
coefficients measured for cytochrome-c in the presence of the two different salt types.

The influence of the salt on the partition coefficient of the protein can be expressed as

Ik = %AV 8.1)

P kT

where z, is the net charge of the protein, e is the elementary charge, k is the Boltzmann
constant and T is temperature. At pH 7.0, the net charge of cytochrome-c is z,=+6
(Theoreu and Akesson, 1941; Wu and Chen, 1987), and using the partition coefficient
data in Figure 8.2 for cytochrome-c at ¢ =1.6, namely, K,N*?=1.56, K N®*=1.47, the
difference in the electrical potential, AyYN25%-AyMNCl calculated using Eq.(8.1) is
approximately 0.2mV. 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 concentrations of PEO which are concomitantly less also.
While one could further investigate the influence of the salts by measuring the partition
coefficient as a function of pH, as has been performed in two-phase aqueous polymer
systems (Johansson, 1985), the interpretation of these measurements are complicated by
conformational changes of the protein which, in general, accompany changes in the
solution pH.

Table 8.1 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 inspection of Table 8.1 shows that for the samples containing high
initial PEO concentrations (>0.85% w/w in the lower compartment), small amounts of
PEO are detected in the top (initially polymer-free) compartment after equilibration of
the protein concentration. Although some polymer leaked through the membrane, the
very low concentration of PEO in the top phase, as compared to that in the lower PEO-
rich phase, 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 phase
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l PEO in Top Compartment (% w/w) PEO in Bottom Compartment (% w/w) "
0.00 0.00
0.00 0.08
0.00 0.19
0.00 0.46
0.024 0.85
0.047 1.65

Table 8.1 Concentrations of PEO measured in the top and bottom compartments of the

diffusion cell after equilibration of cytochrome-c between compartments.
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and the top polymer-free solution phase. The term "effective" equilibrium partition
coefficient is used to emphasize the fact that the true equilibrium in the system would
result in equal concentrations of both PEO and proteins in each compartment since,
ultimately, all PEO molecules can reptate through the pores of the membrane,
irrespective of their molecular weight. In our experiments, we exploit the fact that the
polymer flux through the membrane is significantly slower than the protein flux (for the
smaller proteins). Figure 8.3 presents the results of an HPLC analysis of the two
samples reported in the bottom line of Table 8.1 (1.65%w/w and 0.047 %w/w PEO, top
and bottom phases, respectively). In Figure 8.3, the HPLC refractive index detector

output (with a signal which is proportional to the concentration of polymer in the
solution) is plotted as a function of the time following the sample injection.
Interestingly, while the refractive index profile (full line) of the bottom PEO-rich phase
contains only a single peak, that of the top phase (dashed line), which contains the PEO
which has 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 second peak (as a function of increasing time) in the chromatogram, for the PEO
solution sample from the top compartment, corresponds to a PEO fraction having 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 molecular weight distributions of the PEO are
rather different in the two solution compartments, for our purposes, the polymer
concentration in the top compartment is maintained sufficiently low such that it can be
neglected when interpreting the protein partitioning results. However, it should be
stressed, that if the polymer concentration in the top compartment was allowed to become
comparable to that in the bottom compartment, the different molecular weight
distributions could become a very important consideration when interpreting protein

partitioning behavior.
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Figure 8.3 Refractive index (RI) of chromatograph eluent stream as a function of the
time elapsed following the injection of samples, t, of top (broken line) and bottom (solid
line) phases. Note that the RI unit of measurement for the bottom phase has been

reduced by a factor of five for presentation purposes.
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8.4 Discussion

We compare first the theoretical predictions for the protein partition
coefficients reported in Chapter 4 to the experimental measurements presented in Figure
8.2. For the protein partition coefficient measurements presented in Figure 8.2, the
exponents, «, and prefactors, 3, which relate the logarithms of the measured protein
partition coefficients to the PEO volume fractions have been evaluated according to the

power-law

InK, = Bo" 8.2)

The method of determination is presented in Figure 8.4. In this figure, the double
logarithm of the protein partition coefficients are plotted as a function of the logarithm
of the polymer volume fractions. The exponent, «, is determined from the slope of the
plots, and the logarithm of the prefactor, In83, from the intercept of the plots. For the
three sets of data in Figure 8.2, corresponding to cytochrome-c in buffered NaCl and
Na,SO, solutions and ribonuclease in Na,SO, solutions, the exponents, «, and intercepts,
In8, are presented in Table 8.2. It is interesting to note that the same exponent,
a=1.22+0.06, (within the statistical uncertainty) was determined for both cytochrome-c
and ribonuclease in Na,SO,, and for cytochrome-c in the presence of the two different
salts (NaCl and Na,SO,). In contrast, while the two intercepts determined for
cytochrome-c were essentially the same, In3=4.240. 1, the intercept for the ribonuclease
data was significantly less, In3=3.6+0.1. We first interpret the values of the exponents,
a, and then the prefactors, 3.

Corresponding to the scenes depicted in Figures 3.7(a) and 3.7(b), in

Chapter 5, the form of the protein partition coefficients were derived as

R 4/3 13 (8 3)
a .
.;”] 1 _k‘G[F] R <,

4

anp =¢
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Figure 8.4 The double logarithm of the protein partition coefficient, In(InK,), as a
function of the logarithm of the volume fraction of PEO in the bottom compartment,
In(¢); cytochrome-C in 0.05M sodium sulphate (a), cytochrome-c in 0.10M sodium
chloride (®), and ribonuclease in 0.05M sodium sulphate (l). All solutions contained
10mM sodium phosphate (pH 7.0 buffer) and 1.5mM sodium azide.
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Protein Salt Exponent Prefactor
Cytochrome-c 0.10M NaCl 1.204+0.04 4.1710.09
Cytochrome-c 0.05M Na,SO, 1.2610.03 4.29+0.07
Ribonuclease-a 0.05M Na,SO, 1.2240.04 3.64+0.10

Table 8.2 Exponents and prefactors obtained from a comparison of Eq.(34) to the

experimental data in Figure 8.2.
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and

3
InK, = o [%] [1 _ kzeRi] R>¢, 8.4)

p

That is, Egs.(8.3) and (8.4) predict the exponent o as 1 and 9/4, respectively. The
experimentally determined value of 1.25 appears closer to the exponent predicted for
Figure 3.7(a), where R, <£. The effective spherical sizes (Stokes-Einstein radii, see
Eq.(8.7) and Table 8.3) of cytochrome-c and ribonuclease are both approximately 204,
and over the range of PEO concentrations, the accompanying variation in the polymer
mesh size was from 80A to 800A. Clearly, this is consistent with the constraint of either
R,<£ or R,<%,. It is noteworthy that the presence of a weak attraction between the
protein and polymer (see Eqs.(8.3) and (8.4)) does not influence the value of the
exponent « (but, as shown below, it can, in principle, affect the value of the prefactor
B). Finally, it is curious to note that while the experimentally determined exponent
a=1.22, lies between the limits of =1 and o=9/4, there is 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 prefactors, B, determined from the two
cytochrome-c experiments in Table 8.2 are the same (In3=4.2), the value of S
determined for ribonuclease (In8=3.6) was significantly smaller. In accordance with the
above discussion on the concentration dependence of the protein partition coefficient, in
Figure 3.7(a), where R,<£, and only steric interactions exist between the protein and

polymer, the difference in the prefactors is given by (Eq.(8.3))

ribo
41n R, ] 8.5)

Ing™®°-InBo" =

R cyto

P

Using the experimental values for In@, and InB, from Table 8.2, the ratio of the protein

sizes was predicted to be
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Physical Property Cytochrome-c* Ribonuclease-a®
Molecular Weight (Da) 12 384 13 690
Diffusion Coefficient 10.1x107 10.7x107
(cm?/s)
Dimensions (A) 15x 17 x 17 19x14x 11
Hydrodynamic Radius (A) 21 20

*(Dickerson et al., 1971; Cohn and Edsall, 1943), ®(Squire and Himmel, 1979)

Table 8.3 Physical properties of cytochrome-c and ribonuclease-a.
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P _=1.8 8.6)

In Table 8.3, a comparison of some relevant physical properties of
cytochrome-c and ribonuclease is presented. An inspection of Table 8.3 will show that,
although the dimensions of the protein molecules (as determined from crystal structures)
are somewhat different, the diffusion coefficients are essentially the same. From the
diffusion coefficients reported in Table 8.3, and using the well-known Stokes-Einstein
equation (Deen, 1989),

kT
D=_""_ 8.
6mR, @D

the effective hydrodynamic radius, R,, has been evaluated (see Table 8.3). If R, is
assumed to be the relevant chracterization of the protein size for prediction of the
partitioning, one would predict the ratio in Eq.(8.6) to be (using the diffusion coefficients
from Table 8.3) approximately unity. In contrast, the experimental value of
R,/R,™=1.8 in Eq.(8.6) is significantly larger than unity. There may be several
reasons for this: (1) the effective protein size determined from bulk diffusion coefficient
measurements is not the correct characterization of the protein size for the prediction of
the partitioning behavior, or (2) attractive interactions between the protein and polymers
influence the value of the prefactor 3.

The combined influence of repulsive steric and weak attractive interactions
on the protein partition coefficient is described by Eq.(8.3). Since the influence of the
attractions is only perturbative, the term in the brackets is very close to unity and can be

written as

InK = ¢

p
p

4/3 13
R b 8.8)
£ -k -
p l €Xp 18 [R }
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This equation predicts the difference in 8 for cytochrome-c and ribonuclease-a to take the

173 173

a a 8.9)
_— -& o | =—
Rp,n'bo > Rp,cyto

The first term in Eq.(8.9) is the steric interaction term and the second term describes the

form

R .
Rp’nba} _kl € ivo

p.cyto

In8,,,, - Inf,, =%ln

influence of the attractive interactions. From Eq.(8.9) it can be seen that when

R, ¥ =R, ™ and £>0, the influence of the attraction on InB,-B., is

1/3
08, - 08, =—ki(,5, €., [Tf‘f_] (8.10)
P

For a protein of size, R,=20A, and a=4A, in order to account for the observed value
of Inf,;,,-B.,10, the difference in the attractive interaction energies are estimated as k; (&p-
&40) =1. This difference in the attractive interactions appears to be very large and, in
particular much larger than that required to account for the partitioning behavior of
similar sized proteins in two-phase aqueous polymer systems (Abbott et al., 1991a, b,
and c). Therefore, it appears that some other factor, for example, the protein shape, is
contributing to the different partitioning behaviors of cytochrome-c and ribonuclease-a.
Finally, it is relevant to note that these two proteins partition rather differently in two-
phase aqueous polymer systems. Specifically, in a two-phase aqueous dextran-PEO
system, at each protein isoelectric point, the partition coefficient of ribonuclease-a
(K,=0.8) is higher than cytochrome-c (K,=0.5), indicating the preferred partitioning of
ribonuclease towards the PEO-rich phase, as compared to cytochrome-c (Walter et al.,
1972).

In Figure 8.5, we have reported the partitioning data of Cleland (1991) for
the hydrophobic protein intermediate, carbonic anhydrase (data points) into a solution

containing PEO of molecular weight 5x10°Da. It is important to emphasize
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that in Figure 8.5 the range of PEO concentrations is lower than those used in Figure
8.2, and it is not clear that the PEO concentration is sufficient for the polymers to be
extensively entangled. Neverthe less, since the polymer coil size is much larger than the
size of carbonic anhydrase (Cleland and Wang, 1991) (Rp=23A), and a complexation of
the protein and polymer appears to be taking place, a comparison with the partition
coefficient measurements to those in Figure 8.2 is illuminating. In contrast to Figure
8.2, the partition coefficients of the protein are less than unity, indicating a preferential
partitioning of the protein towards the PEO solution phase. Since R, <, (or R)), this
partitioning behavior is suggestive of Figure 3.7(c), where a complexation of the protein
and polymer has occurred. The associated scaling prediction for the number of polymer
segments within a single complex, N, is given by Eq.(5.25). Using the physical
parameter values of R,=23A, a=4A, g,=0.1, and assuming that e=1, N" is predicted
as 1400/k,, that is, a value of order 10°. Associated with the conditions of strong
binding, K;> 1, and the protein partition coefficient can be predicted from Eq.(5.32) as

= &L__ (8.11)
V'], + Ic,]

where [N°],, the total number of potential protein-binding domains, can be evaluated as

[N*], = £ (8.12)

Va

In Figure 8.5, along with the experimental measurements for the partition coefficeint of
carbonic anhydrase reported by Cleland and Wang (1991), the protein partition
coefficient predicted according to Eqs.(8.11) and (8.12) are reported as a function of the
polymer concentration. The four curves correspond to different values for N* in
Eq.(8.12). In Figure 8.5, the predicted influence of an increase in N” is to decrease the
protein partition coefficient. This trend reflects the increasing number of polymer
segments that are required to saturate each protein molecule. It is interesting to note that

the order of magnitude of N* which corresponds to the measured partition coefficients
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Figure 8.5 The partition coefficient of the carbonic anhydrase intermediate, InK,, as
a function of the volume fraction of PEO in the bottom compartment, ¢. Experimental
data (Cleland and Wang, 1991) (®); theoretical prediction according to Eq.(41), with
differing numbers of PEO segments in each protein-polymer complex; 10 000 (- - - ),
1 000 (—), 100 (- - -), 10 ().
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is approximately 3000. This value is indeed consistent with the scaling prediction of
order 10°. In conclusion, it appears that the partitioning data for carbonic anhydrase is
consistent with the formation of a protein-polymer complex, as depicted in Figure 3.7(c),

where roughly 10° polymer segments are associated with each protein molecule.

8.5 Conclusions

In order to eliminate the ambiguity associated with interpreting the
partitioning of proteins in two-phase aqueous polymer systems, where the concentrations
of the phase-forming polymers are coupled through the polymer solution equilibrium, the
partitioning of proteins across a semipermeable membrane was measured. The much
slower diffusion rate of poly(ethylene oxide) PEO through the membrane, as compared
to the small protein species, allowed the equilibrium partition coefficients of the proteins
to be measured. This situation was realized experimentally by partitioning the similarly-
sized hydrophilic proteins, cytochrome-c and ribonuclease-a (R,=20A), across a
semipermeable membrane which was impermeable to PEO (b=2A) of molecular weight
5x105 Da. Over the range of PEO concentrations 0.08% w/w to 1.7% w/w,
corresponding to 80A < £, <800A, the partition coefficients were interpreted using the
form InK,=p¢*, where ¢ is the polymer volume fraction and K, is the ratio of the
protein concentration in the PEO-free and PEO-rich solution compartments. The
experimental value of «=1.224+0.06 was found for both hydrophilic proteins. This
exponent lies within the limits of a=1 (R,<%,) and «=9/4 (R > £,) predicted for the
physical exclusion of the proteins from the entangled PEO solution. In view of the
similar sizes of the ribonuclease-a and cytochrome-c, the ratio of the prefactors,
Beyto/ Brivo=1.8 £0.2 could not be accounted for on the basis of protein size or realistic
attractive interaction energies. Charge effects related to the Donnan equilibrium of ions
were investigated by partitioning cytochrome-c in the presence of the two different salts,
NaCl and Na,SO, and were determined not to be a dominant contribution to the observed
partitioning behavior.

The partitioning behavior of the partially refolded hydrophobic protein,
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carbonic anhydrase, which partitions towards PEO with increasing polymer
concentration, is contrasted to cytochrome-c and ribonuclease-a. A comparison of the
partitioning behavior of the hydrophobic carbonic anhydrase intermediate species with
scaling predictions for K,, suggests that a protein-polymer complex forms, in which

approximately 10° PEO segments are present per protein.
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Chapter 9.

Protein Partitioning in Two-Phase Aqueous Polymer
Systems: The Coupling of Protein Concentration, Salt
Type and Polymer Molecular Weight Effects.

9.1 Introduction
In Chapter 4, a general thermodynamic formulation was presented in order

to relate the experimentally measureable protein partition coefficient, K,, to the

molecular-thermodynamic parameters of the system, namely,
InK, = In S| —qn|dee| [._..._ﬂ"’b_”p"
C, Vot kT

where v, ; is the activity coefficient of the protein in phase i, p,;° is the standard-state

kT

Z,(¥, - wJ 9.1)

chemical potential of the protein in phase i, z, is the net charge of the protein molecule
(assumed to be independent of the polymer solution phase), and , is the electrical
potential of phase i. From an inspection of Eq.(9.1) it is apparent that, in general, the
prediction of the partition coefficient of a protein is a rather formidable task and requires
the evaluation of the activity coefficients of the proteins, the standard state-chemical
potentials of the proteins, the net protein charge, and the potential differences between
the phases. However, as reported in Chapter 4, through the judicious choice of
experimental conditions, it is possible to focus on changes in the protein partition
coefficient which reflect only certain of these terms. For example, in the two phase

aqueous polymer system containing poly(ethylene oxide) (PEO) and dextran,
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accompanying a change in the PEO molecular weight, under the conditions of (1)
vanishing protein concentration, (2) negligible PEO in the dextran-rich phase, and (3)
constant weight fractions of polymers in each of the phases, Eq.(9.1) was suggested to
simplify to

AmK, =1n| St | = B ©.2)
P C,p kT

where the symbol, A, denotes the changes in InK; and p,,” which accompany the change
in the molecular weight of PEO in the two-phase system. In simplifying Eq.(9.1) to
Eq.(9.2), certain terms have been neglected, and it is relevant to review the reasons
(which are detailed in Chapter 4) for their elimination.

First, Eq.(9.2) was developed from Eq.(9.1) for the limit of vanishing
protein concentration where it was assumed that protein-protein interactions become
sufficiently infrequent such that they do not influence the observed partitioning behavior
of the proteins. Curiously, the influence of protein-protein interactions on the
partitioning behavior of proteins in two-phase aqueous polymer systems has not received
systematic attention through experiments, particularly for the case where mixtures of
different protein types are present (Walter et al., 1991). In general, the influence of
protein-protein interactions on the protein partitioning behavior can be expected to be
highly specific to the protein type. For example, a case where protein-protein
associations have been observed to influence the partitioning of proteins between the two
phases is a study of the tetramer-dimer dissociation of hemoglobin. In this instance, over
the range of hemoglobin concentrations, 0.1 g/l to 0.7 g/, a significant change in the
protein partition coefficient was observed to accompany a change in the protein
concentration (Middaugh, C.R.; Lawson, E.Q., 1980). In contrast, Albertsson (1986)
reported the partitioning of human serum albumin (HSA) in the dextran-PEO two-phase
system with 0.01M sodium phosphate buffer. In this system the partition coefficient of
HSA was observed to be independent of the protein concentration up to 50 g/1, at least.

On the basis of these experimental observations is appear necessary to examine the
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potential role of protein-protein interactions on the protein partition coefficient before
Eq.(9.2) can be reliably used for a particular system. As we show below, for the protein
ovalbumin, over the range of protein concentrations between 0.2 g/l to 2 g/1, the protein
partition coefficient was observed to be independent of the protein concentration. Thus,
for the experimental system considered here, it appears justifiable to set the activity
coefficients, v, ;, to unity in simplifying Eq.(9.1) to Eq.(9.2).

The second step in simplifying Eq.(9.1) to Eq.(9.2) was to assume that the
standard state chemical potential of the protein in the bottom dextran-rich phase was
invariant with changes in the PEO molecular weight. This assumption appears justified
if the weight fractions of the polymers in the coexisting polymer solution phases are
insensitive to the changes in the PEO molecular weight, and secondly, negligible PEO
exists in the bottom dextran-rich phases. The conditions under which the above
conditions are satisifed requires some clarification. While, in general, the phase
equilibrium of two coexisting polymer solutions phases is a function of the molecular
weights of the "phase forming polymers", the effect of the molecular weights of the
polymers can be minimized with the judicious choice of experimental conditions.
Specifically, for the PEO-dextran two-phase aqueous polymer system, the influence of
PEO molecular weight on the phase compositions can be greatly reduced by taking two
precautions. First, the dextran molecular weight in the two-phase system should be made
as high as possible. Second, the concentrations of both the PEO and dextran should be
chosen in order to place the two-phase system deep into the two-phase region of the
equilibrium phase diagram. Under these carefully chosen experimental conditions, the
compositions of the coexisting phases are observed experimentally to be quite insensitive
to PEO molecular weights of 4 000 Da and greater (Albertsson, 1986; Abbott et al.,
1991; Albertsson et al., 1987). While small changes in the polymer concentrations in
the coexisting phases certainly occur, the results of this investigation, further support the
assertion that changes in the polymer compositions are very small and are not the
underlying cause of the observed protein partitioning behavior (at the conditions of these
experiments). Therefore, while a recent paper is correct, in principle, in pointing out

the well-known coupling of polymer molecular weight and phase compositions in these
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systems, it is possible to find two-phase systems where the practical consequences of
changes in polymer molecular weight and polymer concentration on the protein partition
coefficient can be separated (Forciniti et al., 1991). Finally, it is relevant to point out
that the same experimental conditions which provide PEO-dextran systems with phase
compositions which are insensitive to the PEO molecular weight, also provide dextran-
rich phases which contain only very small concentrations of PEO.

The third assumption made in arriving at Eq.(9.2) was based on the
condition that the electrical potential between the two coexisting polymer solutions phases
be independent of the PEO molecular weight. This assumption was based on intuitive
reasoning which considered the interactions between the salts and the PEO to be short-
ranged (in comparison to the polymer coil sizes). In other words, salt is assumed to
interact with PEO at the length scale of the polymer segments rather than the polymer
coil size, and is, therefore, a function of the polymer segment concentration (weight
fraction of polymer) only. In view of the previous measurements of the compositions
of the coexisting polymer solution phases, which found them to be essentially invariant
over the range of PEO molecular weights for which the protein partition coefficients
were measured (see the discussion above), it was concluded that in studying the changes
in the protein partition coefficient, the salt effect would be eliminated. Although, no
detailed prior experimental investigation appear to conclusively address this issues, the
experimental observations which do exist, unfortunately, do not seem to reach a
concensus. For example, Johansson investigated the influence of PEO molecular weight
on the electrical potential difference (Johansson, 1978) for two PEO molecular weights,
6,000 Da and 35,000 Da. Using the partitioning behavior of the protein, bovine serum
albumin, measured as a function of pH, the electrical potential was estimated for various
compositions of the two-phase system. Johansson found that the electrical potential
difference was a function only of the tieline length and was independent of the PEO
molecular weight. While this observation supports our use of Eq.(9.2), other evidence
exists which suggests a different conclusion. For example, Bamberger et al. (1985)
determined the electrical potential difference between the coexisting polymer solution

phases of several PEO-dextran systems, and then calculated the ratio of the electrical
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potential difference and the tie-line length. These investigators observed that increasing
the PEO molecular weight appeared to increase (slightly) the electrical potential
difference, and decreasing the dextran molecular weight increased (slightly) the electrical
potential difference.

In view of the importance of the above considerations in providing
foundations for the development of a molecular-level understanding of protein
partitioning in two-phase aqueous polymer systems, we considered it desirable to obtain
experimental verifications for their validity. Accordingly, an experimental investigation
was instigated with the main aim of answering two questions. First, are the protein
partitioning measurements presented in Figure 2.4 (in Chapter 2) at sufficiently dilute
protein concentrations such that protein-protein interactions make a negligible
contribution to the protein partition coefficient? Although, several reports exist which
have investigated the influence of protein concentration on the protein partition coefficient
for different systems, it was considered important to perform the experiment over the
range of PEO molecular weights investigated in Figure 2.4, since, in general, the
molecular weight of the PEO (and other solution conditions) could also influence the
strength of the protein-protein interactions. Accordingly, we have examined the
influence of concentration on the partitioning of ovalbumin using the PEO molecular
weights of 5 000 Da and 20 000 Da and over a range of protein concentrations from
0.2g/1 to 2 g/1. The second question that we wanted to address was related to the
possible coupling between the effects of the electrical potential difference and PEO
molecular weight? That is, is the difference in the electrical potential, as characterized
by ¥i-¥ in Eq.(9.1), a function of the PEO molecular weight? If the electrical potential
difference is dependent on the PEO molecular weight, it is also a function of the specific
salt type, then the difference in the protein partition coefficient, AlInK,, will also be a
function of the salt type present in the system. Accordingly, we have measured the
partition coefficient of ovalbumin as a function of PEO molecular weight in the presence

of two different salts, and found that this quantity is, in fact, independent of the salt type.
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9.2 Materials and Experimental Considerations

A. Materials

Molecular weight standard grade PEO was purchased from Polysciences
Inc. (Warrington PA) with molecular weights of (in Da, according to manufacturers
specifications) 5,000 (M,/M,=1.05), 9,000 (M,/M,<1.10), 11,000 (M,/M,=1.10),
15,000 (M,,/M,=1.2), 20,000 (M,,/M,=1.07), where M,, and M, are the weight-average
and number-average molecular weights, respectively. The polydispersivity indices
(M,,/M,) were reported by the manufacturers. Poly(ethylene) oxide of molecular weight
35,000 was purchased from Fluka (Switzerland). Dextran (M,,=300,000 Da) was also
purchased from Polysciences Inc. Chicken egg albumin (ovalbumin) was purchased from
Sigma Chemical (St Louis, MO). All other chemicals used were of analytical reagent
grade.

B. Experimental Methods

All polymer solutions were prepared in aqueous buffered solutions
containing 10 mM sodium phosphate to control the pH at 7.0, 1.5mM sodium azide to
prevent bacterial growth in the samples, and either 0.1M NaCl or 0.05M Na,SO,. All
polymer solutions were prepared by weight since the high viscosities of the solutions
prevented the accurate measurement of the volumes of the solutions. First a stock
solution of dextran was prepared in the aqueous buffer with a concentration of dextran
equal to that desired in the two-phase system. The stock solution was then divided into
3g aliquots, into which the PEO was weighted. The resulting two-phase system was then
thoroughly mixed. All two-phase systems were prepared in duplicate. Into one of the
resulting two-phase systems, 60ul of protein solution was added, and to the other solution
the same volume of buffered solution was added. The protein-free two-phase system
served as the reference solutions in the spectrophotometer for the measurement of the

protein concentrations. The resulting polymer solutions were thoroughly mixed, gently
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centrifuged at 1000rpm (Centra 4, International Centrifuge) for 5 minutes, and then
equilibrated for 12 to 18 hours in a temperature controlled water bath (Magni Whirl,
Blue M). After equilibration, the samples were visually inspected, to ensure that the two
coexisting polymer solution phases were clear and that no protein precipitate was present
at the interface of the two phases. In order to determine the concentrations of proteins
in each of the phases, using a syringe, samples of each of the two coexisting solution
phases were collected. First, without disturbing the fragile liquid-liquid interface
between the two phases, a sample of the top PEO-rich solution phase was carefully
collected. Following the collection of the top-phase sample, the remainder of the top
phase was sucked from the interfacial region using a pasteur pipette. The interfacial
sample, which typically contained a mixture of the top and bottom phases, was then
discarded. The remaining solution was the bottom phase, which was withdrawn from the
testtube and then prepared for the measurement of protein concentration. Due to the high
viscosities of the polymer solutions which were withdrawn from each of the phases, it
was necessary to dilute the samples prior to measurement of the protein absorbance. If
the samples were not diluted, streaks appeared in the polymer solutions as they were
pipetted into the spectrophotometer cuvettes, which in turn scattered the light during the
measurement of the protein absorbance. The absorbance of the ovalbumin was measured
at 280nm using a Perkin-Elmer Corp. Lambda 3B UV-VIS spectrophotometer, an an

identical polymer solution phase (protein-free) as a reference.

9.3 Results

In Figure 9.1, partition coefficient measurements for ovalbumin are
presented as a function of the overall ovalbumin concentration in the two-phase system.
The measurements are reported for two two-phase systems, one contained PEO with a
molecular weight of 5 000 Da and the other containing PEO 20 000 Da. Both systems
contained 0.05M Na,SO,. From Figure 9.1 it is apparent that over the range of protein
concentrations, 0.2 g/l to 2 g/1, the same protein partition coefficient was measured for

each PEO molecular weight. These observations supports our hypothesis that the protein
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Figure 9.1 Logarithm of partition coefficient for ovalbumin, logK,, as a function of
ovalbumin concentration, c,, in the two-phase aqueous PEO-dextran system with either
PEO 5,000 Da (H) or PEO 20,000 (®). Also present in the two-phase system was
10mM sodium phosphate buffer (pH 6.9) and 0.05M sodium sulphate.
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concentrations were sufficiently low such that protein-protein interactions do not
influence the protein partition coefficient.

In Figure 9.2, partition coefficient measurements for ovalbumin
arepresented as a function of the molecular weight of the PEO. The two-phase systems
contained either 0.05SM Na,SO, or 0.1M NaCl. While the partition coefficients of
ovalbumin in the presence of Na,SO, are higher than in the presence of NaCl, in each
case, accompanying an increase in the molecular weight of the PEO is a decrease in the
measured protein partition coefficients. A more careful inspection of Figure 9.2 reveals
that the change in the protein partition coefficients accompanying a change in the PEO
molecular weight is in fact independent of the salt type. This is also demonstrated in
Figure 9.2, where the difference in the partition coefficients measured in the presence
of the two salt types is plotted is plotted as a function of PEO molecular weight. From
an inspection of Figure 9.2 it can be seen that this difference is insensitive to the PEO
molecular weight. This supports the assumption leading to Eq.(9.2), that y,-y, is
independent of PEO molecular weight.

9.4 Discussion and Conclusions

The results presented in Figure 9.1 clearly show that the protein partition
coefficient of ovalbumin is independent of concentration over the range 0.2 g/l to 2 g/I.
In view of the relatively low protein concentration (the average distance separating
between protein molecules is 300A to 1000A, for the protein concentrations 0.2 g/l and
2 g/l, respectively), and the presence of salt (0.05M Na,SO,) to screen electrostatic
interactions, it appears very reasonable that the protein partition coefficient is
independent of protein-protein interactions. However, it appears somewhat remarkable
that for the partitioning of human serum albumin (reported previously), the independence
of the partition coefficient from the protein concentration is observed upto protein
concentrations of 50 g/l. This is particularly suprising since small angle neutron
scattering studies on aqueous solutions of bovine serum albumin, at similar concentrations

and salinity, show evidence of protein-protein interactions (Bendedouch et al., 1983;
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Figure 9.2 Logarithm of partition coefficient for ovalbumin, logK,, as a function of
PEO molecular weight, M,, in the two-phase aqueous PEO-dextran system with either
0.1M NaCl (a) or 0.05M Na,SO, (®). 10mM sodium phosphate buffer (pH 6.9) was
present in all two-phase systems. Also shown is the change in the partition coefficients

due to the different salt type at each polymer molecular weight () (for presentation
purposes this plot has been translated to an arbitrary ordinate scale value.
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Nossal et al., 1986; Chen et al., 1986). One possible explanation for the apparent
insensitivity of K, to the protein concentration may be that only the ratio of the protein
activity coefficients (for protein in the top and bottom phases, respectively) enters
theprediction of the protein partition coefficient, rather than their individual values (see
Eq.(9.1)). Therefore, if the protein-protein interactions are similar in each of the phases,
the contribution of the protein-protein interactions to the protein partition coefficient will
tend to cancel each other, and thus the protein partition coefficient will be observed to
be insensitive to the protein concentration.

While Figure 9.2 supports the hypothesis that changes in the protein
partition coefficient are independent of the salt type (at least, for the phase system
investigated here), it is interesting to consider this result in the light of a recent
suggestion in the literature. Cabezas and coworkers (Cabezas et al., 1990) recently
suggested that very low Na,SO, concentrations can significantly alter the equilibrium of
the coexisting polymer solution phases of the dextran-PEO system. If this was indeed
true, then given that the influence of PEO molecular weight is coupled to the
concentration of polymer solution in the system, it would appear unlikely that we would
have observed the change in the protein partition coefficient, as shown in Figure 9.2, to
be independent of the salt type. If the phase compositions had changed significantly,
through the influence of the phase compositions on the electrical potential difference, one
would not expect to find AlnK, independent of the salt type.

Finally, it is relevant to mention the recent work of Forciniti (Forcinitie
al., 1991) who have investigated the simultaneous effects of polymer molecular weight
and pH, motivated by the possible coupling between charge related effects and polymer
solution conditions. Over the range of conditions explored, they point out that they can
not distinguish between the effects of polymer concentration and polymer molecular
weight, due to their coupling. For example, at acidic pHs, the partition coefficient of
lysozyme was observed to increase with PEO molecular weight from PEO 4 000 Da to
PEO 10 000 Da and then decrease slightly from 10 000 Da to 20 000 Da. However, at
alkaline pHs the partition coefficients decrease monotonically with increasing PEO

molecular weight. These observations, and other involving chymotrypsinogen A,
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albumin (type not defined) and catalase, suggests that the influence of the pH and
polymer molecular weight are coupled through the influence of the polymer molecular
weight on the phase concentrations and the dependence of the salt partitioning on the
polymer concentrations. As the authors point out, the interpretation of the pH effects are
also hampered by the influence of the pH on the conformational and aggregation states
of the proteins. It is important to point out here that while the results of Forciniti et al.
illustrate the richness of the protein partitioning problem, they conducted their
experimental investigations over a range of conditions where the protein partitioning
behavior reflects a variety of partitioning mechanisms. As such, until all the mechanisms
of protein partitioning are understood, the interpretation of these measurements will be
very difficult. Their approach in is contrast with our own, where we have carefully
chosen experimental conditions with the objective of focussing on the individual parts of
the protein partitioning problem. Indeed, this motivates our choice of two-phase systems
that provide experimental conditions which permit use to focus our attention on
understanding the protein stanard state chemical potential in the PEO-rich phase, as
illustrated by Eq.(9.2).
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Chapter 10.

" Conclusions: Facts, Philosophy and Future "

10.1 Facts

The theoretical tools of polymer-scaling laws, statistical-thermodynamics,
and liquid-state theory, as well as the complementary experimental techniques of
equilibrium partitioning and small-angle neutron scattering have been used to illuminate
certain facts regarding the partitioning of proteins in two-phase aqueous polymer systems.

These facts are summarized below.

(1). In the two-phase aqueous poly(ethylene oxide) (PEO)-dextran system, with
increasing PEO molecular weight, scaling predictions and the interpretation of small
angle neutron scattering (SANS) measurements reveal a transition in the underlying
structure of the PEO solution phase from individually dispersed PEO coils to an
extensively entangled PEO mesh.

(2).  In two-phase aqueous polymer systems, certain experimentally observed protein
partitioning behaviors were found to correlate with the occurence of a transition
(crossover) in the underlying structure of the PEO-rich phase (see (1) above). At the
crossover, the correlation length of the PEO solution is similar to the size of the protein
molecules, and therefore, the interactions of the proteins and polymers, as well as the
associated protein partitioning behavior, are very sensitive to the presence of the

Crossover.
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(3).  The recognition of the crossover in the polymer solution regime etablishes a new
physical basis for the formulation of molecular-level descriptions of protein partitioning
in two-phase aqueous polymer systems. In solutions of identifiable polymer coils, the
proteins interact with individual polymer coils. In contrast, in solutions of entangled
polymer coils, within the mesh, the identities of the individual polymer coils are lost and
the proteins interact with the polymer mesh. Novel molecular-level descriptions of
globular proteins in two-phase aqueous polymer systems were proposed. The scenarios
differed in (i) the polymer solution regime, (ii) the relative size of the protein and the
polymer coil/mesh, (iii) the nature of the energetic interaction between the flexible

polymer chains and the globular protein molecules.

(4). A statistical-thermodynamic framework was developed that related changes in the
protein partition coefficient, under experimentally accessible conditions, to changes in
the standard-state protein chemical potential in the PEO-rich phase of a two-phase
aqueous PEO-dextran system. Specifically, under certain experimental conditions the
additional influences of different salt types and protein concentration on the change in
the protein partition coefficient associated with an increase in PEO molecular weight

were eliminated.

(5). A scaling-thermodynamic treatment of proteins in polymer solutions of identifiable
polymer coils was formulated in order to describe the qualitative influence of different
molecular mechanisms on the partitioning behavior of proteins: At ©-solvent conditions
for the polymer, the excluded-volume interaction between the proteins and the polymer
coils was unable to account for the influence of polymer molecular weight on the protein
partition coefficient; at athermal-solvent conditions, where repulsive polymer-polymer
interactions also influence the protein chemical potential, the predicted protein partition
coefficient was shifted in a direction qualitatively consistent with experimental trends.
For both athermal- and ©-solvent conditions, the observed change in the protein partition
coefficient was determined to be qualitatively consistent with the presence of a weak

attraction between the polymer coils and the proteins. The presence of a strong attraction
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between the polymer coils and the proteins, and the associated formation of an adsorbed
polymer layer at the surface of the proteins, was shown to lead to a new partitioning

behavior that has not yet been realized experimentally.

(6). A theoretical formulation to predict the thermodynamic properties of solutions
containing globular protein molecules and identifiable polymers was developed using an
equation of state/Monte-Carlo scheme. On the basis of the theoretical formulation it was
concluded that (1) the deformability and penetrability of the polymer coils to the proteins
is an essential feature of protein-polymer interactions, (2) direct steric interactions
between hydrophilic proteins and PEO coils alone cannot account for the observed
influence of PEO molecular weight on the protein partitioning behavior, (3) interactions
between PEO coils, which are a function of PEO molecular weight, represent an
important influence on the observed protein partitioning behavior observed to accompany
a change in PEO molecular weight, (4) the presence of weak attractive interactions, of
strength 0.01KT to 0.1KkT, are consistent with the observed influence of PEO molecular
weight on the experimentally observed protein partitioning behavior, (5) deviations of the
protein shape from a spherical one can significantly influence the predicted protein
partitioning behavior, and (6) evaluation of the standard-state protein chemical potential
at constant solvent chemical potential, rather than at constant pressure, can lead to

qualitatively incorrect predictions of the protein partitioning behavior.

(7).  The measurement and interpretation of the intensity of neutrons scattered at small
angles (SANS) from bovine serum albumin (BSA, R,=35A) in aqueous (D,0) solutions
containing singly dispersed PEO coils was found to be consistent with the existence of
a weak attractive interaction (0.05kT) between BSA and PEO (in addition to repulsive
steric interactions). The attractive interaction reduced the second virial coefficient for
the BSA-PEO interaction to 80% of the value predicted for purely excluded-volume

interactions.

(8). A scaling-thermodynamic formulation was developed to describe the
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thermodynamic properties of proteins in solutions of entangled polymers. A variety of
different partitioning behaviors were predicted depending on (i) the size of the protein
molecules, (ii) the size of the polymer net, and (iii) the strength of energetic interactions

between the proteins and the polymers.

(9). Inorder to eliminate the ambiguity associated with predicting and interpreting the
partitioning of proteins in two-phase aqueous polymer systems, where the concentrations
of the phase-forming polymers are coupled through the polymer solution equilibrium, the
partitioning of proteins across a semipermeable membrane was considered. The
application of the scaling-thermodynamic formulation (see (8) above) revealed important
differences between the predicted protein partitioning behavior in systems with coexisting

liquid phases and liquid phases separated by a mechanical membrane.

(10).  The partitioning of proteins across a semipermeable membrane (between aqueous
PEO-free phase and a PEO-rich phase) was achieved by exploiting the much slower
diffusion rate of high molecular weight poly(ethylene oxide) PEO through the membrane,
as compared to that of small protein species. This situation was realized experimentally
by partitioning the similarly-sized hydrophilic proteins, cytochrome-c and ribonuclease-a
R,= 20A), across a semipermeable membrane which was impermeable to PEO of
molecular weight 5x10° Da. Over the range of PEO concentrations 0.08% w/w to 1.7%
w/w, corresponding to 80A < £, <800A, the partition coefficients were interpreted using
the form InK,=B¢*, where ¢ is the polymer volume fraction and K, is the ratio of the
protein concentration in the PEO-free and PEO-rich solution compartments. The
experimental value of a=1.22+0.06 was found for both hydrophilic proteins. This
exponent lies within the limits of a=1 (R, <&,) and a=9/4 (R,> £,) predicted for the
physical exclusion of the proteins from the entangled PEO solution. In view of the
similar sizes of the ribonuclease-a and cytochrome-c, the ratio of the prefactors,
Beyto/ Brivo=1.8£0.2 could not be accounted for on the basis of protein size or realistic
attractive interaction energies. Charge effects related to the Donnan equilibrium of ions

were investigated by partitioning cytochrome-c in the presence of the two different salts,
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NaCl and Na,SO,, and were determined not to be a dominant contribution to the

observed partitioning behavior.

(11). From a common molecular-level description, structural features and
thermodynamic properties of aqueous polymer solutions containing globular proteins were
predicted. Specifically, the interpretation of the excess scattering in SANS experiments
(which directly reflects the average structural features) is consistent with the statistical-
thermodynamic models of protein-polymer interactions and the associated protein

partitioning behavior.

10.2 Philosophy

The philosophy behind this thesis was influenced by the French School of
polymer physics, and the "scaling description" of polymer solution properties (de
Gennes, 1988). Over several decades, this school of thought has prospered in the liquid-
state physics community and their viewpoint has proven to be particularly useful in
interpreting the small angle scattering of neutrons from fluids where the alternative mean-
field theories are less successful. Scaling concepts have had particular success in
describing universal physical features of well defined (model) polymer solutions (for
example, see Cotton et al., 1972; Schaefer, 1984). However, our aim was rather
different. Specifically, as engineers, we wanted to explore and develop the use of scaling
concepts for more complicated and technologically relevant systems such as solutions of
proteins and polymers.  The physicist, the biologist and the protein chemist may
question the applicability of such concepts to biological systems in which much of the
interest arises from the differences in the chemical nature of the species. Therefore,
having presented the results of this thesis, based on our experiences during its execution,
it is relevant to consider the strengths and limitations of such a "scaling approach" to
"real" complex fluids.

While proteins can possess a wide variety of physical properties, the collation of

experimental protein partitioning measurements revealed that, for a certain group of
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proteins at least, universal features are observed in their partitioning behaviors. This
observation was an important signal, and suggested that a "coarse-grained" view of
protein partitioning may indeed prove profitable. In contrast, however, one can imagine
many other biological systems where the observed properties reflect local and chemically
detailed interactions. For such systems, which will not display universality, it is evident
that scaling is not applicable.

A major benefit derived from adopting the scaling approach to protein
partitioning was in being provided with tools with which to understand the intricate
relationship between transitions in the structure of the polymer solutions and the observed
partitioning behaviors. Indeed, such transitions appear to have been overlooked by more
computationally intensive and "quantitative" descriptions of protein partitioning. Due to
the mathematical simplicity of the scaling approach, one does not have to commit to a
single physical description of the system, but rather is encouraged to explore a variety
of scenarios.

However, in the course of this thesis we also encountered limitations of
the scaling approach which reflected its qualitative nature. Without a detailed knowledge
of the prefactors appearing in the various scaling predictions, one cannot compare the
contributions of additive terms, other than by orders of magnitude. While we could
indentify the potentially important contributions of repulsive polymer-polymer and
protein-polymer interactions and weak attractive protein-polymer interactions, we could
not evaluate their relative magnitudes. However, the scaling approach highlighted the
important contributions to be considered, and directed our attention to these
considerations in subsequent and more precise theoretical developments (EOS/MC
approach).

It is satisfying to mention that from the same physical basis, our theoretical
developments were able to predict both thermodynamic properties and structural
properties of the polymer solutions containing proteins. Independent conclusions, derived
from the interpretation of protein partitioning and small angle neutron scattering,
suggested that protein partitioning results from a delicate balance of repulsive steric

interactions (polymer-polymer and protein-polymer) and weak attractive interactions
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(protein-polymer).

In concluding, it is important to reiterate that the focus of this thesis has
been on the influence of polymer solution properties on protein partitioning. For
example, the influence of the detailed protein structure on partitioning has not been
treated, and we have considered only the average properties of the protein molecules.
Despite such approximations, certain protein partitioning behaviors can be rationalized
using our unified description for the structural and thermodynamic properties of aqueous
solutions of proteins and polymers. It is our hope that the philosophy which has been
explored, and the physical mechanisms which have been identified, will provide, in part,

the foundations for future developments.

10.3 Future

In tackling the protein partitioning problem, a variety of challenges were
encountered. While some of these challenges were treated within the scope of this thesis,
others were deferred for the future. Outlined below are some suggested directions for

future research.

(1). A concensus which appears to have emerged from several theories of protein
partitioning in two-phase aqueous polymer systems is the importance of attractions
between proteins and polymers, in addition to excluded-volume interactions. At first,
this seems a somewhat surprising conclusion since the partitioning of globular nonhemo-
proteins appears to reflect nonspecific interactions between polymers and proteins,
whereas attractions, arising, for example, from the interactions of the polymer with
hydrophobic pockets on the proteins, would be expected to be specific to the protein
type. Clearly, excluded-volume interactions are nonspecific and are determined solely
by the geometry of the system, and one can wonder if the attractions necessary in the
modelling approaches are introduced because the treatment of the excluded-volume
interactions is inadequate. Nevertheless, one must also be aware of the distinctly

different partitioning behaviors exhibited by other classes of proteins, such as hemo-

361



proteins. As the geometries are essentially identical for both hemo-proteins and
nonhemo-proteins, this suggests that interactions other than those of the excluded-volume
type may be of importance. If attractions are important, then theories can only
adequately address the roles of the attractions in protein partitioning phenomena if the
nature of the attractions is understood. In this thesis we have not speculated in detail on
the origin of the attraction incorporated in the statistical-thermodynamic description,
although we have discussed briefly the influence of the range of the attraction. In
particular, when dealing with such small colloidal systems, where the role of van der
Waals interactions may be important, the concept of a polymer interaction with the
surface of the protein may not be appropriate. Indeed, the attraction may reflect the bulk
properties of the proteins and not simply their surface properties, for example, if the
attraction is of the van der Waals type. That is, the influence of the volumes and
geometries of the interacting bodies on the interaction, as well as the possible long-range
nature of the forces may be important. Such considerations may be important in
proposing detailed statistical-thermodynamic descriptions of a variety of colloidal

systems.

(2). It is further evident from this thesis that there is a clear need for alternative
experimental studies to provide independent evidence for the existence of weak attractive
interactions between this class of proteins and PEO. To this end, measurements using
light scattering and (further) neutron scattering, analogous to those performed in this
thesis and in the anionic surfactant-polymer systems, may be illuminating. To this end,
reaction calorimetry may also prove a useful experimental technique to determine if there

is an enthalpy change arising from interactions of proteins and polymers.

3). Great mystery surrounds the potent effect that simple inorganic salts can have
on the partition coefficient of proteins in these systems. Although one can correlate
protein partition coefficients in terms of an effective interphase electrical potential
difference, a more fundamental and complete answer to the origin of the salt effect must

come from consideration of intermolecular and interionic forces which operate on a
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length scale comparable to the protein size. Indeed, when compared to the molecular-
level treatments for the interactions occurring between the phase-forming polymers and
proteins, the treatment of salt effects using a macroscopic approach, as has occurred
historically, is rather inconsistent. It must be recognized, however, that this approach
has been adopted because the existing understanding of the influence of salts in nonionic
systems is incomplete. Unlike the successful approximations available to treat salt effects
between discrete charges in which, for example, water is regarded as a continuum, an
understanding of salt effects in nonionic systems is likely to require a more explicit
consideration of the unusual properties of water, including its structure. This represents
a very challenging problem, particularly since the strength of the intermolecular forces

involved is comparable to that between water molecules.

(4).  Although the varied natures of the polymer solution phases have been recognized
in the course of this thesis, and distinct physical pictures for the limits of low polymer
molecular weight and high polymer molecular weight have been proposed, it is clear that
much of the partitioning occurs in the crossover region between the regimes depicted.
Thus, to develop a more complete quantitative description it will be necessary to describe
the entire transition regime rather than the two extreme limits of dilute and semidilute

polymer solutions addressed in this thesis.
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