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Abstract

The phase diagram of globular proteins is studied both theoretically and experimen-
tally. Emphasis is placed on understanding how the microscopic interactions of the
proteins lead to the phase diagrams observed.

The theoretical part of this work uses a combined analytic and computational ap-
proach. The proteins are assumed to be hard spheres of diameter . The interactions
between the proteins are modeled by a square-well potential with range A and depth
e. This model is used to show how the relative positions of the liquid-liquid and
liquid-solid phase boundaries in globular protein solutions are related to the short-
range nature of the protein interactions. The theory presented successfully describes
the features of the phase diagrams observed in a wide variety of protein and colloidal
systems. The theoretical study is applied to the phase diagram of aqueous solutions
of v-crvstallins to gain insight into the microscopic interactions between these pro-
teins. Analysis of the experimental data for the critical volume fractions permits the
determination of the range of interaction appropriate for these proteins. A compari-
son of the experimental and calculated widths of the liquid-liquid coexistence curves
suggests a significant contribution from anisotropy in the real interaction potential of
the ~-crystallins.

The experimental part of this work focuses on the role of small aggregates in
shaping the phase diagram. Oligomers of y-crystallins are produced by crosslinking
native y-crystallin proteins. LExperimental results for the liquid-liquid coexistence
curves of the crosslinked dimers and trimers are presented. These results are analyzed
within the context of the model use to describe protein monomers. It is found that the
protein oligomers may be described as having longer effective ranges of interaction
than the monomer protein. The experimental findings are used to illustrate the
important connection between aggregation and phase separation in globular protein
solutions.
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Chapter 1

Introduction

1.1 The Phase Transitions of Globular Protein

Solutions

Globular proteins are folded polypeptide chains which have molecular weights rang-
ing from approximately six thousand to one million daltons and radii of twenty-five
to two hundred angstroms [1]. Globular proteins are given their name because they
all have compact structures in contrast to the filamentous structures of fibrous pro-
teins. Solutions of globular proteins undergo several types of changes of state. In
this thesis I will examine those transitions of globular proteins in which the physics,
rather than the biochemistry. of the globular proteins plays the dominant role, since
such transitions can provide very general information about the interactions of these
proteins. The phase transitions of globular proteins which are mostly governed by
physical interactions are crystallization and liquid-liquid phase separation.

The more common phase transition that is observed in these protein solutions is
crystallization. Upon a change of conditions (such as temperature, protein concentra-
tion or pH) the proteins condense from solution and form a crystal. In liquid-liquid
phase separation. a change of conditions causes an initially homogenous protein solu-
tion to form two separate coexisting liquid phases, one protein-rich, the other protein-

poor. Both of these transitions are general in nature and have counterparts in simple

21



1.1. THE PHASE TRANSITIONS OF GLOBULAR PROTEIN SOLUTIONS

molecular fluids. The crystallization of proteins is equivalent to the fluid-solid transi-
tion while liquid-liquid phase separation corresponds to gas-liquid coexistence. There
is however one striking difference: when most simple fluids are cooled the order of
phases observed is gas to liquid to solid. In protein solutions the protein “gas™ usually
transforms into a solid without passing through a liquid phase.

[ illustrate this unusual order of phases by presenting in Fig. 1-1 the phase diagram
of ~r-crystallin protein [2. 3. 4]. This phase diagram is typical of the v-crystallins (a
family of monomeric eve lens proteins) and of other small globular proteins, such as
lysozyme [5, 6, 7]. The circles are points which represent the volume fractions (¢)
of coexisting protein-rich and protein-poor liquid phases (liquid-liquid coexistence
curve). The squares (liquidus linei and the triangle (solidus line) represent respec-
tively the volume fractions of protein in the liquid and solid phases in equilibrium
with each other. We see that there is no triple point and the coexistence curve lies
below the liquidus line. It is important to note that liquid-liquid phase separation
may be observed in many globular protein solutions despite it being metastable with
respect to solidification. lor comparison the phase diagram of argon is shown in
Fig. 1-2 [8. 9, 10]. We see that for argon the critical point lies above the triple point
(i.e.. T. > T,) indicating the presence of a stable liquid phase. In addition the coex-
istence curve is narrower and the value of the critical volume fraction is smaller than
for globular protein solutions.

There is one additional difference between the phase behavior of globular protein
solutions and that of simple fluids which is not app. “ent from a comparison of the
phase diagrams. In globular protein solutions both liquid-liquid phase separation
and crystallization may be obscured or accompanied by protein aggregation. in which
the protein forms irregular solid structures. Simple fluids on the other hand do
not aggregate. It is well known that many simple fluids form clusters [11]. These
however are either alterations in the local order of the liquid phase or defects in
the arrangement ol the solid. Thev are not aggregates. which exist as independent
structures and which form irreversibly. Although aggregation is governed by the same

molecular interactions that lead to liquid-liquid phase separation and crystallization.

S
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CHAPTER 1. INTRODUCTION
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liquid-liquid coexistence curve (CC). The squares are points on the liquidus line (L).
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1.1. THE PHASE TRANSITIONS OF GLOBULAR PROTEIN SOLUTIONS
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CHAPTER 1. INTRODUCTION

it is not strictly a phase transition. Aggregates are not in thermodynamic equilibrium

with another macroscopic phase; there is no aggregation phase boundary.

In this thesis I will address the following questions:

1.

o

Why is the shape of the coexistence curve for protein solutions different from that
of simple fluids? Specifically, I will examine why the critical volume fraction
and the width of the coexistence curve are both larger for globular protein

solutions than for simple fluids.

Why s liquid-liquid coexistence metastable with respect to solidification in pro-
tein solutions? 1 will also discuss why liquid-liquid phase separation can be

observed despite it being metastable.

What is the effect of aggregation on the phase diagram of globular protein solu-
tions? 1 will discuss how aggregation affects both liquid-liquid phase separation

and solidification in these solutions.

I will argue that all of these questions can be tackled with a simple description of the

microscopic interactions of the proteins. Such a description can help us understand

the many biophysical phenomena in which phase separation processes are involved. [

list a few examples of such phenomena below:

e The crystallization of proteins [13]: In order to carry out the x-ray analysis

of protein structure high-quality protein crystals are needed. Often it is hard
to find adequate conditions for cryvstal formation. It is therefore essential to
understand how the microscopic protein interactions determine the location of

the phase boundaries for the crystallization transition.

Protein condensation diseases [14]: The phase transitions of proteins have been
implicated in several diseases e.g.. cataract. sickle cell disease and cryoim-
munoglobulinemia. The understanding of the location of the phase boundaries
and the strategies to shift them by modifying protein interactions are key ele-

ments in the search for the treatment of such diseases.



1.2. OVERVIEW OF THE THESIS

o The industrial purification of proteins [15]: a prominent method for purifying
and concentrating protein solutions is “two-phase partitioning” or “membrane-
less osmosis”. Here proteins are mixed with polymers, polysaccharides or other
proteins. Upon phase separation. two liquid phases form which differ greatly
in the concentrations of the macromolecular components. By an appropriate
choice of phase-forming polymer. a high vield of the target protein in the con-
centrated protein-rich phase can be obtained. This method has bheen applied

extensively to food colloids.

e Microcompartmentation of the cell cvtoplasm [16]: It has been suggested that
the macromolecular diversity and concentration in the fluid phase of the cell
cvtoplasm constitute conditions necessary and sufficient for aqueous phase sep-
aration. This phase separation would then be responsible for the partitioning
or “microcompartmentation” of materials (e.g., ions. mitocondria and proteins)
in the cvtoplasm. It is still an unsolved question how much of the microcom-
partmentation of the cell cvtoplasm is due to phase separation and how much

depends on biochemical factors.

[n the next section I will outline the work I present in this doctoral thesis: using
the methods ot physics. [ explain how the microscopic interactions of globular proteins

govern their phase transitions.

1.2 Overview of the Thesis

This thesis investigates how the microscopic interactions shape the phase diagram
of globular proteins. The simplest picture of a globular protein i1s of a hard sphere
of matter interacting with other hard spheres of matter. Though crude. this picture
captures an essential structural featuve of globular proteins. for the hard sphere model
accounts for the repulsive interactions between proteins. However. to observe both
liquid-liquid phase separation and crystallization in a systems of spheres. these spheres

should also have attractive interactions. This way. at a sufficiently low temperature.

26



CHAPTER 1. INTRODUCTION

the energy of attraction will overcome the entropy of the spheres leading to a phase
transition.

We know that globular proteins in solution have generally short ranges of inter-
action, because the proteins. which are at least fifty angstroms in diameter, can only
interact with each other through a few layers of water, a distance of approximately
ten angstroms [17]. In this respect globular proteins resemble colloids which also have
short ranges of interaction. In the short-range regime the thermodynamic properties
become universal. independent of the shape of the interaction potential. Therefore,
we can use a simple model for the protein interactions to describe the more com-
plex interactions real proteins exhibit. With such a simple model I will answer the
questions I stated in the previous section.

Why is the shape of the coexistence curve for protein solutions different from that
of simple fluids? In Chapter 2. parts of which have already been published [18], we
study the liquid-liquid phase separation of globular proteins by performing Monte
Carlo simulations of spheres with isotropic attractive interactions. Since we under-
stood that the interactions of the proteins in solution are short-ranged. we wanted to
simulate short-range systems. Traditional Monte Carlo methods, however, become
computationally prohibitive when applied to short-range interactions. Dr. Aleksey
Lomakin has developed an innovative Monte (‘arlo scheme. which combines simula-
tions with analytic techniques. to thoroughly explore short-range interactions between
the proteins. Using this scheme we calculate, for each range of interaction, the chem-
ical potential of a model protein solution as a function of protein volume fraction and
temperature. From this we obtain the liquid-liquid coexistence curves by a method
analogous to the Maxwell equal area construction. The coexistence curves so obtained
allow us to make meaningful comparisons with the experimentally determined coex-
istence curves for solutions of globular proteins. Such a comparison was not possible
with the results previously available in the literature. Our findings provide insight
into the central role played by the range of interaction in determining the shape and
the location of the phase boundaries. As expected. we find that there is much bet-

ter agreement between our simulation results and the experimental results when we

S
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1.2. OVERVIEW OF THE THESIS

describe the proteins as having short-range interactions.

Our Monte Carlo study helped us understand the importance of the range of
interaction in the liquid-liquid phase separation of protein solutions. Since our model
gave a reasonable representation for the chemical potential of the liquid. we were able
to extend our microscopic model to address the other phase transition exhibited by
globular proteins, namely crystallization.

Why s liquid-liquid coexistence metastable with respect to solidification in protein
solutions? In Chapter 3. parts of which have also been published [19], we use a simple
analytic model of a colloidal solid to study the crystallization transition. Specifically,
we use the Lennard-Jones-Devonshire cell model to obtain an analytic expression for
the chemical potential of a solid with short-range interactions. By using this chemical
potential together with the chemical potential of the liquid phase we had obtained
previously, we are able to describe the principal features of the phase diagram in
a wide variety of colloidal svstems. including globular proteins. In particular, we
explain how the “metastability gap™ of colloidal solutions (i.e.. the difference between
the temperature at which a stable solid phase appears and that at which coexisting
liquid phases are first stable) is related to the range of interaction and to the number
of contacts made by particles in the solid phase. We find good qualitative agreement
between our results and the experimental observations for several colloidal solutions,
not only for globular proteins but also systems such as colloid-polymer mixtures.

The two works discussed above use a very simplified model of protein interactions.
Nevertheless. by identifving the most import -nt elements required to describe the
phase transitions of globular proteins, we have been able to relate the phase behavior
of these proteins (both liquid-liquid phase separation and crystallization) to their
microscopic interactions. [n fact. the model used to characterize globular proteins
(a repulsive hard core with a short-range attractive interaction) is equally applicable
to various colloidal systems. such as silica spheres coated with stearyl alcohol [20] or
mixtures of polystyrene spheres and polymers [21].

Although thev are both short-ranged. there is an important difference between

solutions of globular proteins and most colloidal systems. The interactions for simple

28



CHAPTER 1. INTRODUCTION

colloids are expected to be isotropic and therefore should be well described by the
model presented in Chapters 2 and 3. In contrast, the surface of globular proteins
is not uniform, since the proteins are made up of many amino acids residues, each
of which interacts differently with the surrounding solution [22]. In particular, this
anisotropy in the interaction between proteins leads to the formation of small aggre-
gates which are held together by specific bonding between amino acid residues. Such
aggregates have been found to strongly affect the phase diagram of globular protein
solutions [23].

What is the effect of aggregation on the phase diagram of globular protein solu-
tions? The role of small aggregates in shaping the phase diagram of globular protein
solutions is discussed in Chapter 4. Little is known about the phase behavior of
oligomers of proteins. where only a few monomers are connected to each other. It
is important to understand how to describe the effect of oligomers on the phase dia-
gram of globular protein solutions. for such oligomers often form naturally in protein
solutions because of aggregation.

As we discuss in Chapters 2 and 3, aggregation is in competition with both liquid-
liquid phase separation and crystallization in protein solutions. A major problem
in the growth of protein crystals for x-rav structure analysis is the formation of
amorphous aggregates [21]. In addition, there are several diseases, such as cataract,
where the pathology is caused both by aggregation and phase separation [25]. It is
therefore essential to understand what is the practical effect of small aggregates in a
solutions of globular proteins which can phase separate.

To address the questions outlined above. I have produced oligomers of globular
proteins by crosslinking native proteins. The protein used is a member of the ~-
cryvstallin family. I present experimental results for the liquid-liquid coexistence curves
of the dimers and trimers of the protein. These results are analyzed within the
context of the model used to describe protein monomers. It is found that the protein
oligomers may be described as having longer effective ranges of interaction than the
monomer protein. The experimental findings are then used to illustrate the important

connection between aggregation and phase separation in globular protein solutions.
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In Chapter 5, I summarize the results presented in this thesis and make suggestions

for further work.
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Chapter 2

The Liquid Phase

Portions of this chapter have already been published in Ref. [18]: A. Lomakin,
N. Asherie, and G. B. Benedek. “Monte Carlo study of phase separation in aqueous
protein solutions.” J. Chem. Phys. 104, 1646 (1996). The innovative Monte Carlo

scheme which we use was designed by Dr. Aleksey Lomakin.

2.1 Introduction

The liquid-liquid phase separation of protein solutions is of great interest because
the factors which govern the condensation of protein into coexisting protein-poor and
protein-rich phases are believed to play a central role in several human diseases |26,
27, 28]. The understanding of the location of the phase boundaries and the strategies
to shift them by modifving protein interactions are kev elements in the search for
disease treatment. An important example of such a disease is cataract [26], where
opacification of the eve lens results from alterations in the spatial distribution of the
lens proteins [29]. These alterations are known to be produced, in part, by the phase
separation of the ~-crystallins. a family of monomeric lens proteins [30]. Several
studies [2, 3. 23. 31] have investigated the phase separation in aqueous solutions of
individual members of the calf lens y-crystallin family. These experiments show that

the v-crystallins may be divided into two groups: “high-T.” proteins, such as vy, (v¢)
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and ~yy, (7g), which exhibit high critical temperatures (T, ~ 38°C), and “low-T.”
proteins, such as vy (vg) and vy (vp), which exhibit low critical temperatures
(T, = 5°C). The critical volume fractions of all the v-crystallins are approximately
the same ¢, = 0.21 £0.02 [2]. The coexistence curves are found to be upper consolute
and very broad, as is observed in some colloidal dispersions [32, 33]. Mixtures of
~-crystallins have also been studied [34, 35].

From a theoretical point of view. the phase transition in the protein-water solution
is analogous to that of the single component liquid-vapor system. Beginning with
the van der Waals equation of state [36]., there has been a quest for an analytical
equation of state for simple liquids. The general approach is to assume a form for
the intermolecular potential. almost alwayvs central and pairwise additive. One of the
most common selections is the square-well potential, since it is the simplest model
which includes both attractive and repulsive forces. At this stage. either one of two
choices is made: (i) A “fundamental” statistical-mechanical equation. such as the
Percus-Yevick formula [37]. is invoked, from which a closed form solution for the
equation of state is obtained [38. 39, 40]; (ii) A statistical-mechanical perturbation
theory is used. Here. the main approach is to treat the attractive part of the potential
being studied as a perturbation to the hard sphere model. which has only repulsive
forces [41. 12].

Though these theories provide a recipe for how to calculate gquantities of interest
for phase separation. their complexity limits their utility when interpreting experimen-
tal results. One way to overcome this difficulty. is to begin with a phenomenological
thermodynamic expression for the Gibbs free energy of the system. A simple analytic
model. based on mean field theory. has been proposed [3. 13] to describe the phase
separation phenomena of aqueous protein solutions. As we shall see in this chapter.
this model corresponds to a long-range square-well intermolecular potential.

Many Monte Carlo simulations have been made of systems which undergo phase
separation [14, 15. 16]. The most recent of these [47. 48. 19] have emploved the so-
called Gibbs ensemble Monte (‘arlo technique [30. 51]. The focus of many of these

studies is to examine the theory of critical phenomena for a variety of intermolecular
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potentials, including the square-well potential. In the recent study of Vega et al. [47],
the vapor-liquid phase equilibria of square-well systems with hard-sphere cores were
studied for the reduced ranges A=1.25, 1.375, 1.5, 1.75 and 2. The critical points and
the shapes of the coexistence curves (in terms of a critical exponent) were calculated.
This information indicates that the interactions between the ~-crystallins are short-
ranged as expected. The results, however. are not detailed enough in the short-range
regime to interpret the phase diagram of these proteins.

Therefore, in order to gain insight into the microscopic interactions of the ~-
crystallins, Dr. Aleksey Lomakin has developed a Monte Carlo method which we
use to analyze the experimental observations of Broide et al. [2]. We also explore
the applicability of mean field models. such as that proposed by Berland et al. [3]
and Taratuta et al. [43]. to aqueous y-crystallin solutions. To simplify the analysis,
as well as to save computational time, our Monte Carlo procedure uses theoretical
extrapolation techniques. in addition to simulation, to calculate the quantities of
interest, most importantly the chemical potential. To reconstruct the phase diagram
of our model aqueous protein solution, we fit the Monte Carlo results for the chemical
potential with an analytic expression. We then obtain the coexistence curve by a
method analogous to the Maxwell equal areas construction for the van der Waals
equation of state [52]. Since the use of an analytic form for the chemical potential
neglects the contributions of critical fluctuations to the free energy of the svstem,
our approach is unable to describe accurately the critical exponents. However, we
are interested in aspects of phase separation which are not strongly affected by the
fluctuations: the critical temperature T.. the critical volume fraction o¢., and the shape
of the coexistence curve in regions relatively far from the critical point. To check the
accuracy of our method. especially near the critical point. where the reliability of the
method cannot be justified a priori, in Sec. 2.3.2 we compare our results with those
available from other Monte (‘arlo simulations.

To begin our analysis. let us consider a system containing N, protein molecules

and .V,, water molecules. We may write the microscopic free energy, E. of the protein-
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water solution as

E = Eins + NyEQY + N,EX*. (2.1)

This form of the microscopic free energy represents a thermodynamic average of
the energy of the system over all the positions of the water molecules and over the
internal degrees of freedom of the proteins. Thus, F depends solely on the relative
positions of the proteins. Here E% is the average free energy per water molecule in
a solution of pure water (i.e.. the chemical potential of one water molecule) and E,‘,”w
is the average free energy of one protein molecule, fixed in space, in solution of water.
The interaction energy E;,, results from the direct and indirect (i.e., through water)
interactions between the proteins. The contribution of the water-water and protein-
water interactions is independent of the relative positions of the proteins. However,
E;,: depends on the relative positions of the proteins and we will assume that it can
be represented by a central and pairwise interaction. For convenience, we will refer
to the microscopic free energy I as simply the energy of the proteins.

Now we proceed to make the model more specific. We consider the proteins to
be spheres. of diameter o. while the water is taken to be a continuous background
(that is. the size of the water molecules is taken to be small as compared to o). We
assume that the effective potential energy u(r) for a pair of proteins whose centers

are separated by a distance r. is of the form of a square-well plus a hard core as given

by Eq. (2.2) below.

+oc.forr <o
u(ry=1< —eforo<r< o (2.2)

O0.for r > Ao
Here )\ is the reduced range of the potential well and € is its depth. With this
potential, we can calculate the interaction energy E,,;. and hence the total energy
E. as a function of volume fraction and temperature. Note that for our particular
choice of potential. we can define the number of protein-protein contacts N, as the

number of protein pairs whose centers are in the range ¢ < r < Ao from each other.
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Thus we may write the interaction energy as
Eint = —iVeon€ (23)

Of course Eq. (2.3) assumes that there are no overlapping hard cores in the configu-
ration. If there are overlaps then E;,; = oo.

Once we have chosen an explicit form for the intermolecular potential of the sys-
tem, we may use the Monte Carlo simulation procedure described in Sec. 2.2 to obtain
the thermodynamic properties of our system. Thus we can reconstruct the phase di-
agram of our model aqueous protein solution and compare it with the experimental

results of Broide et al. [2]. This comparison is made in Sec. 2.3.4.

2.2 Computer Simulation

The conditions for phase equilibrium in the protein-water solution are

(1) = pp(11) (2.4)

pwll) = poe(11), (2.5)

where u, and g, are the chemical potentials of the protein and water respectively.
Here I and II denote the two coexisting phases. We also write as a shorthand
(1) = pp(@! . T) and pp(11) = t,(¢'1, T) and similarly for p,,. We let ¢/ and ! be
the protein volume fractions in the two phases and we take ¢/ < ¢!f without loss of
generality. The temperature of the system is denoted by I'. We may write Eqgs. (2.4)

and (2.5) in an alternative form. namely

w(I) = p(I1) (2.6)

11

0 S _ ol
/{M p(o. T')do = (—,——) (1) + p(L1)]. (2.7)
Here y = p, — vftw. where v = Q,/Q,.. is the ratio of the volume of one protein
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molecule (2,) to the volume of one water molecule (Q,,). The volume fraction is
defined as ¢ = N,2,/V. with }" the total volume of the system. The quantity p
represents the change in free energy (at constant volume) due to the replacement
of v water molecules by one protein molecule. We will work with g for it is the
analog of the chemical potential in a one component system. This equivalence is
shown in Appendix A. Equation (2.6) follows directly from Eqs. (2.4) and (2.5).
Equation (2.7) is equivalent to the equal areas rule proposed by Maxwell [52] for
a pure fluid and can be derived by integrating by parts the Gibbs-Duhem relation,
3(Oup/08) + v(1 — 6)(Opt,e/ D) = 0, from &' to #f and using Egs. (2.5) and (2.6),
together with the definition of u. We will call i “the effective chemical potential” to
distinguish it from the protein or water chemical potentials.

We can see that in order to use Egs. (2.6) and (2.7) to study the phase separation of
the system, we need to know the effective chemical potential as an analytic function of
volume fraction and temperature. We should note that below the critical temperature
T. the effective chemical potential. as an analyvtic function of the volume fraction, has
a region of negative slope. In this region. the system is unstable to microscopic
fluctuations. At the critical temperature, this region reduces to a point with critical
volume fraction o.. At the critical point., both the first and second derivatives of the
effective chemical potential with respect to volume fraction are zero [53]. Thus. the

two equations

u

g I (2.8)
99|,, 1,

(‘32

E =0 (2.9)
0(1) be e

determine the values of ¢. and T.. The spinodal. which marks the boundary between

areas of the phase diagram where the system is stable and unstable. is given by

on _

76 =" (2.10)

According to Eqs. (2.6)-(2.10). if g is known as a function of o and T'. then the

whole phase diagram may be constructed. By focusing our attention on p, we may
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simplify the study of the phase separation phenomena as follows:

(i) We obtain the effective chemical potential, u(¢,T), as a function of volume
fraction at a temperature Ty above T, by using Widom’s formula [54] (see also Ap-
pendix B):

= o+ kTlno — kTIn < exp(—=AE*™"*/kT) > . (2.11)

Here, <> denotes a canonical ensemble average for the system at constant volume
and temperature and AE*™ is the change is the microscopic free energy of the system
due to the addition of a test particle. As is shown in Appendix B, the standard part
of the chemical potential is given by yo = —kT'In(Q,/VF) (where Vr is the Fermi
volume) and it is independent of volume fraction.

For our particular system
AE*™" = E(N, + 1,Ny, — ) — E(N,, Ny). (2.12)
Using Eqgs. (2.1) and (2.3) we obtain
AE™" = —ve+ E)Y — yEYY, (2.13)
where v, the number of new contacts made by the test protein. is given by
V= Nagn(Ny + 1) = Neon(N,). (2.14)

We note that Eq. (2.13) presupposes that the hard core of the test protein does not
overlap with any other hard core. In the case of an overlap AE* = co. Substituting

Eqg. (2.13) into Eq. (2.11). we obtain the following form for the chemical potential
= o + E;J)'”' —~E2 4+ kT[lno — In < exp(vé) >], (2.15)

where € = €¢/kT is the reduced energy.

In Eq. (2.15) the ensemble average, represented by <>. is to be taken over all
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attempts to add the test particle: both those for which there are no hard core overlaps
and those for which hard core overlaps do occur. In the latter case AE* = oo and
the corresponding exponential in Eq. (2.15) should be set to zero. For example, for
¢ = 0, which 1s the hard sphere limit. the quantity < exp(v¢) > reduces to the ratio
of the number of successful attempts to add a test particle to the total number of
attempts.

We now introduce the reduced chemical potential (¢, T'). defined as
ft =Ilno—1In < exp(vé) >. (2.16)

We can see from Eq. (2.15) that g = kT 4 po + E2* — vE". Since the last three
terms of this expression will cancel in Eqgs. (2.6) and (2.7). the phase diagram is
determined entirely bv ji. In fact. we can replace u with g in Egs. (2.6) and (2.7).
As a shorthand. we will refer to [ as the chemical potential. We use Monte Carlo
simulations to calculate the quantity < exp(ré) >.

(i) We assume that the chemical potential may be represented by an analytic
form. which we use to explicitly carry out the integration in Eq. (2.7). We will see
in the next section that the error introduced by this approach in the reconstruction
of the phase diagram is small. whereas the savings in computational time are great.

We fit the Monte (‘arlo results to the following expression for fi(o.T")

no

jlo.T) = fics(o) + > A(T)e" (2.17)
n=1
Here
R _ 3—0 )
Hes = Ino -3 + m (218)

In Eq. (2.18). fics is the Carnahan-Starling [55] approximation for the chemical
potential of an assembly of hard spheres. The A, (T) of Eq. (2.17) are temperature-
dependent coefficients to be determined. The parameter ng is chosen so as to obtain
a smooth representation of the chemical potential. If ng is too large. the fit tends

to follow in detail the statistical errors of the Monte (farlo simulation. On the other
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hand, for small ng the systematic deviation of the fit from the Monte Carlo results
becomes large. We typically choose ng = 4. Note that for i(#,T) to have the correct
high temperature behavior (i.e., to reduce to the hard sphere limit), A,(7) must,
to within the accuracy of the Carnahan-Starling approximation (Eq. (2.18)), tend to
zero as €/kT — 0. The form of the chemical potential, as given in Eq. (2.17), was
chosen not only because it has the correct high temperature limit, but also because
it properly reproduces the low ¢ behavior and it conveniently reduces to the mean
field theory result if we set ng = 1. This is discussed further in Sec. 2.3.3.

We estimate T, by extrapolating the chemical potential, as explained below, down-
ward in temperature until we find a point where both Eqgs. (2.8) and (2.9) are satisfied.
We perform accurate Monte Carlo simulations at a temperature 17, where 77 is within
one percent above our estimated T, to find ji(o,T1). Note that the simulations are
all performed in the single phase regime where the system is thermodynamically sta-
ble. We then use the extrapolation procedure described in the next paragraph to
obtain a series of chemical potential isotherms for temperatures below 7T.. Using
these isotherms we are able to find the locations of the phase boundaries without any
further time-consuming simulations.

To perform the temperature extrapolation. we expand the chemical potential at a
temperature Ty < T} in powers of Aé = é; — ¢€; with € = ¢/kT} and é; = ¢/kT,. Here
we take advantage of the fact that the chemical potential is a function of temperature

only through the reduced energy ¢. To first order we have

. N , Oft
flo.Ty) = j($.Ty) + e = (2.19)
As is shown in Appendix ('. the derivative dfi/J¢ may be written as
o _ 1 ()_E’L"’ : (2.20)
dé e\ IN, )y p
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where F,,; is the average interaction energy of the system. Using Eq. (2.3) we have

_ _ 1
Eint = _‘Ivcone = _;‘ pﬁe- (221)

Here N, is the average number of protein-protein contacts and 7 is the average
number of contacts which each particle makes. Substituting Eq. (2.21) into Eq. (2.20),
we reexpress Eq. (2.19) as

(6.7 = 6. T3) = 52 (oo, T (2.22)
The quantity 77(¢.T}) is also calculated during the Monte Carlo simulation at tem-
perature T; using a cell list [58] to keep track of the number of neighbors surrounding
each particle. Note that 7 is not equal to < v >. the ensemble average of the number
of contacts made by the test particle. for the test particle is not in thermodynamic
equilibrium with the other particles in the system.

Therefore. once we have performed the Monte Carlo simulation at temperature
Ty, we construct fi(o.7T3) by using Eq. (2.22). We have found empirically that we
may reliably employ our temperature expansion provided that Aé/€; is less than ten
percent. At each temperature we fit the Monte ("arlo results for the chemical potential
(both those obtained by direct simulation and those obtained from our extrapolation
procedure) by Eq. (2.17) with the appropriate values of the coefficients A,(T). Once
we have an analytic representation for the chemical potential we use Eqs. (2.6) and
(2.7) to calculate the coexisting phases at cach temperature and hence obtain the
coexistence curve. In this way. we have calculated the critical volume fraction @., the
reduced critical energy ¢.. the spinodal and the coexistence curve. {or a large number
of square-well reduced ranges A between 1.05 and 2.40.

For the Monte ("arlo simulation we randomly place our particles inside a cube
of unit volume with the usual periodic boundary conditions [56]. The hard core
diameter. o. of the particles was chosen to be in the range 0.14-0.18. so that we have
N =100-250 particles at the highest volume fractions o =0.3-0.4 for which we perform

the simulation. Note that here o = é:r0'3.\". To generate a statistical ensemble of
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configurations, the particles are displaced using a time-saving modification of the
well-established NVT Metropolis scheme [57]. In our scheme, as in the Metropolis
scheme, the displacement of a particle is accepted unconditionally if the change in
the total energy of the system, AE, due to the displacement, is negative and with
probability exp(—AE/kT) if AE is positive. From the ensemble so generated, we
may calculate the quantities 77 and < exp(v€) > which are needed in Egs. (2.16) and
(2.22) to obtain chemical potential isotherms. The quantity < exp(v€) > is found
through the addition of test particles to the system. To accumulate statistically
significant information on the average value of exp(v€). we must continue testing
each configuration of the system until, on average, at least one successful attempt to
add a test particle is made. A successful attempt is one for which the core of the test
particle does not overlap with that of any other particle. Thus, the addition of test
particles not only enables us to calculate the quantity < exp(v€) >, but also provides
information on acceptable new positions for the particles of the system. Using this
information, in our scheme we generate new members of the ensemble (as described
in the following paragraph) by moving particles to any acceptable position inside the
simulation volume. This should be contrasted with the standard choice for particle
displacement. Usually. the step size for particle displacement is chosen in such a
way that approximately half of the trial configurations are accepted [59]. This is the
rule of thumb to optimize the speed of evolution of the system. However. since we
are only interested in the chemical potential, we may use the same information for
chemical potential tests and particle repositioning. In this way the system evolves
several times faster than in the standard (small step size) algorithm. Naturally, the
results of the two methods are the same. The use of the same information for chemical
potential tests and particle repositioning in no way biases the results: if we refrain
from calculating the chemical potential we simply have a Metropolis equilibration
algorithm.

\We describe below our Monte Carlo algorithm. A more detailed flowchart repre-
sentation is given in Appendix D.

The fundamental cvcle in our Monte Carlo simulation consists of the following
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sequence of steps : (1) A particle is selected at random. (ii) An attempt is made
to add a new test particle at a randomly chosen position. (iii) If the attempt is
successful, the number of contacts made by the test particle is calculated. (iv) For a
successful attempt. or an unsuccessful one where the test particle only overlaps with
the single particle selected in step (i), the next configuration is created by moving
the particle chosen in step (i) to the position of the test particle. This last move
is accepted in the standard way i.e.. it is accepted unconditionally if the change in
energy due to the move. AF. is negative and with probability exp(—AFE/kT) if AE
1s positive.

We see that the test particle of step (i1) can be thought of as simply a label for
the position to which we are trving to move the particle chosen in step (i). By steps
(1), (i1). and (iv). we generate the members of the canonical ensemble. Furthermore,
during step (iii). the test particle is also used to calculate the chemical potential of
the svstem by means of Widom's formula (see Eqgs. (2.11) and (2.16)). The algorithm
we have outlined above is significantly faster than one in which the evolution of the
system. through small steps. is carried out independently of the calculation of the
chemical potential.

For a given reduced range A. we performed our main Monte Carlo simulation at
a reduced energv. €; = ¢/kT}. within one percent below the reduced critical energy,
¢. = ¢/kT.. as shown in Table 2.1. The reduced critical energy was estimated from
auxiliary simulations by using the temperature extrapolation method. Our main
simulation was continued until the statistical errors in j were no greater than the
uncertainties associated with the analytic fit of 4 (Eq. (2.17)). As usual, the system
was allowed to equilibrate hefore testing for the chemical potential [60]. Extrapolation
and fitting techniques were used. as explained previously. to obtain the phase diagram.
It should be noted that the final determination of o. and ¢, (through Eqs. (2.8) and
(2.9)) is made by a small extrapolation of the results from the thorough simulation
carried out at ¢;. Thus. svstematic errors in these quantities are very small. The
whole procedure was repeated for a large number of reduced ranges 1.05 < A < 2.40.

In the next section we present the results of our Monte ('arlo study.
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2.3 Results and Discussion

2.3.1 Results of this Study

We begin our discussion by illustrating our temperature extrapolation method. In
Fig. 2-1 we compare the direct Monte Carlo results for the chemical potential with
those obtained by extrapolation. The open symbols represent the simulation results
of the chemical potential for A = 1.25 at three different values of the reduced energy
¢ = 1.318 (triangles), 1.267 (circles), and 1.216 (squares). The dashed lines are the
chemical potentials obtained by extrapolating the chemical potential at é = 1.267 to
¢ = 1.318 (coarse dashed line) and to € = 1.216 (fine dashed line) using Eq. (2.22).
The solid line is the analytic fit of Eq. (2.17) with ny = 4 to the é = 1.267 Monte
Carlo results. We see that the chemical potentials obtained by extrapolating from
€ = 1.267 to either € = 1.318 or € = 1.216 (i.e.. £4% of the original temperature) are
in satisfactory agreement with those calculated directly at € = 1.318 and € = 1.216 by
Monte Carlo simulation. We find similar agreement between the simulation results
and the extrapolation method over the whole range of A studied: 1.05 < A < 2.40.
This gives us confidence to use the extrapolation procedure in place of the many
time-consuming simulations that would otherwise be required.

The coexisting volume fractions may then be determined from the chemical poten-
tial isotherms’by applving Eqs. (2.6) and (2.7). The points which lie on the spinodal
are given by Eq. (2.10). An example of the construction of the coexistence curve and
spinodal is shown in Fig. 2-2 for the case A = 1.25. The open circles are the Monte
Carlo results for the chemical potential with A = 1.25 and é = 1.267. The isotherms
which result from the temperature extrapolation (from ¢ = 1.267 to é = 1.317 in steps
of 0.005) are shown as solid lines. The coexisting points and spinodal points at each
temperature are shown as dashes and crosses respectively. The coexistence curves so
constructed are shown in Fig. 2-3 for the reduced ranges A = 1.8,1.5.1.25, and 1.1.
The coexistence curves become broader as the range of the interaction decreases. and
the corresponding critical volume fraction increases.

In Table 2.1 we list the results for a group of representative Monte Carlo simula-
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Figure 2-1: Hlustration of the temperature expansion method for A = 1.25. The open
symbols represent the Monte ("arlo results for the chemical potential for three different
values of the reduced energyv ¢=1.313 (triangles). 1.267 (circles). and 1.216 (squares).
The solid line 1s a fit to the ¢=1.267 Monte ("arlo results using Eq. (2.17) with ng = 4.
The dashed lines are the chemical potentials obtained by extrapolating the é=1.267
chemical potential to é=1.313 (coarse dashed line) and to ¢=1.216 (fine dashed line).
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Figure 2-2: Reconstruction of the spinodal and the coexistence curve. The open circles
are the Monte Carlo results for the chemical potential with A = 1.25 and € = 1.267.
The isotherms which result from the temperature extrapolation (from € = 1.267 to
¢ = 1.317 in steps of 0.005) are shown as solid lines. The coexisting points and
spinodal points at each temperature are shown as dashes and crosses respectively.
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Figure 2-3: Coexistence curves. The curves with progressively larger widths represent
the results obtained for the reduced ranges A=1.8. 1.5. 1.25 and 1.1.
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Table 2.1: Results and parameters from the Monte Carlo simulations at different
reduced ranges A (A = oo is the mean field limit). The quantities presented are:
(1) the critical volume fraction ¢.; (ii) the reduced critical energy €.; (iii) the average
number of contacts per particle at the critical point 7,; (iv) the number of successful
attempts made A’ in units of 10%; (v) the reduced energy at which the simulation
is performed é;; (vi) the diameter of the particles o; (vii) the maximum number of
particles used in the simulation Mp,y; and (vii) the maximum volume fraction ¢max.

/\ ¢c éc ﬁc ]{tot é1 2 Mma.x @max
oo 0.134 0.000 00 0.5 0.000 0.16 178 0.38

oo 0.132 0.000 oo 0.9 0.000 0.14 248 0.36
2.40 0.140 0.197 1551 1.0 0.195 0.16 140 0.30
240 0.140 0.197 1564 4.7  0.196 0.14 208  0.30

20 0.135 0.263 11.81 2.9 0.260 0.14 228 0.33
20 0.135 0.262 11.59 1.7 0.260 0.16 140 0.30
00 0.126 0.361 858 4.1  0.357 0.14 218 0.31
00 0.126 0.359 8.45 3.0 0357 0.16 142  0.30
80 0.132 0487 6.71 6.0 0.480 0.16 148 0.32
80 0.129 0.483 646 7.7 0480 0.18 118 0.36
65 0.146 0.610 595 7.3 0.608 0.16 142 0.30

(o))

0.149 0.606 5.95 9.1 0.605 0.18 110 0.34
0.171 0.763 5.38 12.8 0.760 0.18 110 0.34
0.166 0.773  5.33 55 0767 0.16 154  0.33
0.172 0.935 485 3.4 0930 0.14 218 0.31
0.173 0922  L72 206 0920 0.13 100 0.31
0.194 1.129 44 155 L1127 0.18 110  0.34
0.193 1.128 141 6.7 1.127 0.18 110 0.34
0.205 1.269 L27 215 1.267 0.18 110 0.34
0.206 1.270 £31 140 1.267 0.18 100 0.31
0.219 1449 LI7 55 1.435 0.16 169  0.36
0.216 1.443 4109 171 1435 0.18 110 0.34

— L LY O LY G GO e e O Ot

[ et e i e e e e e e T T e i e T S T R NI NI N I (N o
— = t
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0.227 1.693 391 107 1.680 0.16 169 0.36
0.227 1.673 3.83 240 1.660 0.18 110 0.34
0.235 2.035> 3.54 319 2015 0.16 169 0.36
0.244 2,038 3.63 61.6 2015 0.18 118 0.36
1.05 0.246 2.667 3.16 122.1 2,650 0.18 125  0.38
1.05 0.273 2665 342 814 2650 0.18 125  0.38
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2.3. RESULTS AND DISCUSSION

tions for different values of the reduced range. A. For each value of A listed in column
1, we present in columns 2-4 the corresponding results we obtained for the critical
volume fraction o.. the critical reduced energy é. = ¢/kT,, and the average number
of contacts per particle, 7., at the critical point. Note that all the results in the table
were obtained using ng = 4. The manner in which we obtained the results in the
A = oo case will be discussed in Sec. 2.3.3.

To gain insight into the accuracy of the results, we varied the conditions under
which the simulations were made. We list in columns 5-9 of Table 2.1 the simulation
parameters that we varied: Ay, the total number of successful attempts (in units
of 10) made during the testing of the chemical potential at each volume fraction,
the reduced energy, €;, at which the simulation is performed, o. the diameter of
the particles, Mpax, the maximum number of particles used in the simulation, and
Omax, the maximum volume fraction at which the simulation was carried out (note
that @max = Mmax70°2/6). For each reduced range presented in Table 2.1. we show
the results obtained with two different sets of simulation parameters. Although it
is difficult to evalute a priori the svstematic errors inherent in our method, we may
estimate a posteriori our errors by using the variation in the values of the quantities
of interest: the critical volume fraction &.. the reduced critical energy €., and the
average number of contacts per particle at the critical point 7.. We see that these
quantities vary by no more than a few percent between the different runs for a given
A.

Another source of systematic errors which we inve-tigated is that brought about
by our particular choice of fit to Eq. (2.17). Different fits will result in different values
for the critical volume fraction and the critical temperature. In Table 2.2 we show
the values of &, and €. obtained using different values of ngy at three different ranges:
A=1.8. 1.3 and 1.1. We see that the variation in o. and €. due to the change in ng
is of the order of the errors shown in Table 2.1. Thus we conclude that. for no=3.
1. or 5. our results are relatively insensitive to the value of ng chosen. However. we
do find that for ny below three the fit does not give an adequate representation of

the chemical potential. while for 1y above five. the fit begins to follow the statistical
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CHAPTER 2. THE LIQUID PHASE

errors of the simulation results.

Table 2.2: Variation of the simulation results with the order of the chemical potential
fit, ng. ‘

A Ng ¢c éc
1.80 3 0.126 0.466
1.80 4 0.129 0.483
1.80 5 0.132 0.484
1.30 3 0.189 1.131
1.30 4 0.194 1.129
1.30 5 0.196 1.132
1.10 3 0.251 2.006
1.10 4 0.244 2.038
1.10 5 0.245 2.038
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2.3. RESULTS AND DISCUSSION

2.3.2 Other Monte Carlo Results

In view of the non-orthodox nature of our calculational procedure, which involves
analytic techniques as well as simulations. it is useful to compare our results with
those available from conventional Monte ("arlo simulations. We present, in Fig. 2-
4, the coexistence curves from our simulations at A=1.25 (coarse dashed line) and
1.5 (fine solid line), together with the coexisting points for the same values of A as
obtained by Vega et al. (open circles and squares respectively) [47]. We can see that
the agreement between the two simulations is satisfactory. even though we extend our
coexistence curves to temperatures significantly below the critical point. Note that
T = kT/e.

We believe that our approach provides a better way to estimate o, and €. than the
conventional Monte ("arlo method. As can be seen from Fig. 2-4. the Gibbs ensemble
Monte C'arlo simulations of two coexisting phases [47] are impractical to carry out
close to the critical point. Therefore. the critical parameters of those calculations
must still be obtained from some form of extrapolation. Our simulations are carried
out very close to the critical temperature allowing for a better estimation of ¢. and

~

€e-

In Figs. 2-5 and 2-6 we compare our deduced critical volume fractions and reduced
critical energies with those found by conventional Monte ('arlo simulations. In Fig. 2-
3. we show our results (=olid circles) for the critical volume fraction o. as a function
of the reduced range . We also show in Fig. 2-5 the results for o.. as obtained by
other Monte Carlo simulations: (i) Henderson ¢t al. [15] use an NVT algorithm (open
squares):; (ii) Vega ¢/ al. [17] use a Gibbs ensemble Monte ('arlo simulation (open
triangles): (iii) Lomba ¢f al. [19] use a Gibbs ensemble Monte (‘arlo simulation but
choose a Yukawa potential instead of a square-well (open circles). The corresponding
results for the reduced critical energy €. are shown in Fig. 2-6. We have converted
the Yukawa potential parameters into those of an equivalent square-well by taking
the depth of the two potentials to be the same and requiring the high temperature

limit of the second virial coefficients to be equal. The Yukawa potential results of

Lomba et al. [49] illustrate that the phase separation phenomena do not depend on
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Figure 2-4: Comparison of the coexistence curves. The coexistence curves from our
simulations at A=1.25 (coarse dashed line) and 1.5 (fine dashed line) are shown to-
gether with the coexisting points obtained by Vega et al. [47] for the same ranges
(open circles and squares respectively). Note that 7™ = kT /e.
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Figure 2-6: Variation of the critical reduced energy with the reduced range A. Our
results (solid circles) are presented together with those of Henderson et al. [45] (open
squares), Vega el al. [17] (open triangles). and Lomba et al. [49] (open circles). The
solid line is Eq. (2.31) with 7. = 0.13. The dashed line is Eq. (2.30) with a, = 10.6.
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2.3. RESULTS AND DISCUSSION

the detailed form of the potential chosen. We see that the mean values we find for ¢,
and €. are consistent with those found by others. In addition, the uncertainty in our
results 1s smaller than that obtained by conventional Monte Carlo simulations.

The effectiveness of our approach is especially important for short range potentials
which are the focus of our study. Monte Carlo simulations become increasingly time-
consuming as A — 1 [46]. However. the time saved by our use of analytic methods
allows us to thoroughly investigate the short range regime as can be seen from Fig.

2-5.

2.3.3 Connection with the Mean Field and Adhesive Sphere
Models

As we have seen above. our Monte (Carlo calculations provide a description of the
phase diagram over a wide domain of A: 1.05 < A <2.40. It is interesting to examine
these Monte Carlo results in the A — oo and A — 1 limits where analytic solutions
are available. The A — oc limit corresponds to mean field theory [61]. while the
A — 1 limit corresponds to the adhesive or sticky sphere model [38, 39]. Both of
these limiting theories depend on one parameter only. We will show how the general
two parameter (¢ and \) square-well potential reduces to these different one parameter
models. We show that we can recover the well-known mean field results [3. 43] and we
determine the domain of A in which mean field theory becomes a valid approximation.
For the A — 1 limit. the Monte (‘arlo calculat” 'n provides us with important estimates
of the critical parameters of the adhesive sphere model. which have been the subject
of theoretical uncertainty [39].

The connection between the two parameter square-well potential and the two
limiting theories is most readily seen by considering the second virial coefficient By(T')
of the square-well potential [62]. where

3

B, = —;—E 01 {exp[—u(r)/kT] =1} d*r

- To
= \l/—&[exp(& — 1A\ = 1). (2.23)
[ I
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CHAPTER 2. THE LIQUID PHASE

Here term (I) comes from the hard sphere core. while term (II) is the contribution of

the attractive square-well.

Recall that the virial coefficient is defined through the equation of state [63] by

To{ly > Y
<7 =0+ B¢, (2.24)

i=2
where T, is the osmotic pressure of the solution and B; is the ¢*® virial coefficient. For
the interaction between the proteins to provide a physically reasonable equation of
state, the attraction term (II) in B; (see Eq. (2.23)) must be finite. In the mean field
case, this requirement implies that as A — oo, we must have € — 0 (see Eq. (2.23)).
Analogously, for the adhesive sphere model, we must take ¢ — oo as A — 1. Therefore,

the second virial coeflicients for the two limiting theories are
By = 4 —4&)®,  for mean field (A — o0, — 0) (2.25)

B3% =4 —12(A — 1)exp(é), for adhesive spheres (A — 1,& — o). (2.26)

Egs. (2.25) and (2.26) provide relationships between é and A for the two limiting

theories. Thus, if we define the quantities
a = 4éeX® (2.27)

and
1
T = ,
12(X — 1) exp(€)

we see that « is the single parameter which characterizes the mean field theory, while
7 is the single parameter which describes the adhesive sphere model. Before we begin
the analysis of our results within the context of the mean field and adhesive sphere
models, we discuss these two limiting theories more fully.

In the mean field limit « is the well known van der Waals term [61] and is a
measure of the strength of the attraction between particles for a long range interaction

potential. Explicity, a is the energy of interaction per particle times the volume over
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2.3. RESULTS AND DISCUSSION

which the interaction is felt (in dimensionless units) [36]. Note that in the mean field

limit the chemical potential may be written as [3. 43]

fims = firrs — 2a0. (2.29)

Here fis is the chemical potential of an assembly of hard spheres. In Refs. [3, 43]
the Carnahan-Starling approximation for this term (jics, defined in Eq. (2.18)) was
used to obtain the critical parameters analytically. Our A = oo entries in Table 2.1
we obtained by calculating jigs from a simulation of hard spheres. We then used
Eq. (2.29) to obtain the results shown in Table 2.1. These agree with those found
analytically in the mean field limit [3, 43]. We also find a(7.) = 10.6 as predicted
theoretically.

In this short range regime. it is the parameter r. given in Eq. (2.28), which
characterizes the potential. The parameter = was introduced by Baxter [38] and
it is a measure of the stickiness of the adhesive spheres. It may also be thought
of as a dimensionless measure of the temperature of the systems. being zero at low
temperatures and larger at high temperatures [64]. Here the hard sphere model is
regained in the limit of 7 — oc: in this limit B3%=4 (see Egs. (2.26) and (2.28)),
which is the hard sphere result.

We begin our analysis by considering the predictions of these limiting theories for
the reduced critical energy. ¢. = ¢/kT.. In Fig. 2-6 we show our simulation results
(solid points) for the reduced critical energy as a function of In(A — 1). We see that
reduced critical energy increases as the range of the putential decreases. The mean

field result for €, is

a,

1A3

(2.30)

€ =

This last equation is derived from Eq. (2.27) and a. is the value of the parameter a
at the critical point. The dashed line in Fig. 2-6 represents Eq. (2.30) with a. = 10.6,
a value determined analytically [3. 13]. We see that mean field theory gives a good

estimate for €. for reduced ranges greater than A\ ~ 1.10 (i.e.. In(A — 1) ~ —2.30).
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As ) tends to unity, we may compare our findings with the adhesive sphere results

given by Eq. (2.28). At the critical point 7 = 7, and the relation between ¢, and X is

¢, = — In[127,(A — 1)]. (2.31)

Thus, using our short-range results for €. (shown in Fig. 2-6), we may estimate
a value for 7.. The numerical value of 7. is not well-established. Watts et al. [39]
obtained 7. by using the Percus-Yevick [37] equation to find an analytic solution
for the equation of state [38] of adhesive spheres. They undertook a calculation of
the equation of state in three distinct ways: through the pressure, compressibility,
and energy equations. The pressure equation gives unphysical solutions while the
other two equations predict different values for 7.: 0.0976 (from the compressibility
equation) and 0.1185 (from the energy equation). Neither of these two values is
consistent with our results for €. as A approaches unity. For our Monte Carlo results
to asymptotically approach the theoretical predictions. we require 7. > 0.125. We
observe that this lower bound for 7. is larger than either of the two previous estimates
made by Watts ¢t al. [39]. although the energy equation result 7.=0.1185 is closer to
the lower bound we find. The solid line in Fig. 2-6 shows a comparison of our results
with Eq. (2.31) for . = 0.13.

We may also examine the behavior of the critical volume fraction in the context
of the two limiting theories. In Fig. 2-5 we show the mean field result for o. as the
horizontal dashed line: 0.=0.130 [3, 43]. We note that for the mean field theory to
give an accurate result for ¢., the reduced range A must exceed 1.65.

To compare the Monte Carlo findings with the adhesive sphere model. we ex-
trapolate our results for the critical volume fraction to A=1. If we perform a linear
extrapolation (solid line). we find that o.(A = 1) is 0.266 + 0.009. The uncertainty
reported in this quantity represents only the statistical errors of our data and does
not include any svstematic errors. The critical volume fractions predicted by Watts
et al. [39] are: ¢, = 0.121 (from the compressibility equation) and ¢, = 0.320 (from

the energy equation). The large uncertainty in the theoretical result is due to the
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2.3. RESULTS AND DISCUSSION

increasing flatness of the chemical potential near the critical point as A — 1. This
makes the critical volume fraction very sensitive to the approximations made in the
Percus-Yevick scheme. However, as with the results for 7., we note that the energy
equation prediction is closer to our value for o, that the prediction from the compress-
ibility equation. We believe that our result. o.(A = 1) = 0.266 £ 0.009, represents a
reliable estimate of the critical volume fraction for adhesive spheres. This value of the
critical volume fraction may prove useful as a benchmark for further investigations of
systems with short range interactions.

Another quantity we may examine to elucidate the connection between the lim-
iting theories and the Monte Carlo results is 7, the average number of contacts per
particle. We calculate the dependence of 77 on volume fraction during the Monte
(“arlo simulations. This important quantity is the kev ingredient in our extrapolation
formula (Eq. (2.22)). The low o behavior of 7 may be examined theoreticallyv. As is

shown in Appendix E. the result is [65]
7 =38(X* = 1)exp(é)o. (2.32)

Equation (2.32) is derived using the Boltzmann distribution and assuming that the
particles interact independently. The assumption of independent interactions is also
a fundamental postulate in mean field theorv and it is justified when the number of
possible contacts is large i.e.. A — ~o. Thus. Eq. (2.32) should hold for all o in the
mean field limit and where it reduces to 7,,; = 8A%0.

In Fig. 2-7. we show the average number of contac:s per particle 7 (open sym-
bols). as a function of o for several of the entries in Table 2.1: (1) A=1.05 (¢é;=2.650.
triangles): (i1) A=1.25 (¢;=1.267. squares): (iii) A=1.65 (¢;=0.605. bow ties): and (iv)
A=2.20 (¢;=0.260. circles). Recall that ¢; is the reduced energy at which the simula-
tions are performed. The straight lines represent Eq. (2.32) with ¢ = ¢, at each of the
ranges listed above. As expected. Eq. (2.32) fits the Monte Carlo results very well

at low o for all values of A. For a given range A. the deviation of 7 from the direct

proportionality to o expressed in Eq. (2.32) is a measure of the departure from the

It
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Figure 2-7: The average number of contacts per particle. The average number of

contacts per particle. 7. is shown as a function of ¢ for several ranges: (i) A=1.05,
¢=2.650 (triangles): (ii) A=1.25. é=1.267 (squares); (iii) A=1.65. é=0.605 (bow ties);
(iv) A=2.20, é=0.260 (circles). The straight dashed lines represent the low ¢ behavior
for the different ranges as given by Eq. (2.32). The solid line is the adhesive sphere

result for = = 0.13.
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mean field limit. The solid line in the figure is the analytic result for 7 in the adhesive
sphere limit [66] with 7 = 0.13. At low ¢, this full expression reduces to 7 = 26/7, a
result which can be obtained directly from Eq. (2.32). As we see. the average number
of contacts per particle provides direct physical insight into the protein interactions.

We will return to it in the next section.

2.3.4 Comparison with Experimental Data for the ~v-crystallin

Proteins

In this section we compare the coexistence curves generated by the Monte Carlo sim-
ulation with the experimentally measured ones [2]. In Fig. 2-8 we present data points
of the reduced coexistence curves (T/T, vs. o) for ~p, (circles). vy (squares), vy
(triangles). and ~ -, (bow ties). The experimentally observed value of ¢, 1s 0.214+0.02
for all the ~v-crystallins. From Fig. 2-5. this corresponds to a range of approximately
A=1.25. Thus. we also show our Monte ('arlo results for the coexistence curves at
A=1.25 (coarse dashed line).

For comparison. we also present the mean field coexistence curve as obtained
analvticallv (fine dashed line). Recall that in the mean field case o. = 0.130. Thus
one can understand the experimentally observed value of ¢. = 0.21 as arising from
the short range character of the interaction potential. In addition. the Monte ("arlo
results for A = 1.25 predict a coexistence curve which is twice as broad as the one
obtained by mean field theorv. Nevertheless. the predicted width is still about half
that found experimentally. Fven if we allow for uncertainty in the value of the critical
volume fraction. and hence consider smaller values of A. we still find that the curves
generated by Monte (‘arlo simulation are significantly narrower than the experimental
coexistence curves.

The question of the extra width of the coexistence curves notwithstanding. it
is important to note that the agreement between the Monte (‘arlo simulations and
the experiment results worsens as A increases. Therefore. it is safe to conclude that

the range of the protein-protein interaction is no greater than A=1.25. Since the ~-
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Figure 2-8: Comparison with the experimental results for the <-crystallins. The
coexistence curve generated by the Monte Carlo simulation for A=1.25 is shown as
a coarse dashed line. The fine dashed line represents the coexistence curve obtained
analytically in the mean field limit. The experimental results of Broide et al. [2] are
presented for vy, (circles). v, (squares), vy (triangles), and ~1y, (bow ties). The
solid line is the coexistence curve obtained for A=1.25 and a temperature dependent

interaction energy of the form ¢ = kT.€.(1 + T;CT%:), with k = —3.
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crystallins are typically 48A in diameter, this sets an upper limit of 12A on the width
of the attractive well of the ~-crvstallins. This is consistent with the conclusions
drawn from structure factor measurements [67]. The information contained in Figs.
2-3, 2-5, and 2-8 shows that A\ must exceed 1.65 for mean field theory to provide a
satisfactory description of the protein-protein interactions. Our observation above
that A < 1.25 for the v-crystallins implies that a mean field model is inadequate for
an accurate representation of v-crystallin phase separation.

We now examine possible explanations for the width of the experimentally de-
termined coexistence curves. Since the interaction between the proteins is in fact
mediated by the surrounding water. we may consider the energy of interaction be-

tween the proteins to be temperature dependent. For example.

(7)) = kT.e(T)(1 + [T

k). (2.33)

where x is a constant. In Fig. 2-8. the coexistence curve for A = 1.25 with xk = =3
is shown as a solid line. This curve obviously gives a better fit to the data than
the temperature independent (k = 0) case. It was calculated as follows. In our
simulations we obtain the coexisting volume fractions ! and of! as a function of
¢ = ¢(T)/kT. We may use Eq. (2.33) to express the reduced temperature 7'/7T, in
terms of €. as

T I —x

= 2.
T. (é/é.)—nr (2.34)

This equation allows use to convert our values of ¢ to reduced temperatures T/T.. for
any value of k. Note that for ~=0. l.e.. a temperarure independent energy, we have
I'JT. = (&/é€).

We see from Fig. 2-8 that the temperature dependence of the interaction energy
in no way affects o.. but it does increase the width of the coexistence curve. It
remains to be seen whether such a strong temperature dependence of ¢(T') is physically
reasonable.

[t is also possible that the observed extra width of the coexistence curve could

62



CHAPTER 2. THE LIQUID PHASE

result from an anisotropic character of the protein interaction energy. We note from
our simulations that, as the range of the interaction decreases, 7, the average number
of contacts per particle at the critical point, decreases (see Table 2.1) while the width
of the coexistence curves increases (see Fig. 2-3). From this perspective the large
widths observed experimentally correspond to an effective number of contacts which
is even smaller than that found for short-range isotropic interactions. Such a decrease
in the number of contacts will occur if the true potential is both short-ranged and
anisotropic.

From these considerations an interesting point emerges. We can see from the re-
sults presented in Table 2.1 that for a system with short range attractions (A — 1)
each particle already makes only about three contacts at the critical point. An
anisotropic potential i.e., one for which the attraction between proteins depends on
their relative orientation, will cause the average number of contacts per particle to
drop even further and may change the interactions of particles to the point where
phase separation is replaced by reversible aggregation. The experimental results pre-
sented in this section lead us to believe that the proteins we study could be in fact
close to this boundary. Work is currently underway to explore the role of anisotropy

in the relationship hetween phase separation and reversible aggregation.

2.4 Summary and Conclusions

We have studied the binary liquid phase separation of aqueous protein solutions by
modeling the protein interactions with a square-well potential. We utilize this poten-
tial in a hybrid Monte Carlo method which blends simulations with thermodynamic
extrapolation techniques. In this method. we use the results of Monte ("arlo simula-
tions along a single isotherm to construct an analytic form of the chemical potential
for a series of isotherms above and below the critical temperature. This unorthodox
Monte Carlo scheme permits us. by the economy of its design, to reconstruct the
phase diagram of systems over a wide domain of the reduced range of attraction A.

[n particular. we have thoroughly explored potentials in the short range regime, with
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ranges as small as A = 1.05. These potentials are especially important for they apply
to many colloidal suspensions, including the ~-crystallin protein solutions which we
have previously investigated experimentally.

Our results provide insight into the central role played by the range of the interac-
tion in determining the shape and location of the phase boundaries. Indeed, we have
found that as the range decreases, the width of the coexistence curve increases and
the critical volume fraction shifts to higher values. As part of our analysis, we have
demonstrated how the two parameter square-well model reduces to the one parame-
ter mean field model as A — oo and to the one parameter adhesive sphere model as
A — 1. In the mean field limit. we recover the analytic result for the critical volume
fraction, é.(A — o0) = 0.13. In fact. we find that the mean field model is a valid
approximation provided that A > 1.65. On the other hand, by examining our short
range results. we are able to propose a value for the critical volume fraction in the
adhesive sphere limit, ¢.(A = 1) = 0.266 £ 0.009. We have also obtained an estimate
for the critical value of the Baxter parameter 7. =~ 0.13. In view of the uncertainty
in previous analytical findings. we believe that our results will be useful benchmarks
for future theoretical and experimental studies of the adhesive sphere system.

For the ~-crystallins. we have experimentally observed a critical volume fraction
of . = 0.21 and very broad coexistence curves. These facts imply that A < 1.25, that
is the width of the attractive well of these proteins is no greater than one quarter of
their diameter. Thus. we conclude that the interactions between the proteins fall into
the short range regime and cannot accurately be described by a mean field theory.
Although our simulation results for the critical volume fraction of short range systems
are in agreement with the experimentally observed value. the calculated width of the
coexistence curve is still significantly smaller than that found experimentally. We
have shown that the extra width of the experimental curves may be explained phe-
nomenologically by emploving a temperature dependent depth of the attractive well.
However. another possibility is that this additional width may be due to anisotropy
in the interaction potential. Such anisotropic interactions are to be expected in pro-

tein solutions. The calculational simplicity of our hybrid Monte Carlo method should
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facilitate a systematic examination of the effects of such anisotropic interactions.



2.4. SUMMARY AND CONCLUSIONS

66



Chapter 3

The Solid Phase

Portions of this chapter have already been published in Ref. [19]: N. Asherie, A.
Lomakin, and G. B. Benedek. “Phase Diagram of Colloidal Solutions.” Phys. Rew.
Lett. T7. 4832 (1996).

3.1 Introduction

The phase diagrams of colloidal solutions have been studied for over a century not
only because of their great theoretical interest. but also for the many industrial ap-
plications of colloids [68]. The most commonly observed phase transition in colloidal
solutions is solidification. ["pon a change in temperature (or other external condition)
the colloidal particles form a condensed phase which may have a regular structure
(crystals) or be amorphous (aggregates). A less frequent transition is liquid-liquid
phase separation (coacervation). Here the colloidal solution forms two distinct liquid
phases: one colloid-rich. the other colloid-poor [69].

These transitions have analogous counterparts in simple molecular fluids. The
solidification of colloids is equivalent to the fluid-solid transition while colloidal liquid-
liquid phase separation corresponds to gas-liquid coexistence. There is however one

striking difference: when most simple fluids are cooled the order of phases observed
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is gas to liquid to solid. In colloidal solutions the colloidal “gas™ usually transforms
into a solid without passing through a liquid phase.

We illustrate this anomalous order of phases by presenting in Fig. 3-1 the phase
diagram of ~p-crystallin protein [2. 3, 4]. This phase diagram is typical of the 5-
crystallins (a family of monomeric eye lens proteins) and of other small globular
proteins [5, 6, 7]. The circles are points which represent the volume fractions (¢)
of coexisting protein-rich and protein-poor liquid phases (liquid-liquid coexistence
curve). The squares (liquidus line) and the triangle (solidus line) respectively repre-
sent the volume fractions of protein in the liquid and solid phases in equilibrium with
each other. We see that there i1s no triple point and the coexistence curve lies below
the liquidus line. The ~-cryvstallins are an unusual colloidal system in that liquid-
liquid phase separation mayv be observed despite it being metastable with respect
to solidification. I'or comparison the phase diagram of argon is shown in Fig. 3-
2 [8, 9. 10]. We see that for argon the critical point lies above the triple point (i.e.,
T. > T;) indicating the presence of a stable liquid phase. Although most colloidal
phase diagrams resemble that shown in Fig. 3-1. a few do show phase behavior closer
to that pictured in Fig. 3-2 [21].

Recently, evidence has accumulated that the interaction range plays a significant
role in determining the structure of the phase diagram [70. 71]. In colloid-polymer
mixtures it has been found that the shape of the phase diagram depends on the
ratio of the radius of gvration of the polvmer molecules to the radius of the col-
loidal particles [21. 72. 73]. Theoretical models [T4. 75] of this system agree with the
experimental observation that with very small polvmers (i.e.. very short ranges of
attraction) there is no colloidal liquid phase [21]. C'olloids are not the only system for
which the connection between short-range interactions and the structure of the phase
diagram has been noted. Fullerenes. macromolecules of carbon. also do not appear
to exhibit a liquid phase upon cooling [76]. Simulations of hard spheres with an at-
tractive Yukawa potential have been carried out to investigate the phase diagram of
the fullerene gy [43. 49]. It is found that for a sufficiently short-range potential the

coexistence curve lies below the liquidus curve.
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Figure 3-1: The phase diagram of ~p-crystallin [2, 3. 4]. The circles are points on the
liquid-liquid coexistence curve (C'C’). The squares are points on the liquidus line (L).
The triangle is a point on the solidus line (5). The lines are guides to the eye. The
critical temperature is T, = 278.4K. The critical volume fraction is ¢. = 0.21.
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Figure 3-2: The phase diagram of argon [3. 9. 10] showing the coexistence curve
(CC') and the liquidus (L) and solidus (S) lines. The critical temperature is T, =
150.86K. The critical volume fraction is o, = 0.133, assuming a hard core diameter
o = 3.162A [12]. The triple point temperature is T, = 83.78K= 0.567..
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In this chapter we present a general analysis which explains these individual exper-
imental and theoretical findings. In the Monte Carlo work described in the previous
chapter, we studied the liquid-liquid phase separation of globular particles with at-
tractive interactions and obtained numerically the chemical potential of the liquid
phase. Here we present an analytic expression for the chemical potential of a solid
with short-range interactions. Our model of the solid incorporates the same essential
features that were used to describe the liquid phase: the range A of the interaction.
the interaction energy ¢ and the number of contacts n; made per particle. Knowing
the chemical potentials of both phases we are able to demonstrate how the relative

locations of the phase boundaries are related to A and n;.

3.2 The Cell Model

We use the Lennard-Jones and Devonshire cell model [77] to obtain an approximate
analytic expression for the chemical potential of a solid with short-range interactions.
As we did in Chapter 2 (see Eq. (2.2)), we will assume that the effective potential
energy u(r) for a pair of proteins (diameter o) whose centers are separated by a
distance r. is of the form of an attractive square-well with a hard core as given by

Eq. (3.1) below.

+oc.for r < o
u(r)y=4 —eforoc<r< Ao (3.1)

O0.forr > Ao

Here ) is the reduced range ol the potential well and e is its depth. When the interac-
tions are short-ranged (A — 1) the thermodynamic properties become independent of
the shape of the potential. We work with the square-well potential rather than other
potentials [48. 19. 78] because it allows for an unambiguous definition of not only the
range of interaction A. but also of n,, the number of contacts made per particle in the
solid phase. Explicitly, n, is the number of particles whose centers lie in the region

o < r < Ao from a given particle. As is shown in the Appendix F. the square-well
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model produces a very simple form for the chemical potential of the solid p,, namely

s = o — ng(€/2) — kT In[(A — 1)?]. (3.2)

The first term on the right-hand side of Eq. (3.2), po, is the standard part of the
chemical potential. The second term is the total energy associated with each particle.
The last term is the entropic contribution: the volume accessible to the center of mass
of the particle is proportional to (A — 1)3. The proportionality factor, essentially the
volume of a unit cell, has been absorbed into po. As we show in Appendix F, this
factor can be calculated within the framework of the cell model [79]. The cell volume,
however. is practically constant. reflecting the incompressibility of the solid phase.
We may therefore choose a cell volume at zero pressure. The corresponding value
of up 1s found to be identical to that in the expression u = g + k7 In ¢, which is
appropriate for dilute solutions [80] (see Appendix F).

An important parameter in the chemical potential of the solid is n,. The value of
ns is not known a priori. but determined by the structure of the solid. It is common
practice to impose a particular crystal structure upon the solid when calculating the
chemical potential by choosing the appropriate integral value for ns. In the subsequent
analysis, however. we will treat ny as a continuous. phenomenological parameter so
as to subsume within the cell model the actual structure and detailed interactions in

the solid phase of real colloids.

3.3 Results and Discussion

3.3.1 Construction of the Phase Diagram

The liquidus line is obtained by equating the chemical potentials of the solid and the
liquid. The reduced chemical potential of the liquid fi; was established as a numerical
function of o and ¢ in Chapter 2. Here we have added the subscript [ to the chemical
potential of the liquid to distinguish it from the chemical potential of the solid .

Note that for a protein-water solution pgy = p,(5)—v(s), where p,(s) and g, (s) are
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the chemical potentials of the protein and water in the solid phase. This is analogous
to the representation we used for the liquid phase (see Sec. 2.2 and Appendix A). The
corresponding reduced chemical potential of the solid is given by fi, = [us — po)/kT
and thus

fis = —ns(€/2) — 31n[(A — 1)]. (3.3)

The liquidus line is then given by

For any solid with a given value of n,, Eq. (3.4) allows us to construct the liquidus
line. using Eq. (3.3) for g together with our previous calculations of fi;. In Fig. 3-3
we show the liquidus lines for several values of n, at A = 1.25: n, = 12.0 (A); n, =
11.6 (B); ny; = 11.5 (C). These were constructed as follows. For any given reduced
temperature 7'/T.. the equivalent reduced energy é = ¢./(T/1.) was found (this last
equation follows from ¢ = ¢/kT: we take ¢.=1.269 for A = 1.25 (see Table 2.1)). The
value of ¢ which satisfies Eq. (3.4) for that reduced energy ¢ was then calculated.
This procedure was repeated for temperatures in the range 1.17 > (T/T.) > 0.94 to
generate the liquidus lines shown. The line (D) is the solidus line obtained by using
the volume of a unit cell appropriate to a face-centered cubic solid (n; = 12) at zero
pressure. as is shown in Appendix F. The coexistence curve (E) is taken from our
simulation work in Chapter 2 (see Fig. 2-3). As the value of n, increases liquid-liquid
coexistence becomes metastable with respect to solidification. The shape of the phase
diagram for n, = 12.0 (curves A. D. and L) has the same structure as the one found
experimentally for the ~-crystallins (Fig. 3-1).

We may consider as a measure of the metastability of the liquid phase the "metasta-
bility gap” (Ty — T.)/T.. where T. is the critical temperature and T}, is the tempera-
ture of the point on the liquidus line at the critical volume fraction ¢.. According to

Eq. (3.4)

fs(€ring) = [y(oq€L). (3.5)
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Figure 3-3: The phase diagram for a square-well system for A = 1.25. The liquidus
lines for three values of n, are shown: n, = 12.0 (A): n, = 11.6 (B); n, = 11.5 (C).
The vertical line (D) is the solidus for ny, = 12.0. Curve E is the coexistence curve
taken from Fig. 2-3.



CHAPTER 3. THE SOLID PHASE

with é; = ¢/kTr. As we have shown earlier (see Eq. (2.22)), the chemical potential

of the liquid at €, may be expanded about the reduced critical energy é.

fuoc.€r) = fu(de, €) —

Here n; is the change in the total number of contacts in the liquid phase upon the
addition of an extra particle at the critical point (n; = %[gﬁﬁ(gﬁ, T.)], in the notation of
Chapter 2.) Let us define n; as the number of contacts in the solid at which Ty, = T,
i.e., the value of n, for which the liquidus line touches the critical point. Thus n} is
given by fi,(é;n) = fu(@..€.). Using this definition of n} and substituting Eqs. (3.6)

and (3.3) into Eq. (3.5) we obtain

I't—T. n,—n;

T. ny —n

(3.7)

From Eq. (3.7) we see that the metastability gap (T, — T.)/T. depends on the

*. and n;. The first of these is determined by the structure of the

parameters n;. n;

solid. We list the other two in Table 3.1. In this Table we show for each value of A,
the corresponding values of 17 and n;. Since n} and n; are evaluated at the critical
point, these two parameters depend only on A and not on ¢. We note that for all of
our short range simulations. the quantity n; — n, is in the range 3.2 — 3.8. We also
list the critical volume fraction o. and the reduced critical energy ¢, at each range.
(lolumns 3 — 5 are from the results of Chapter 2 (see Table 2.1). while n7 is obtained
from a numerical solution of the equation fis(é.5n)) = ji( .. ;).

For the solid phase to be more stable than any coexisting liquid phases i.e.. Ty, >
T., we require n, > n;. The maximum number of contacts for hard spheres with
short-range interactions is 12. Therefore at any given range the solid will always be
stable if 12 > n, > n7. As the range decreases so does n7 and fewer contacts are
necessarv to form a stable solid. Thus. we expect that as the range decreases, there
will be a greater variety of solid structures (characterized by different n,) which will
be more stable that the coexisting liquid phases. As a result. liquid-liquid phase

separation will be less likelv to be observed.

-1
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3.3. RESULTS AND DISCUSSION

Table 3.1: Metastability gap parameters at different reduced ranges A (See Eq. (3.7)).
The quantities presented are: (i) the average number of contacts per particle in the
solid n} at the metastability boundary (77, = T.); (ii) the change in the total number
of contacts per particle in the liquid n; upon the the addition of an extra particle;
(iii) the critical volume fraction o.; (iv) the reduced critical energy ..

A n,; n ¢c éc
1.25 11.59 7.84 0.205 1.269
1.20 11.03 7.47 0.216 1.443
1.15 10.45 7.00 0.227 1.673
1.10 9.75  6.57 0.244 2.038
1.05 R8.95 5.62 0.246 2.667
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3.3.2 Comparison with Experimental Results

With our approach we may understand the experiments of Ilett et al. [21]. These
authors study colloid-polymer mixtures with different ranges of interaction, and find
at A =~ 1.25 a transition from the type of phase diagram shown in Fig. 3-2 to that
in Fig. 3-1 (they do not observe the metastable liquid-liquid coexistence). In our
analysis this transition occurs when the metastability gap changes sign i.e., when

*

n: = n,. In the solid phase the colloid-polymer system forms close-packed crystals
i.e., n, = 12 [81]. Thus from Table 3.1 we expect the transition to occur at A =~ 1.25,
the value observed experimentally. In their experiments only one range of interaction
shorter than the crossover value of A & 1.25 is studied: A = 1.08 [82]. Taking n, = 12,
Table 3.1 implies that at this range the metastability gap of the system is so large
that the coexistence curve lies outside the experimentally examined region. It would
be interesting to search intermediate ranges i.e., 1.08 < A < 1.25, for metastable
liquid-liquid coexistence and compare the values of the metastability gaps with our
predictions.

In Chapter 2 we suggested that the large values of ¢. and the broad coexistence
curves observed for the ~-crystallins imply that these proteins lie in the domain
A < 1.25 [18]. We now find that this is precisely the domain where liquid-liquid
coexistence may be metastable. and in fact this metastability is observed. When
plotted in reduced units the phase diagrams of each of the 7-crystallins have the
same shape with almost identical values of o. and with approximately the same
size metastability gaps (see Fig. 3-1). The interactions between these proteins may
therefore be described by potentials with the same range. In addition, all the protein
crystals should have the same value of n,. For (T — T.)/T. =~ 0.1. the relation found
experimentally for the ~-crystallins [3]. Eq. (3.7) gives ny,—n} = 0.35. It is because n;
differs little from n7 that we observe both liquid-liquid coexistence and solidification
for the v-crystallins.

Related observations arc made by Broide et al. [5] who find that the metastability
gap of lysozyme is unaffected by ionic strength but that it is larger (by 5 — 10°C)

for needle-shaped crystals than for prism-shaped crystals. In our analysis these two
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1.15

1.10

Figure 3-4: The experimentally determined phase diagram for the y-crystallins from
Refs. [2. 3]. We present the liquid-liquid coexistence curve and the liquidus line for
~1a (circles). vy (squares). ~yp (triangles) and ~py (bow ties). The solid lines are
guides to the eye.



CHAPTER 3. THE SOLID PHASE

types of crystals are predicted to have values of ny, — n} differing by approximately
0.05 — 0.1.

The difference seen in Fig. 3-4 between the liquidus lines of v (triangles) and v,
(squares) may similarly be a reflection of the different crystal structures of these pro-
teins. However. another factor may be causing this difference. It is known that i1 un-
dergoes rapid aggregation while vy, does not (see Chapter 4). For the measurement
of the coexistence curve, this aggregation was suppressed by adding dithiothreitol to
the solution of 1 [83]. Such precautions were not taken for the measurement of the
11 liquidus line [3]. It would be necessary to repeat the 411 liquidus line measurements
under conditions where the aggregation is suppressed to make a proper comparison
with the ~qp, results.

It has been argued that in the adhesive sphere limit (A — 1.é — oo) there is
no thermodynamically stable liquid phase [84]. Our analysis shows that for a close-

packed system the absence of a stable liquid phase already begins when A < 1.25.
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3.4 Summary

We have presented a simple analytic form for the chemical potential of a short-range
solid in terms of the physically significant parameters of the system: the interaction
range A, the interaction energy ¢ and the number of contacts made per particle n;.
We have shown how these parameters determine the order of phases found in the
phase diagram. In particular, we have demonstrated that for a given n,, a sufficiently
short range of interaction leads to the metastability of liquid-liquid coexistence with
respect to solidification. C'onversely, experimental information on the relative order
of the phase boundaries of colloidal solutions gives direct insight into the magnitude
of the physically important parameters A and n,. The theory we have presented ap-
pears capable of explaining the phase diagrams observed in a wide variety of colloidal

svstems including globular protein solutions.
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Chapter 4

Aggregation and Phase Separation

4.1 Introduction

In the previous two chapters we have seen how the range of interaction of globular
proteins and the number of contacts made in the solid phase determine the positions
of the phase boundaries observed. In particular, the fact that the liquid-liquid coex-
istence curve lies below the liquidus line is a reflection of the shortness of the range
of interaction. There is another important phenomenon occuring in globular protein
solutions which is related to the short-ranged nature of the protein interactions. This
phenomenon is aggregation. Aggregation. unlike liquid-liquid or liquid-solid coexis-
tence. is not a phase transition. \ggregates are amorphous solid structures which are
not in thermodynamic equilibrium with the surrounding solution [85]. Aggregation is
driven by the specific short-ranged bonding that is present between proteins. Almost
all protein solutions are susceptible to aggregation.

In globular protein solutions. aggregation is in competition with liquid-liquid and
liquid-solid phase separation. Since aggregates do not require the formation of trans-
lationally and rotationally ordered structures. they form more rapidly than crystals.
Thus aggregation often preempts crystallization in a liquid-solid transition. Much
effort has gone into investigating how to prevent aggregation and promote crystal-
lization of globular proteins [82]. There has been, however, much less work done on

the effect of aggregation on the liquid-liquid phase separation of globular proteins.
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In this chapter we describe our study of the liquid-liquid coexistence curve of
oligomers of globular proteins. For our experimental work we will use proteins from
the y-crystallin family. The v-crystallins are a homologous family of monomeric pro-
teins found in the mammalian eye lens. They have molecular weights of approximately
21 kDa and the average hydrodynamic radius for all the 4-crystallins is 2.4 nm [89].
As we stated in Sec. 2.1. the y-crystallins may be divided into two groups: “high-7.”
proteins. such as v (7c) and ~va (7ve), which exhibit high critical temperatures
(T, ~ 38°C), and “low-T.” proteins. such as 11 (v8) and ~um (vp), which exhibit low

=0

critical temperatures (7. = 5°C"). The critical volume fractions of all the y-crystallins
are approximately the same o. = 0.21 £ 0.02 [2].

Phase separation and aggregation of the v-crystallins are involved in the formation
of cataracts [25]. Recently. Pande et al. [23] have observed that liquid-liquid phase
separation temperature (7, ) of a solution of 51 increased with time when the solution
was allowed to stand several weeks at room temperature. These authors argued that
this increase in T, was due to the formation of a new protein species. yyu. They
isolated this species and concluded that it consisted of two types of dimers of ~yi-
crystallin [86]: covalently crosslinked dimers. formed through the oxidation of thiol
groups on the protein. and loosely associated dimers. This work stimulated us to
develop a model svstem which could be used to understand how small aggregates
affect the liquid-liquid phase separation of globular protein solutions. and in particular
to help us interpret the results found for yy-crystallin. We believe that the oligomers
that we have produced are such a system.

We decided to work with the protein 5pp,-crystallin for the following reasons:
~mm 18 a low T protein like ~1;. These two proteins have almost identical liquid-liquid
coexistence curves (sce [igs. 2-8 and 4-7). Unlike ~11. <1 does not form dimers
spontaneously by oxidation under the same solution conditions [87]. This allows us
to produce oligomers of -y, in a controlled fashion. Work in this laboratory has
shown that the thiol groups of the y-crystallins are susceptible to chemical modifi-

cations [25. 86. 88]. In particular. the monofunctional reagent N-ethylmaleimide has

proved effective in modifving thiol groups [88]. We therefore chose a bifunctional

o8]
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analog of this reagent, bismaleimidohexane, which has two maleimide groups and
therefore can be used to form oligomers of the protein. The details of the crosslinking
procedure are given in Secs. 4.2.2. Our measurements of the coexistence curves of the

resulting oligomers are described in Sec. 4.3

4.2 Materials and Methods

4.2.1 Preparation of Pure 7pp-Crystallin Solutions

The vnm crystallin used in our study was isolated from 1- to 6-week-old calf lenses,
obtained by overnight express from Antech (Tyler, TX). The monomeric y-crystallin
fraction was isolated from the soluble protein fraction by size-exclusion chromatog-
raphy on Sephadex G-75. as described in Thomson et al. [4]. Native 4-crystallin so
obtained was further fractioned into ~1, ¥, Y11, 7111 and ~1v by cation-exchange chro-
matography on Sulfopropyl Sephadex C-50. according to Ref. [14]. Anion-exchange
chromatography on Diethylaminoethyl (DEAE)-Sephadex was used to fractionate i
into i and i, as described in Broide et al. [2]. Native 4y consists of ~ 40% yumw
and ~ 60% ~. by weight. lmmediately after elution. the pure v, fraction was
transferred into 275 mM sodium acetate buffer. pH 4.8. to prevent possible oxidation
of sulfhydryl groups. The purity of the protein samples was at least 98%. based on
both cation-exchange High Performance Liquid Chromatography (CAT-HPLC) and
size-exclusion High Performance Liquid Chromatography (SX-HPLC). These meth-
ods are described in Sec. 1.2.3.

The purified =y, [raction was dialyzed exhaustively into 100 mM sodium phos-
phate buffer (ionic strength 210 mM. pH 7.1). which contained sodium azide (0.02%).
The concentrations of the pure 41, samples were determined by UV absorption at 280
nm, as described by Berland ¢f al. [3]. using the extinction coefficient EoLAdem — 9 17,
The protein volume fraction o was obtained from the concentration C' (in mg/ml) by
using the specific volume 7 with 0 = ¥C. We assume that the specific volume of all

the y-crystallins are the same and use the value determined for vi1. 7 = 0.71cm®/g [31]
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(we will use the above values of Egéé%*“m and 7 for the oligomers as well). Precautions

were taken to obtain aggregate-free and crystal-free solutions [2. 3, 89].
The next two subsections describe the production and characterization of the

crosslinked oligomers.

4.2.2 Production of Crosslinked Oligomers

The oligomers of ~p,-crystallin were produced by crosslinking the native monomer
protein with the homobifunctional reagent bismaleimidohexane (BMH. Pierce Chem-
ical Company, Rockford. IL) {90. 91, 92]. This reagent is a member of a homologous
series of the form (CyH,0,N),(CH,),, with n = 6 for BMH [93]. The reagent is in-
soluble in water. but it has been added to aqueous protein solutions as the solid [94].
Since no significant side reactions occur, stoichiometric amounts can be added. For
our reactions the mass of BMH used was such that the mole ratio of protein to BMH
was unity. Typically 5 mls of 51, at 30-40 mg/ml (in phosphate buffer) were added
to the appropriate amount of dry. solid BMH (about 2-3 mgs). The solution was
left to react at room temperaure while stirring constantly for 3 hours. Since BMH
is insoluble in water the solution appeared slightly cloudy even at the beginning of
the reaction. However. by the end of the reaction the cloudiness had increased, most
probably due to the formation of large aggregates.

The reaction was not quenched. but at the end of the three hours the sample was
centrifuged for 30 minutes at 10.000 rpm. The supernatant was removed and filtered
(0.22 micron filter). The resulting solution vas clear. The composition of this solution
was determined by SX-HPLC on a Superdex 200HR column (see Sec. 1.2.3). Typi-
cally, the solution contained 30% monomers. 60% dimers and 10% higher oligomers
(see Fig. 4-1). Since this monomer fraction may have been modified by the cross-
linker (e.g., by an intramolecular crosslink) we will refer to this fraction as “monomer
after crosslinking™ to distinguish it from the native monomer protein. The individual
oligomers were subsequently isolated by low pressure size-exclusion chromatography
on a XK26/70 Superdex-75 column (Pharmacia Biotech, Piscataway. NJ) at a flow

rate of Iml/min. with 100 mM sodium phosphate buffer containing sodium azide
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Figure 4-1: Size exclusion chromatography results (on a Superdex 200HR column)
for the crosslinked protein after a three hour reaction. The absorbance at 280 nm is
shown as function of retention time in minutes.
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(0.02%). This allowed for a larger scale separation, and with a better resolution, than
was possible with the Superdex 200HR column. The final yields of the oligomers after
the low pressure separation were approximately 15% monomer, 30% dimer and 3%
trimer. These fractions were each at least 99% pure as determined by SX-HPLC. The
good resolution of the low pressure column enabled us also to collect a mixture of
higher n-mers (trimers. tetramers and pentamers).

The structure of BMH and the expected structure of the dimer are shown in Fig. 4-
2. The predominance of the dimer over other oligomers is consistent with the three
dimensional x-ray crystal structure of vy, [95]. This protein has five thiol groups,
but only one of these has significant surface accessibility (~ 7A2). Thus oligomers
greater than the dimer will be very slow to form. In the next section we describe the

characterization of these oligomers.

4.2.3 Characterization of Crosslinked Oligomers

The oligomers were studied by gel electrophoresis (SDS/PAGE), SX-HPLC. Quasielas-
tic Light Scattering (QLS) and CAT-HPLC.

Gel Electrophoresis

SDS/PAGE was carried out on 12% gels in the absence of urea with a Mini-Protean
I1 electrophoresis system (Bio-Rad). Conditions were as described elsewhere [96, 97].
Gels were run with and without dithiothreitol (DTT). This reagent reduces disulphide
links and has been shown to dissociate vy completely into monomers [23]. The
electrophoresis results dislpaved in Fig. 4-3 show that the major dimer (lanes 5 and
6) and trimer bands (lanes 3 and 9) have molecular weights of ~ 41 kDa and =~ 62
kDa respectively. This is consistent with the known native monomer molecular weight
of =~ 21 kDa [98]. Tetramers (= 85 kDa) and pentamers (=~ 97 kDa) were seen in
the high n-mer fraction collected (lane 10). SDS/PAGE experiments following a four
hour incubation with 100mM DTT (data not shown), gave results almost identical to
those dislpayed in I'ig. -I-3.

Note that. as expected. the control sample (lane 3) appears identical to the native
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BMH

- N— (CHjy) g— N

TSN S

N — (CHy) —N

Figure 4-2: The expected reaction of bismaleimidohexane (BMH) with thiol groups
on a protein. schematically shown as P. The final product is the expected structure
of the dimer.
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4.2. MATERIALS AND METHODS

sample (lane 2). The control was treated exactly as the oligomer samples except that
no crosslinker was added to the solution. The native sample was taken from the pure

i fraction in 275 mM sodium acetate buffer at pH 4.8 (see Sec. 4.2.1).

Size-exclusion HPLC

SX-HPLC was carried out essentially according to Friberg et al. [86] with a Superdex
200HR column from Pharmacia Biotech (Piscataway, NJ); the buffer used was 100
mM sodium phosphate (pH 7.1) with 0.02% sodium azide. The results for the molec-

ular weights of the various oligomers were consistent with those found by SDS/PAGE.

Quasielastic Light Scattering

QLS measurements were performed with a 114 channel Langley-Ford model 1097
correlator and a (‘oherent model Innova 90 Plus argon laser to determine the hy-
drodynamic radii ( Ry,) of the oligomers. To calculate the distribution of sizes of the
scattering particles. we used the method described in Ref. [99], which was adapted for
the analysis of the homodyne correlation function. The conditions of non-negativity
and smoothness were superimposed on the size distribution to stabilize this otherwise
ill-conditioned problem [100].

Measurements were made at (25°C') on the monomer. dimer. trimer and n-mer
fractions. The sample concentrations were 3-35 mg/ml. The results are discussed in

detail in Sec. 4.3.3.

Cation-exchange HPLC

CAT-HPLC was performed using a svnchropak C'M-300 column from SynChrom
(Lafayette. IN) as described in Ref. [101]. The results indicated that each oligomer

was predominantly (>70%) a single charged species (data not shown).

Our analysis shows that the oligomers of ~p, we have formed consist of stable
complexes whose size and weight are consistent with that of a v, monomeric unit.

We believe that we have successfully produced crosslinked oligomers of 4.
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Figure 4-3: SDS/PAGE of the oligomers of vy, without DTT. Lanes (left to right):
1 and 7. molecular mass markers (from bottom to top) are 14.4, 21.5, 31.0, 45.0. 66.2
and 97.4 kDa: 2. native vumn; 3. control ~p; 4, monomer fraction after crosslinking;

5 and 6, dimer fraction: 8 and 9, trimer fraction; 10, n-mer mixture.
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4.2.4 T, measurements

We obtained the coexistence curve for the oligomers using the method described
elsewhere [35]. We found that concentrating the oligomers with the Ultrafree-4 ul-
trafiltration devices (Millipore. Bedford. MA; molecular weight cutoffs of 5, 10 and
30 kDa) was easier than with the Centricon-10 and Centricon-30 (Amicon, Beverly,
MA) used in previous work [2]. In this work we determined the complete coexistence
curve for the i, dimers. Only a partial coexistence curve could be obtained for
the trimers due to the low vields of material. As has been reported previously for
high T. y-crystallin monomers [2] and for iy [23], we found that our oligomer sam-
ples would often precipitate at high temperatures and high concentrations, making
measurements difficult. The coexistence curve for the native monomer ~yq, has been
published from this laboratory [2]. We also present partial coexistence curves for the

monomer and n-mer fractions collected after the crosslinking reaction.

4.3 Results and Discussion

4.3.1 Coexistence Curves of Oligomers

In Fig. 4-1 we present the coexistence curves for oligomers of yyp,-crystallin in 100mM
sodium phosphate solution (pH 7.1). We show our results for the v, monomers after
crosslinking (solid bowties). the 4y, dimers (solid circles) and - he 4, trimers (solid
triangles). The monomer <y, (taken from Ref. [2]) is also shown (open squares)
together with our control sample for the monomer (open circles). This control sample
was treated exactly as the oligomer samples except that no crosslinker was added to
the solution. As can be seen in the figure, we find excellent agreement between our
control sample and the results of Broide et al. [2].

The solid lines in the figure are fits to the function [102]

2 (4.1)
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Figure 4-4: Coexistence curves for the oligomers of yyp,-crystallin in 0.1 M sodium
phosphate (pH 7.1). Native yym monomers, from Ref. [2] (open squares): control
~1m, monomers. this report {open circles); yum monomers after crosslinking (solid
bowties); v, dimers (solid circles): vy, trimers (solid triangles). The solid lines are
fits to Eq. (4.1).
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where 3 = 0.325, ¢' and ¢! are the volume fractions of the dilute and dense coexisting
phases respectively, o. is the critical volume fraction, T, is the critical temperature (in
Kelvin) and A is a parameter that characterizes the width of the coexistence curve.
In Table 4.1 we list the values of the parameters ¢., T. and A for the native monomer
and for the dimer. Note that the parameter A as defined in Eq. (4.1) is a factor of

two greater than that used by Broide et al. [2].

Table 4.1: Coexistence curve parameters (see Eq. (4.1) in text) for the monomer and
dimer.

Oligomer O T. (K) A
Monomer 0.20 + 0.01 2784 £ 0.2 5.2 £0.2
Dimer 0.18 £0.01 304.7 0.5 4.2 +0.2

We note that the dimer has a lower critical volume fraction. a higher critical
temperature and a narrower coexistence curve than the monomer. As will be discussed
in Sec. 1.3.2 this can be understood in terms of the dimer having a longer effective
range of interaction than the monomer. Unfortunately. our data does not allow us
to determine the values of o.. T. and A for the trimers. \We however point out that
one important trend is seen in all three systems. At a fixed concentration the phase
separation temperatures increases with the size of the oligomer.

Another interesting result we find is that the 7,, of the monomer samples af-
ter crosslinking (solid bowties) is approximately 3°C' higher than that of the native
monomer. perhaps due to the formation of an intermolecular crosslink. This reaction

of the crosslinker with the monomer is an important issue to be investigated. but in

the rest of this chapter we will concetrate on the phase separation of the oligomers.

4.3.2 Comparison with Theoretical Models

In Fig 45 we show the width of the coexistence curve 4 and the critical volume
fraction o. for various svstems. These are the simple gases nitrogen. carbon monox-
ide. methane. neon. argon. krypton and xenon [12, 103. 104]; the globular proteins

v-crystallins [2]. globulins [105]. arachin [106]. apoferritin [7]. concanavalin [7] and
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Figure 4-5: The width of the coexistence curve A and the critical volume fraction ¢,
for various systems. The center of each word lies approximately at the values of A
and ¢, corresponding to that system.
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lysozyme [89]; and the results for the v, dimer from Table 4.1. The center of each
word lies approximately at the values of A and ¢, corresponding to that system. The
boxes are intended to highlight the fact that the systems cluster into groups. The
simple gases all have ¢, ~ 0.13 and .4 = 3.5. As was discussed in Chapter 2, these are
the values expected for spherical particles with long ranges of interaction [18, 47, 107].
The proteins all have larger values of ¢. (0.19-0.21) and A (5.2-8.8). This is due to
the short-range nature of the protein interactions. The larger spread in these values
for each protein as compared to the simple gases reflects the greater experimental
uncertainty in determining ¢. and A for proteins.

We see that the vy, dimer lies in between the two groups. This suggests that if we
wish to characterize the dimer phenomenologically, it should be described as having
an effective range of interaction that falls in between that of monomeric proteins and
simple gases. We found in C'hapter 2. that as the range of interaction increases so does
the critical temperature (see Table 2.1 and Fig. 2-6). Since the dimer may be thought
of as a longer effective range of interaction than the monomer, we would expect it to
have a higher critical temperature. This is indeed observed experimentally.

We now wish to examine whether the trends we have observed experimentally for
the dimers. namely a higher critical temperature. a higher critical volume fraction
and a wider coexistence curve than the monomer, are general in nature. We do so by
considering several models that take into account the dumbell shape of the hard core
of the dimers, which we did not consider in our qualitative discussion above.

There have been several theoretical investigations into the free energy of dimers
consisting of two tangent spheres [108. 109. 110. 111. [12. 113. 114]. where both
spheres are assumed to have a given range of interaction. Below we present the free
energies obtained for three models corresponding to different ranges of interaction:
(A) mean field, (B) a square-well potential with A=1.5: and (C) adhesive spheres. As
we have discussed in Chapter 2. the mean field model is equivalent to a long-ranged
(A — oo) square-well potential. while for the adhesive sphere the range of interaction
is very short (A — 1).

For each model. we consider the monomer (denoted by the subscript m) and
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the corresponding dimer (denoted by the subscript d). We give for each system the
reduced free energy per monomeric unit f = F/N,,kT. Here N,, is the total number
of monomeric units (whether free or bound as a dimer) and F' is the Helmholtz
free energy of the system. Note that the expressions given below were derived for
one component fluids. However, we are assuming the protein-water solution to be
incompressible and thus its free energy is equivalent to that of a one component fluid
(as is shown in Appendix A). We use the expressions for the free energy of the various
models to numerically determine the coexistence curves. This is done by finding the
coexisting volume fractions ¢! and ¢! which at each temperature minimize the total
free energy of the system.

We wish to point out that using our Monte C'arlo method (see Chapter 2) we have
already determined the coexistence curves for the monomer systems we are about to
consider. For dimer systems. however, simulations are much more difficult to carry out
and there are no reliable simulations available. Thus to understand our experimental
results we resort to previously published theoretical calculations for the free energy
of the dimers. These are described in the various sections below. For consistency we
use similar calculations for the free energy of the corresponding monomer systems.
As we have mentioned in (‘hapter 2, theoretical predictions for the free energy of
for the monomer syvstems are only in qualitative agreement with the results from
simulations. Nevertheless. as we will see below. theyv capture the trends observed in
the simulations. Thus we believe that predictions of the calculations for dimers will
also be qualitatively correct. if not numerically accurate. We use these calculations
to illustrate that the relatively short-range of interaction of the monomer plays a role

in shaping the phase diagram of the dimer.

A. Mean field

Al. Monomers. The free energy for mean field monomers we use is [13]

fm = fes — ao. (4.2)
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Here fcs is the Carnahan-Starling approximation for the free energy of hard spheres [55],

given by

=] —2¢
fes no+ (—I‘:Cb—) (4.3)

Note that fcs represents the entropic contribution to the free energy of the monomers,
while —ao is the energetic contribution (see Eq. (4.2)). Here a is the well known van
der Waals term [61] and was discussed in Sec. 2.3.3. For convenience. we repeat here

its definition in terms of the square-well model.

a=4eX\°, (4.4)

A2. Dimers. The corresponding free energy for mean field dimers is

fa = frs —ao. (4.5)

Here frs is the Tildesley-Street [115] approximation for the free energy of hard di-

spheres, given by

031@

, 1
frs = 5Ino+1.3775151n(1 - o) +

31343( (4.6)

75

- )
The factor of one half preceding the In o term is due to the fact that we normalized
the free energy to the number of monomer units. The number of dimers is half the

number of the constituent monomers.

B. Square-well potential, \=1.5

The free energies we use for both the monomer and dimer are those obtained by
second order perturbation theory about the corresponding hard core svstem (whose
properties are known from simulations). We use the expression for the free energy as
obtained by Yethiraj and Hall [110]. We have chosen to use the results for A=1.5. for
this is the only range of interaction which lies in between the mean field and adhesive

sphere limits and for which there are published calculations.
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Bl. Monomers. For the monomer we have

fm = fos —efQ =D, (4.7)
with
54.5051575 — 131.4520225¢ . 2
£ = 99 5635456 + 54.5051575 — 131.4520225¢ + 80.95349¢ (4.8)
(1—-o0)®
and
F0) 0.6320017 + 12.80252795¢ + 230. 3261307@252 (4.9)
m (14 6.75237¢)3 ‘
B2. Dimers. The free energy of the dimers is
fa= frs—efiV — &5 (4.10)
where
56.35234651 — 134.3272537¢ 1.56952133 42
() 98798025890 + 6 5370 + 81.569521330° 4 1y
(1-o0)?
and
. 588 2
f,S” _ 0.58329493 + 14.59145098¢ + 366. 8184896¢ (4.12)

(14 8.26765¢9)3

C. Adhesive spheres

('l. Monomers. For the monomers we use the results of Watts et al. [39]. As
mentioned in Sec. 2.3.3. these authors calculate the pair distribution of adhesive
spheres using the Percus-Yevick equation. They use the energy equation to find an

expression for the free energy of adhesive spheres. This is

dr'’

T

= Jes —6/ a— - 12— (4.13)

where

a=17+—" (4.14)
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and
o1+ 0/2)

Recall that the parameter 7 is defined as (Eq. (2.28))
1

TR0 Lexp(d) (4.16)

Note that we choose to work with the energy equation (see Sec 2.3.3), for it leads
to values of ¢. and 7. which are close to those we find by simulation.

C2. Dimers. For the dimer we use the expression given by Banaszack et al. [112]
for chains of adhesive spheres. which they obtained from the theory of association of

Wertheim [114. 116]. The free energy of adhesive dimers is found to be

X |
fd = fm - ; 1n(@ym) (417)
where
67 o,
Ym = z[a —(a” — 7)1/2} (4.18)

is the cavity function for adhesive monomers.

Coexistence Curves

In Fig. +-6 we show the coexistence curves corresponding to the above six svstems
(Al. A2. Bl. B2. ('l and ("2). The temperatures are given in reduced units T'//T"
in terms of the critical temperature of the monomer 7.". taken to be the same for all
three monomer systems. To convert the parameter 7 to a real temperature. Eq. (4.16)
was used with A = 1.05. This leads to a value of ¢.=2.66. consistent with our Monte
Carlo simulations (see Table 2.1).

We see from Iig. 1-6 that the value of o. and the width of the coexistence curve
for the dimers increase as the range of the constituent monomer decreases. This is
consistent with our previous findings for the monomer. The critical parameters for
each svstem are given in Table 1.2, In column 2 we present the range of interaction

of the constituent monomer. In column 3 and 4 we show. respectively. the value of o.
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Figure 4-6: Coexistence curves for (1) monomers and (2) dimers according to various
models. A: mean field (solid lines): B: square-well potential with A=1.5 (coarse dashed

lines); C: adhesive spheres (fine dashed lines).
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Table 4.2: Coexistence curve parameters for the curves presented in Fig. 4-6.

Model Range O critical temperature T%/T™
Mean field monomer (Al) A — oo 0.130 (0.130) a.=10.6 (10.6) —
Mean field dimer (A2) - 0.105 a.=6.95 1.53
Square-well monomer (B1) A= 1.5 0.157 (0.171)  ¢.=0.745 (0.763) —
Square-well dimer (B2) — 0.165 €.=0.596 1.28
Adhesive monomer (('1) A—1 0.316 (0.266) 7.=0.1164 (0.13) —
Adhesive dimer (A2) — 0.291 7.=0.1419 1.08

and the critical temperature (expressed as the dimensionless temperature appropriate
for each svstem) for the the different systems. The values in parenthesis shown in
columns 3 and 4 are those we obtained from our simulation results in Chapter 2 (see
Table 2.1 and Sec. 2.3.3) for the monomer svstems. The ratio of critical temperature
of the dimer T¢ to the critical temperature of the monomer T is given in column 5.

When we compare the dimers with their constituent monomers we see that the
critical temperature of any given dimer is higher than that of its constituent monomer
[see columns 4 and 5: recall that a o< 1/T (Eq. (4.4)): ¢ < 1/T (see Sec. 2.2); and 7
increases monotonically with T (Eq. (4.16))]. This increase of the critical temperature
of the dimer can be interpreted. as we did previously. as the dimer having an effectively
larger range of interaction. From column 5. we see that although T¢/T™ is always
greater than unity. it decreases as the range of interaction of the constituent monomer
decreases.

We also see that o. (column 3) of the dimer tends to be smaller than that of the
monomer. This is again consistent with our phenomenological description that the
effective range of the dimer is longer than that of the monomer. As we have seen
in Chapter 2. o. decreases as the range of interaction increases. We note that the
value of ¢. = 0.165 for the A=1.5 dimer is actually larger than that of the monomer
o, = 0.157. There is however some theoretical uncertainty in these results, for they
depend on which analvtic functions are used to express the various terms in the free
energies given above. We find from our Monte ("arlo simulations that for a monomer

with A=1.5. ¢, = 0.171. By comparing the Monte C'arlo results with the theoretical

100



CHAPTER 4. AGGREGATION AND PHASE SEPARATION

results for ¢, and €. in Table 4.2, we see that prediction of the theories used for the
monomers are qualitatively correct. although not in strict numerical agreement with
the simulations. We expect the theories for the dimers to be of a similar accuracy.
The trends shown by these theoretical results are consistent with our experimental
findings given in Sec. 4.3.1. The vy, dimers have a lower value of ¢, and a higher crit-
ical temperature than the monomer, as is found theoretically for the dimer-monomer
pairs. Experimentally we observe T¢/T™ = 1.09 (Table 4.1). This is very close to the
value of 1.08 found theoretically for the adhesive dimers and contrasts sharply with
the value of 1.53 found in the mean field limit (see Table 4.2). Of course, the ex-
perimentally observed change in the critical temperatures between the dimer and the
monomer may be due in part to chemical changes brought about by the crosslinker.
However, we believe that the relatively small change in the critical temperature of the
dimer is one more phenomenon which reflects the short-range nature of the protein

interactions.

4.3.3 Effect of Oligomers on the Phase Behavior of Globular

Proteins

In Fig 4-7 we compare the coexistence curves for the oligomers of yip-crystallin with
those of ~y-cryvstallin. The native <, and <1 monomers are shown as open squares
and open triangles respectively. \We note that the two coexistence curves are almost
identical. The solid symbols represent our results for the yun, oligomers: dimers
(circles), trimers (triangles) and a mixture of higher n-mers (squares). We estimated
(from our Superdex 75 separation—see Sec. +4.2.2) that the n-mer mixtures contained
approximately 10% trimers. 70% tetramers and 20% pentamers. The crossed squares
are the results for the partial coexistence curve of 4y taken from Ref. [23].

We can see from this figure. that although the coexistence curves of the vy, and
-1 monomers are practically the same. the coexistence curve of yyy is very different
from that of the ~yp, dimer. even though g was suggested to consists of dimers

of v11 [86]. In fact the partial coexistence curve of vy resembles more closely that
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Figure 4-7: Comparison of the coexistence curves for yyp, and 11 oligomers. Native
Y1 and v monomers. from Ref. [2] (open squares and open triangles respectively);
v dimers (solid circles): 4, trimers (solid triangles); v, n-mers (solid squares);
vy from Ref. [23] (crossed squares).
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of the yim, n-mers than that of the vy dimers. This suggests that vy, reported
previously to consist of dimers, may in fact contain some n-mers.

There is further evidence that 41y may actually contain some higher n-mers. In
Iig 4-8 we show the normalized scattering intensity plotted against the apparent
hydrodynamic radius R; as obtained by QLS. The results for the yyn, oligomers
are shown in Figs. 4-8(A-D): native monomer (A); dimer (B); trimer (C) and n-
mer mixture (D). The average hydrodynamic radius < Rj > increases with size as
expected. In Figs. 4-8E and I we present the results for the vy monomer and for 1y,
respectively, taken from Ref. [23]. We see that the average R}, of the 41 monomer is
26.0A not far from the average R of the 41, monomer, 24.9A. The hydrodynamic
radius for vy however, differs substantially from that of the vy, dimer. The average
hvdrodynamic radius of ~iy is approximately 36A. significantly larger than the 30A
found for the 41y, dimer. In addition. the distribution of particle sizes is much broader
for vy (10-100A) than is seen for the vim, dimer (20-40A). We note that for the n-
mer mixture of 5y, the average hyvdrodynamic radius is 39A with a spread in sizes
(‘25-55;\) which is broader than that of the ~y, dimer. Thus, it is the n-mer mixture
and not the ~rmq, dimers. which most closely resembles 4y in the distribution of
particle sizes.

In Table 4.3 we show the hvdrodvnamic radii expected in the limit of zero con-
centration for oligomers made up of tangent spheres. This table has been adapted
from the calculations of Garcia de la Torre and Bloomfield [117]. Note that Rj(m) is
the hydrodynamic radius of the spherical monomer.

For the 4y dimer we find experimentally that < R, > / < Ry(m) >= 1.2
while for ~y we have < R, > / < Rp(m) >= 1.1. These values are both close to
those expected theoretically for a dimer (1.38). However. the distribution of particles
sizes 1s veryv different for the two samples. The largest particles seen in the ~mm
sample has only R,/ < Rn(m) >~ 1.6. The results presented in Table 4.3 suggest
that this corresponds to the presence of some trimers in the dimer sample. which is
consistent with the gel electrophoresis results (see Fig. 4-3). In contrast. we see that

~1mn contains particles with sizes up to R,/ < Rn(m) >~ 3.8, which correspond to
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Table 4.3: Hydrodynamic radii in the limit of zero concentration for oligomers made
up of spheres [117]. Rx(m) is the hydrodynamic radius of the spherical monomer.

No. of subunits (n) Geometry Ry/Rn(m)

1 Sphere 1.00
2 Dimer 1.38
3 Triangle 1.61
3 Linear 1.71
4 Square 1.82
4 Tetrahedron 1.77
4 Linear 2.00
5 Pentagon 2.04
5] Bipyramid 1.92
6 Hexagon 2.25
6 Octahedron 2.02
6 Trigonal prism 2.07
8 Cube 2.31

very large particles; from Table 4.3 we see that octamers are expected to only have a
size of R,/ < Ri(m) >= 2.31. Thus by comparing the QLS results together with the
values presented in Table 4.3 for R}, we can conclude that the vy sample contains a
significant proportion of large oligomers while the vy, sample is mostly dimers. Note
that for the 41, n-mer sample. < Ry > / < Rp(m) >= 1.6, which is consistent with
this sample being composed of a mixture of trimers. tetramers and pentamers.

We have seen in Sec. 1.3.1 that at a fixed concentration T,, increases with the
number of subunits in the oligomer. We have argued above that vy actually contain
higher n-mers as well. Thus. we may attribute the difference in the coexistence curves
between the Vi dimers and vy to the presence of n-mers in the latter. Of course. it
is possible that part of the difference in the phase behavior may due to the different
chemical nature of the protein oligomers. leading to different energies of interaction.
The ~1b dimer contains a crosslinker while the 41y dimer is thought to be a mixture of
covalent dimers held together by a disulphide link as well as associated (non-covalent)
dimers [86]. Our results however strongly suggest that these associated dimers can
actually form larger oligomers which lead to the observed QLS and coexistence curve

data.
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4.4 Conclusions

We have produced, through chemical crosslinking, oligomers of the protein -
crystallin. We have identified a crosslinking reagent and a set of experimental con-
ditions which enable us to generate large amount of crosslinked oligomers. We have
presented the coexistence curves of the dimer and trimer species. We have observed
that the dimer has a higher critical temperature, a lower critical volume fraction and
a narrower coexistence curve than the native monomer. Our results for the trimer
and higher n-mers have shown that at a fixed concentration the phase separation
temperature increases with the size of the oligomer. We have found that our experi-
mentally observed increase in the critical temperature of the dimer is consistent with
the monomer having a short range of interaction.

We have shown how our results for the dimer can be explained by considering the
dimer to have a longer effective range of interaction than the monomer. We have used
our results to investigate the effect of aggregation on liquid-liquid phase separation
in globular protein solutions. We have observed that the presence of oligomers can
dramatically raise the phase separation temperatures. We have compared our results
with those obtained for ~qi-crystallin where the formation of a new species vy is
believed to raise the phase separation temperature of the protein solution. This work
further strengthens the results obtained previously for +;;. However, we have shown
here that vy does not solely consist of dimers of ~11 as previously suggested, but
that these dimers are accompanied by the formation of larger associated aggregates.

The model system we have presented here allows us to produce large quantities
of pure and stable oligomers. With this system we will now be able to construct
multicomponent mixtures of monomers and oligomers which mimic the mixtures of
monomeric protein and aggregates which form naturally in many biological settings.
We believe that the model experimental system we have developed opens the door to
a systematic investigation of the effect of aggregation on phase separation in globular

protein solutions.
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Chapter 5

Conclusions

In this thesis, I have shown how the phase behavior of globular proteins can be
understood in terms of their microscopic interactions.

In Chapter 2. [ described how we studied the liquid-liquid phase separation of glob-
ular proteins. The proteins are modeled as hard spheres with an attractive square-well
potential of depth ¢ and reduced range A. We compared the experimentally deter-
mined phase diagram with the results of a modified Monte Carlo procedure which
combines simulations with analyvtic techniques. The simplicity and economy of the
procedure made it practical to investigate the effect on the phase diagram of an essen-
tially continuous variation of \ in the domain 1.05 < A < 2.40. In particular. we were
able to study. without great computational cost. the domain most relevant to globuar
proteins. that of short ranges of interaction. We calculated the coexistence curves
and found that they are in good agreement with the information available from pre-
vious standard Monte Carlo simulations conducted at a few specific values of A\. We
analyzed the experimental data for the critical volume fractions of the 4-crystallins
and determined the actual range of interaction appropriate for these proteins. A
comparison of the experimental and calculated widths of the coexistence curves sug-
gests a significant contribution from anisotropy in the real interaction potential of
the y-crystallins. The dependence of the critical volume fraction ¢, and the reduced
critical energy é. upon the reduced range A were also analyzed in the context of two

limiting cases: mean field theory (A — oo0) and the Baxter adhesive sphere model
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(A = 1). Mean field theory failed to describe both the value of ¢. and the width of
the coexistence curve of the v-crystallins. This is consistent with the observation that
mean field is no longer applicable when A < 1.65. In the opposite case, A — 1, we
obtained the critical parameters for ranges much shorter than those investigated in
the literature. This allowed us to reliably determine the critical volume fraction in
the adhesive sphere limit: o.(A = 1) = 0.266 £ 0.009.

In Chapter 3. I described how we continued our investigation of the phase diagram
of globular proteins by studying the liquid-solid transition. Here we presented an
analytic expression for the chemical potential of a solid with short-range interactions
by using a simple cell model. We then used this chemical potential, together with
the chemical potential of the liquid phase we had obtained previously. to show how
the relative positions of the phase boundaries are related to the range of interaction
and the number of contacts made per particle in the solid phase. In particular, we
explained how the “metastability gap” of globular protein solutions (i.e.. the difference
between the temperature at which a stable solid phase appears and that at which
coexisting liquid phases are first stable) is a manifestation of the shortness of the
range of interaction and of the number of contacts made in the solid phase. The
theory presented successfully describes the features of the phase diagrams observed
in a wide variety of colloidal systems, including globular proteins.

In Chapter 4. [ discussed the effect of oligomers on the phase diagram of globular
protein solutions. We produced dimers. trimers and larger n-mers of globular proteins
by crosslinking native yy,-crystallin protein. We determined the experimental con-
ditions which maximized the yvield of the dimer species. \We presented results for the
liquid-liquid coexistence curves of the dimers and trimers. We found that at a given
concentration, the trimers phase separated at a higher temperature than the dimers.
which in turn phase separated at a higher temperatures than the native monomer
protein. In addition. we observed that the critical volume fraction and the width of
the coexistence curve for the dimers were smaller than those of the monomers. We an-
alyzed the results within the context of the model used to describe protein monomers.

We found that the protein oligomers may be described phenomenologically as having
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CHAPTER 5. CONCLUSIONS

longer effective ranges of interaction than the monomer protein. The experimental
findings were then used to illustrate the relationship between aggregation and phase
separation in globular protein solutions.

The work in this thesis has addressed several important issues regarding the phase
behavior of globular proteins. I suggest below possible further work.

I have discussed in this thesis that the interactions of globular proteins are an-
isotropic. I believe that it would be interesting to extend the work presented in
Chapters 2 and 3 to include anisotropic interactions. Anisotropic potentials should
be investigated not only because they are more realistic, but also because they may
shed light on the connection between crystallization, liquid-liquid phase separation
and aggregation. How is the anisotropy of the interaction related to crystallization,
liquid-liquid phase-separation and aggregation? As illustrated by the work I have
done, isotropic interactions allow all three types of behavior to be observed. However,
for highly anisotropic interactions (e.g., a sphere with two narrow cones of attraction
so that each particle onlyv interacts with a neighbor exactly to its right and left),
liquid-liquid phase separation cannot occur. This is because with such anisotropic
interactions only chains of particles may form, not the drop-like clusters needed to
create new liquid phases. Therefore. by systematically making the interaction between
particles more and more anisotropic. it should be possible to observe a change in
behavior from liquid-liquid phase separation to aggregation.

[t is also important to carry out more experiments to study how the microscopic
interactions affect the phase diagrams of proteins. [ believe that the work which I
described in Chapter +. related to the phase diagram of crosslinked oligomers. should
be extended. If sufficient protein is available. it would be interesting to measure
the complete coexistence curve of the trimers (and those of higher n-mers). This
study could then be continued to characterize the behavior of other phase separating
globular proteins. such as lysozyme or other members of the y-crystallin family, to
see if the universality of the monomer phase diagram is repeated for the oligomers.
Another possible extension would be to explore the role of the crosslinker. At its

simplest. this would include the specific chemical effects of a given crosslinker on a
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protein, and hence on its phase behavior. However, a more appealing possibility is
to vary the length of the spacer arm in the crosslinker and study the effect of the
distance between the constituents of the oligomer on the phase behavior. I would
expect this to produce dramatic results, for in the limit of a very long spacer arm
the oligomers should behave like a polymer even though each of the constituents is
short-ranged.

[ hope that the work presented in this thesis will encourage others to explore the

phase behavior of solutions of globular proteins.
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Appendix A

The Incompressible Protein-Water

Solution

In this Appendix we show the equivalence of the thermodynamic descriptions of an
incompressible protein-water solution and that of a compressible one component fluid.

Consider a solution of N, protein molecules and NV, water molecules at pressure
P and temperature T. Let the chemical potential of a protein molecule be p, and
let that of a water molecule he u,. We assume that the protein-water solution is

incompressible. Therefore the volume of the system may be written as
V=N, + N,.Q,. (A.1)

Here Q, is the volume of a protein molecule and ,, is that of a water molecule.
The equivalence between the incompressible protein-water solution and a com-

pressible one component fluid is most easily seen by considering the Helmholtz free

energy F(T.V..N,,N,)
dF(T,V.N,. N,,) = =SdT — PdV" + (1,d Ny, + p1,,dN,.. (A.2)

where S and P are, respectively, the entropy and pressure of the system.

Equation (A.l) allows us to eliminate the variable .V,, from the free energy. From
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this equation we write

1
AN, = g=dV = 3dN,, (A.3)

where v = Q,/8,, is the ratio of the volume of one protein molecule to the volume of
a water molecule.

Substituting Eq. (A.3) into Eq. (A.2) we obtain

dF(T.V,N,,N,,) = —=5dT — (P — g—w)dv + (ftp — Yy )AN,. (A4)
The quantity 7 = — ¢, /Q,, is the osmotic pressure of the solution.

We now compare Eq. (A.4) with the free energy of a compressible fluid of N,

particles at temperatute 1" with volume V. This free energy is

AF(TV.N,) = —SdT — PdV + udN,. (A.5)

Here S is the entropy and P is the pressure of the fluid. The chemical potential of
the fluid is p.

By comparing Eqs. (A.4) and Eqgs. (A.5) we see that the free energy of an in-
compressible protein-water solution is formally equivalent to the free energy of a
compressible one component fluid consisting of .V, particles in a volume V at tem-
perature 7. The effective chemical potential ji.;; = i, — 7, is equivalent to the
chemical potential 4 of the Huid. The total pressure P + 7 of the protein-water
solution corresponds to the pressure P of the fluid.

Note that since the protein-water solution is incompressible its free energy is in-
sensitive to external pressure [’ applied to it. \We may therefore consider the external
pressure to be zero. In this case. the equivalent pressure in the one component fluid
is simply the osmotic pressure 7. The relationship between the two systems is sum-

marized in Table A.l.



APPENDIX A. THE INCOMPRESSIBLE PROTEIN-WATER SOLUTION

Table A.1: Corresponding variables for the incompressible protein-water solution (at
zero external pressure) and the compressible one component fluid systems.

Incompressible protein-water solution | Compressible one component fluid
Number of protein molecules, .V, Number of particles, IV,
Helmholtz free energy, F'(N,,V,T) | Helmholtz free energy, F'(N,,V,T)
Chemical potential. g, — vy, Chemical potential, u
Osmotic pressure 7 Pressure P
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Appendix B

Widom’s Formula

Here we present the original derivation of Widom’s formula [54] for the chemical
potential of a system of .\ identical particles, without internal degrees of freedom, in
a volume V at temperature T. The equivalence of the thermodynamic descrptions of
this system and that of the protein-water solution is discussed in Appendix A.
In the canonical ensemble the chemical potential is given by
oF

p= o5 = PN+ LV.T) = F(N.V,T). (B.1)
ISR VT

where F' is the Helmholtz tree energy.
The Helmholtz free energy F' is defined as F(N,V.T) = —kT In Zn(V.T), where
Zx is the partition function of a system of N particles. The chemical potential can

therefore be written as

Znu1(V,T)
= kT | 7 B.2
g “( Zy(V.T) (52
The ratio of the two partition functions is given by
Zvpr 1 Jexp(=BEnii{ri, p}) I d®ridpi (B.3)

Zn (N 41 [exp(—B3En{ri,p:i}) fvzl d3r;d>p;

where Ex and Ev,; are the energies of the system with N and N 4 1 particles

respectively. The position and momenta of the particles are denoted by {r;, p;}. The
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factor 1/(N+1) is due to the indistinguishability of the particles. Asusual 8 = 1/kgT
Now we split the energies into kinetic (K') and potential (W) contributions i.e.,
En{ri,pi} = Kn{p;} + Wx{r;} and similarly for Ey,,. We then perform the inte-

gration over the momenta coordinates to obtain (assuming N > 1)

Zuws () J exp(=BU{r:}) exp(=BWy{r:}) I¥{" d°r,
In  \NVr [ exp(=3Wn{ri}) TIL, dr; |

(B.4)
Here V is the Fermi volume. which comes from the extra momentum integration in
the numerator. We have also written Wy41{ri} = Wx{r;} + U{r;}. Thus, U{r:}
is the extra potential energy associated with adding the (N + 1)*® particle into the
original N particle system.

Clearly Wx{r;} is a function of {ry,rs....ry}, while U{r;} is a function of
{ri,ray...Tn N1} However. if we assume that the system is translationally in-
variant, then the potential energies are only functions of the distances between the
particles i.e., of |r; — r;| where ; # j. Thus. by changing coordinates so that the
origin is centered at the position of the (N + 1)*® particle. namely r! = r; — ry41,

with ¢+ = 1,2,....V. we can write Eq. (B.4) as

Zns1 _( l )fvxp&—-ﬂ'{ré})eXP(—-in{rf})(dBr.m)H;’ild"‘?‘? (B.5)
Znv  \Nlp [ exp(—3Wx{r}ITY, &3 ' ‘
and hence

Inst ( b ) J exp(=3U{r}}) exp(— IWn{r}) [Tit; d°r} (B.6)

Zy  \NVp [exp(—3Wn{ri}) [Tx, &Pr ' ’
Let us define

exp(—=3U{r'}) exp(—3Wn{r' N T, &3
< exp(—30) >= [exp(=3UHri}) exp( = IWn {ri}) [iey d7ri (B.7)

[exp(—=3Wy{rhH IL, d°r

The canonical average symbolized by <> may be interpreted as follows. Imagine
that the system of N particles. with potential energy W~ {r;}. and which is in ther-

modynamic equilibrium. is suddenly frozen into one of its possible equilibrium con-
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APPENDIX B. WIDOM’S FORMULA

figurations. Now add to the frozen system another particle, identical to the others,
and let it wander amongst the fixed particles, measuring at each point the value of
exp(—BU{r!}). The average value of this function is represented by <>.

Using our definition in Eq. (B.7) we can write Eq. (B.6) as

ZNi1 Vv
]ZV; = <NVF) < exp(—pU) > . (B.8)

We can insert Eq. (B.8) into Eq. (B.2) to obtain

‘/
= —RK X —-pU . .
P [(NVF ) < exp(—BU) > (B.9)

Now we use the definition of the volume fraction ¢ = NQ,/V—where (1, is the volume
of one particle—to rewrite Eq. (B.9) as
pw=qip+hkTIlno—kTIn < exp(—U/kT) >, (B.10)

where

1o = —kT In(Q,/ Vi), (B.11)

is the standard part of the chemical potential. Equation (B.10) is directly analogous

to Eq. (2.11) used in Sec. 2.2.
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Appendix C

Chemical Potential Extrapolation

In this Appendix we derive Eq. (2.20), namely

d/'t aEmt
o ( ION, ) (C.1)

which is used in Sec. 2.2 to derive the chemical potential extrapolation formula

(Eq. (2.22)).
The chemical potential is given by Eq. (2.16):

i =Iné —In < exp(vé) > . (C.2)

Here v is the number of new contacts made by the test protein. given by (see
Eq. (2.14))
V= on( V +1)— \con( \p) (C3)

The canonical average of the second term in Eq. (C.2) may be written explicitly

as (cf. Eq. (B.7))

<exp(vé) > = <exp{[Nown( N, + 1) = Non(V,)]€} >
[ exp[N. on( \p + 1)é ]Hl pl d*r!
Je‘(p[ wn 6] Hz ld3 .

Recall that .V, is a function of the positions of the particles.
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Substituting Eq. (C.4) into Eq. (C.2) gives

Np Np
i=lno— ln{/ exp[Noon( N, + 1)e] [ &)} + ln{/ exp[Neon (N,)e] [ 7). (C.5)
=1

=1

Differentiating Eq. (C.5) with respect to € we obtain

o , ) 0 < Neon(N,) >
= —(< Nopn(N, +1)> — < N_.(N,) >) = — R )
The average interaction energy Ej,, is given by E,,, = — < Neon(Np) > € (see
Eq. (2.3)). Thus Eq. (C".6) may be written as
oji Ein
O _L(O0Fn) (C.7)
de e \ IN, )i 1

Equation (C.7) 1s the desired result.
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Appendix D

Flowchart of the Monte Carlo
Algorithm

In this Appendix we present the flowcharts which schematically describe the Monte

Carlo algorithm developed by Dr. Aleksey Lomakin (see also Sec. 2.2).

Figure D-1 illustrates the main operations of the algorithm. These are (the num-

bers refer to the boxes in the figure):

1.

o

3.

The initial configuartion is set up. The number of particles N determines the
value of o for the simulation as we fix the diameter of the particles beforehand.
The variable SUM accumulates the sum of the exponents exp(v€), where € is the
reduced energy and » is the number of contacts made by the test particle (see
Eq. (2.15)). The quantity exp(v€) is used to calculate the chemical potential
(cf. Eq. (2.16)). The variable A keeps track of the number of attempts made

to add a test particle.

. A particle (the /*" particle) is chosen at random. The number of contacts 7;

made by this particle is calculated and stored. It is by accumulating information
on the number of contacts made by each particle that 7, the average number
of contacts per particle. is calculated. Recall that this quantity appears in the

extrapolation formula for the chemical potential Eq. (2.22).
A position X.Y.Z in the simulation box is selected at random.

121



The main procedure of the Monte Carlo algorithm

Place N particles at random
1| 1ina 1x1x1 box.
Sum=0; Number of attempts K=0;

v

Choose a random integer 1 between 1 and N.
2 Calculate the number of contacts 1 of ith particle. A
v
3 Generate three random numbers X, Y, Z between
0 and 1. These define a new position inside the box| 10
¢ Increase K
Does hard core corresponding to position v by one.
4 X, Y, Z overlap with the hard core of any es of If K> K0
other particle (except ith ) in the box? then report

i and end.
l No +

Calculate number of contacts 1y at

position X, Y, Z, excluding ith particle.

v

6 | Calculate chemical potential [L.

l

Calculate A=—g(ny-11). Generate a
random number W between O and 1.

4 No
8 {Is exp(-A/KT) > W? >

* Yes

9 | Move ith particle to position X,Y,Z. >

Figure D-1: A flowchart for the main routine of the Monte Carlo algorithm.
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4. An attempt is made to add a test particle to the the selected position. If there
is an overlap with the hard core of any particle (except the ¢*® particle of step 2)
the attempt to add the particle is deemed unsuccessful and the program returns

to step 2 (via step 10—see below).

5. The number of contacts made by the test particle 7, is calculated. The 7'

particle is excluded from this calculation.

6. The chemical potential is calculated. For lack of space, this step is shown in

detail in Fig. D-2 and explained below.

7-9. The Metropolis equilibration algorithm. The difference in energy A between
the test particle and the " particle is calculated. If this is negative then
the condition in step 8 will always be true and the ¢ particle is moved to
the position of the test particle. If A > 0 then the move is accepted with a
probability of exp(—A/AT).

10. After both an unsuccessful addition of the test particle (at step 4) or a successful
addition which leads to the Metropolis algoritm (steps 7-9) the variable K,
which records the number of attempts to add a test particle, is increased by
one. If the total number of attempts A to add the test particle is greater than
a specified maximum A, (tvpically 107), the program reports the value of the

chemical potential and terminates.

Figure D-2 illustrates the calculation of the chemical potential in step 6. The

steps in this procedure are (the numbers refer to the boxes in the figure):

1. The procedure first program checks if the number of attempts A to add a test
particle is greater than a specified minimum Ay (typically. 10*). If it is, then
the procedure continues in its calculation of the chemical potential. If A* < Ky
then the chemical potential is not calculated and the routine continues with a
Metropolis equilibration algorithm (steps 7-9). This is done to ensure that the

chemical potential calculations are not biased by the choice of initial conditions.
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Step 6: calculation of the chemical potential

From step 5
(main procedure) l

No
1 IsK>Kq? >
l Yes
2 Does hard core corresponding to position Yes -
X, Y, Z overlap with hard core of ith particle?
l No
[s the position X, Y, Z in contact with
3| the ith particle?
Y‘GS/\ No
4 | Addexp [(Mr+1)€] to Sum 5 | Add exp(n7¢) to Sum
6 | u=1In ¢ - In[Sum/(K-Kg)]
'y

To step 7
(main procedure)

Figure D-2: A flowchart for the calculation of the chemical potential.
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2.

(W1

A check is made to see if the hard core of the test particle overlaps with that of
the " particle chosen previously. If it does, the program returns to the main
procedure (the equilibration algorithm in steps 7-9) and there is no contribution

to SUM. If there is no overlap. the chemical potential calculation continues.
A check is made to see if the test particle and ‘" particle are in contact.

If the two particles are in contact, then the total number of contacts made by
the test particle v is 7, + 1 (77 is the number of contacts of the test particle as

determined in step 5 of the main procedure). SUM is increased by exp[(72+1)é].

If the two particles are not in contact. then the total number of contacts made

by the test particle v is 3. SUM is increased by exp(n2€).

After either step 4 or 5 the chemical potential is calculated. Note that once
the system is in equilibrium. then SUM/(K — Kj) is equal to < exp(v€) > (cf.
Eq. (2.16)). The program then returns to the equilibration algorithm (steps 7-9

of the main procedure).

The savings in compuational time with respect to conventional algorithms comes

from using the position of the test particle both as a means to calculate the chemical

potential (in step 6 of the main procedure) and as a way to equilibrate the system

(steps 7-9 in the main procedure).
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Appendix E
The Number of Contacts

In this Appendix we derive Eq. (2.32), which describes the low ¢ behavior of 7, the

average number of contacts per particle. The result is [65]
7= 8(A3 — 1) exp(é)¢. (E.1)

Equation (E.1) is derived as follows. In the low ¢ limit we may assume that the
particles make contacts independently of each other. That is, the probability two
particles are in contact is independent of the presence of any third particle. Thus 7,

the average number of contacts made by each particle. may be written as

n= pconA\-- (EQ)

where p.on is the probability that the particle makes one contact and V is the total
number of particles in the system.

Now the probability p..,, will be proportional to the Boltzmann factor exp(€),
where é = ¢/kT. for the attraction between particles increases the chance that they
will be near one another. However. for particles to be in contact their centers must
lie with a distance 0 < r < Ao of each other (see Eq. (2.2)). Thus the probability

that two particles are in contact is given by
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vcon

Pcon = % eXp(é)- (E3)

Here V is the total volume of the system and v.,, is the volume in which the center
of a particle may be located while still being in contact with a given particle. For a
contact the centers of two particles must lie within a distance ¢ < r < Ao of each

other. Therefore v, is given by

1 3
Veon = 7;” (A3 — 1) = 8Q,(X% — 1), (E.4)
with ©, = 70°/6. the volume of one particle. since the hard core radius of a particle

is o /2.

Therefore. substituing Eqgs. (E.3) and (E.4) into Eq. (E.2) we obtain

A
7= 80,(\° — 1)F6Xp(€). (E.5)
Using the definition of 0o = VQ,/V. this may be rewritten as

7=38(A = [)exp(é)o. (E.6)

which is the desired result.



Appendix F

The Chemical Potential of the
Solid

In this Appendix we present a derivation of the chemical potential of the solid as
given by Eq. (3.2) in the context of a simple cell model [79]. The solid consists of
N identical particles. in a volume V, at temperature T. This is analogous to the
representation we used for the liquid phase (see Sec. 2.2). The equivalence of the
thermodynamic descriptions of this system and that of the protein-water solution is
discussed in Appendix A.

As stated in Section 3.2. we will assume that the particles interact in a pairwise

additive fashion through a square-well potential of the form

+oo,forr <o
u(r) =49 —e,foro<r < Ao (F.1)

0,for r > Ao

The equation to be derived is

fts = pio — ns(€/2) — kT In[(A — 1)°]. (F.2)

The cell model is based on the idea that each molecule in a solid is confined by its

neighbors. We picture the neighboring molecules as forming a cage or cell in which
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the central molecule moves. The size of the cell at equilibrium is determined by the
external pressure p, through (0F/0V)|y 1 = —p, where F is the Helmholtz free energy
of the system. As we discussed in Sec. 3.2, we will neglect the small compressibility
of the solid and calculate the partition function. and hence the chemical potential of
the solid, at zero pressure.

In the simple cell model which we adopt. these are the fundamental assumptions:

1. The solid consists of a regular lattice of particles.

2. Each particle moves independently in a cell, caged in by its neighbors, in a

potential provided by the neighbors when they are all at their lattice positions.

Since the particles are assumed to move independently. the partition function of

the whole system Z(N.V.T) 1s

ZINV.TY = [Z(V.T)Ve]Y. (F.3)

where 1% is the Fermi volume and Z;(V.T) is the configurational integral for one

particle. The configurational integral is defined as

2V T) = /exp[—tn,?(p)/kT](l?’p. (F.4)

Here wip) is the potential provided by the neighbors and p is the radial distance a
particle moves from the center of its cell with all of its neighbors remaining at their
lattice positions. Note that. folllowing the approximations made by Lennard-Jones
and Devonshire. we have written the potential energy w(p) in its spherically averaged
form. It has been shown the ervor introduced by this approximation is small [79].
The integration in Eq. (F.1) is to be taken throughout the interior of the cell.

If we can evaluate /;. we can calculate the partition function and hence the
chemical potential of the solid. To do so we need to (i) specifv the geometry of the
integration and (i1} represent the quantity w(p) so as to calculate Z;. For convenience,

we shall assume that the lattice of particles is a face-centered cubic lattice i.e.. each

particle has twelve nearest neighbors. Our derivation is easily modified for other
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geometries. We will take distance between adjacent particles (the lattice spacing) to
be ao. Since the particles are spheres of diameter o, « is simply the ratio of the
lattice spacing to the diameter of the particle. Clearly, @ > 1. We will determine the
equilibrium value of @ by minimizing the free energy of the solid at zero pressure.
We are now going to compute the configurational integral Z; (see Eq. (F.4)) as a
function of a. We will start from the close-packed solid with a = 1 and then let o
increase monomtonically. The pair potential is assumed to be short-ranged, so that
only nearest-neighbors interact. When a particle is at the center of its cell it is in
contact with all of its neighbors. Recall (see Sec. 2.1) that two particles are said to
be in contact of their centers lie within a distance ¢ < r < Ao of each other. Thus
w(p = 0), the potential energy of a particle when it and its neighbors are at their cell

centers, may be written as

w(p = 0) = _7136/23 (F5)

with n, the number of nearest neighbors. For our geometry n, = 12, but we leave n, as
a general quantity since this derivation will be applicable to other lattice geometries.

Note also that for this geometry of the solid, it is the hard core repulsion of the
neighbors which limits the displacement of particles in their cells. In Fig. F-1A we
show the solid for the case where o &~ 1. The large solid circles represent the hard
cores of the particles. diameter 0. The small solid circle encloses the region where
the center of the central particle may move without overlapping the hard core of a
neighbor. Recall that. due to the hard core repulsion, the closest the center of the
central particle may be to the center of any of its neighbors is a distance o. We call
the region enclosed by the small solid circle the “sphere of excursion”. This sphere
has a radius of (a — 1)o. The dashed circle encloses the region where the central
particle could move and still be in contact with all of its neighbors. We call this
region the “sphere of attraction™. This sphere has a radius of (A — a)o.

In Fig. F-1B the sphere of excursion and sphere of contact are shown separately.

The particle can only move in the sphere of excursion. Therefore, the hatched region
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The hatched region is excluded to the particle for it cannot move bevond the sphere

of excursion.



APPENDIX F. THE CHEMICAL POTENTIAL OF THE SOLID

is forbidden to the particle. Since the sphere of attraction is greater than that of
excursion, the particle makes all n; contacts throughout the sphere of excursion.
Therefore w(p) = —nye/2 for p < (a — 1)o. Hence for the domain of « shown in

Fig. F-1 the configurational integral is easily calculated from Eq. (F.4) as

a-1)o

( 4
Zt = 47r/0 exp[—w(p)/kT)p*dp = %aB(a —1)%exp(n,€/2), (F.6)

where we have used the notation ¢ = ¢/kT. Here the superscript + is used to denote
the case where the sphere of excursion is smaller than the sphere of attraction. This
domain applies as « increases relative to A until the point is reached that the sphere
of excursion attains the same radius as the sphere of attraction. Since the radii of
these sphere are, respectively, (a — 1)o and (A — a)o, the condition for congruence is
a—1=X—aor a=()+1)/2. Therefore the upper limit of validity of Eq. (F.6) is
a=(A+1)/2

We now consider the domain where @ > (A + 1)/2. The geometry of this domain
is illustrated in Iigs. F-2A and B. The symbols are defined as for Fig. F-1. In
this domain the sphere of attraction has a smaller radius than that of the sphere of
excursion. As a result. the configurational integral has a different dependence on «
than for the domain o < (A + 1)/2. Within the sphere of attraction (p < (A — a)o),
the particle makes all of its attractive contacts and thus w(p) = —n,e/2. In the region
outside the sphere of attraction, but within the sphere of excursion (the gray area in
Fig. F-2B), the particle will lose of some of its contacts. Therefore in this region we
may write w(p) = —n,e/2+ re. where k > 0, and ke represents the average attractive
energy lost in this region.

The configurational integral in the @ > (A 4 1)/2 domain contains two terms,

corresponding to the white and gray regions in Fig. F-2B. They are (using Eq. (F.4))

(a=1)o

(A—a)o
Z7 =4x exp[nsé/Z]/ p*dp + 47 exp[n,€/2] exp[—ﬁé]/( p*dp.  (F.7)
0 A—oa)o
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Here the superscript — is used to denote the regime a > (A + 1)/2.

We are interested in the short-range (A — 1) and hence deep well (¢ — oo) limit
of the pair potential, for this is limit which corresponds to the interaction of globular
proteins. In this limit the second term in Eq. (F.7), which comes from the gray region
in Fig. F-2, makes only a small contribution to the configurational integral (since it
is smaller than the first term by a factor of ~ exp(—«é)) and Eq. (F.7) becomes

approximately

Z7 = —o°(X = a)®exp[n,é/2]. (F.8)

Substituting Eq. (F.6) or Eq. (F.8) together into Eq. (F.3) we obtain the partition

function in the two domains. namely

o ir o® 3 ) N
ZT(N,oa.T) = [—=(a— 1) exp(nsc/2kT)]". (F.9)
3 Vg
for < (A +1)/2 and
_ 47 o® 3 N
Z7(N,a.T)= [?T/_(/\ — a)” exp(nse/2kT)]". (F.10)
F

for a > (A +1)/2.

The behavior of Z as a function of « is shown in Fig. F-3. It can be seen that the
partition function is a maximum i.e., the free energy is a minimum at @ = (A + 1)/2.
Thus, at zero pressure. the solid will adopt a cell size of @ = (A+1)/2. This is the cell
size for which the sphere of excursion and sphere of attraction are equal in size. Note
that 0Z/0c is discontinuous at @ = (A + 1)/2. This is because the pair potential is
not a smooth function of particle position and because we have neglected correlations
between the motions of particles.

Therefore, using our approximations, the partition function of the solid is

dr o’ A—1

(— )? exp(n,e/2kT)N. (F.11)

Z(A’?\lr,p:O.T):[?—‘;; -

This result is obtained by substituting & = (A+1)/2 into either Eq. (F.9) or Eq. (F.10).
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Since we are working at constant pressure (and p = 0), the free energy of the

solid, given by G = —kT In Z, is the Gibbs free energy. From Eq. (F.11) we have

G(N,p=0.T) = —Nlen(%’—) — Nny(€/2) — NkT In[(A — 1)?] (F.12)
F

The chemical potential of the solid p, is p; = G/N. Using Eq. (F.12), we write

Q
s = —len(V—;) —n4(€/2) — kT In[(A — 1)°]. (F.13)
Here ), = 703/6 is the volume of one particle. We now may define yp =

—kT In(Q,/VF) as the standard chemical potential of the solid and we note that it
is equal to the standard part of the chemical potential of the liquid (see Eq. (B.11)).

Then Eq. (F.13) may be rewritten as

fts = o — ny(€/2) — kT In[(X — 1)%]. (F.14)

This equation is the same as Eq. (3.2). As we have discussed in Sec. 3.2, the
first term on the right-hand side of Eq. (F.14) is the standard part of the chemical
potential. The second term is the total energy associated with each particle and the
last term is the entropic contribution. It is a measure of the volume accessible to the

center of mass of the particle.

Addendum: The Volume Fraction of the Solid

We may obtain o,. the volume fraction of the solid at equilibrium. as follows.

The volume fraction oy is given by

és = Qp/vs. (F.15)

where v, = V/N is the volume per particle in the solid.
At close packing we have

bep = N/ Ve (F.16)
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where ¢, = 0.7405 is the volume fraction of closed-packed hard spheres and v,, is

the corresponding volume per particle. Thus from Egs. (F.15) and (F.16) we write

s = Ocp(Vep/Vs)- (F.17)

Now from geometrical considerations v,/v,, = o

. since the volume per particle
scales as the cube of the lattice spacing, and for & = 1. vy = v,,. Therefore from

Eq. (F.17) the volume fraction of the solid, in terms of a. is
¢ = bep/a’ (F.18)

As we showed above. the free energy of the solid is a minimum at o = (A +1)/2.

Therefore the corresponding volume fraction is
05 = 805/ (A + 1)°. (F.19)

and since we have neglected the compressibility (or equivalently the thermal expan-
sivity) of the solid. o, is independent of temperature.

In Chapter 2 we saw that in order to obtain the experimentally observed value of
the critical volume fraction for the v-crystallins A should be 1.25. Using this value
in Eq. (F.19). together with o, = 0.7105. we find o, = 0.520 = 2.56.. as is shown
in Fig. 3-3. This is smaller than the value found experimentally for the y-crystallins,
6, = 0.62 = 3.00. (see Fig. 3-1). We believe that the difference is a reflection of
the fact that the real interactions between the proteins are anisotropic. When we
assume that the interactions are isotropic. we are neglecting orientational degrees of
freedom. These would alter the entropy term in Eq. (F.14) and affect the position of

the liquidus and solidus lines.
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