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Abstract

Protein aggregation is a commonly occurring problem in biology. Cells have evolved stress-response
mechanisms to cope with problems posed by protein aggregation. Yet, these quality control
mechanisms are overwhelmed by chronic aggregation-related stress and the resultant consequences
of aggregation become toxic to cells. As aresult, a variety of systemic and neurodegenerative diseases
are associated with various aspects of protein aggregation and rational approaches to either inhibit
aggregation or manipulate the pathways to aggregation might lead to an alleviation of disease
phenotypes. To develop such approaches, one needs a rigorous and quantitative understanding of
protein aggregation. Much work has been done in this area. However, several unanswered questions
linger, and these pertain primarily to the actual mechanism of aggregation as well as to the types of
intermolecular associations and intramolecular fluctuations realized at low protein concentrations.
It has been suggested that the concepts underlying protein aggregation are similar to those used to
describe the aggregation of synthetic polymers. Following this suggestion, the relevant concepts of
polymer aggregation are introduced. The focus is on explaining the driving forces for polymer
aggregation and how these driving forces vary with chain length and solution conditions. It is widely
accepted that protein aggregation is a nucleation-dependent process. This view is based mainly on
the presence of long times for the accumulation of aggregates and the elimination of these lag times
with “seeds”. In this sense, protein aggregation is viewed as being analogous to the aggregation of
colloidal particles. The theories for polymer aggregation reviewed in this work suggest an alternative
mechanism for the origin of long lag times in protein aggregation. The proposed mechanism derives
from the recognition that polymers have unique dynamics that distinguish them from other
aggregation-prone systems such as colloidal particles.
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Introduction

Protein aggregation is a process by which homogeneous protein solutions phase-separate into
a dilute supernatant of soluble, isolated proteins and a protein-rich phase characterized by
significant intermolecular interactions. A range of neurodegenerative and systemic diseases
are associated with protein aggregation [1]. Proteins prone to aggregation and associated with
disease tend to be intrinsically disordered and this disorder promotes non-specific self-
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association between these proteins [2,3]. The overall rate of aggregation and final morphologies
of aggregates depend on thermodynamic parameters, solution conditions, and protein
concentration [4-6]. Additionally, aggregates tend to be rich in B-sheets and this is true
irrespective of amino acid sequences of proteins that form aggregates [1].

Dobson has suggested that aggregation is a generic property of polypeptides [7]. Given this,
how do typical proteins avoid this problem at finite concentrations in vivo? Rapid and efficient
folding is one way to avoid aggregation [7-14]. Additionally, there are quality control
mechanisms to process and / or clear unfolded, misfolded, and aggregated proteins [15-17].
Yet, these mechanisms can become overwhelmed when confronted with chronic aggregation-
related stress [16,18,19]. Therefore, inhibition of protein aggregation is an important goal and
to do so via rational means requires quantitative understanding of why and how different
proteins form aggregates.

In this review, we focus on a description of the concepts borrowed directly from polymer
physics [20-28] that provide the necessary framework for understanding the driving forces and
mechanisms for protein aggregation. In our parlance, protein aggregation refers is all-
encompassing because we do not distinguish between ordered versus amorphous aggregates.
We highlight concepts that are likely to be helpful in developing new experimental and
computational methods to probe relevant species along aggregation pathways. Proteins that
are prone to aggregation are more like synthetic polymers because they tend to be intrinsically
disordered [2]. Hence, as Dobson has noted, there must be unifying themes that underlie the
self-assembly and aggregation of both intrinsically disordered proteins (IDPs) and synthetic
polymers [7]. This logic provides the motivation for the discussion that follows.

The driving forces for homopolymer or heteropolymer aggregation are the balance between
chain-chain and chain-solvent interactions and the magnitude and nature of spontaneous
conformational fluctuations that promote intermolecular associations. The theories discussed
below apply most directly to low-complexity IDP sequences that tend to be lacking in
pronounced preferences for specific secondary and tertiary structures under physiological
conditions. These sequences include homopolymers such as polyglutamine and block-
copolymeric sequences such as exon 1 of huntingtin, the N-domain of the yeast prion protein
Sup35, and a-synuclein. Inasmuch as sequences differ from each other mainly in the degree
of disorder (quantified in terms of conformational fluctuations), the theories we describe are
generalizable, albeit in nuanced forms, to describe the aggregation of generic, partially
unfolded proteins. However, such generalizations are realizable if we incorporate
consequences of the heteropolymeric nature of protein sequences into the proposed theoretical
framework.

Solvent quality and conformational equilibria of polymers

Conformational and phase equilibria of both synthetic polymers and IDPs are governed by the
balance of chain-solvent, chain-chain, and solvent-solvent interactions [20]. In dilute solutions,
asingle, linear, flexible polymer can be in one of two stable macrostates, viz., the swollen coil,
favored in a good solvent, and the compact globular state, favored in a poor solvent. The
preferred macrostate can be discerned from the scaling of quantities such as the average radius
of gyration (Rg) with chain length N, which follows a power law of the form Ry = RoN” [29].
For chains in a good solvent Ry ~ N%59 [20,29]. The second virial coefficient B, is a measure
of the effective pairwise inter-residue interactions. In a good solvent, B, > 0, i.e., the effective
pairwise inter-residue interactions are repulsive because the chain-solvent contacts are
preferred to chain-chain contacts. Conversely, intra-chain interactions are preferred to chain-
solvent interactions in a poor solvent and Rg ~ N3, In this case, the B is negative because
pairwise inter-residue interactions are net attractive. Consequently, compact, roughly spherical
conformations dominate the ensemble [20,29].
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As solvent quality changes from good to poor or vice versa, polymers go through the theta
point, (see Figure 1). At this point, the chain is an ideal Flory random-coil characterized by
maximal conformational entropy [20,29]. Consequently, Rg ~ N2 and B, is zero because of
exact cancellation between intra-chain steric repulsions and solvent-mediated attraction
between chain residues. Coil-to-globule and globule-to-coil transitions are reversible and the
sharpness of the transition depends on both chain flexibility and the magnitude of the third
virial coefficient (C3) [30,31]. The latter measures the magnitude of the effective three-body
interactions within the chain [20]. As the value of C3 becomes small, the transition between
the coil and globule states becomes sharper. The sharpness of this transition also increases as
a function of increasing chain length, (see Figure 1).

Distinction between aggregation of short peptides and full-length proteins

It is important to note that there are crucial differences between short peptides and full-length
IDPs / proteins. Separation between length scales is an important hallmark of polymers [20,
32] and this leads to the idea of “blobs™ as illustrated in Figure 2. A blob is the length scale
beyond which the balance of chain-chain, chain-solvent, and solvent-solvent interactions is at
least of order kgT. Here, T is temperature, and kg is Boltzmann’s constant. In a good solvent,
the balance of interactions between blobs is net repulsive and the chain swells to accommodate
favorable contacts with the surrounding solvent (Figure 2A). In a poor solvent, the balance of
interactions between blobs is net-attractive, the chain compacts, and an ensemble of dense,
roughly spherical conformations is preferred (Figure 2B).

In direct contrast, within a blob, the balance of interactions is smaller than kg T. If there are

gr residues in a blob, then the radius of gyration of the blob scales as g;ﬂ and this scaling holds
irrespective of solvent quality [20]. Recently we estimated gy to be ca. 7 residues for a range
of protein sequences [33]. Proteins that possess multiple segments of length gt can undergo
dramatic changes in size and shape as a function of solvent quality and these conformational
equilibria contribute to their phase behavior as a function of protein concentration. Conversely,
conformational equilibria make minor contributions to phase behavior of peptides that are ca.
gr residues in length. The driving forces and the mechanistic details of aggregation of blob-
sized peptides are similar to those of small molecules. This distinction is important in light of
several experimental and computational studies, which focus on the aggregation of short
peptides [34-39]. Here, we discuss the physical principles of polymer aggregation that are
relevant to proteins with multiple segments of length g.

Thermodynamic phase diagram for polymer solutions

Figure 3 shows the sketch of a typical phase diagram for a polymer solution with an upper
solution critical temperature [20]. Here, temperature is used to depict solvent quality. As T
increases, solvent quality improves, and as T decreases, solvent quality becomes poor. An
alternative way to label the ordinate is with the symbol y, which refers to the Flory interaction
parameter. x quantifies the balance of chain-solvent, chain-chain, and solvent-solvent
interactions. It isa multi-valued function of thermodynamic parameters and solution conditions
and reflects the diverse ways in which solvent quality may be varied. For example, solvent
quality for a protein solution varies by changing temperature, the hydrostatic pressure,
concentrations of cosolutes such as osmolytes and denaturants, salt concentration, and pH,
either individually or collectively [40,41]. In the following discussion, we restrict our attention
to a binary mixture and changes in solvent quality realized via changes in T alone. The abscissa,
labeled ¢ in Figure 3, denotes the fraction of the volume in the mixture that is occupied by the
polymer. ¢, is bounded, 0 < ¢ <1, and is used here as a short-hand notation for polymer
concentration where ¢ — 0 denotes dilute polymer solutions and ¢ — 1 denotes a polymer
melt.
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In Figure 3, Ty is the theta temperature. At T=Tg, polymers seldom contact each other when
¢ issmall because they are in a very dilute solution. Chains entangle with each other for polymer
concentrations that are greater than the internal concentration within an individual polymer
coil. This is known as the overlap concentration $(), which decreases with increasing chain
length. For T > Ty, solvent quality becomes increasingly good, and the miscibility of polymers
increases. Phase separation and aggregation are not realizable in good and theta solvents.
Therefore, we do not discuss these regimes of the phase diagram.

As temperature decreases, solvent quality gets poorer, and for T < Tq the polymer collapses to
minimize the interface with the surrounding solvent. As polymer concentration increases in a
poor solvent, the system can separate into distinct solvent-rich and polymer-rich phases. The
solid red curve in Figure 3, known as the binodal, is the phase boundary or coexistence curve
in a binary mixture. For T < Ty, Figure 3 shows five distinct regimes. Region 2 is the dilute
solution limit where polymers collapse to form isolated globules. For any combination of T
and ¢ that places the system in one of regions 3, 4, or 5, the system separates into two distinct
phases with concentrations ¢’ and ¢”, respectively. Here, ¢' is the overall composition for the
dilute solution phase of isolated polymer globules and ¢” is the composition of the polymer
aggregate.

Within the three regions encompassed by the binodal, the free energy of the phase-separated
state G12(¢) is lower than the free energy of the homogeneous, mixed state, Gnix(¢). Hence,
the system reaches a more stable state by forming two separate phases. Regions 3, 4, and 5 are

aZGmix (92Gmix
distinguished based on the sign of 9¢* . Inregions 3and 5, J¢* and in region 4,
62Gmix <0
d¢? . This means that in region 3, even though the phase-separated state is

thermodynamically favored, the mixed state is locally stable. Therefore, within region 3, phase
separation requires the formation of a nucleus of the globally stable, phase-separated state,
which has to form in the old phase. Phase separation progresses only if a large enough
fluctuation causes the nucleus to grow past a critical size.

Region 4, bound by the dashed red curve known as the spinodal, is different because the mixed
state is unstable, and the smallest perturbation in ¢ causes spontaneous phase separation via
so-called spinodal decomposition, i.e., for combinations of T and ¢ that place the system in
region 4, phase separation is a downhill process. Region 5 in Figure 3 lies between the high
concentration arms of the spinodal and the binodal. In this region, there is a barrier for growing
the soluble phase within the polymer-rich aggregate.

Of particular interest is the critical point marked as (¢, T¢) in Figure 3, which is the point
where the spinodal and binodal meet. Theory and experiment show that critical concentration
decreases with increasing chain length because ¢, ~ N"1/3[42]. Conversely, the critical

1 11(1 1
__+_—

temperature increases with chain length because 7c 7o B \/N+2N), i.e., longer chains
phase-separate at higher temperatures. The miscibility gap, which is measured as (¢"—¢") varies
as (Tc—T)Y3 [20] with the result that as chain length increases, T, increases, and the
concentration range over which phase separation (aggregation) is thermodynamically favored
also increases.

Summary of the foregoing discussion

1. Phase separation / aggregation require that proteins be in poor solvents. In such a
milieu, polymers form homogeneously mixed solutions of isolated globules under
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dilute solution conditions. As ¢ increases, we enter the two-phase regime where there
is a clear driving force for phase separation.

2. Inapoor solvent, the drive for phase separation increases with increasing chain length.
This is borne out by the fact that, while the critical concentration ¢ decreases with
increasing N, the critical temperature T, increases. Similarly, the miscibility gap, (¢
"—¢") increases with N and this is a measure of the concentration range over which
the phase-separated state is thermodynamically favored.

3. Protein solutions are prepared by specifying the initial value of ¢ and T. If the system
finds itself in region 3, between the binodal and the spinodal, then the quench-depth
is the “distance” of (¢, T) from the point (¢p, T), located on the binodal. Smaller the
quench-depth, the farther the system is from the spinodal, and vice versa. Pan et al.
[43] have used neutron scattering and Monte Carlo simulations to study the initial
stages of phase separation in a polymer blend. They find that the critical nucleus size
decreases monotonically with increasing quench depth.

4. The magnitude of fluctuations in conformation and concentration dictates the overall
rate of phase separation / aggregation. Fluctuations are largest at the critical point,
(¢, Te). Away from the critical point, between the binodal and spinodal, solvent
quality decreases and fluctuations in conformation and concentration become smaller
vis-a-vis the critical point.

5. Points 3 and 4 emphasize that the magnitudes of spontaneous fluctuations (in
conformation and concentration) and nucleus size will vary with quench depth. This
is important because standard analyses of kinetic data for protein aggregation
[44-47] do not account for quench-depth dependent rates of conformational
fluctuations and nucleus size. These effects are lumped into pre-equilibrium constants,
and if these constants are set to be small, the implicit assumption is that rates of
conformational fluctuations are considerably larger that bimolecular rate constants.
However, as will be discussed later, this assumption ignores all of the nuances of
polymer dynamics in poor solvents.

6. Within the envelope of the spinodal, region 4 of Figure 3, the homogeneously mixed
state is unstable; there are no free energy barriers to overcome, and even the smallest
fluctuations in ¢ or T will lead to downhill phase separation / aggregation. Within this
region, the overall rate of aggregation is limited by two factors, namely intra- and
inter-molecular chain diffusion. [48].

Characteristics of the dilute, solvent-rich, and concentrated, polymer-rich phases

We conclude our discussion of phase diagrams with a description of characteristics and
energetics of the solvent-rich (region 2) and polymer-rich (regions 5 and 6) phases depicted in
Figure 3. Typically, the soluble phase comprises of roughly spherical globules. Residues within
a globule make favorable contacts with each other and residues on the surface of the globule
make contacts with the surrounding solvent. Within a globule, pairs of spatially adjacent blob-
sized segments realize attractive contacts. Conversely, a blob-sized segment that is exposed to
solvent is deprived of the favorable intra-polymer interactions and the free energy penalty for
exposing the blob to solvent leads to surface tension effect. The unfavorable surface free energy
for a globule may be written as kgT(23-1)%3N%/3 [20]. It therefore increases with increasing
N and with increasing poorness of the solvent. As a result, globules stick to each other to
minimize unfavorable interfaces with the surrounding solvent. For homopolymers, a single
value characterizes the balance of chain-chain and chain-solvent interactions and y varies with
T. For a heteropolymer, there will be a distribution of y values. Therefore, the strengths of
attractive interactions between blobs and the energy penalty associated with the unfavorable
interface between a blob and the solvent will depend on the sequence characteristics of blobs.
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This suggests that some regions within the sequence should be more prone to facilitating
aggregation and this appears to be consistent with published findings.[49,50]

Conformational heterogeneity provides an additional driving force for the association of
globules. For IDPs and partially unfolded proteins, the conformational ensemble in a poor
solvent will be heterogeneous because there is no unique way to partition residues in the chain
between the interior and the surface of a globule and conformations of equivalent compactness
have equivalent stability. This situation is especially true for homopolymeric sequences.
Conformational heterogeneity of IDPs and partially unfolded proteins leads to increased
exposure of solvophobic blobs. This in turn increases the likelihood of making either specific
or non-specific intermolecular contacts as a way to reduce the exposure of solvophobic blobs.
In direct contrast, for sequences that fold into well-defined three-dimensional structures a
single family of self-similar globular conformations is preferred over all other globular
conformations. Furthermore, the surface tension is nearly zero in folded globules [51] because
the surface exposed residues are typically charged or polar.

Association of globules leads to the formation of large clusters [20]. With increasing cluster
size, pairs of blobs between chains have access to attractive intermolecular, inter-blob
interactions. Therefore, the driving force for confining the chain in globular geometries is
counterbalanced and in the polymer-rich phase, each chain unravels to sample diverse
conformations. As a direct consequence, theory and experiment have shown that in the
polymer-rich phase, i.e., in the aggregate, the scaling of single chain radii of gyration with
chain length takes the form Rg ~ N2 in contrast to the N1/3 scaling seen for individual chains
in the soluble phase. [20,48] The result is local ordering of chains to promote favorable inter-
molecular interactions. However, unraveled chains can sample a larger ensemble of
conformations and there should be significant long-range disorder in aggregates. The striking
prediction is that individual polymers within an aggregate behave like classical Flory random
coils [29] and therefore the aggregate is congruent with a polymer melt [20,29].

The prediction that conformational entropy is maximized for individual chains in the context
of aggregates is at odds with models in which aggregates are essentially linear assemblies, with
individual proteins in B-sheet rich structures as repeating units. An aggregate is a mimic of a
polymer melt if polypeptides that aggregate are very long homopolymers. For short,
heteropolymeric sequences, some amount of water is trapped within the aggregate, and the
aggregate deviates from a polymer melt. The degree of conformational disorder for individual
chains within the aggregate should vary with the extent of solvent retention within the
aggregate. If significant amount of solvent is entrapped, then the drive to minimize the interface
with the solvent will also promote specific ordered associations between and within individual
polypeptides. Conversely, as the solvent content within aggregates decreases, the ability of
chains to diffuse freely around each other should increase, and in aggregates that are entirely
devoid of solvent, conformational entropy is maximized and the aggregate is akin to a polymer
melt. We are unaware of measurements of water content within protein aggregates, although
Perutz et al. [52] suggested that polyglutamine aggregates are akin to water-filled nanotubes,
a proposal that has been questioned by reanalysis of their data [53]. have been ewhich in turn
should result in significant polymorphism in aggregate structures. The prediction of melt-like
behavior for aggregates is strictly true for homopolymers or for heteropolymers that are orders
of magnitude larger than typical proteins. Conversely, for shorter, amphipathic sequences such
as proteins or homopolymers capped by charged residues, fibrilliar aggregates may be the
dominant species. The predicted intrinsic conformational disorder of individual chains within
an aggregate will still be manifest as heterogeneity in fibril morphology and structural
parameters within fibrils. This polymorphism will vary with the way aggregates are prepared
[54-56]. Kodali and Wetzel [57] have recently reviewed growing evidence for such
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polymorphism in fibrillar aggregates and these observations are consistent with the underlying
polymer theory.

Applicability of polymer physics concepts to study of aggregation-prone IDPs

We have summarized several concepts from polymer theory that focus on characteristics of
polymers in poor solvents. How well do the characteristics discussed above apply to IDPs that
phase-separate and form intermolecular aggregates? The concepts discussed above are of
particular relevance to polyglutamine aggregation. There are nine neurodegenerative diseases,
including Huntington’s disease, which are associated with expanded polyglutamine domains
in different proteins and the deposition of neuronal intranuclear inclusions (NIIs) rich in
polyglutamine aggregates [58]. In polyglutamine disorders, ages-of-onset of disease show
nonlinear, inverse correlation with the length of polyglutamine expansions. Products of
proteolysis are rich in polyglutamine and their aggregation appears to be essential for toxicity
because inhibiting polyglutamine aggregation reduces neurodegeneration [59].

To be competent for aggregation, it must be true that aqueous milieus are poor solvents for
polyglutamine or any other aggregation-prone system. The poorness of solvent can be
established through quantitative studies of chain size in dilute solutions. Recent work of Lee
etal. on a-synuclein [60] and Mukhopadhyay et al. [61] on the N-domain of Sup35 show that
these molecules prefer an ensemble of collapsed states in aqueous milieus and this explains
their propensity to phase-separate as concentration increases. We measured the scaling of
hydrodynamic sizes for monomeric polyglutamine in aqueous solution at ca. 25°C and showed
that size scales as N1/3 with chain length [62]. Interestingly, while the free energy of hydration
for primary and secondary amides is highly favorable [63], we found that even short
polyglutamine chains (ca. N=15) prefer collapsed structures that minimize interactions with
aqueous solvents. Vitalis et al.[64] analyzed results from molecular simulations on a 20-mer
of polyglutamine and concluded that the drive of the chain to solvate itself through favorable
backbone-backbone, backbone-sidechain, and sidechain-sidechain associations leads to the
preference for collapsed structures in dilute solutions. Experiments have also shown that the
tendency to form intermolecular aggregates increases with polyglutamine length. Wetzel and
coworkers have carried out a series of experiments based on a variety of spectroscopic and
other probes to quantify the overall rate of aggregation as a function of chain length and
concentration [45,54,65-67]. Their conclusions are consistent, at least qualitatively, with the
expectations from polymer theory as discussed above and demonstrated in Figure 3.

Unresolved issues in the study of aggregation-prone IDPs

Despite the impressive progress made by Wetzel [45,54,65-67] and others [68-72] in the area
of polyglutamine aggregation, there are significant gaps in our knowledge because not much
is known about intermolecular associations and intramolecular conformational fluctuations
that occur at very low protein concentrations (nM - pM). This knowledge is of utmost
importance to understand the phenomenon of polyglutamine aggregation in vivo. In other
words, we do not have the requisite information needed to construct a detailed phase diagram
for polyglutamine or any other aggregation-prone IDP sequence. The challenges are multi-
fold: Details of polymer phase diagrams are typically uncovered through a combination of
probes based on osmometry, X-ray / neutron scattering, as well static and dynamic laser light
scattering [20]. Of particular importance is the low concentration arm of the binodal. With
synthetic polymers, one can study polymers that are very long (N is ca. 10° or longer), and this
allows one to monitor reversible and irreversible associations that occur at very low
concentrations [73-77]. These probes become difficult to use at low concentrations for studying
polypeptides of biologically relevant lengths. Consequently, we have very little information
regarding the dilute solution arm of the binodal for polyglutamine and other aggregation-prone
IDPs. An alternative approach would be to use molecular and mesoscopic simulations to predict
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the desired phase diagram [78]. This requires simulations of multiple chains to capture the
balance between intra- and intermolecular associations and such calculations are challenging
because of the computational expense involved. Coarse-graining schemes are useful [79], but
here one has to be careful to keep from smearing out the essential details that distinguish one
aggregation prone sequence from another.

Through methodological advances on both the computational and experimental fronts, we are
in the process of advancing both molecular simulations and fluorescence correlation
spectroscopy (FCS) based methods to interrogate the essential details of the phase diagrams
for polyglutamine as a function of chain length and other aggregation-prone proteins. This is
work in progress and details will be forthcoming in the near future. The remainder of this review
will highlight predictions from a quantitative theory for polymer aggregation developed by
Raos and Allegra and this will set the stage for future work.

Theoretical predictions for mechanism of polymer aggregation in poor solvents

Raos and Allegra [21-23,80-82] have developed a “Gaussian cluster” model to make
quantitative predictions regarding the association and aggregation of homopolymers in poor
solvents. The main predictions of their theory are as follows:

1. Isolated polymeric globules can associate to form macromolecular clusters. The
favorable free energy of intermolecular association and the temperature at which
stable clusters form should increase with increasing chain length.

2. Within a cluster, each chain expands slightly beyond the sizes of isolated globules to
promote favorable intermolecular association. The degree of expansion depends on
chain length, the quench-depth, and cluster size, and increases with all three
parameters.

3. For clusters of ca. 60 molecules, Ry for individual molecules scales as N/3 and for
clusters larger than 60 Ry ~ N2 although the transition between the two regimes is
not necessarily sharp.

4. Most strikingly, Raos and Allegra predict that the binodal and spinodal for a long
polymer should essentially coincide with each other. Therefore, they suggest that the
nucleus is “either asingle chain or a portion of asingle chain” [22]. The more accurate
interpretation is that there is no pronounced barrier for intermolecular associations in
homopolymeric systems. Instead, clusters of macromolecules should form readily,
and as the cluster become large enough, the interfacial tension per molecule in the
cluster decreases, thus facilitating the transition into the polymer-rich phase.

Implications of theoretical predictions for kinetics of aggregation-prone IDPs

The major implications from the theory of Raos and Allegra [22] merit further discussion in
the context of protein aggregation. Their model predicts that macromolecular clusters should
form as either thermodynamic or kinetic intermediates. Several authors have presented
evidence for such clusters or oligomers for a variety of aggregation-prone IDPs [83-92]. Sizes
of oligomers vary from one system to another and depend on the method of detection and the
solution conditions. Additionally, the model of Raos and Allegra predicts that there is no
specific conformational pre-requisite for cluster formation, i.e., clusters are likely to be realized
via non-specific associations. For proteins, the implication is that clusters can form without
regard to B-sheet content within each chain.

The second prediction of Raos and Allegra appears to be at odds with findings in the amyloid
literature, which suggest that the mechanism of aggregation proceeds through the formation
of a structured nucleus, which presents a single, well-defined barrier [45]. It is noteworthy that
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Krishnan and Lindquist [93] have challenged this view in their recent work on the aggregation
of ayeast prion. The conclusion that aggregation is limited by homogeneous nucleation is made
mainly on the presence of a discernible and long lag time for the growth of the large, insoluble,
jB-sheet-rich aggregates and the elimination of these lag times with seeding. Both features can
be reconciled by the alternative theory of Raos and Allegra.

Long lag times could also be due to slow chain dynamics in poor solvents [48]. In an
intrinsically disordered system, there is a thermodynamic driving force for conversion between
conformationally distinct globules of equivalent compactness. In recent work, we analyzed
these dynamics in monomeric polyglutamine [64]. We found that the dynamics of converting
between distinct conformations can be fit to a stretched exponential, which is the hallmark of
glassy systems with a broad distribution of heterogeneous barriers that primarily hinder chain
diffusion irrespective of chain conformation and oligomer structure. These types of barriers
are different from structured nuclei that are the hallmarks of theories used to describe protein
aggregation [44,46,47].

Once substantial phase separation occurs, the slow chain dynamics do not contribute
significantly to the kinetic behavior of the system. This is the regime most readily monitored
in experiments, where one follows the growth of the aggregate. During this kinetic phase,
chains readily sequester into the rapidly growing aggregate; Chain dynamics will only control
rearrangement within the insoluble phase, and most time-resolved experiments are blind to the
details of dynamics in entangled polymer melts. The combination of slow polymer dynamics
during cluster formation, rapid sequestration of chains into an aggregate past the point of
substantial phase separation and the inability of most experiments to monitor chain dynamics
in the polymer melt provide a composite, albeit alternative explanation for observation of long
lag times and the elimination of these lag times via “seeding”.

Tests of the predictions made by Raos and Allegra

Wu and coworkers [73]have used a combination of static and dynamic laser light scattering as
well as ultra-sensitive differential scanning calorimetry to study both coil-to-globule transitions
and intermolecular associations in two types of systems. These are poly(N-
isopropylacrylamide), which is a homopolymer that is analogous to polyglutamine, and poly
(N-isopropylacrylamide-co-potassium acrylate) as well poly(N-isopropylacrylamide-co-
sodium acrylate), which are copolymers with ionic groups. Zhang and Wu [73] have recently
reviewed their main findings, which appear to be in general agreement with the predictions of
Raosand Allegra. Inthe homopolymeric systems, clusters, which they refer to as mesoglobules,
are kinetic intermediates. Conversely, in the copolymer studies, the mesoglobules appear to be
thermodynamically stable, equilibrium intermediates characterized by micellar architectures,
with charged groups situated on the surface of clusters. Figure 4 depicts a scheme that
summarizes the predictions of Raos and Allegra and the experimental findings of Wu and
coworkers.

The work of Wu and coworkers points the way to several ingenious analyses of laser light
scattering data that reveal important dynamical and equilibrium properties of the coil-to-
globule transition and of intermolecular associations. Some of these analyses can be adapted
to FCS studies of aggregation-prone IDPs. Additionally, as Wu and coworkers have
demonstrated, the use of scattering-based techniques [73], including X-ray / neutron scattering
and light scattering, combined with theory and simulation should be very useful in the study
of aggregation-prone IDPs. Several groups in the amyloid field are already pursuing these types
of multi-faceted approaches [5,84,94-107]. However, we remain blind to interactions and
conformational fluctuations that occur at low concentrations. This is the most serious challenge
to overcome because it provides a direct way to connect in vitro aggregation studies to the
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situation in vivo, where protein concentrations are seldom in the micromolar ranges, although
macromolecular crowding might modulate effective concentrations of proteins.

Conclusions

We have reviewed a set of polymer physics concepts that are relevant for obtaining detailed,
quantitative understanding of the driving forces for and the mechanism of protein aggregation.
The main messages are three-fold: First, it is important to pursue methods of investigation that
will yield complete phase diagrams for aggregation-prone proteins. Of particular importance
is the low concentration arm of the binodal. Secondly, polymer theories suggest alternative
explanations for the source of long lag times that are associated with protein aggregation.
Specifically, the proposed coincidence of the binodal and spinodal suggest that the process of
phase separation / aggregation is limited by slow chain dynamics as opposed to a well-defined
barrier with a structured nucleus. Investigating intermolecular associations in the low
concentration regime using novel experiments and simulations provides one way to assess the
validity of theoretical predictions. Finally, the fact that Ry of individual polymers in an
aggregate should scale as N2 with chain length is interesting because it suggests that
conformational entropy is maximized in this state. While this might seem counterintuitive at
first glance, it provides a rationalization for the observed polymorphisms in the structures of
aggregates. Additionally, this theoretical result provides a strategy for modeling the
conformations that individual polypeptides adopt in the context of aggregates.
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Figure 1.

Sketch of the coil-to-globule transition for generic, flexible polymers as a function of solvent
quality. The abscissa shows improving solvent quality, i.e., it goes from being poor to good.
In a poor solvent, the chain prefers compact species, with small Rg, and in a good solvent the
chain is swollen, with large Ry, to promote favorable contacts with the surrounding solvent.
The transition between these two stable states is sharp, and the sharpness increases with chain
length, N. In the schematic, N1 > N, > N3 and the shaded region delineates the transition region.
The midpoint of the transition, which is reliably identified for longer chains, is the theta point.

Arch Biochem Biophys. Author manuscript; available in PMC 2009 January 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Pappu et al.

Page 15

Figure 2.

Illustration of the parsing of a full-length protein sequence into blob-sized segments. The figure
also shows the mutual repulsion of these blobs in a good solvent (top) and the mutual attraction
of blobs in a poor solvent (bottom). Here, the number of residues in a blob is taken to be 7 and
this is based on previous analysis of correlation lengths within protein sequences [33].
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=112

Typical thermodynamic phase diagram for polymer solutions. The ordinate denotes improving
solvent quality expressed either as temperature or as Flory’s y-parameter. At the theta-
temperature, Ty, and beyond (good solvent regime) no phase separation is observed. The
overlap concentration at the theta point is marked by the green dotted line. For T < Ty, a
homogeneous mixed phase of polymer in solvent is formed in region 2, and of solvent in
polymer in region 6. Conversely, phase separation is realized in regions 3, 4, and 5. The solid
red curve denotes the binodal, while the dashed red curve denotes the spinodal. The dotted red
lines denote the critical point (¢, Tc), while ¢’ and ¢” indicate the polymer volume fractions
on the coexistence curve (binodal) for a specific temperature, and hence define the miscibility

gap.
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Figure 4.

Sketch of the process by which clusters of globules are predicted to form during the lag phase
in protein aggregation. Each species in the schematic is labeled by the size of the largest cluster
within the species, n.. The conformational ensemble for the monomer is heterogeneous as is
the ensemble of oligomer species that forms via intermolecular associations. Additionally,
there will be multiple routes to cluster formation and the clusters could either be kinetic or
equilibrium intermediates. For isolated globules and for small clusters, individual chains
experience finite surface tension due to unfavorable interfaces with the surrounding solvent.
Consequently, conformational conversion in smaller clusters will be slow. The stabilities of
clusters, the rates for conformational conversion, and the surface tension per chain will vary
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with chain length, protein sequence, protein concentration, and solution conditions. When the
cluster size grows, individual chains become sequestered from unfavorable interfaces with
solvent and average surface tension per molecule becomes negligible. This in turn promotes
the unraveling and entanglement of individual chains. Ordered aggregation follows rapidly
because of chain entanglement. The key point is that, there are no prerequisites for specific
conformations of individual chains or cluster sizes for formation and growth of clusters of
chains in poor solvents.
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