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Coarse-grained models for protein aggregation
Chun Wu1 and Joan-Emma Shea1,2
The aggregation of soluble proteins into fibrillar species is a

complex process that spans many lengths and time scales, and

that involves the formation of numerous on-pathway and off-

pathway intermediate species. Despite this complexity, several

elements underlying the aggregation process appear to be

universal. The kinetics typically follows a nucleation-growth

process, and proteins with very different sequences aggregate

to form similar fibril structures, populating intermediates with

sufficient structural similarity to bind to a common antibody.

This review focuses on a computational approach that exploits

the common features of aggregation to simplify or ‘coarse-

grain’ the representation of the protein. We highlight recent

developments in coarse-grained modeling and illustrate how

these models have been able to shed new light into the

mechanisms of protein aggregation and the nature of

aggregation intermediates. The roles of aggregation prone

conformations in the monomeric state and the influence of

inherent b-sheet and aggregation propensities in modulating

aggregation pathways are discussed.
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Introduction
Protein aggregation involves the self-assembly of nor-

mally soluble proteins into large supramolecular struc-

tures. This process often results in disease either

because the protein can no longer perform its function,

or because of inherent toxicity of the aggregates. More

than 20 such aggregation diseases have been identified,

including Parkinson’s disease, Alzheimer’s disease and

Type II diabetes [1,2]. Interestingly, several studies

indicate that proteins not linked to any known disease

can aggregate as well, provided conditions in which the

native fold is destabilized and the solution is suffi-

ciently concentrated [3,4]. The implication of these
www.sciencedirect.com
studies is that protein aggregation is an alternate path-

way to folding, rather than necessarily an aberrant

process. Indeed, in many organisms (including bacteria,

fungi, invertebrates, and humans), protein aggregates

serve a functional role [5]. Furthermore, fragments of

proteins, as well as short de novo designed sequences

can also aggregate, opening the door for using small

aggregating peptides as building blocks for novel bio-

materials [6].

The proteins involved in amyloid diseases are dissimilar,

both in sequence and in native structure, yet electron

microscopy (EM), X-ray diffraction and NMR studies

indicate that the ordered end-products of aggregation

are strikingly alike [7–10]. These fibrillar aggregates

are composed of several protofilaments and typically

range between 6 and 10 nm in diameter. They are highly

enriched in b-sheet structure, with a characteristic ‘cross-

b’ structure, involving b strands oriented perpendicular to

the fibril axis [7,11–14]. Kinetic studies of aggregation

point to a nucleation-growth process [15] (although more

complicated scenarios have been proposed [16]). A lag

phase is initially observed during which the nucleus for

aggregation is formed, followed by a growth phase in

which the nucleus rearranges and elongates to adopt a

fibrillar structure. The lag can be eliminated by seeding

the solution with a preformed nucleus. Experiments have

revealed a variety of intermediate species present during

the fibrillization process, ranging from small oligomers (as

small as dimers), to soluble spherical aggregates, micellar

species, amorphous aggregates, and protofibrils [17–21]. It

is unclear whether these intermediates lie on-pathway or

off-pathway to aggregation. It appears plausible that

many different pathways, traversing different intermedi-

ate species, can be taken to reach a final aggregated state.

Most aggregation intermediates are difficult to character-

ize experimentally (particularly the soluble species) as

they correspond transient unstable species. Most of the

available information on the structure of these oligomers

has been of a low-resolution nature (mostly from AFM or

EM pictures) [22–24], or provided indirectly by tech-

niques that bulk average over several interconverting

populations (CD or NMR measurements) [25,26]. Recent

experimental advances in 2D-IR measurement [27] and

ion mobility mass spectrometry [28,29], when coupled

with fully atomic molecular dynamic simulations, are

starting to provide atomically detailed structures of mono-

mers and small oligomers. An emerging picture from

these studies is the presence of a low population of b-

rich conformations in the monomeric states of aggregating

peptides such as Ab and Islet Amyloid Polypeptide

(IAPP) (peptides that are traditionally described as
Current Opinion in Structural Biology 2011, 21:209–220
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natively unstructured). These states could serve as direct

precursors for aggregation [29–33].

This short review focuses on the use of coarse-grained

protein models to probe the aggregation process, with an

emphasis on elucidating the pathways for fibril formation

and identifying the nature of aggregation intermediates.

Since protein aggregation appears to be a property of all

polypeptide chains, and governed by fundamental inter-

actions (such as hydrophobic and electrostatic) rather than

by the details of the sequence, one can expect that

simplified representations of the protein can yield power-

ful insights into the generic features of the aggregation

process. We focus primarily on coarse-grained models

published in the last two years. Excellent reviews have

recently been published in COSB on fully atomic simu-

lations of the early stages of aggregation [34] and of

simulations of fibril structures [35], and we refer the

reader to these articles.

Coarse-grained models for aggregation
As a result of the breadth in time scales (from ns for the

formation of early oligomers to days, months and even

years for the formation of mature fibrils) and length scales

(from a nm sized protein to several hundred nm long

aggregates) involved in aggregation, the computational

study of this process lends itself to the use of a hierarchy

of models. Different levels of resolution allow the probing

of different elements of the aggregation process. Coarse-

grained models, which possess simplified representations

of the polypeptide chain, allow the extraction of general

principles regarding the thermodynamics and kinetics of

aggregation. Fully atomic models, on the other hand, can

provide invaluable information at a detailed level not

accessible to experiment, but they are restricting to

probing the very early stages of aggregation [30,32,36–
40] or the structural nature of preformed aggregates [41–
43]. In contrast, the coarse-grained models that will be

discussed in this review can easily handle hundreds of

peptides and monitor the full aggregation process from

monomer to fibril.

Coarse-grained models come in a number of resolutions,

from models that represent the peptide as a single pre-

formed unit [44,45�], to single bead lattice and off-lattice

models [46,46,47��,48,49,50�,51], to multibead off-lattice

models [52,53�,54��,55,56,57�,58,59��,60,61��,62,63�,64,

65–68]. The dynamics of these models are propagated

using Monte Carlo, Langevin and Discontinuous Mol-

ecular Dynamics, at times coupled with the use of

enhanced sampling techniques such as replica exchange

methods.

The parameterization of coarse-grained models can be

done in a number of ways. Geometric quantities (bond

lengths, bond angles, etc.) are typically obtained from

structural data compiled in the Protein Data Bank (PDB).
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Energetic data (the strengths of the effective interaction

potentials) are obtained either from knowledge-based

potentials derived from a statistical analysis of the fre-

quency of amino acid contacts in the PDB or from an

energy gap optimization scheme [69–76]. The simplest

bead models represent amino acids as either polar or

hydrophobic, with hydrophobic–hydrophobic (H–H)

pairs interacting via a Lennard–Jones potential. In these

models, the energy contribution of an H–H contact is set

so as to be consistent with free energies of transfer from

nonpolar solvent to water for hydrophobic amino acids

[77]. More sophisticated models, on the other hand,

differentiate between different types of amino acids, with

specific parameters for each of the twenty amino acids.

The models discussed in this paper are neither force-

matched to reproduce all-atom simulations, nor are they

parameterized to generate a given experimental aggre-

gate structure nor a given aggregation mechanism. Vali-

dation of these models can be done in two manners: by

comparison to fully atomic simulations, or by comparison

to experiment. It is important to keep in mind that both

forms of comparison have their limitations: fully atomic

simulations are restricted to the very early stages of

aggregation, while experimental measures of the aggre-

gation process typically lack information about the struc-

tural nature of oligomers or mechanistic details of the

aggregation process. In this review, we will highlight

instances where the models show agreement with ato-

mistic simulation and experiment. We emphasize that

since the experiments generally lack atomistic infor-

mation, and are themselves open to interpretation, the

comparisons must remain at a qualitative level. The

purpose of coarse-grained modeling is not only to ‘agree’

with experiment, but more importantly to offer new

mechanistic insights, uncover the fundamental physical

principles governing aggregation, and to offer testable

predictions. A real strength of the coarse-grained models

presented in this review lies in the fact that the

parameters in the models can be varied so as to scan

and explore a much larger parameter space than is typi-

cally accessible in experiment or atomistic simulation. As

will be discussed below, this enables a study of how, for

instance, the relative strength of the dihedral potential

term (a measure of b-sheet propensity) can modulate the

morphology of the aggregates and the aggregation path-

way.

Figure 1 depicts the main models that will be discussed in

this review.

Insights into the nucleation process
The precise nature of the aggregation nucleus is not known

experimentally, primarily because the spectroscopic tech-

niques employed (such as dynamic light scattering [78]) do

not have the ability to follow the aggregation process with

high spatial and temporal resolution. Several different
www.sciencedirect.com
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Figure 1
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Main coarse-grained models discussed in this study. We note that higher resolution models exist that lie in between the coarse-grained models

presented here and fully atomic simulations [125,126]. These models have enjoyed considerable success in modeling small oligomers, and are able to

capture several detailed aspects of the sequence, but they do not yet allow (even with enhanced sampling) the simulation of aggregates larger than a

few peptides. (a) Cuboid model. Adapted from [45�]. Each unit (which corresponds to an extended peptide, a folded peptide, or a small oligomer) is

represented as a cuboid. Each unit is identical and conformational changes of the unit (for instance, ones that could occur upon binding) are not

considered. The cuboid has three different interaction parameters, associated with the three pairs of surfaces (faces a–c), with strong attraction

between cuboids in the intrasheet hydrogen-bonding direction, weaker in the intersheet direction, and repulsive in the direction parallel to the cuboid

unit. Simulations are performed using a Monte Carlo procedure, with only single-unit moves considered. (b) Tube model. Adapted from [62]. Each

peptide is represented by a flexible tube, with the position of each amino acid set by the coordinates of the Ca atom. The tube has a given thickness

that accounts for excluded volume effects and a local bending stiffness. The peptide does not correspond to a particular sequence, but accounts for

hydrophobic interactions through pairwise additive forces and for hydrogen bonding through geometric constraints. Simulations are performed using

Monte Carlo or Discontinuous Molecular Dynamics. This figure illustrates an initial condition for simulation, involving a large number of peptides. The

circle shows a zoom of different monomeric conformations populated. (c) Lattice model. Adapted from [47��]. Each chain consists of 8 connected

beads on a cubic lattice, with sequence HHPPHH and charged termini. Different monomeric conformations are depicted. The N* denotes a fibril-

competent structure that has already adopted a conformation similar to the one in the fibril. Simulations are performed using Monte Carlo simulations

with local and global move sets. (d) Caflisch model. Adapted from [59��]. Each peptide unit consists of four spherical backbone beads and six

spherical side-chain beads of hydrophobic and hydrophilic nature. Partial charges are present on the backbone to describe the backbone dipole. Each

monomer interacts with other monomers via van der Waals and electrostatic interactions. The peptide has inherent flexibility that can be modulated

through a dihedral term in the model such that the peptide populates to different extents: an amyloid-protected state p and an amyloid-competent

state b. Simulations were performed using Langevin dynamics. (e) Shea model. Adapted from [54��]. The peptide geometry is a mid-resolution coarse-

grained Ca–Cb model. The model peptide retains two interaction centers per residue (X and Y) along the backbone and one on the side chain. Four

different types of side-chain groups are considered: H, P, C and A, where H stands for hydrophobic, P for polar, C for a positively charged cationic

group, and A for a negatively charged anionic group. The peptide is capped on both sides by a capping group E (denoting end group). The sequence is

chosen to have a binary core with the sequence HPHPHP, surrounded by two flanking oppositely charged residues (C and A) and two purely repulsive

termini groups (E). Hydrogen-bonding and hydrophobic interactions are explicitly included. In addition, a dihedral term is present that determines the

flexibility (b-sheet propensity) of the model. The atoms involved in this term are indicated by the rounded rectangles in the figure. Representative

structures of the low and high b-sheet propensity structures are shown. (f) Hall model: [85]. The peptide is represented by an off-lattice model in which

each residue consists of four spheres: three for the backbone (united atom NH, CaH, and CO), and one for the side chain (denoted R). Backbone bond

angles and Ca–Ca distances are enforced with pseudobonds. Simulations were performed using Discontinuous Molecular Dynamics, with all forces

represented by hard-sphere (excluded volume terms) or square-well potentials (for hydrogen-bonding and hydrophobic interactions). Hall has recently

developed a new version of PRIME that can describe all twenty amino acids [84].
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nuclei have been proposed, including small-ordered b-

sheet assemblies [27,79] and disordered micellar/globular

type structures [20,25,78,80]. Simulations are uniquely

poised to shed light into the nature of the nuclei, as well

as into the nature of the species present during the lag

phase.

Even very simplified models, such as those introduced by

Pratko and Muthukumar [44,45�], can provide new

insight into the nature of nucleation and lag phases. Using

a cuboid model (see Figure 1a) Muthukumar [45�] and

coworkers have identified two types of lag phases in

aggregation. The first type, observed at high tempera-

tures or low concentrations, corresponds to a classic

nucleation mechanism, stochastic in nature and that

can be seeded. The second type is observed at low

temperatures and intermediate concentration and is

due to slow Ostwald ripening. This type of lag phase is

not affected by seeding. The simulations of Muthukumar

lead to an important result: they suggest that nucleation is

directly linked to the two-dimensional nature of fibrils

(i.e. more than one b-sheet). Without direct intersheet

interactions, nucleation is not present, and the growth

curves do not show the characteristic nucleation-growth

sigmoidal shape. Interestingly, Kashchiev and Auer [81]

recently showed using classical nucleation theory that

fibrils transform from a one-dimensional to two-dimen-

sional aggregate in order to minimize formation work.

Because of the simplified nature of the cuboid model, the

simulations could not provide insight into whether or not

the nuclei consisted of ordered or disordered species. The

higher resolution models discussed below address these

points.

The higher resolution ‘tube’ model of Auer and coworkers

(Figure 1b) shows a clear condensation-ordering mechan-

ism for aggregation [61��,62,63�,82]. The simulations

[62,63�,82] show the initial formation of disordered,

dynamic oligomers that are stabilized by hydrophobic

and hydrogen-bonding interactions. Order emerges from

this metastable state by the formation of small b-sheets

that eventually align so as to form a cross-b structure.

The underlying physical reason for the observed conden-

sation-ordering mechanism is the existence of various

metastable phases in the peptide phase diagram [64]. A

direct calculation [62] of a nucleation barrier associated

with this mechanism revealed a self-templated nucleation

mechanism, with the surfaces of the b-sheets emerging

from the disordered oligomers serving as templates for

further fibrillar growth. Experiments on the prion protein

have suggested just such a ‘nucleated conversion model

(NCC)’ [83], with structurally fluid intermediates acting as

initiation sites for fibril formation. The NCC was proposed

to rationalize a number of experimental observations on

the NM region of the Sup35 prion protein. This peptide is

natively disordered, but adopts a b-rich fibril structure

upon assembly. Sedimentation, light scattering and
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transmission electron microscopy were used to probe

assembly; CD, Congo-red binding and limited proteolysis

to probe structural changes and SDS solubility to probe

stability. The combined experiments showed results that

had elements, but were not fully consistent with either a

pure templated assembly (TA) model or a pure nucleated-

polymerization (NP) model. The TA model stipulates that

an aggregated species is a template for the conversion of

the soluble protein, and that this structural conversion is

rate limiting. The NP mechanism, on the other hand,

suggests that soluble monomers coexist with rarely popu-

lated monomers that have already adopted a fibril-compe-

tent conformation (N*) and that the rate-limiting step

involves the association of N* conformations to form a

critical nucleus for further aggregation. The experiments

showed that structural conversion and assembly occurred

simultaneously (in agreement with the TA model), but that

the experimentally observed lag phase did not vary sig-

nificantly with concentration, at odds with both the TA and

NP models. Similarly at odds with the TA and NP models

was the observation that assembly rates also did not vary

much with concentration and that these rates reached a

limiting value even in the presence of an excess of mono-

mers. The assignment of oligomers consisting of 20–80

monomers (observed by scanning transmission electron

microscopy) as ‘on-pathway’, offered an explanation of

the aggregation kinetics and served as the basis of the

NCC model. This model stipulates that ordered nuclei

form within the micellar, unstructured oligomers, but the

experiments do not provide information about precisely

how this conformational conversion proceeds. The coarse-

grained simulations of Auer are significant in providing

direct mechanistic insight into how this nucleated conver-

sion takes place. In the tube model, as in the ones that will

be discussed below, seeding simulations supported a

nucleation picture for aggregation by eliminating lag times.

The presence of disordered aggregates before fibril for-

mation is corroborated by higher resolution models. In the

simulations of Thirumalai and coworkers [47��] highly

mobile oligomers are seen to form in the first stages of

aggregation (a ‘burst’ phase). These oligomers coalesce in

a second step to form a compact, but still disordered

structure, with a significant amount of intra and inter-

peptide contacts formed. As in the model of Auer and

coworkers, b-structure begins to emerge within this large

cluster. During this second step, the peptides undergo a

conformational change to an aggregation prone state

necessary for ordered assembly to proceed (N* in

Figure 1c). The presence of disordered oligomers early

in the aggregation process was also seen in the simulations

of Hall and coworkers using the more sophisticated

PRIME model (Figure 1f) [67,84,85]. Simulations of

several polyalanine peptides, initiated from random dis-

sociated states showed initial formation of small amor-

phous aggregates, which then coalesced into one large

amorphous aggregate before forming b-sheet structure.
www.sciencedirect.com
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The structural nature of the early oligomers of a number

of Alzheimer Amyloid-b (Ab) protein alloforms and

mutants were investigated by Urbanc and coworkers,

using a model of the same flavor as Hall (Figure 1f), with

residue-specific interactions [65,68,86]. These coarse-

grained simulations were successful in reproducing differ-

ences in oligomer size distributions seen experimentally

by PICUP/SDS–PAGE [87] and ion mobility mass spec-

trometry [28]. In addition, the simulations provided a

structural characterization of the oligomers as well as the

identification of the regions of the peptides involved in

oligomerization, information that could be obtained from

experiment alone. These simulations offer predictions

regarding specific regions of the peptide that can be

targeted to either enhance or prevent the oligomer

formation.

It is well established experimentally that the cytotoxicity,

aggregation propensity and aggregation pathways of a

protein can be affected by mutation [88,89] or by changes

in the experimental conditions [20,90,91]. In order to

explore the role of this effect in determining aggregation

pathways, Caflisch and coworkers [58,59��], and Shea and

coworkers [52,53�,54��] introduced low-resolution to mid-

resolution models in which the aggregation propensity of

the peptide could be modulated. The model of Caflisch

(Figure 1d) represents the peptide as a two-bead model

which can populate two states: an amyloid-competent (b-

stable) state and an amyloid-protected state (the b-

unstable state). By modulating the relative stability of

both states via a dihedral (flexibility) term, the authors

observed different nucleation scenarios. For the b-

unstable model, a classical lag followed by growth mech-

anism was observed. The lag phase was eliminated

through seeding. The length of the lag phase was not

constant in different simulations, highlighting the sto-

chastic nature of the nucleation process. The formation of

fibrils proceeded via the formation of micellar (nonor-

dered b-structure) aggregates. Nucleation required either

for several monomers already in a b-state to be close to

each other within a single micelle, or for two micelles to

interact so as to merge their b-subdomains. This is once

again consistent with the experimentally observed NCC

[83]. Interestingly, when the b-stable model is favored,

nucleation corresponds to the direct assembly of mono-

mers (already in the b-state) and does not involve the

formation of micelles. Nucleation occurs at much lower

concentrations for the b-stable model than the b-unstable

model that requires concentrations above the critical

micellar concentration. Shea and coworkers [52,53�,
54��] developed a three-bead model (two beads for the

backbone and one for the side chain), with explicit

hydrophobic and hydrogen-bonding interactions, coupled

with Langevin dynamic simulations (Figure 1e). By vary-

ing a parameter related to a specific torsional degree

of freedom, they modulated the flexibility of the peptide,

in other words, its propensity to adopt a b-strand
www.sciencedirect.com
conformation in the monomeric state. Their simulations

showed that for low b-sheet propensity, fibril formation

proceeded through amorphous aggregates that internally

rearranged into b-rich structures, consistent with the

simulations of Caflisch and the NCC [83]. Intermediate

levels of b-sheet propensity showed that fibril formation

proceeded either through formation of amorphous aggre-

gates, b-barrel (nonfibrillar) aggregates or directly from

monomers into small b-sheet oligomers. At high b-sheet

propensity, fibril formation proceeded uniquely through

the formation of ordered aggregates, with initial formation

of a single-b sheet, followed by the formation of a small

double-layered sheet (the nucleus). The low aggregation

propensity protein models of Shea and Caflish describe

well several known aggregation proteins, such as the sup

35 prion protein that serves as the prototypical model of a

protein undergoing a nucleated conversion process [83].

Mid-aggregation propensity proteins would correspond to

the Alzheimer Ab protein [28,92] or the IAPP protein [29]

that populates a number of oligomeric species in the lag

phase. Finally, high aggregating propensity models would

emulate small aggregating fragments from larger proteins,

such as the high-b sheet propensity phenylalanine-based

peptides (the blocked charged termini FF [93] and KFFE

peptides [94]), the GNNQQNY peptide from sup 35 [95]

and certain functional amyloid proteins [5], all of which

do not appear to have on-pathway disordered intermedi-

ates.

The role of b-sheet propensity in aggregation has been

studied experimentally by Tjernberg et al. [94], who

showed that peptides with high b-sheet propensity (such

as KFFE) formed fibrils while similar peptides with low

b-sheet propensity (such as KAAE) did not form ordered

aggregates. These findings are in line with the predictions

from the coarse-grained simulations described above.

Furthermore, fully atomic simulations of the KFFE

and KAAE peptides [96,97] show that KFFE formed

more stable, b-rich dimers than KAAE. Another example

of how the extent of b-structure in the monomeric state

dictates aggregation, as predicted by the Shea and

Caflisch models, can be found in recent ion mobility mass

spectrometry, 2D-IR and fully atomic simulation studies

of the IAPP [29,98,99]. IAPP exists in two forms, a human

form that can aggregate to form fibrils, and a rat form that

differs only by 6 amino acids but that cannot fibrillize.

Combined experimental and computational studies show

that the human form populates b-rich conformations in

the monomeric state [29] and dimeric state, while the rat

form does not.

Modulating the aggregation propensity of the model is

another way of modulating the experimental conditions:

in this respect, tuning the aggregation propensity of the

Caflisch and Shea models can reflect tuning the pH of the

solution. Experiments by Dobson [20] show that slight

changes in the pH can change the aggregation pathway
Current Opinion in Structural Biology 2011, 21:209–220
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from one populating disordered intermediate, to one

populating ordered protofibrillar species, much as seen

when the b propensity is altered in the coarse-grained

models. Adding fluorinated alcohol to a solution of the

Ab(1–42) peptide as was done in the experiments of

Picone and coworkers [90] can shift the population to a

‘b-unstable’ helix state, preventing the formation of b-

rich oligomers.

The works of Caflisch and coworkers and Shea and

coworkers lead to the prediction that peptides with lower

b-sheet propensities lead to a greater number of prefi-

brillar species. Since toxicity is being increasingly linked

with prefibrillar entities rather than full-fledged fibrils, it

is tempting to speculate that peptides with higher b sheet

propensities form ‘less toxic’ aggregates than those

formed by peptides with lower b sheet propensities.

These simulation results could explain why certain

mutants that decrease b-sheet propensity (such as the

E22G Arctic mutant of the Alzheimer Amyloid-b protein)

lead to enhanced oligomer formation over the wild-type

species [100,101].

Insights into the growth process
The growth phase corresponds to the conversion of the

nucleus into a full-fledged fibril. Transient intermediates

known as protofibrils have been observed before the pre-

sence of fibrils and these species have been reported as

possible direct precursors to fibrils [102]. Protofibrils share

many of the characteristics of fibrils, but are smaller, more

flexible and less ordered. They bind to ThT and exhibit

protection from hydrogen–deuterium exchange, but to a

lesser extent than full-fledged fibrils [103,104]. They pos-

sess cross-b core structure and come in a variety of shapes,

from pore-like, to spherical, to extended filaments

[101,104]. The mechanisms by which the nucleus trans-

forms into protofibrils, how protofibrils transform into

fibrils, and how the fibrils further grow into larger structures

remains poorly understood. Kinetic studies based on light

scattering and AFM studies suggest that protofibrils can

grow laterally by protofibril–protofibril assembly and long-

itudinally by monomer addition. The fibrils themselves

can grow lateral and longitudinally [105–108]. On the basis

of an analysis of kinetic experiments on the deposition of

monomers onto fibrils, Straub and coworkers proposed a

theoretical framework for monomer deposition and result-

ing fibril elongation consistent with experiment [109,110].

They suggested two possible mechanisms: firstly, the

formation of an amyloid-competent monomeric conformer

(i.e. N*, a conformation that has already adopted the

conformation of the peptide in the context of the fibril

[31,111]) that deposits on the fibril and secondly, a ‘dock-

lock’ mechanism (similar to the one suggested by the

experiments of Maggio [112,113]) in which the monomeric

peptide first adsorbs onto the fibril (the ‘dock’ phase) and

then undergoes a structural rearrangement to adopt a

conformation commensurate with the fibril structure
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(‘lock’ phase). Other experimental studies of fibril for-

mation point to a mechanism by which fibrils grow from

micelles that convert to fibril nuclei once they have reached

a critical size [78], or directly from oligomers [114] that first

grow laterally to full fibril thickness (a distinct mechanism

from lateral protofibril assembly) and in a second step grow

longitudinally into fibrils.

The coarse-grained simulations described in the next few

paragraph provide important new mechanistic infor-

mation regarding the growth phase that complement

experimental observations.

The cuboid simulations of Muthukumar and coworkers

[45�] show that the fibril is in dynamic equilibrium with

the peptides in solution and that fibril growth is not

uniform. Their simulations indicate that fibril growth

proceeds via an ‘Ostwald ripening’ mechanism, in which

smaller fibrils ‘lose’ peptides to larger fibrils via a diffusion

process (in other words, the larger objects grown at the

expense of the smaller ones). These simulations are

consistent with earlier lattice simulations by Thirumalai

[47��] that showed that this Ostwald ripening mechanism

quantitatively follows the Lifshitz–Syazov growth law.

The simulations indicate that the protofibrils can play two

roles: they can serve as on-pathway precursors to full-

fledged fibrils, or as off-pathway monomer reservoirs.

This is an important result, as it reconciles much exper-

imental debate about the role of protofibrils [18,105].

Fibril growth was seen to be hindered at very high

temperatures due to the high diffusion of the monomers

(and hence high likelihood of desorbing from the fibril).

The higher resolution models provide more detailed

insights into the fibril elongation phase. In the simu-

lations of Hall and coworkers [67,84,85], fibril growth

occurs in two ways that are consistent with experimental

observations: by lateral addition of b-sheet layers, and by

b-sheet elongation by the addition of monomers at the

extremities of the fibril. Both modes are equally

represented in the early phases of fibril growth, but the

b-elongation mode dominates in the later phases. The

mechanism of longitudinal growth by monomer addition

and lateral growth by ‘templated protofilament assembly’,

was also observed in the off-lattice simulations of Auer,

Caflisch, and Shea [52,53�,54��,58,59��,81]. These simu-

lations support the two main monomer-addition

elongation mechanisms suggested by Straub. Using a

Markov Chain approach, Calfisch and coworkers investi-

gated the efficiency of the dock-lock mechanism and

found that the dock-lock mechanism was the dominant

elongation mechanism at play both for the b-stable model

and for the b-unstable model.

An analysis of the role of b-sheet and aggregation pro-

pensity reveals that the number and heterogeneity of

pathways to fibril formation increase with decreasing
www.sciencedirect.com
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b-sheet (or aggregation) propensity. Peptides with low b-

sheet (aggregation) propensities can populate on-pathway

and off-pathway intermediates to fibril formation, while

peptides with high b-sheet (aggregation) propensities

tend to assemble directly from ordered oligomers into

fibrils, without populating off-pathway intermediates.

While both peptides with high and low b-sheet (aggrega-

tion) propensities can grow via lateral addition, they do so

in different ways: peptides with high b-sheet (aggrega-

tion) propensity tend to grow by the addition of a pre-

formed sheet that adds on to the existing fibril, while

peptides with low b-sheet (aggregation) propensity tend

to grow from an assembly of disordered, deposited mono-

mers that rearrange their structure on the surface of the

fibril. The models with high b-sheet propensity populate

N* (fibril-prone) conformations to a larger extent than the

low b-sheet propensity conformations. In recent simu-

lations, Thirumalai and coworkers investigated the role of

aggregation prone conformations (N* in Figure 1c) in

determining the rate of fibril formation [50�]. Their

simulations predict that enhancing the population of

fibril-prone conformations in the monomeric state via

mutagenesis or chemical means would increase the rate

of fibril formation [50�]. This prediction was confirmed

both in all-atom simulations [33] and in the experiment

by Meredith and coworkers where the chemical cross-

linking of the D23 and K28 residues in the Ab1–40 peptide

enforced a fibril-like conformation in the monomeric state

and enhanced the rate of fibril formation [115].

In addition, coarse-grained simulations show, in agree-

ment with experiment, that the aggregation pathways and

end-product of aggregation differ depending on the

experimental conditions (such as temperature and con-

centration), or the nature of the peptide. Peptides with

low b-sheet propensities can have as final states amor-

phous aggregates and b-barrels (as well as fibrils), while

peptides with higher b-sheet propensities populate fibrils

(and to a lesser extent ‘off-pathway’ b-barrels). Exper-

imental confirmation for these predictions can be found in

the experiments of Tjernberg et al. [94] in which peptides

with high-b sheet propensity (such as KFFE) formed

fibrils, while those with low (such as KAAE) did not form

ordered aggregates. The effect of temperature and con-

centration on aggregation was explored in a number of

coarse-grained models. In the simulations of Hall, at low

temperature, the aggregates tend to be amorphous or

nonfibrillar and the system is kinetically trapped. Fibril-

lization is favored at high temperatures and concen-

tration, although fibril formation is seen to decrease

after a certain critical temperature. The simulations of

Auer et al. [82] show that at low concentrations the

formation of fibrillar structures does not proceed via

the formation of disordered oligomeric precursors, but

rather the polypeptide chains convert directly into b-

sheet structures. With increasing concentrations, the for-

mation of disordered oligomers becomes increasingly
www.sciencedirect.com
favorable, but their structural properties are temperature

dependent. Below their unfolding temperature, individ-

ual polypeptide chains within the oligomers remain

substantially folded. By contrast, with increasing tem-

peratures, the fraction of unfolded polypeptide chains

increases, and the oligomers become more disordered.

Muthukumar and coworkers found that while increasing

temperature leads to longer (and fewer) fibrils, too high

temperatures lead to fibril disassembly, so that a non-

monotonic dependence on fibril size and on total number

of fibrils with temperature was observed. It is well known

that the morphology of fibrils is exquisitely sensitive to

preparation conditions, with slight changes in mechanical

agitation leading to fibrils of different appearances [116].

Caflisch and coworkers [60] examined the polymorphism

of fibrils resulting from their simulations and found the

origin of the polymorphism to be of kinetic nature, with

different fibril morphologies having different oligomeric

intermediates (from micelles to protofibrils). Lattice

simulations suggest that this polymorphism may already

be encoded at the monomeric level, with different N*

structures dictating different fibril morphologies [50�].

Emerging areas
Emerging areas of research, topics that once again are

better served with coarse-grained models rather than fully

atomic ones, involve the incorporation of elements of the

‘cellular milieu’ into aggregation. One important, and still

incompletely understood area is the effect of crowding on

aggregation. Caflisch and coworkers [57�] have begun

such an investigation and their simulations indicate that

the effect of crowders differs for peptides with high

aggregation propensity and for peptides with lower aggre-

gation propensity. In the case of the peptides with low

aggregation propensity, the rate-limiting step is the for-

mation of the nucleus. This process is accelerated in the

presence of crowders due to an excluded volume effect

(much as is the case with increasing concentration).

Crowding is much less effective in accelerating aggrega-

tion in the case of aggregation prone conformations. In

this case, the rate-limiting step lies in the addition of

monomers at the extremities of the fibrils, and this can be

hindered by the presence of crowding agents. Research

remains to be done on elucidating the kinetics of aggre-

gation, the nature of the oligomeric species and the end-

products of aggregation in the presence of different types

of crowding agents. A second emerging area of research

lies in studying the interaction of aggregating peptides

with surfaces, and in particular with lipid membranes.

Experiments suggest that surfaces can nucleate the aggre-

gation of peptides, or that peptides can insert into mem-

branes and form cytotoxic pores [117–120], or that

peptide aggregates deposited on the membrane can

damage the membrane [121], the last two factors possibly

playing an important role in amyloid-related diseases

[122]. Much work remains to be done in modeling

protein–membrane interactions, in large part because
Current Opinion in Structural Biology 2011, 21:209–220
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coarse-grained models of lipid membranes [123,124] are

not as well developed as the corresponding models for

proteins. Caflisch and coworkers studied aggregation on

the surface of coarse-grained lipid vesicles and showed

that highly amyloidogenic peptides aggregate to form

fibrils on the surface of the vesicle, damaging its structure

and promoting leakage [55,56]. Leakage was found to be

due to the growing aggregates and not to the mature

fibrils. Peptides are seen to adsorb on the vesicle surface

and aggregate via an ordered templating mechanism.

Related simulation of aggregation on surfaces was per-

formed by Auer and coworkers [63�] who investigated the

aggregation of their tube model on spherical nanoparti-

cles. Their simulations revealed a condensation-ordering

mechanism, reminiscent of what was observed in the bulk

that was independent of particle size or hydrophobicity.

In a first step, peptides adsorb on the particle and form

small disordered oligomers on the particle surface, fol-

lowed by a second step in which they rearrange their

structure to form ordered b-sheets. The rates of aggrega-

tion are increased in the presence of a nanoparticle due to

an increase in local concentration (as was seen in the
Figure 2
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simulations of Caflisch). The nanoparticle acts as a seed,

effectively removing the nucleation barrier (and associ-

ated lag time).

Conclusion
The coarse-grained models described in the preceding

paragraphs have provided considerable insight into the

mechanisms of aggregation and have unified many of the

disparate observations from experiment. They have

shown that the intrinsic b-sheet (aggregation) propensity

of the peptide plays a key role in determining the path-

ways for fibril formation and the nature of the prefibrillar

oligomers. Fibril formation was seen to proceed either

through the formation of amorphous oligomeric species,

or directly from ordered aggregate states. The simulations

supported a ‘nucleation-growth’ mechanism, and shed

light into the nature of the nucleus as well as into the

mechanisms of fibril elongation. Fibril growth was seen to

proceed by lateral growth (through the addition of pre-

formed layers, or through the templated growth of dis-

ordered species) or by longitudinal growth, primarily

through monomer addition, either via a dock-lock mech-
2-layered fibril higher-ordered
fibril

e of
 in
hous
self-templated
 mechanism).
rdered nucleus

1. Elongation by dock-lock monomer addition
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anism, or via a mechanism in which the monomer first

prestructured to a fibril-competent conformation before

assembly. It is remarkable that the coarse-grained models

that differ significantly in terms of resolution, yield such

consistent mechanisms for fibril formation. The generic

nature of the mechanisms that emerge from the coarse-

grained simulations highlights the commonalities be-

tween aggregating peptides. They explain why so many

peptides, with different sequences and native folds, form

aggregates that are structurally similar, from oligomers

that can bind the same antibodies, to the final cross-b

fibril morphology.

A summary of the main fibrillization pathways and mech-

anisms is shown in Figure 2.
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