
doi:10.1016/j.jmb.2012.02.031 J. Mol. Biol. (2012) 421, 160–171

Contents lists available at www.sciencedirect.com

Journal of Molecular Biology
j ourna l homepage: ht tp : / /ees .e lsev ie r.com. jmb
REVIEW

From Macroscopic Measurements to Microscopic
Mechanisms of Protein Aggregation

Samuel I. A. Cohen 1, 2, Michele Vendruscolo 1,
Christopher M. Dobson 1 and Tuomas P. J. Knowles 1⁎
1Department of Chemistry, University of Cambridge, Lensfield Road, Cambridge CB2 1EW, UK
2School of Engineering and Applied Sciences, Harvard University, 29 Oxford Street, Cambridge, MA 02138, USA
Received 22 November 2011;
received in revised form
21 February 2012;
accepted 22 February 2012
Available online
8 March 2012

Edited by S. Radford

Keywords:
amyloid;
kinetics;
mechanism;
aggregation;
nucleation
*Corresponding author. E-mail addr

0022-2836/$ - see front matter © 2012 E
The ability to relate bulk experimental measurements of amyloid formation
to the microscopic assembly processes that underlie protein aggregation is
critical in order to achieve a quantitative understanding of this complex
phenomenon. In this review, we focus on the insights from classical and
modern theories of linear growth phenomena and discuss how theory
allows the roles of growth and nucleation processes to be defined through
the analysis of experimental in vitro time courses of amyloid formation.
Moreover, we discuss the specific signatures in the time course of the
reactions that correspond to the actions of primary and secondary
nucleation processes, and outline strategies for identifying and characteris-
ing the nature of the dominant process responsible in each case for the
generation of new aggregates. We highlight the power of a global analysis
of experimental time courses acquired under different conditions, and
discuss how such an analysis allows a rigorous connection to be established
between the macroscopic measurements and the rates of the individual
microscopic processes that underlie the phenomenon of amyloid formation.
© 2012 Elsevier Ltd. All rights reserved.
Introduction

The aggregation of protein molecules into fila-
ments is a common form of biological homomole-
cular self-assembly. The resulting structures are
involved in both functional and aberrant phenom-
ena in nature, with examples ranging from the
formation of functional actin filaments1–5 to the
pathological aggregation of hemoglobin S in sickle
cell anemia.6–9 There has been recently renewed
interest in this phenomenon as it has become clear
that many different peptide and protein molecules
are able to self-assemble into amyloid fibrils,
aggregates that share a common cross-β sheet
structure and that are associated with a range of
increasingly prevalent clinical disorders,10–23 in-
cluding Alzheimer's and Parkinson's diseases.
ess: tpjk2@cam.ac.uk.
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A critical challenge in the study of protein
aggregation is to relate the commonly available
bulk experimental measurements to the microscopic
steps in the mechanism of aggregation. Historically,
as indeed for many other chemical reactions, major
advances in the understanding of protein aggrega-
tion processes have been made through the study of
rate laws governing the assembly pathway. Rate
laws are the workhorses of chemical kinetics, but for
complex assembly pathways, closed form expres-
sions for the reaction rate are in general challenging
to derive since the system consists of a very large
number of molecular species with different poly-
merisation numbers and that can inter-convert
through a multitude of processes. A major advance
in this area came through the work of Oosawa who
showed in the 1960s that the polymerisation of actin
could be described by homogeneous (i.e., primary)
nucleation of aggregates coupled to growth through
monomer addition. 1,2,24 Oosawa derived an
d.
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Fig. 1. The general classes of mechanisms that create aggregates in protein polymerisation processes. (a) Primary
nucleation pathways1,2,29 result in the formation of new aggregates from interactions solely between soluble monomers.
(b) Monomer-independent secondary processes,27,30,31 such as fragmentation, generate new aggregates at a rate that
depends only on the level of aggregates. (c) Monomer-dependent secondary pathways,9,26 such as surface-catalysed
nucleation, create aggregates at a rate that depends on the concentrations of both monomeric protein and existing
aggregates. The rate constants are labeled kn, k− and k2, respectively, and the nucleation reaction orders with respect to the
monomeric peptide are denoted nc and n2, as described in the text.
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integrated rate law for such a system undergoing
linear polymerisation and showed that it described
the time course of actin polymerisation. This
framework was extended in a very significant
manner in the 1980s by Eaton, Ferrone, Hofrichter
and coworkers who introduced the processes of
heterogeneous nucleation and filament fragmenta-
tion through their pioneering studies of the kinetics
of the polymerisation of hemoglobin S.7–9 These
secondary pathways allow new aggregates to be
formed through processes that involve existing
aggregates,25–28 in addition to homogeneous nucle-
ation that depends only on the level of soluble
monomer (Fig. 1). In particular, filament fragmen-
tation has emerged as a major form of secondary
pathway for the proliferation of both amyloid fibrils
and prion aggregates27,30,32–34 in vitro and in vivo.
The nonlinear nature of the rate equations, which

result from a description that includes secondary
pathways,makes it problematic to analyse them. This
situation implies that the integration of these equa-
tions to obtain closed form expressions describing the
full time course of aggregation reactions is signifi-
cantly more challenging than for simple chemical
transformations or even for the nucleated polymer-
isation problem in the absence of secondary path-
ways. Progress has, however, been made through
perturbative treatments9,25 and recently through the
derivation of self-consistent solutions,30,35–37 result-
ing in highly accurate solutions to the rate equations
now being available for the general case including
both primary and secondary pathways coupled to
growth processes. Here we review some of the
important features of linear growth phenomena of
the type encountered in amyloid assembly, using a
combination of classical and modern kinetic
theories,1,2,7–9,25,30,35–38 which together provide the
link between macroscopic measurements and the
microscopic steps in the mechanism of aggregation.
The Mechanism and Molecular Basis of
Amyloid Formation

What do we mean by elucidating the mechanism
of a complex conversion process, such as amyloid
formation, where multiple inter-conversions are
taking place simultaneously? At the most detailed
level, we would like to list the processes relevant to
the growth phenomenon that can occur in a given
system, to define their relationships to the other
processes that are accessible to generate a network
of possible paths from products to reactants, and to
quantify the rates at which these molecular level
conversions take place. This knowledge then allows
the behaviour of the system to be predicted when
conditions are varied, as predictive power is a key
test of any theory.
Prior to the availability of integrated rate laws for

amyloid assembly, common practice has been to
focus on phenomenological models and describe the
reaction in terms of effective growth rates or lag
phases. It is important to note, however, that these
properties do not, on their own, inform on the
microscopic mechanisms at play, although they are
important in documenting and classifying the type
of aggregation behaviour that can be observed. Rate
laws are required in order to allow the connection to
be established between these phenomenological
parameters and the microscopic events in the
system.
It is therefore instructive to consider the classes of

processes that can contribute to protein aggregation
phenomena. In broad terms, these processes can be
divided into three categories: (i) nucleation and
fragmentation processes that increase the number of
aggregates, (ii) growth processes that lead to the
increase in the sizes of existing aggregates and (iii)
dissociation or degradation processes that lead to
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the decrease in size and/or the disappearance of
aggregates.

(i) Nucleation and fragmentation processes: These
processes are responsible for increasing the
number of aggregates and can broadly be
grouped on the basis of their dependencies on
the concentrations of free monomeric polypep-
tide molecules and of existing aggregates, as
shown in Fig. 1. In particular, the polymerisa-
tion of a range of functional filaments, such as
actin2 and tubulin, 39 has been shown to
proceed through primary nucleation, as has
the aggregation of some polyglutamine
species.40 Furthermore, secondary pathways,
which include filament fragmentation and sec-
ondary (i.e., heterogeneous) nucleation process-
es, such as surface-catalysed nucleation, have
been shown to play a key role in the aggrega-
tion mechanism of many systems.9,26,27,30,41 The
relationship between bulk experimental mea-
surements of the time course of the reaction and
the microscopic nucleation steps that generate
new aggregates is a major objective of mecha-
nistic studies of amyloid formation.
(ii) Growth processes: Aggregates, once formed
by nucleation processes, can grow by seques-
tering further soluble protein molecules. Inter-
estingly, kinetic studies probing the elongation
of amyloid fibrils reveal a first-order concen-
tration dependence on both the monomer and
the fibril27,42,43 species, suggesting a bimolecu-
lar mechanism of growth by monomer addition
to the ends of existing fibrils. In particular, this
first-order concentration dependence is not
consistent with growth through oligomer addi-
tion since the population of oligomers has in
general a nonlinear dependence on the concen-
tration of monomer. This example highlights
the power of kinetic studies in elucidating the
reaction mechanism even in the context of
complex transformations. At high concentra-
tions, the structural reorganisation of the
polypeptide molecule subsequent to its attach-
ment to the fibril end becomes rate limiting for
the overall elongation process, and in this
regime a transition to a zeroth-order depen-
dence on the monomer concentration has been
observed.27,42–44

(iii) Dissociation processes: The dissociation of
molecules from aggregates is crucial in order
for chemical equilibrium to be restored at the
end of the aggregation reaction. This reversible
and dynamical dissociation leads to the phe-
nomenon of molecular recycling,45 where the
molecules in the aggregates are in constant
exchange with the pool of molecules in
solution and a slow turnover is observed
between populations in solution and in the
aggregates. In order for aggregate growth to
occur, the dissociation processes have to be
significantly slower than the growth processes,
and hence the dissociation phenomena are not
usually of high importance in defining the
kinetics of in vitro aggregation until very late
in the reaction when the monomer pool has
been exhausted.37 In addition to the dissocia-
tion of monomeric peptide from aggregates, it
is interesting to note that fragmentation, in
addition to increasing the number of aggre-
gates, can also play a significant role in the
establishment of chemical equilibrium, unlike
primary or secondary nucleation which depend
on the availability of free monomer and are
hence of lesser importance at very late stages
in the reaction.37

The Kinetic Profile of the Reaction Time
Course

Kinetic studies provide a particularly valuable
route for characterising the generation of new
aggregates using bulk experimental data since
this approach bypasses the difficulty in detecting
low numbers of individual small species.46,47 The
formation of amyloid fibrils in vitro is commonly
monitored by optical methods, including fluoro-
metric assays relying on probes with a high
affinity for the amyloid scaffold. These measure-
ments can be designed48 to report on the fraction
of protein that has been sequestered into aggre-
gates as a function of time (Fig. 2). The
fundamental photophysics and binding stoichi-
ometry that underlie these label-based ap-
proaches have, however, not been elucidated
fully to date, and therefore it remains crucial to
verify on a case-by-case basis the dependence of
the signal on the concentration of aggregated
protein molecules. This aspect is of particular
importance since a nonlinear dependence will
alter the shape of the reaction time course and
would distort the mechanistic information that is
derived from it.
The reaction time course can vary considerably

in shape and symmetry for different peptides and
proteins and under different reaction conditions
for the same polypeptide molecule, a fact that
has proved difficult to reconcile within a single
model or framework. A variety of phenomeno-
logical approaches have, therefore, been put
forward to describe and classify these bulk
measurements. Many such approaches involve
partitioning the time course into distinct phases:
for example, a lag phase, a growth phase and a
plateau phase. This partitioning is useful for
documenting the shape of the reaction time
course; a key feature of complex assembly
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Fig. 2. Distinguishing contributions from growth and nucleation through the concave or convex shape of the reaction
profile at early stages as described in the text. Representative examples of the broad variation in kinetic profile shapes
observed for in vitro amyloid formation are shown. The kinetic profile is generally either concave (a) or sigmoidal (b–d); in
the latter case, a variety of sigmoidal profiles, with different asymmetries, can be observed. (a) shows data for pre-seeded
β2-microglobulin aggregation.28 The reactions in (b), (c) and (d) are from solutions initially in purely monomeric form: (b)
shows data for actin polymerisation,49 (c) shows data for Ure2p yeast prions50 and (d) shows data for islet amyloid
polypeptide aggregation.26
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pathways, however, is that it is rare to find
regions in time or parameter space where only a
single process is active, and more commonly
many forms of interconversion between the
different species are operating concurrently.
An important corollary of this conclusion is that

the lag phase cannot be in general defined as the
time required for primary nucleation, as is some-
times assumed, even though this identification
could be tempting from an intuitive point of view.
Indeed, for all situations except reactions in very
small volumes,46 both nucleation and growth
processes contribute to the length of the observed
lag phase since both processes are taking place in
this period.2,8,9,30,35,46 Similarly, the maximal slope
of the sigmoidal reaction time course, sometimes
taken to correspond to the elongation rate of the
aggregates present in solution, depends in general
on both growth and nucleation processes.30,35 More
generally, it has been shown that all of the major
phenomenological parameters (lag time, half-time,
time to completion, maximal growth rate, etc.)
depend in fact on combinations of multiple micro-
scopic rate constants.1,2,7–9,25,30,35,36 These connec-
tions between the macroscopic findings that
characterise protein aggregation phenomena and
their microscopic origins emerge naturally from the
general theory of fibrillar growth that we discuss in
this paper, which considers the possible inter-
conversions between aggregates of different sizes
and seeks to establish general rate laws for the time
evolution of the system.
Convexity in the Reaction Time Course
Informs upon Nucleation Processes

Reaction time courses associated with in vitro
aggregation and amyloid assembly exhibit a wide
range of characteristic shapes and asymmetries (Fig.
2). A very basic distinction is the concave, as in Fig.
2a, or sigmoidal, as in Fig. 2b–d, nature of the
reaction time course. For reactions that are initiated
entirely from monomeric peptides and in many
cases for reactions that also include preformed seed
material, a common characteristic is the sigmoidal,
rather than concave, nature of the growth profile.
Let us first consider the reaction time course that

would emerge in the case where the reaction is pre-
seeded with a certain fixed number of aggregates,
and there is no nucleation of new structures or
fragmentation of existing aggregates. For such a
system, the total number of aggregates at any time
in the growth reaction is equal to the initial number
of aggregates. Under these conditions, new aggre-
gate mass is created only by incorporation of soluble
monomeric peptide molecules on to the ends of
existing aggregates. In such a reaction, the increase
in aggregate mass, i.e. the slope of the reaction time
course, is described by:

slope~ monomer½ � × no: of aggregates
zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{

constant

i:e:
slope~ monomer½ �

ð1Þ

where the proportionality constant between the left-
and right-hand sides in the first line of Eq. (1) is the
rate constant for elongation. Equation (1) shows that
the slope of the reaction time course is directly
proportional to the concentration of free monomers,
which is maximal at the beginning of the reaction
and decreases monotonically. In the absence of
nucleation and fragmentation, therefore, for any
system with an elongation rate that has a linear (or
indeed any monotonic) dependence on the mono-
mer concentration (as required by mass action), the
growth rate is maximal initially and decreases
thereafter (Fig. 1a). This situation corresponds to

image of Fig. 2
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simple first-order kinetics characterised by an
exponential approach to equilibrium.
From these very general considerations it is clear

that in order to observe an overall conversion rate
that increases with time in the early stages of
amyloid formation, as in Fig. 1b–d, the number of
aggregates in Eq. (1) must increase with time rather
than remain constant†. Processes that increase the
number of aggregates are classified as nucleation (or
fragmentation) phenomena and include primary
and secondary pathways as discussed below. In
particular, for a sigmoidal rate profile to emerge, the
number of aggregates must increase sufficiently
quickly for the product (monomer concentra-
tion×no. of aggregates) to increase with time even
as the monomer concentration is decreasing. A
concave reaction time course corresponds to the
case where this product always decreases with time;
in such a case, it may still be that nucleation
processes are occurring, but not at a rate high
enough to overcome the depletion in monomer
concentration and lead to an overall increasing
growth rate.
These basic considerations show that the initial

phase of the time course of a sigmoidal reaction,
which is defined by an increasing growth rate even
as the monomer concentration is decreasing, is
therefore unambiguous evidence for the presence
of a nucleation or fragmentation process where new
aggregates are being generated. This nucleation
process may be a primary or a secondary pathway,
or both, and further analysis is required to distin-
guish these two possibilities.

Seeded Experiments Allow Distinction
between Primary and Secondary
Pathways

A sigmoidal reaction time course always indicates
the generation of new aggregates during the
progress of the reaction by nucleation or fragmen-
tation. Once the role of nucleation has been
identified, the next step is to characterise this
process; in principle, the nucleation rate may
depend on the concentration of monomeric peptide,
the concentration of existing aggregates, or both (Fig.
†When the number of aggregates is not constant, an
additional term is present in Eq. (1) that describes the
generation (or loss) of new aggregate mass directly
through nucleation (or fragmentation). In the case of
protein aggregation where large aggregates form (as is
the case for amyloid and many other aggregation
reactions), it must be that the generation of aggregate
mass through nucleation is not significant compared to
that due to the growth of aggregates, and so, the
additional term is small and Eq. (1) still holds.1
1). Ever since the discovery of the importance of
secondary pathways in protein aggregation9,26,27,32

that act in addition to the primary nucleation
pathways included in the classical theory of nucle-
ated polymerisation,1,2 it has become clear that one
of the most important mechanistic questions relating
to the aggregation behaviour of a given molecular
system is the importance of primary versus second-
ary nucleation. Indeed, it is clear that any protein that
is able to form amyloid fibrils from a solution in
which it was initially in purely monomeric form
must be able to undergo primary nucleation (Fig. 1a)
since in the absence of this process the polypeptide
molecules remain in solution indefinitely. A critical
question, which is less trivial to answer, is whether
secondary processes (Fig. 1b and c) are also active,
and to determine the relative significance of primary
and secondary pathways as the reaction progresses.
One unambiguousmethod of determiningwhether

or not fragmentation or secondary nucleation is
active is to perform experiments within a regime
where it is known that primary nucleation is only
very slowly (or not at all) generating new aggregates.
Thus, detection of the rapid creation of aggregates
within this regime must be the result of secondary
pathways. A particular strength of this strategy is
that it is not necessary to have any knowledge of the
detailed kinetics of the nucleation processes, and so it
can be used to distinguish fragmentation or second-
ary nucleation from potentially very complex and
poorly understood primary nucleation processes. In
addition, this approach is robust to the presence of
high levels of experimental noise, as it does not rely
on the detailed shape of the reaction profile beyond
whether it is concave or sigmoidal.
To carry out this strategy in practice, preformed

seeds are used to accelerate a reaction such that it
reaches completion before the equivalent reaction
without preformed seeds has progressed signifi-
cantly (Fig. 3). The observation of a sigmoidal profile
in the presence of preformed seeds indicates the
creation of many new aggregates, but the corre-
sponding curve in the absence of preformed seeds
demonstrates that primary nucleation is not creating
aggregates rapidly enough during this time window
to explain this effect, which by deduction must be
due to a secondary pathway.

Determination of the Reaction Order of
the Nucleation Process

Crucial insights into the mechanism of a reaction
can be obtained from the knowledge of the reaction
order. Once the nature of the dominant nucleation
process has been established as discussed in The
Mechanism and Molecular Basis of Amyloid Forma-
tion and Seeded Experiments Allow Distinction
between Primary and Secondary Pathways, its
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Fig. 3. Illustrating the problem of

distinguishing secondary nucle-
ation from primary nucleation. Sec-
ondary pathways can be identified
unambiguously through the use of
pre-seeded assays, as illustrated
here with data for glucagon
aggregation.51 (a) In the absence of
preformed seeds, aggregates are
only generated (via primary and/
or secondary pathway) at a slow
rate during the first 5 h of the time

course of the reaction, as indicated by the constant (approximately zero) slope of the rate profile. (b) When preformed
seeds are added at the beginning of the reaction, the kinetic profile reaches saturation before the corresponding reaction
without preformed seeds has generated significant aggregate mass; in particular, the rapid increase in the slope after ca.
2 h in (b) indicates rapid creation of new aggregates. The matched profile without preformed seeds shows that primary
nucleation is not rapidly creating new aggregates at this time, and by definition, the addition of seeds cannot affect
primary nucleation, pinpointing the origin of the new aggregates as the effect of secondary pathways.

Table 1. The scaling exponent γ, for the half-time defined
in Eq. (3), is related to the reaction order of the dominant
mechanism that is responsible for generating new
aggregates, denoted nc or n2

Primary pathway Secondary pathway

Scaling exponent γ≈ −
nc
2

−
1 + n2

2
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reaction order with respect to the monomer can be
established by analysing a set of kinetic data acquired
for different concentrations of the monomeric precur-
sor peptide or protein. For instance, if aggregates are
created by the dominant mechanism at a rate:

rate of creation ~ ½monomer�n ð2Þ
then n is the reaction order of the nucleation process;
for primary nucleation, we write nc, and for second-
ary pathways, n2. The values of nc and n2 relate in the
most simple nucleation reaction schemes to the
number of monomers in the nuclei; in the more
general case, however, they simply describe the
leading order dependencies of the nucleation pro-
cesses on the monomer concentration. Remarkably, it
has been shown that the value of n can be extracted
from the scaling behaviour of the phenomenological
parameters (lag time, maximal growth rate, end-
point, etc.) exhibited in experimental data.2,9,25,30,36

One particularly convenient scaling law relates the
time at which half of the monomeric protein has been
sequestered into aggregates to the total initial
monomer concentration as a power law:35,36

half−time ~ ðinitial monomer concentrationÞg ð3Þ
where the scaling exponent γ is given in Table 1 and
can be used to determine nc for a system dominated
by primary nucleation or n2 for a system dominated
by a secondary pathway. Equation (3) becomes a
linear relationshipwith slope equal to γwhen plotted
as a log–log plot (Fig. 4), allowing a simple extraction
of the reaction order. It is interesting to note that γ=
−1/2 implies that n2=0, which corresponds to a
monomer-independent secondary pathway, whereas
n2N0 corresponds to a monomer-dependent process.
A similar analysis can be performed by considering
the lag phase prior to the observation of aggregates by
bulk methods; an advantage of considering the half-
time is that it is not reliant onmeasurements in the lag
phasewhere by definition themeasured signal is very
weak and experimental noise can become overriding.

Analysis of the Shape of the Reaction
Time Course

It is an intriguing observation that the aggregation
reactions of different peptides and proteins result
in time courses with a wide range of shapes. In
this section, we discuss the features that emerge
in the reaction profile due to the relative influence
of primary and secondary nucleation processes
(Table 2), following the classic review by Ferrone.25

Typically, experimental time courses of amyloid
growth are characterised by a significant influence
from phenomena other than the specific process
under study, including the presence of impurities
and also nonlinearities in the relationship between
the measured signal and the concentration of
aggregates formed. Therefore, an analysis of the
shape of a single curve is in general not, on its own, a
definitive indicator of the molecular mechanisms at
play.25 In this case, a global analysis of a larger data
set, acquired under conditions where parameters are
varied in a systematic way, is required. This
approach is discussed in Determination of the
Microscopic Rate Constants by Global Fitting, but
it is nevertheless interesting to review here some of
the links between the specific features expected in
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log plot. The slope, here around −1/2, is compared with Table 2 to extract the reaction order; in the present case, the
system is controlled by a secondary pathwaywith n2=0, implying filament fragmentation as the dominant mechanism for
the creation of new aggregates.
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the reaction time course and the microscopic
mechanisms, without making any detailed assump-
tions about the nucleation processes.
Table 2. The early- and late-time forms of the reaction time
course provide information on the dependency of the
dominant nucleation or fragmentation process on the levels
of free monomer and of aggregates, as discussed in themain
text

Early stage
Polynomial Exponential
M tn M e

L
at

e
st

ag
e

Exponential Primary pathway Monomer-dependent
M 1 – ae – k • t secondary pathway

Super exponential N/A Monomer-independent
M 1 – be – ce secondary pathway

t

t

A polynomial early-time form together with an exponential late-
time form is shown in Fig. 2b (primary nucleation pathway).
Exponential early- and late-time forms are manifested in Fig. 2d
(monomer-dependent secondary nucleation pathway). An
exponential early-time form and a super exponential (Gompertz)
late-time form are shown in Fig. 2c (monomer-independent
secondary pathway). A polynomial early-time form and a super
exponential late-time form are not commonly observed together,
althoughmechanisms can be proposed that lead to this overall form
for the reaction profile‡.
Primary nucleation leads to a polynomial phase
early in the reaction time course

At early stages in the reaction, the concentration of
free monomer is approximately constant since it has
not yet been significantly depleted by the growing
aggregates. In this regime, a connection can there-
fore be expected between the reaction time course
and the role of aggregates in the nucleation process.
By contrast, at later stages, the free monomer
becomes depleted as the aggregate mass approaches
saturation; in this regime, a connection between the
shape of the reaction profile and the nature of the
growth processes is expected.
The form of the initial increase in a sigmoidal

reaction time course describing protein aggregation
has been studied extensively over the last five
decades.1,2,7–9,25,35,53–55 For many simple primary
nucleation reaction schemes,6,25,56–64 the early-time
rise in the reaction time course is quadratic in time,
∼ t2. For more complicated primary nucleation
processes involving intermediate species, sometimes
known as cascade nucleation,25 the early-time rise in
the sigmoidal reaction time course remains polyno-
mial, but with a cubic39 or higher dependence on
time, ∼ tm for a constant m.
By contrast, as noted by Eaton, Ferrone and

coworkers, a reaction dominated by secondary
nucleation undergoes an exponential increase in
the early stages of the reaction,7, 8, 9 as a result of the
positive feedback that is a consequence of the fact
that aggregates that are formed accelerate the rate of
production of further aggregates.
While a polynomial increase during the early

stages of aggregation precludes a dominant role for
secondary pathways, a prolonged lag followed by a
rapid onset of growth in the reaction time course is
indicative of the exponential behaviour characteris-
tic of fragmentation or secondary nucleation. In the
latter case, however, it is important to note that it is
not always possible in practice to distinguish a high-
order polynomial, for example, ∼ t30, which might
emerge from a complex multistep primary nucle-
ation process, from an exponential rise characteristic
of secondary pathways. Such a discrimination based
on the shape of a single curve remains difficult even
in the absence of experimental noise. Complemen-
tary strategies, such as the procedure outlined in
Seeded Experiments Allow Distinction between
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Primary and Secondary Pathways, make it possible,
however, in all cases to distinguish unambiguously
the presence of secondary pathways from a complex
multistep primary nucleation pathway.
‡Late-time super-exponential behaviour could be gen-
erated, for example, by a cascade primary nucleation
scheme25,39 with a monomer-independent conversion rate
between intermediates that corresponds to significantly
longer than the half-time of the overall aggregation
reaction. In this case, beyond early times in the reaction,
new growth-competent aggregates would be created at a
rate independent of the monomer concentration, leading
to super-exponential behaviour in the late stages of the
reaction profile. In the absence of secondary pathways,
this late-time form would be observed in conjunction with
the classical polynomial behaviour for the early stages in
the reaction that is observed for primary nucleated
systems. Interestingly, on the other hand, such a
mechanism if active alongside a monomer-dependent
secondary nucleation process would result in that case in
early-time exponential behaviour and late-time super-
exponential behaviour, appearing similar to a monomer-
independent secondary process. We are not aware of any
system that has been shown to exhibit this behaviour at
the present time.
Monomer-dependent nucleation leads to an
exponential approach to saturation

While the form of the increase in the early stages of
the reaction is determined primarily by whether the
dominant nucleation process depends on the aggre-
gate concentration (as in fragmentation or second-
ary nucleation, showing an exponential time course)
or not (as in primary nucleation, showing a
polynomial time course), the form of the reaction
time course for later stages reveals information
about the dependence of the rate of creation of
aggregates on the level of free monomer.36 After the
rise during the early stages, there is a point of
inflection in the sigmoidal reaction time course,
beyond which the slope is decreasing rather than
increasing; eventually, this situation leads to the
profile approaching a plateau, observed once the
monomer concentration has reached its equilibrium
value. The form of the reaction profile that leads to
the plateau differs greatly from system to system. In
some cases, the early-time rise may be brief (e.g., Fig.
1b), with a slow decay towards the plateau; in other
cases, the early-time rise is extended, with a sharp
transition to the plateau (e.g., Fig. 1c).
At late times, as the monomer becomes heavily

depleted, the shape of the reaction time course is
determined primarily by the processwith theweakest
dependence on the monomer concentration, m. The
elongation rate is linearly dependent on themonomer
concentration,2,27,42,43 ∼m, so unless there is a
nucleation or fragmentation process with a weaker
than linear dependence on the monomer concentra-
tion, ∼mn with nb1, the rate of generation of new
aggregateswill become insignificant in comparison to
the rate of elongation under conditions where the
monomer is depleted. Indeed, for small enough
monomer concentrations, k+m≫ kNm

n for any
elongation rate constant k+ and nucleation rate
constant kN when the reaction order nN1. In this
case, the shape of the curve will approach that of the
concave reaction time course that emerges in pre-
seededgrowth in the absence of nucleation; that is, the
decays towards equilibrium in Fig. 2b and d at late
times is of the same form as that in Fig. 2a,
∼1 − e− klt.36 In addition, the higher the dependence
of the active nucleation processes on the monomer
concentration are, the less monomer depletion is
required to cause a transition to the late-time
exponential saturation behaviour. If the decay is
sharper than this exponential decay (e.g., Fig. 1c), it
implies that a process must be active with a weaker
than linear dependence on the monomer concentra-
tion, ∼mn with nb1; the most common example of
this behaviour is amonomer-independentprocess, for
which n=0, such as filament fragmentation,30,35, 36, 37

although other processes are possible‡.
Determination of the Microscopic Rate
Constants by Global Fitting

Much of the discussion in this review article has
been very general, and the mechanistic conclusions
are not dependent on the specific rates of the
dominant nucleation pathways. The classical frame-
work of Oosawa and Eaton considers the most
general classes of processes that generate new
aggregates (Fig. 1), which have each been shown
to be active in various amyloid systems, as well as
the growth and shrinkage of aggregates.2,9 Addi-
tional microscopic steps can, however, be added
within this framework, as new experimental evi-
dence becomes available. The benefit of a rigorous
kinetic model is that the rate constants that can be
extracted from the analysis of experimental data are
true microscopic rate constants that are independent
of the monomer concentration and so remain
constant across data measured at varying concen-
trations of polypeptide molecules.
Recently, integrated rate laws have been derived

that solve the classical framework of filamentous
growth30,35,36 in the presence of generalised second-
ary pathways; these integrated rate laws describe
the growth of filaments through primary and
secondary nucleation, coupled with growth through
monomer addition. The closed form rate law that
emerges for such a system depends in many cases
primarily on only two specific combined rate
parameters: the product of the elongation and the



168 Review: Macroscopic Measurements to Microscopic Mechanisms
primary nucleation rate constants, and the product
of the elongation and the secondary pathway rate
constants (i.e., k+kn and k+k2 where k+ is the
elongation rate constant, kn is the rate constant for
the primary nucleation pathway and k2 is the rate
constant for the secondary pathway, denoted
instead as k− in the case of filament fragmentation).
In addition, the initial conditions of the system,
including the initial concentration of free monomer-
ic polypeptide molecules, are parameters in the final
rate law. Experimental data can, therefore, be fitted
globally, thereby fixing the two combined rate
parameters for all curves. An example of this
approach is shown in Fig. 4, where the curves are
fitted with the values of k+kn and k+k− fixed globally
for all four curves. The ability to capture the
characteristic features of a data set with a small
number of free global parameters implies that the
model being used is indeed capturing the key
physical characteristics of the system. It is important
to note that any individual curve can be fitted by a
number of sigmoidal functions, of which there are
many available, and therefore, no discrimination
between the mechanisms is available unless a global
analysis is performed.
In order to determine the values of the individual

rate constants (k+, kn, k2), an approach can be used
where seed material is added at the beginning of the
reaction, allowing the elucidation of the magnitude
of the elongation rate constant, k+, in isolation.
Indeed, if sufficient seed material is added at the
beginning of the reaction, then the reaction profile
becomes concave, as in Fig. 1a. The initial slope of
such a rate profile is equal to the product of the
elongation rate constant and the number of aggre-
gates added at the start of the reaction [Eq. (1)]; the
latter is itself equal to the mass concentration of seed
material added, which should be known, divided by
the average number of peptides in each seed
structure, which can be estimated experimentally
(e.g., using atomic force microscopy30). Other
experimental techniques, such as the use of a quartz
crystal microbalance,43,65 can alternatively be used
to determine directly the elongation rate constant.
Once this value is known, the rate constants for
primary and secondary nucleation, kn and k2, can be
calculated from the previously determined com-
bined rate constants k+kn and k+k2.

Mechanistic Implications from Kinetic
Results

The type of kinetic analysis reviewed in the
present work provides a window into the mecha-
nisms of amyloid formation. A systematic study of
the kinetic profiles of amyloid formation allows a
characterisation of the active nucleation processes,
as well as a determination of the microscopic rate
constants for the pertinent steps in the assembly
pathway. In particular, it is possible to determine
whether most new aggregates are being created
through a process that depends only on the
concentration of soluble monomer, only on the
level of existing aggregates, or on both of these
levels. Recent evidence suggests that small oligo-
meric aggregates play a key role in amyloid-related
pathogenesis, and so the dependence of the rate of
creation of new oligomers on the various species is
of critical importance.66–68

A monomer-independent secondary mechanism,
n2=0, can be realised throughfilament fragmentation,
which has in particular been shown to be active in the
propagation of prions27 and the aggregation in vitro of
polypeptidemolecules such as insulin.30 Amonomer-
dependent secondary nucleation process, n2N0, im-
plies interactions between the soluble monomeric
species and fibrils. Since the monomers cannot
penetrate inside the fibril, this interaction must take
place at the surface of the aggregates and is therefore
likely to correspond to surface-catalysed nucleation,
whereby new aggregates are generated from mono-
meric peptide molecules at the surface of existing
aggregates.9 Through kinetic studies, this process has
been shown to be of defining importance in systems
ranging from sickle-hemoglobin9 to islet amyloid
polypeptide.26 In addition, a monomer-dependent
secondary pathway may correspond in the special
case of n2=1, that is, a linear dependence on the
concentration of monomer, to lateral growth and
branching, factors that have been suggested to play a
role, for example, in the aggregation of glucagons69

and collagen.8

Importantly, secondary nucleation processes re-
sult in positive feedback, since existing aggregates
play a role in accelerating the production of further
aggregates. In the case of surface-catalysed nucle-
ation, large aggregates provide surfaces at which
new aggregates can be continuously generated from
monomeric peptide or protein.25 Moreover, frangi-
ble filaments may act as a source of small aggregates
that form through breakage, even after the mono-
mer pool has been depleted.37

It is also interesting to note that, in the case of a
system that is initially in a purely monomeric form,
there must be a timescale, however brief, within
which primary nucleation is dominant, even if the
bulk reaction kinetics are dominated by secondary
nucleation. Even in a reaction where the time course
is initially exponential over experimentally measur-
able timescales, at short enough times, the time
course must always undergo a transition from an
initially polynomial to an exponential profile. This
fact emerges since secondary nucleation cannot
become active until aggregates exist, and so there
is always a phase where the rate of creation of
aggregates through primary nucleation exceeds that
through secondary pathways.
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Conclusions

We have discussed how a systematic analysis of
bulk experimental measurements in terms of chem-
ical kinetics provides detailed insights into the
microscopic mechanisms and rate constants of
protein aggregation. This knowledge is of particular
interest for defining the most significant steps in the
aggregation process of specific systems under a
range of conditions and for understanding the
origins of disease-related species. Such an under-
standing has the potential to shed light on the
manner in which natural mechanisms provide a
defence against the onset of pathogenic behaviour
and on the manner in which changes such as
mutation or gene duplication can give rise to disease.
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