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The kinetic behavior of insulin fibrillation is
determined by heterogeneous nucleation pathways
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Abstract

When subjected to acidic conditions and high temperature, insulin is known to produce fibrils that
display the common properties of disease amyloids. Thus, clarifying the mechanisms of insulin
fibrillation can help the general understanding of amyloidal aggregation. Insulin fibrillation exhibits
a very sharp time dependence, with a pronounced lag phase and subsequent explosive growth of
amyloidal aggregates. Here we show that the initial stages of this process can be well described by
exponential growth of the fibrillated proteins. This indicates that the process is mainly controlled by a

secondary nucleation pathway.
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Protein aggregation processes have been extensively stud-
ied in recent years, and are of fundamental relevance
in many areas of scientific and technological research.
The appearance of ordered protein aggregates (amyloid
fibrils) is observed in a number of disorders, such as
Parkinson’s, Alzheimer’s, and prion diseases (Harper
and Lansbury 1997; Collinge 2001; Dobson 2003; Uver-
sky and Fink 2004). Moreover, the tendency of many
proteins to form large aggregates is one of the major
problems in protein drug preparation, delivery, and
storage (Brange 2000). The phenomenon of protein fibril-
lation is not limited to disease-related proteins. Ra-
ther, it secems to be a generic property of polypeptide
chains (Fandrich and Dobson 2002). Under appropriate
destabilizing conditions, even globular, otherwise stable,
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proteins may form amyloid fibrils (Fandrich et al. 2001;
Goers et al. 2002).

Insulin is a 51-residue protein hormone involved in
glucose metabolism and universally used in diabetes treat-
ment (Brange 1994). It has long been known that, when
subjected to acidic conditions and high temperature, insu-
lin forms fibrils (Waugh 1946). These fibrils have been
characterized and shown to exhibit the common proper-
ties of amyloids (Burke and Rougvie 1972; Yu et al. 1974;
Bouchard et al. 2000; Nielsen et al. 2001b). This makes
insulin a good model system for the study of amyloidal
aggregation. The purpose of the present work is to apply
a careful analysis of the fibrillation kinetics to reveal
features of the underlying pathway.

In bulk solutions, and in the absence of agitation, the
kinetics of the fibrillation process are characterized by an
abrupt time dependence, with a pronounced lag phase (in
which nothing apparently occurs) and a subsequent fast
fibrillation. This behavior has been ascribed to a nuclea-
tion—elongation mechanism, in which the lag phase is the
time required for the formation of the nuclei, and the
subsequent fast growth is due to simple monomer addi-
tion to the ends of pre-existing fibrils (Nielsen et al.

Protein Science (2005), 14:3129-3134. Published by Cold Spring Harbor Laboratory Press. Copyright © 2005 The Protein Society 3129



Librizzi and Rischel

2001a,c). As explained by Ferrone (1999) in an elegant
review, this deterministic description of lag-phase phe-
nomena is not fully convincing. In mathematical terms,
the simplest possible kinetic scheme describing a nuclea-
tion—elongation polymerization is the Oosawa model
(Oosawa and Asakura 1975), which applies when the
nucleus is in thermodynamic (very unfavorable) equi-
librium with the monomeric protein (Fig. 1A; Ferrone
1999). For this class of aggregation processes, the fibril
mass should always be proportional to ¢* at the beginning
of the reaction, with essentially no lag phase. Moreover,
the concentration dependence of the effective rate con-
stant should be given by ¢’ " "% where ¢ is the initial
protein concentration and # is the size of the nucleus. In
the case of insulin fibrillation, this class of models is ruled
out by the abrupt time dependence, which is clearly
incompatible with a 7> behavior at the beginning of the
kinetics. In addition, the concentration dependence of the
effective rate constant is relatively weak, being at max-
imum no more than linear (Nielsen et al. 2001c¢), although
in some experimental conditions this could be explained
by the fact that insulin can associate as dimers or larger
oligomers (Nielsen et al. 2001a,c).

Within the framework of a nucleation-dependent
aggregation process, there are two simple possibilities
to explain the sharp time dependence displayed by insu-
lin fibrillation. The first one is that nucleation can be
catalyzed by existing aggregates or fibrils (secondary
pathway). Initially, nuclei must be formed from mono-
mers, but after the creation of a certain amount of
aggregates, this secondary pathway takes control of the
growth. The classic case is sickle cell hemoglobin poly-
merization (Ferrone et al. 1980, 1985; Hofrichter 1986;
Ferrone 1999). There are at least three simple mecha-

Nucleation mechanism

A) Equilibrium nucleation

0.0 o0
O —

oo, = O

O o ©

B) Heterogeneous nucleation

C) Downhill polymerization

OOO O O o O O O
Qoo 2807 28 — &8

o
o838

nisms by which a fibril can catalyze the formation of
other fibrils: fragmentation, branching, and nucleation
on the fibril surface (Fig. 1B). All of them give rise to an
exponential growth of the total mass of fibrillated pro-
tein as a function of time, i.e., depending on the actual
rate constants, to a pronounced lag phase and a very fast
subsequent aggregation (Ferrone 1999). The concentra-
tion dependence is determined by the mechanism of
creation of the first fibrils and by the nature of the
secondary pathway (Ferrone et al. 1985). Padrick and
Miranker (2002) used the marked lag phase of islet
amyloid polypeptide fibrillation to argue that a second-
ary pathway was involved.

Alternatively, a lag phase can arise when a nucleus,
rather than being in thermodynamic equilibrium with
the native protein, is formed in a certain number of
slow steps by successive addition of smaller aggregates
or monomers (downhill polymerization) (Fig. 1C). In
such a case, the kinetics at the beginning of the process
will be described by a power law growth, in which the
exponent is determined by the number of slow steps
necessary for the formation of the nucleus. This mecha-
nism was successfully used for modeling the kinetics of
tubulin polymerization (Flyvbjerg et al. 1996). If the
exponent in the power law is high enough, a pronounced
lag phase will be observed. The concentration depen-
dence is determined by the details of the process and
can be as low as linear (Ferrone 1999).

In this work we investigate the early stages of insulin
fibrillation, with the aim of ascertaining whether one of
the above-mentioned aggregation mechanisms can be
employed in the description of the process. In general,
the association state of insulin is strongly affected by the
details of the external conditions. In order to simplify the

Fibril mass growth at early times
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Figure 1. Possible mechanisms in a nucleation—elongation fibrillation. (4) Equilibrium nucleation (Oosawa’s model; Oosawa
and Asakura 1975). (B) Heterogeneous nucleation (sickle cell hemoglobin; Ferrone et al. 1980, 1985). (C) Forward nucleation

(the figure shows 7°; Flyvbjerg et al. 1996).
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problem as much as possible, we performed our study in
20% acetic acid, because in these conditions the protein
is reported to be fully monomeric (Nielsen et al. 2001a;
Whittingham et al. 2002), implying that all the protein
molecules follow a similar kinetic pathway. The progress
of the fibrillation was monitored in situ by using Thio-
flavin T (ThT) fluorescence (see Materials and Meth-
ods), and, in order to bring the kinetics in a suitable
timescale, the experiments were performed at high ionic
strength (0.3 M NaCl) and at a temperature of 60°C. In
acetic acid and at high ionic strength insulin is known
to form relatively short and thick fibrils (Nielsen et al.
2001a).

Results and Discussion

Figure 2 shows the ThT fluorescence for our samples as
a function of time during the fibrillation process, after
the subtraction of the value obtained at # = 0. For all the
concentrations investigated, data are shown in log-lin
(Fig. 2A,B) and log-log (Fig. 2C,D) plots. In agreement
with earlier experiments in the literature (Nielsen et al.
2001c), we observe an initial lag phase in which nothing
apparently occurs, followed by a sharp progression of
the fibrillation process. In this second phase, ThT fluo-
rescence exhibits a very large dynamic range, spanning
over three orders of magnitude. In both kinds of plots

reported in Figure 2 (log-lin and log-log), the growth
phase exhibits an approximately straight-line behavior,
suggesting either (1) heterogeneous nucleation (exponen-
tial growth; straight line in log-lin plot) or (2) downhill
polymerization (power law growth; straight line in log—
log plot). In fact, a high exponent power law is hardly
distinguishable from exponential growth, unless very
good data are available.

Figure 3A reports as a function of the protein concen-
tration the apparent rate constants obtained by assum-
ing an exponential process, i.c., the slope of the straight
lines reported in Figure 2, A and B. Figure 3B reports
the concentration dependence of the lag time, defined as
the time necessary to reach 1% of the maximum value of
ThT fluorescence during the fibrillation process. As can
be seen and as reported in the literature (Nielsen et al.
2001c¢), the concentration dependence of both the appar-
ent rate constant (Fig. 3A) and the lag time (Fig. 3B) is
very weak and also quite irregular. Moreover, replicate
runs of the same experiments show that uncertainty in
these parameters is ~50% (data not shown).

From a statistical point of view, the correlation coeffi-
cients of the fits shown in Figure 2 are on the average
slightly better for the case of an exponential growth (Fig.
2A,B), and the dynamic range in which a straight line is
observed is also slightly wider. The differences, however,
are not large enough to be fully convincing.
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Figure 2. Time course of insulin aggregation at 60°C at the different concentrations investigated. The same kinetics are shown in

a log-lin plot (4,B) and in a log-log plot (C,D).
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Figure 3. (A4) Rate constants obtained from the slopes of the straight lines shown in Figure 2, A and B. (B) Ty, defined as the
time necessary to reach 1% of the final value in the ThT fluorescence intensity, as a function of the protein concentration. Solid

lines are guides for the eye.

What is more significant is the fact that the slopes of
the straight lines shown in Figure 2, C and D (i.e., the
exponents of the presumed power law dependence) are
not the same, spanning from ~10 to 20. As stated by
Flyvbjerg et al. (1996), the exponent minus one is the
number of slow steps necessary for nucleus formation, a
number that is equal to or smaller than the number of
monomers in the nucleus. This number should be
roughly independent of concentration, as it is for tubulin
polymerization (Flyvbjerg et al. 1996). Moreover, it
seems unlikely that a nucleus is formed in something
like 15 subsequent steps or more (in the case of tubulin,
the exponent was 5).

The above observations indicate that the kinetics of
insulin aggregation in our conditions can be better
described by exponential growth. This means that the
aggregation process is significantly affected by a mecha-
nism in which a pre-existing fibril can promote the for-
mation of new fibrils, i.e., by a secondary pathway. This
conclusion agrees well with recent Atomic Force Micros-
copy (AFM) studies of insulin fibrillation. Time-lapse
AFM experiments showed that in the very initial stages
of the aggregation process, insulin fibrils display the
tendency to grow onto each other; i.e., a pre-existing
fibril may promote the formation of new fibrils on its
surface (Jansen et al. 2005). The investigators in this
study concluded that “a single protofilament may act
as a lateral template or scaffold” for the formation of
new protofilaments, and this process is an alternative
pathway to the “otherwise dominating” mere associa-
tion of separately formed protofilaments. The fact that
we observe exponential growth, with the same rate
throughout the growth phase, shows that the secondary
pathway in fact has a pivotal role in the aggregation
process, since it determines the overall kinetic behavior.

Insulin aggregation is much faster in the presence of
hydrophobic surfaces (Sluzky et al. 1991; Sharp et al.
2002), presumably because they promote the conforma-
tional transition to partially unfolded protein structures.
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Now an amyloid fibril, especially at the beginning of the
aggregation process when the fibrils are not arranged in
large ordered units, is a hydrophobic surface by itself. As
such it may enhance the formation of new fibrils. Such
an effect could be enhanced by specific interactions
between the monomers in solution and the already fibril-
lated proteins (templated nucleation).

The rate constant shows a very modest increase with
increasing concentration (Fig. 3A). If the monomer is
the reactive species, oligomer formation can blunt the
concentration dependence (Lomakin et al. 1996). In our
conditions insulin is monomeric at room temperature,
but we cannot rule out the presence of oligomers or
nonfibrillar aggregates at 60°C. Actually, such aggre-
gates have been observed by Jansen et al. (2005) at the
beginning of the kinetics. Another possibility is that the
nucleation rate in the secondary pathway is almost inde-
pendent of monomer concentration. This could corre-
spond to branching or defect formation on the fibril
surface being the time-limiting step. In this case, the
rate constant is expected to increase proportionally to
the square root of the concentration, as we show in the
Appendix. In any case, a realistic description of the
concentration dependence of the rate constant should
probably take into account the spatial nonuniformity
of the process and the local depletion of monomers.

We believe that this link between dynamics and
fibrillation mechanism is of general utility for pro-
teins whose fibrillation process is characterized by
an abrupt time dependence and/or for proteins that
form fibrils according to the Hierarchical Assembly
Model (Ionescu-Zanetti et al. 1999; Khurana et al.
2003), since this model implies a strong interaction
between early aggregates. Moreover, as suggested by
Jansen et al. (2005), the existence of heterogeneous
nucleation pathways must be taken into account in
designing strategies to prevent amyloidosis and can
shed new light into the general mechanisms of propa-
gation of amyloids.
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Materials and methods

Bovine insulin, acetic acid, and Thioflavin T (ThT) were pur-
chased from Sigma Aldrich and used without further purifica-
tion. Before each experiment, insulin was dissolved in solutions
of acetic acid (20%) and NaCl (0.3 M). The resulting solutions
were centrifuged and filtered through 0.22-pm filters. Protein
concentration was determined by absorbance at 276 nm, using
an extinction coefficient of 1.0 for 1 mg/mL (Nielsen et al.
2001c). A stock solution of ThT (1 mg/mL) was prepared in
pure water and stored protected from light exposure at 4°C.
This stock solution was diluted 1:40 into the samples before
each experiment. As previously reported (Nielsen et al. 2001c),
the presence of ThT in solution should not affect the fibrilla-
tion process. All glasses were boiled in concentrated alkaline
detergent (Sodosil, Riedel-de-Héden) and rinsed with pure
water. This point is particularly important, since using glasses
cleaned with diluted detergent at room temperature system-
atically resulted in a sizable shortening of the lag phase in the
fibrillation process. The same effect was also observed when
samples were not centrifuged and/or filtered.

ThT fluorescence is widely used as a selective probe for the
detection of amyloid fibrils (Levine 1999). In the presence of
fibrils, ThT fluoresces brightly, with excitation and emission
maxima at ~450 and ~482 nm, respectively. Fluorescence
measurements were performed on a Perkin Elmer LS55 by
using 2.5-nm excitation and emission bandwidth, and 75 nm/
min speed. An excitation wavelength of 450 nm was used, and,
in order to improve the signal to noise ratio, the integrated
intensity of the whole emission band in the range 460-600 nm
was taken as signal. Temperature was controlled by using
a circulating water bath. An ultramicro fluorescence cell
(Hellma) was used to sample a very small volume (45 pL) of
the fluorescent solution. Interestingly, using standard fluores-
cence cells (1 cm X1 cm) resulted in much less regular kinetic
profiles, thus indicating the existence of some kind of spatial
heterogeneity of the fibrillation process in the larger sample
volume.

ThT fluorescence response is reported to be proportional to
the amount of fibrils present in the sample (e.g., Naiki et al.
1989; Naiki and Geyjo 1999). We verified the linearity of the
response by measuring ThT fluorescence intensity in samples
obtained by different dilution of a pre-fibrillated insulin solu-
tion (10 mg/mL, not shown).

Acknowledgments

We thank R. Carrotta, H. Flyvbjerg, and M. Manno for useful
discussions, and M. Leone for the critical reading of the manu-
script. This work was supported by a grant from the Danish
Technical Research Council.

Appendix: Dimensional analysis of kinetic equations

We consider the following set of differential equations, in
which M(¢) is the total mass of already fibrillated protein at
time 7 after the beginning of the process, N(¢) is the number of
fibrils ends, and ¢ is the initial protein concentration:

dt

AN — Jey M(£)[co — M (1)) +fip(c)

dt

{d_M:klN(l)[CO*M(t)} (1)

where k; and k, are the rate constants for fibril growth and
formation of new fibrils, respectively, both second-order. The
first equation simply states that the rate of growth of the total
mass of fibrillated proteins is proportional to the number of fibril
ends and to the monomer concentration (co— M(t)). The second
one states that new fibril ends (i.e., new fibrils) are created by a
spontaneous nucleation mechanism (fs, (c)) as well as by a
secondary pathway with a rate proportional to the total mass
of already fibrillated protein molecules and to the monomer
concentration. Such a mechanism could be templated nucleation
on the fibril surface. During the exponential growth phase, the
spontaneous nucleation term can be neglected, and we can use
the method of dimensionless equations (Goldstein and Stryer
1986; Flyvbjerg et al. 1996). If we use the quantities,
m= M/cy, n = Ny/ki/ka/co and t = tco\/k1k2, we can write
equation 1, neglecting the spontaneous nucleation term, as the
following set of dimensionless equations:

B = (o)1 = m(x) .

The solution of equation 2 is independent of the value of ¢,; the
behavior at particular initial concentrations is found by reinsert-
ing the definitions of T, n, and m. Since T cgt, it can be seen
without actually solving the kinetic equations that the time
course speeds up linearly with increasing concentration, so the
rate constant is directly proportional to the initial concentration.
This is clearly not in agreement with the data in Figure 3.
Alternatively, we can consider the possibility that hetero-
geneous nucleation is independent of monomer concentration:

{dd_ﬂll = kiN(t)[co — M(1)] (3)
W — oM (1) + fip(c)

where k, is now a first-order rate constant. This could corre-
spond to branching or defect formation on the fibril surface
being the time-limiting step. In this case, the dimensionless
parameters are m = M /¢y, n = N\/ki/coks and © = tv/cok k2,
so it can be seen that the rate constant is proportional to the
square root of the initial concentration, in better agreement
with our data.
We note that equation 2 has the well-known solution

€0

M) ==

4)

with k = cov/kik,. This form is often used as an empirical fit to
fibrillation curves (Nielsen et al. 2001c; Padrick and Miranker
2002). Equation 3 does not have to our knowledge an explicit
solution, so the dimensionless approach is necessary in order
to understand the concentration dependence.

Equations 2 as well as 3 in the approximate form, i.e.,
neglecting the spontaneous nucleation term, lead to kinetic
profiles that must display particular scaling properties. How-
ever, these properties are not expected really to be observed,
since in both cases the lag time is also affected by the spon-
taneous nucleation term. Accordingly, the dimensionless ap-
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proach can give information only about the rate constants, and
not about the lag times.
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