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Abstract
The difficulty in identifying the toxic agents in all amyloid-related diseases is likely due to the
complicated kinetics and thermodynamics of the nucleation process and subsequent fibril
formation. The slow progression of these diseases suggests that the formation, incorporation and/
or action of toxic agents is possibly rate limiting. Candidate toxic agents include precursors (some
at very low concentrations), also called oligomers and protofibrils, and the fibrils. Here, we
investigate the kinetic and thermodynamic behavior of human insulin oligomers (imaged by cryo-
EM) under fibril forming conditions (pH 1.6 and 65°C) by probing the reaction pathway to insulin
fibril formation using two different types of experiments – cooling and seeding – and confirm the
validity of the nucleation model and its effect on fibril growth.

The results from both the cooling and seeding studies confirm the existence of a time-changing
oligomer reaction process prior to fibril formation that likely involves a rate-limiting nucleation
process followed by structural rearrangements of intermediates (into β-sheet rich entities) to form
oligomers that then form fibrils. The latter structural rearrangement step occurs even in the
absence of nuclei (i.e. with added heterologous seeds). Nuclei are formed at the fibrillation
conditions (pH 1.6 and 65°C) but are also continuously formed during cooling at pH 1.6 and 25°C.
Within the time-scale of the experiments, only after increasing the temperature to 65°C are the
trapped insulin nuclei and resultant structures able to induce the structural rearrangement step and
overcome the energy barrier to form fibrils. This delay in fibrillation and accumulation of nuclei at
low temperature (25°C), result in a decrease in the mean length of the fibers when placed at 65°C.
Fits of an empirical model to the data provide quantitative measures of the delay in the lag-time
during the nucleation process and subsequent reduction in fibril growth rate resulting from the
cooling. Also the seeding experiments, within the time-scale of the measurements, demonstrate
that fibers can initiate fast fibrillation with dissolved insulin (fresh or taken during the lag-period)
but not with other fibers. Qualitatively this is explained with a conjectual free energy-space plot.
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Introduction
Since there is really no clear understanding of the molecular basis for more than 20 amyloid
diseases including Huntington's, Parkinson's, prion, type II diabetes etc, it seems reasonable
to investigate the changes that amyloid proteins undergo during the nucleation and fibril
growth process.1,2 Although the proteins associated with each amyloid disease are
structurally different3,4 and do not share complete sequence homology, their fibrillation
responses are fairly similar and they form insoluble filaments that exhibit very similar
structural properties.5 Using sequence homology searches, Gazit and co-workers have
reported that most amyloid proteins/peptides contain aromatic amino acids near their
termini.3 Amyloid fibers are linear, non-branched comprising protofilaments wound around
one another. The protofilaments have a similar diameter (60–100 Å) irrespective of the
precursor protein, and are characterized by their continuous antiparallel hydrogen-bonded β-
sheet structure with ∼11 Å gaps between the β-sheets.6-8 The typical fibril formation
process is characterized by a lag phase in which the nucleation process proceeds and no
detectable fibers are formed, an explosive elongation/broadening phase in which different
diameters and lengths of fiber are formed over a time period often shorter than the lag phase,
and a saturation phase when elongation/broadening is terminated as most soluble proteins
are converted into fibrils.9-13 The period for the lag phase and the apparent fibril growth
rate depend upon factors such as the initial protein concentration, pH and ionic strength of
the solution, the addition of seeds and foreign surfaces, and the intensity of agitation.14-17

Recently, oligomers have been proposed as possible toxic agents responsible for disease.
18-20 However, exactly which species (monomer, dissolved oligomers, protofibrils and
fibrils) or structures are the pathogenic agents that cause disease remains unknown.21 Thus,
information about the stability and behavior of oligomers and the formation of the nucleus
during amyloid fibrillation is critical as these structures trigger fibrillation.22,23 Given the
very recent significant finding that clearing the disease associated amyloid aggregates from
the brain of Alzheimer's patients does not alleviate disease progression24,25, the need to
isolate and test “small oligomeric forms that may be particularly toxic” becomes more
urgent. The work reported in this paper addresses these small oligomeric forms. In earlier
work, using Small Angle Neutron Scattering (SANS) to measure the temporal formation of
insulin oligomers, we showed that although the time required to form the nucleus is
dependent on a specific system (environmental conditions), they all follow a universal
pathway for nucleus and precursor formation.26 We also propose a simple end-on-end
association followed by side-on-side association model that describes the growth of
oligomers under a wide range of environmental conditions.

In the work reported here, we take a different tack. Specifically, we ask about the conversion
reaction path from native insulin to structurally rearranged intermediates (nucleus and
oligomers) to β-sheet rich fibrils. Does the reaction involve a continuous change with time?
Is this a nucleation reaction for insulin as suggested by Waugh et al. (1953), Vestergaard et
al. (2007) and Nayak et al. (2008)?26-28 How fast do the oligomers convert to intermediates
and then to fibers? Can we isolate oligomers along this pathway and if so provide the
possibility to test them for toxicity with neuronal cells? For this study, we choose a well-
known well-studied model amyloid protein, human insulin, that has been extensively tested
in vitro by others as a model amyloid protein.15,29-32 Cryo-electron microscopy (Cryo-
EM) is used here to supplement our earlier SANS experiments and to verify the existence of
larger structural entities (oligomers) of insulin. Using cooling and seeding protocols mainly
to interrogate the amyloid reaction for insulin under fibril-forming conditions at pH 1.6 and
65°C, we attempt to answer these critical questions. In order to compare the effects of
cooling and seeding, we analyze the typical sigmoidal fibrillation curve via the time to
initiate fibril formation (lag-time, tlag) and the behavior of the fibril growth curve (slope,
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kapp, and end-asymptote, A600, asym) are measured from experimental fibrillation curves and
estimated by a fit of an empirical expression (Fig. 1).

Experimental
Materials

Protein—Human recombinant insulin (r-Ins) was provided by Novo Nordisk A/S,
Denmark. Native r-Ins has a molecular weight of 5,808 Da with 51 amino acids and consists
of two amino acids chains, linked together by 2 disulphide bonds. Insulin can exist as a
monomer (the biologically active form of the hormone), dimer (at 65±2°C and pH 1.6) or
hexamer (when excreted from the spleen) depending on the solution conditions. Its
isoelectric point is ∼ 5.6.33 The aqueous buffer contained 100 mM NaCl and 25 mM HCl
and was titrated with diluted HCl to pH 1.6. The buffer was filtered prior to use through a
0.22 μm poly(ether sulfone) membrane filter (Millipore Corp., Bedford, MA).

Reagents—NaCl and HCl were certified ACS reagent grade (Fisher Scientific, Pittsburgh,
PA and Sigma-Aldrich, St. Louis, MO, respectively).

Methods
The standard protocol for insulin fibrillation—Each kinetic experiment was run with
fresh insulin solution that was prepared immediately prior to use. The standard kinetic
protocol for this work was performed with 2 mg/mL insulin solution in the buffer (pH 1.6)
using glass vials kept at 65±2°C. By monitoring the increase in suspended matter via
absorbance at 600 nm (A600) at different times, sigmoidal curves for fibril production were
obtained. The extracted samples were centrifuged (14.000 rpm, 15 min) to remove the fibrils
and assayed for the soluble fractions at A280. A calibration curve for the A280 measurements
was prepared using insulin solutions of known concentrations and a linear calibration was
obtained with A280 = 0.810 [Cins] (where [Cins], the concentration of insulin, is in mg/mL)
with R2 = 0.999. Absorbance readings were performed using a UV–vis spectrophotometer
(Hitachi U-2000, Hitachi High Technologies America, Inc., San Jose, CA).

Cooling—In order to determine the effect of cooling on an insulin sample in the midst of a
run and prior to the onset of fibril formation, i.e. the appearance of a positive A600 signal at
∼3.5 h, a series of samples were taken for one extraction time text, (1.5 h), cooled from
65±2°C to 25±2°C and held at this temperature for different cooling periods, Δtcool (1, 4, 7,
14, 24 and 28 d) and then returned to their original temperature of 65±2°C at time, trepl. A
second series of similar experiments were run for one cooling time, Δtcool (28 d) at different
extraction times, text, (0.5, 1, 1.5, 2 and 2.5 h). All the samples were kept at their initial pH
of 1.6. A schematic of the first cooling procedure is shown in Fig. 1a.

Seeding—As mentioned earlier, seeding experiments have been extensively used to
demonstrate that the nucleation process can be speeded up in the presence of seeds. Three
types of seeding experiments were undertaken: (i) Seeding a new insulin run by adding
dissolved oligomers from a previous run while keeping the total insulin concentration at 2
mg/ml. (ii) Seeding washed suspended fibrils by adding different amounts of additional
insulin. (iii) Seeding washed suspended fibrils by adding other washed fibrils in the absence
of dissolved insulin. Here, we ask two new questions. First, does a seed taken at different
extraction times, text, affect the nucleation process differently or alternately, how does the
advancing oligomer reaction influence fibrillation? Second, do seeds seed seeds or are they
only effective in seeding dissolved species? To help answer the first question, insulin
samples, at 65±2°C and pH 1.6, were taken at different extraction times, text,i (0.5, 1, 1.5, 2
and 2.5 h) and prior to the onset of fibril formation (<∼3.5 h) and placed back into a solution
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of a new insulin run (65±2°C and pH 1.6) at time equal to zero, while keeping the total
insulin concentration constant at 2 mg/ml. We also added increasing amounts of insulin
(10-40 mg) to a constant amount of fresh washed fibers to test for their effect on fibrillation.
For the second question, insulin samples, at 65±2°C and pH 1.6, were taken at different
extraction times, text,i (3.5, 3.8 and 4 h) and after the onset of fibril formation (>∼ 3.5 h),
removed, centrifuged, washed with clean buffer and placed into a solution containing only
washed fibrils (65±2°C and pH 1.6), collected after 7 hours at the end of the fibrillation
process. A schematic of the first seeding procedure is shown in Fig. 1b.

Measurement of fibril lengths—Images of insulin fibrils were obtained with an atomic
force microscope (MFP-3D, Asylum Research, Santa Barbara, CA) and standard Si
cantilevers (AC240TS, Olympus America Inc., Center Valley, PA). Each sample was
diluted 1:100 with deionized water and then an aliquot of 20 μL was placed on a mica
surface for adsorption for 10 min. Nonadsorbed protein was washed away with deionized
water. Three dimensional measurements at the nanometer scale were collected in air using
the tapping mode technique of AFM and analyzed with IGOR Pro 5 (WaveMetrics, Inc.,
Lake Oswego, OR).

Cryo-electron microscopy—To prepare electron microscope grids, we followed the
protocol described by Grassucci et al. (1988)34. A 300-mesh copper grid was used with
thick (approximately 800 Å) holey carbon on top of which was floated a fresh layer of thin
(approximately 200 Å) carbon. In order to have a uniform hydrophilic surface, the grids
were glow-discharged with air for 25 s and then mounted on a freeze-plunging apparatus. A
5 μL droplet of insulin solution was placed on the grid and, after blotting the buffer excess,
the grid was rapidly immersed in liquid ethane or propane to preserve the biological material
in a frozen-hydrated state. By maintaining specimens at a temperature (approx. -180°C)
close to that of liquid nitrogen (-193°C), the sample was finally transferred into the high-
vacuum of the electron microscope column. It was then visualized using a FEI F20 Cryo-
electron microscope at approx. 100,000 × magnification.

Theory
Empirical expression—To quantitatively describe the fibrillation process (sigmoidal
curve), we used the approach of Nielsen et al. (2001)15, based on an empirical expression
describing of the process and assigning meaning to the parameters (lag time, tlag and slope
or rate of fibril growth, kapp), where

(1)

This can be simplified by assuming yi = mi = 0, and considering only the rise part of the
curve (i.e. only when fibrils are formed), and mf = 0 (i.e. the assymptote is horizontal
without slope). Hence,

(2)

where A600 (-) is the absorbance reading at 600 nm, A600,asym (-) is the asymptotic
absorbance reading at 600 nm at the end of the fibrillation process, t (h) is the time, t50 (h)
marks the middle of the fibrillation process and τ (h), the normalization constant, is
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representative of the sigmoid curve slope during the fibril growth phase. In order to estimate
the goodness of fit, Eq. (2) can be linearized as

(3)

where kapp = 1/τ (h-1). Knowing t50 or A600,asym from experiment and measuring A600 with t,
one estimates, from a fit of Eq. (3) to the data, the two fitting parameters, kapp and A600,asym
or t50. Then tlag is obtained from

(4)

which is a measure along the horizontal time axis of the reaction time prior to fibril
formation and is a critical parameter of this study. In the standard kinetic experiment
(control), tlag ∼ 3.34 ± 0.16 h for the first appearance of fibrils.

Results and Discussion
Imaging of oligomers using EM

The focus of both cooling and seeding experiments was on the reaction process prior to fibril
formation. As presented previously26, using SANS we were able to detect compression of
the structural entities of insulin (i.e. an increase of the molecular weight and a smaller
increase of the radius of gyration) during the lag phase, suggesting the formation of
oligomers. To strengthen this evidence, we imaged samples taken at different time points
during the pre-fibrillation process, and prior to fibril formation, using a cryo-electron
microscopy (Fig. 2). These results (Fig. 2a-c) qualitatively confirmed the increase of size of
different oligomers prior to fibril formation. On the other hand, we were not able to quantify
and relate this increase in size with time, since each sample was a complex mixture of
different species. Meanwhile, we have detected circular structures (Fig. 2d), similar in shape
and size to those proposed by Quist et al. (2005) for several different amyloids.18

Given these new imaging results and those from SANS for the formation of oligomers
during the lag phase, we present here complementary results for two cooling and two
seeding experiments. Definitions for the parameters text, Δtcool and trepl are given in Fig. 1
and defined in its legend.

Single extraction time cooling experiment
For the cooling experiments, we first present the results at one text = 1.5 h for Δtcool from 1,
4, 7, 14, 24 to 28 d, and then summarize the results for one Δtcool at 28 d at five extraction
times, text = 0.5, 1, 1.5, 2 and 2.5 h. The data for text = 1.5 h (shifted by text = 1.5 h to the
right on the abscissa) are plotted in Fig. 3 for A600 (suspended matter) and A280 (dissolved
protein) (Linearized plots with the goodness-of-fit of the empirical model to the data from
Eq. (3) are in given in the Supplementary Information (SI) in Fig. S1. Here each cooling run
is compared with the original reference plot without extracting a sample. As Δtcool increases
from 1, 4, 7, 14, 24 to 28 d, the lag-times increase and the asymptote values of A600, asym
decrease. Also, for all these values of Δtcool the consumption of dissolved protein (A280)
behaves similarly and asymptotes approach zero in all cases. From Fig. 3a-f, we notice,
within the error of these experiments, the following: (i) For Δtcool<4 d (Fig. 3a), the insulin
samples behaved as if they were not cooled from 65±2°C to 25±2°C. Either they retained
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memory of their original state or the conversion rate at 25±2°C was too low to be observed
in one day. (ii) For Δtcool≥4 d, the tlag increased (Fig. 3b-f) and the A600, asym decreased
(Fig. 3a) with increasing values of Δtcool. (iii) The slopes and hence the apparent rate of
fibril growth, kapp (model fit below), for the sigmoidal curves decreased with increasing
Δtcool.

To explain these observations it is important to notice that, since all the samples started with
the same initial protein concentration of 2 mg/ml, time-dependent protein degradation likely
did not occur since the curves for dissolved protein (A280) all behaved similarly (Fig. 3g).
For a mass balance to close, this means all the dissolved protein (except a small dissolved
amount at the end of the process) was converted from dissolved species (A280) such as
nuclei and oligomers to suspended species (A600) such as fibers. Since little or no protein
was left in solution after the fibers were formed, how can one explain the drop in the
A600, asym values with increased values of Δtcool? To answer this question, we measured the
length of the fibers after each run using an Atomic Force Microscope (AFM) (Fig. 4) and
found that the drop in A600, asym values correlated with a decrease in the mean fiber length,
Lfiber (Fig. 5). This suggests that during the cooling period, the precursors or nuclei and
oligomers continued to be formed at the lower temperature of 25±2°C such that more nuclei
and hence fibers but shorter ones are produced at the time of the asymptote. This is based on
a mass balance in which 2 mg/ml of insulin was used for all experiments and the assumption
the fibers were of the same average thickness (good from AFM). This presumes that there
was a delay in the last reaction that forms fibers (i.e. accumulation at an energetic barrier)
allowing greater shorter rather than fewer longer fibers to be formed. This delay/
accumulation would have to be temperature dependent and hence related to the energy of the
system. Thus, the increase in tlag with increasing Δtcool suggests that nuclei, increasing in
number, required a longer time to equilibrate from 25±2°C to 65±2°C. Another hyphotesis is
that, during the cooling period, the insulin formed some off-pathway oligomers and
aggregates. This would also explain the observed increase in tlag with increasing Δtcool and
the shorter fibrils at the end of the fibrillation process. On the other end, the linear drop in
the A600,asym values with increased values of Δtcool, could be the result of two contributions:
(i) fibrils, decreasing in length and (ii) aggregates, increasing in number. We do not have
evidence of these non-fibril aggregates from the AFM images. Instead, we know from the
literature15 that the nucleation process proceeds at different temperatures with different
kinetics (i.e. the lower is the temperature, the longer is the tlag), so we propose that the
decrease in Lfiber with increasing Δtcool suggests that more nuclei and oligomers are formed
or accumulate prior to an energetic barrier and nucleate more, shorter fibers, since almost all
the protein was converted to fiber.

The trends of the parameters from the model fit are presented in Table SI (SI) and are
plotted in Fig. 6. With an increase in Δtcool from 0-28 d, the lag-time, tlag, increased from
3.47 h to 4.23 h (+22±3 %) and the apparent growth rate constant for fibers, kapp, decreased
from 3.76 to 2.78 h-1 (-26±3 %). Both correlations exhibit linear behavior after about a day
with positive and negative slopes for tlag and kapp, respectively (see Fig. 6 legend for
details). Thus cooling from 65±2°C to 25±2°C has a slow but linear time-dependent effect
on the lag-time (or oligomer reaction rate) and on the apparent fibril reaction rate (for fibril
growth) after the first day prior to fibril appearance and growth. This temporal result after a
drop in temperature of 40°C of the sample during the in vitro fibrillation process is new and
so is the finding that oligomers and fibrils can retain their growths rates within the first day
or so. Equally interesting is the finding that this temperature drop likely results in more but
shorter fibers with increasing time.—The reaction at the fiber tips, however, decreased due
to the increased cooling period.,
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Single cooling time experiment
In order to probe the time-dependency of the cooling experiment, samples were taken at
different times, text,i (0.5, 1, 1.5 (above), 2 and 2.5 h) and cooled for a period, Δtcool of 28 d.
The raw data are summarized together with those for text = 1.5 h above in Fig. 3 (control)
and the parameters, kapp and tlag, obtained from a fit of the model, are shown in Fig. 7 as a
function of text. Samples taken along the reaction coordinate at different text,i during the lag-
time prior to fibril formation behave differently! For example (i) the closer text,i is to the
critical time for fibril formation (∼3.5 h), the fewer and the longer are the fibers, i.e the
higher A600, asym (Fig. 7b and Fig. 5b). The reverse is also true. However, the fibers are still
shorter and more frequent than the control (Fig. 5b). (ii) The longer the text,i values at Δtcool
of 28 d, the longer the lag-time, tlag. Also, by extending the linear plot in Fig. 7c to intersect
with the horizontal line for the reference at A600, asym = 1.13 one obtains a text, of 3.5 h,
which is the value of tlag for the reference experiment, supporting the consistency of the
data! (iii) The changes are linear with increasing text,i.

These results suggest that the oligomer reaction process is continuous and steady with time
and that removing a sample and cooling it closer to the onset of fibril formation slows the
process more and producers fibers that are more similar in length and number to that of the
control (without cooling). For both cooling experiments, the lag times, tlag, became longer
and the onset of fibril formation occurs later with cooling than without. In summary,
samples taken at different times along the oligomer reaction path exhibit linearly changing
behavior! This now provides the incentive to isolate time-dependent oligomers for toxicity
tests for insulin and, should this same linear changing behavior persist for other amyloid
proteins, a similar fractionation is called for.35

Seeding with oligomers
The following question is of interest. Do samples at different stages of the insulin oligomer
reaction process, prior to fibril formation, behave differently as seeds when added to a fresh
new nucleation process? If they do, then the assumption that reaction species posisbly
nuclei, which are assumed to form during this process and are a prerequisite for forming
structurally rearranged intermediates and then fibrils is supported.36 To test this hypothesis,
samples comprising 2 and 10% insulin by volume were taken at increasing times, text,i
during an insulin fibrillation run prior to the formation of fibrils and added to new runs
while keeping the total insulin concentrations constant at 2 mg/ml (Fig. 1b). The raw data
with empirical model fits for only the run at 2% are shown in Fig. 8. The data (not shown)
for the 10% runs were similar to those for the 2% runs. First, we notice, with the addition of
both 2 and 10% sample volumes, the following: (i) The on-set of fibril formation occurred
earlier than that for the unseeded sample (control). (ii) This onset was related to the
extraction time, text,i, that the sample was removed from the first run, i.e. the shorter text,i, the
longer the tlag (Fig. 9a), i.e. the later the break-though of the sigmoidal curve and the slower
to produce fibers. (iii) The longer text,i, the higher the value of the saturation absorption
asymptote, A600,asym, i.e. this effect is the inverse of that for the cooling experiments where
A600,asym, decreased with cooling time, Δtcool. Also, larger values of A600,asym correlate with
longer fibers. Here, with text = 3 hours for 10% seeds, we obtain 1784 and 1268 nm for the
mean and log-normal maximum values of fiber length, respectively, as compared with 1381
and 872 nm, respectively, for the reference (Fig. 5b). Clearly, we have answered the
question posed at the top of this paragraph; samples from different stages of the oligomer
reaction do affect the fibrillation process differently and more specifically do so in a time-
dependent manner. These results are new and are consistent with the cooling experiments.

The oligomer reaction during the lag-phase, tlag, is a linear time-dependent process and
most likely a nucleation process26-28 that can be modeled via reaction analysis.37 The data
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in Fig. 9a suggests a two-step process; a fast initial reaction rate followed by a slightly
slower reaction rate. The linear increase in A600,asym with time, text,i, also suggests that, by
seeding with more mature (reacted longer) seeds, the energy barrier to form fibrils was
easily overcome. Using seeds closer to the onset of fibers during the lag-phase suggests that
they contained intermediates that had been structurally rearranged (into β-sheet-rich entities)
and therefore more conducive to forming fibers. Also, one would expect that increasing the
volume percentage of seed from 2 to 10%, while keeping the total insulin concentration
constant, would affect the oligomer reaction process. This was not, however, observed (Fig.
9) suggesting that the extent of the reaction with time was more important than the amount
of seed added. Again, confirming the presence of a progressing reaction during the pre-fiber
forming stage. From a fit of the model, one estimates the apparent growth rate, kapp, with the
extraction time of the seed from the first run (Fig. 9c). There does not appear to be a
difference between the 2% and the 10% (v/v) seeds. However, for both cases, the values of
the kapp increases quickly for text>∼1.5 (= text,crit) hour. In light of the SANS analysis for the
same insulin system, where Nayak et al. (2008) report that the three dimer nucleus (6-mer)
was formed after 30 min or half the time to fibril formation for a 10 mg/ml insulin
fibrillation reaction, the results in Fig. 9c for 2 mg/ml also show that after half the time to
form fibers (i.e. text>∼1.5 h), the mature seeds induce fibers formation at a faster rate (kapp).

Seeding with fibrils
First we measure the effectiveness of adding fresh washed fibrils to a suspension of fresh
washed fibrils in buffer without dissolved insulin present. Then, we determine the effect of
adding increasing dissolved insulin (10-40 mg) to a 1 ml suspension of fresh washed fibrils
in buffer. The data in Fig. 10 show that different amounts of fibers when added to fibers do
not result in increased amount or length of fibers, i.e. the A600 signals are flat. This could be
because fibrils do not bind to fibrils, their diffusion coefficients are very small such that
finding the end of another fiber takes a long time, and/or they were at very low
concentrations so the process is likely to be very slow and unobservable in the time-scale of
the experiment. However, adding four different amounts of fresh dissolved insulin,
characterized by very fast diffusion coefficients, to pre-washed fibril resulted in a fast
increase in the A600 signal that flattened out in 15-20 min when the dissolved insulin was
utilized and the reaction stopped.

These results clearly suggest that at least two reactions occur during the process. Without
addition of fibers, the nucleation process is needed to initiate and form fibrils via nucleus
formation followed by assembly of structural intermediates (i.e. annular, Quist et al., 2005).
This process takes approximately 3.5 h (tlag) at pH 1.6 and 65°C for insulin. On the other
hand, if fibers are already formed and present in a solution containing fresh insulin, they
grow extremely fast with very short lag-times, i.e. in minutes they react with the ends of the
existing fibers. Four observations can be made for the data in Fig. 10: (1) There was no
noticeable lag-period when fresh insulin was added to washed fibers. (2) The initial period
of growth of fibrils appeared to follow a universal curve, while the latter period for each
dissolved insulin amount (10-40 mg) was clearly steeper in slope with higher added insulin
concentration. (3) Although the difference in concentration of dissolved insulin was the
same between each run (i.e. 10 mg), the difference in A600, asym did not correlate linearly
with the increasing added insulin, suggesting a saturation phenomenon. (4) To analyze the
dissolved insulin data quantitatively, we fit Eq. (3) to the four data sets to obtain the kapp
values from the fits. The full lines in Fig. 10 are the fits and the values of kapp were 0.34,
0.67, 0.85, and 0.79 h-1 for 10, 20, 30, and 40 mg insulin, respectively. These kapp values are
plotted in Fig. S2 as a function of insulin amount, m (mg), and confirms a saturation effect
above a critical amount of ∼25 mg. Thus, insulin diffusion is likely rate limiting due to
viscosity increases above this critical concentration!
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Conclusion
The reaction pathway to insulin fibril formation at pH 1.6 and 65°C was investigated using
two different types of experiments – cooling and seeding – in order to confirm the validity
of the reaction (nucleation) model and determine its effect on fibril growth. For the cooling
experiments, samples, taken during the oligomer reaction period prior to the onset of fibril
formation, were cooled for fixed periods and then reheated to their original temperature. For
seeding, a comprehensive series of experiments involving addition of dissolved insulin seeds
from the oligomer reaction period (at constant total insulin concentration of 2 mg/ml),
washed fibrils taken at different times during the fibril growth period, and increasing
amounts of dissolved insulin (without keeping the insulin concentration constant), were
undertaken. The apparent rate of fibril growth, kapp, reached a maximum or saturation
condition for fibril growth.

The results from both the cooling and seeding studies confirm the existence of a time-
changing oligomer reaction process prior to fibril formation that likely involves a rate-
limiting nucleation process followed by structural rearrangements of intermediates (into β-
sheet rich entities) that then form fibrils.38 The latter structural rearrangement step can
occur even if nuclei are absent (i.e. with dissolved seeds added). Nuclei (and oligomers) are
formed at the fibrillation conditions (pH 1.6 and 65°C) but are also continuously formed
during cooling at pH 1.6 and 25°C. Since, at this low temperature, they are unable to form
fibrils, we demonstrate that, for insulin, the structural rearrangement step requires additional
energy than is available at 25°C. However, when the cooled nuclei (and oligomers) are
heated back to 65°C, they form fibrils quickly. There was also an inverse linear dependence
at constant total insulin concentration between the time the samples were kelp at 25°C and
the mean length of the fibers suggesting that, for a given fixed amount of mass of insulin,
more nuclei (and oligomers) gave more shorter fibers. A conceptual free-energy diagram
together with three simple reaction schemes are used to describe these reactions qualitatively
in Fig. 11. Finally, we posit an accumulation of critical oligomers (and nuclei) or structures
prior to fibril formation that are less able to efficiently pass over an energy barrier for
producing fibers at low temperature than at high temperature. Thus at low temperature for
long lag-times (>1 d) more nuclei accumulate and subsequently when the temperature is
increased they form more but shorter fibers (Fig. 5).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Protocols for the experiments: (a) The cooling experiment. (1) text (extraction time) to
remove samples from the heater at 65±2°C and pH 1.6 (1.5 h was the time chosen). (2)
Δtcool (cooling time at 25±2°C and pH 1.6) for different times up to 28 days, and (3) trepl
(replacement time) to replace the cooler samples into 65±2°C and pH 1.6. For graph (i), the
standard kinetic curve ( ) was obtained by fitting Eq. (2) to averaged data from twelve
different runs. The values of the parameters from the model fit using Eq. (2) were: tlag =
3.47 h, t50 = 4 h, kapp = 3.76 h-1 (R2=0.983). For graph (ii), we used averaged data for the
standard kinetic experiment (◆) and for cooled and re-heated samples ( ). (b) The seeding
experiment. (1) Left figure: text,olig/fiber (extraction time for oligomer or fiber) is the time at
which samples are removed from a run at 65±2°C and pH 1.6, and (2) Right figure:
sigmoidal curves with and without seeds. Averaged data were used for the standard kinetic
experiment (◆) and for a seeded run ( ). Model fits using Eq. (2) ( ).
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Figure 2.
Gallery of electron cryo-microscopy of selected insulin oligomers, collected at different time
points during the standard fibrillation process and prior to the unset of fibril formation: (a) 0,
(b) 1.5 and (c-d) 3 hours. Inserts in (d) are enlargement by ∼ 4 times. Bar size = 50 nm.
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Figure 3. Cooling experiments (single extraction time)
Absolute absorbance readings (not normalized) are shown for (a-f) A600 and (g) A280.
Reference data (◆ and ( ) in graphs (a-f) and (g), respectively), data after a Δtcool of 1 day
( ), 4 days ( ), 7 days ( ), 14 days ( ), 21 days ( ), 28 days ( ). All the runs have been
shifted to the right by text = 1.5 hours. Fits of the data, using Eq. (2) ( ) and Eq. (3) ( ), are
displayed in the graphs (a-f) showing good agreement with the experimental data.
Goodness-of-fit are given in the legend of Fig. S1. (g) The initial insulin concentration for
all the samples (prepared from the same batch) was ∼2 mg/ml. The following linear
calibration curve was used in the range 0.0-2.0 mg/ml of dissolved insulin: A280 = 0.810 · c,
(R2=0.999).
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Figure 4. Cooling experiments (single extraction time)
AFM images (inserts: bar size = 1 μm) and a fit of a log-normal distribution to the length of
fibers (L) obtained after a run during the asymptotic saturation period for Δtcool equal to (a)
7, (b) 14, (c) 21 and (d) 28 days. The lognormal distribution has the probability density

function  for L > 0, where μ and σ are the mean and
standard deviation of the logarithm of the variable: (a) μ = 6.854 and σ = 0.612, (b) μ =
6.799 and σ = 0.656, (c) μ = 6.658 and σ = 0.590, (d) μ = 6.159 and σ = 0.651.
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Figure 5. Cooling experiments (single extraction time)
Mean ( ), median ( ) and log-normal maximum ( ) length of fibers (obtained from AFM
imaging and a log-normal distribution fit to the data), together with the reference mean (◆),
median (■) and log-normal maximum (▲) values, after a run and during the asymptotic
saturation period versus (a) Δtcool and (b) A600, asym, with a linear fit of Lfibril = 1028 ·
A600asym + 364.6, (R2=0.827). After cooling at 25±2°C and pH 1.6, the samples were placed
back to 65±2°C and pH 1.6.
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Figure 6. Cooling experiments (single extraction time)
Parameters resulting from a best fit of Eq. (2) to the data in Figs. 3 & 4: (a) tlag, and (b) kapp,
as a function of cooling time, Δtcool. Reference data (without cooling) (◆) and cooling data
(  and ). The linear fits of from Eq. (2) ( ), tlag = 0.027Δtcool + 3.037, (R2=0.964) and
kapp = −0.038Δtcool + 3.930, (R2=0.972) are compared with the reference values ( ). The
relative increase and decrease after 28 days were 22% and 26% for tlag and kapp,
respectively.
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Figure 7. Cooling experiments (single cooling time)
(a) Sigmoidal fibrillation curves for samples were taken at different times, text,i (0.5, 1, 1.5
(above), 2 and 2.5 h) and cooled for one period, Δtcool of 28 d. Reference data (without
seeding) (◆) and data with text,i of 0.5 h ( ), 1 h ( ), 1.5 h ( ), 2 h ( ), 2.5 h ( ). Parameters
resulting from a best fit of Eq. (2) to the data in (a) above for (b) tlag ( ), where tlag =
0.006text + 3.037, (R2 = 0.715), and (c) A600,asym ( ), where A600,asym = 0.002text + 0.583,
(R2 = 0.948), as a function of extraction time, text,i. After cooling at 25±2°C and pH 1.6 for
28 d, the samples were placed back to 65±2°C and pH 1.6.
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Figure 8. Seeding experiments (with oligomers)
Samples comprising 2% by volume were taken at increasing times, text,i, during an insulin
fibrillation run prior to the formation of fibrils and added as seeds to fresh new insulin runs
(total insulin concentration was kept at 2 mg/ml, 65±2°C and pH 1.6). Sigmoidal plots of the
fibrillation process for A600 versus time, t, in hours. Reference data (no seeds added) (◆)
and data with seeds extracted at text,i of 0.5 h ( ), 1 h ( ), 2 h ( ), 2.5 h ( ), 3 h ( ). Fits ( )
were obtained using Eq. (2) from the empirical model.
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Figure 9. Seeding experiments (with oligomers)
Parameters resulting from a best fit of Eq. (2) to the data in Fig. 7: (a) tlag, (b) A600,asym and
(c) kapp as a function of the extraction time, text,i. Reference data (without seeding) (◆) and
seeding experiments using 2% v/v ( ,  and , respectively) and 10% v/v ( ,  and ,
respectively) seeds (total insulin concentration was kept at 2 mg/ml, 65±2°C and pH 1.6).
The linear fits ( ), tlag = −0.831x + 2.652, (R2=0.923) and A600,asym = 0.138text + 0.988,
(R2=0.917). The relative decrease in tlag, and increase in A600,asym after 3 hours were 93%
and 24%, respectively.
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Figure 10. Seeding with oligomers or fibrils (total insulin concentrations were not kept constant)
Two different data sets are shown here in terms of absolute absorbance readings, A600,
versus time, t. For the first set, different amounts of dissolved fresh insulin at 40 mg ( ), 30
mg ( ), 20 mg ( ), 10 mg ( ) and 0 mg (×) (control experiment) were added to the same
amount (∼ 2 mg) of pre-washed fibrils, collected at the end of a previous fibrillation run.
Fits ( ) were obtained using Eq. (2) from the empirical model. For the second set, the same
washed fibrils were added to new pre-washed fibrils, collected at different times during the
elongation phase at times: 3.5 h (○), 3.8 h (△) and 4 h (◇) or at 15, 34, and 50 % of the
A600,asym values, respectively. All the samples were placed at 65±2°C and pH 1.6. For each
run 8 mg of fibers were resuspended in 20 ml of fresh buffer.
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Figure 11.
A conjectural plot of the free energy, G, for conversion of native protein, In (dimer at pH 1.6
and 65±2°C), to unfolded protein, Iu, to nuclei, N, to oligomers, O, and then to amyloid
fibrils, F. The proposed reactions are as folows: (i) For the initial reaction without added
seed oligomers or fibers (control)

(5)

(ii) With added seed oligomers (no fibers added)

(6)

(iii) With added seed fibers (no oligomers added)

(7)

A four-step, three-step and two step barrier process is proposed for reactions (5), (6) and (7),
repsectively. The transiion state energy for each step of the control reaction (Eq. (5)) is ΔGi

#

where i = u, N, O and F to form the unfolded protein, the nucleus, the oligomer(s) and the
fibril species, respectively. Forming the nucleus requires the most energy by far. The
process of seeding with oligomers or fibrils obviates the nucleation step and reduces the
barrier to fibril formation.
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