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ABSTRACT: Native zinc-bound insulin exists as a hexamer at neutral pH. Under destabilizing conditions,
the hexamer dissociates, and is very prone to forming fibrils. Insulin fibrils exhibit the typical properties
of amyloid fibrils, and pose a problem in the purification, storage, and delivery of therapeutic insulin
solutions. We have carried out a systematic investigation of the effect of guanidine hydrochloride (Gdn‚
HCl)-induced structural perturbations on the mechanism of fibrillation of insulin. At pH 7.4, the addition
of as little as 0.25 M Gdn‚HCl leads to dissociation of insulin hexamers into dimers. Moderate
concentrations of Gdn‚HCl lead to formation of a novel partially unfolded dimer state, which dissociates
into a partially unfolded monomer state. High concentrations of Gdn‚HCl resulted in unfolded monomers
with some residual structure. The addition of even very low concentrations of Gdn‚HCl resulted in
substantially accelerated fibrillation, although the yield of fibrils decreased at high concentrations.
Accelerated fibrillation correlated with the population of the expanded (partially folded) monomer, which
existed up to>6 M Gdn‚HCl, accounting for the formation of substantial amounts of fibrils under such
conditions. In the presence of 20% acetic acid, where insulin exists as the monomer, fibrillation was also
accelerated by Gdn‚HCl. The enhanced fibrillation of the monomer was due to the increased ionic strength
at low denaturant concentrations, and due to the presence of the partially unfolded, expanded conformation
at Gdn‚HCl concentrations above 1 M. The data suggest that under physiological conditions, the fibrillation
of insulin involves both changes in the association state (with rate-limiting hexamer dissociation) and
conformational changes, leading to formation of the amyloidogenic expanded monomer intermediate.

The importance of conformational switches in proteins
leading to disease states is increasingly recognized and has
been well documented (1-6). Among the various pathologi-
cal forms resulting from changes in the native conformation,
the formation of “amyloid” has attracted the most attention.
Amyloid deposits from different tissue systems exhibit a
similar submicroscopic structure consisting of linear fibrils
ranging in width from 60 to 130 Å and in length from 1 to
16 µm (7, 8); invariably, nonprotein and nonfibrillar com-
ponents are also found in amyloid deposits (9). Although
amyloid deposits are extracellular, similar fibrils are also
found in intracellular deposits in diseases such as Parkinson’s
and Huntington’s diseases.

Protein fibrils are stained with the dyes Congo red and
thioflavin T (10), and exhibit a characteristic cross-â structure
in fiber diffraction studies; i.e., theâ-strands are perpen-
dicular to the fibril axis, and stack into axially aligned
extendedâ-sheets (11, 12). Protein fibrillation is not limited
to disease-causing proteins; proteins that are not amyloido-
genic have also been found to undergo self-assembly under
various destabilizing conditions (13). Several hypotheses and

models have been proposed for the mechanism of fibril
formation; all these models have in common the need for a
structural change in the native state as a requirement for fibril
formation, and thus, the resultant diseases are considered
protein conformational disorders (1, 14).

Insulin, a 51-residue hormone, undergoes fibrillation under
various conditionsin Vitro (15, 16). Amyloid deposits of
insulin have been observed both in patients with type II
diabetes and in normal aging, as well as after subcutaneous
insulin infusion and after repeated injection (17, 18). Insulin
fibrillation poses a variety of problems, including in the
production, storage, and delivery (especially via insulin
pumps) of soluble insulin.

Insulin exists in equilibrium as a mixture of monomer,
dimer, hexamer, and possibly higher oligomeric states in
solution, but the physiologically predominant storage form
is a 2Zn-coordinated hexamer formed by association of three
insulin dimers (18). Monomeric insulin exists in the R or T
state, differing in the length of theR-helix in the B chain.
Upon destabilization by temperature, low pH, organic
solvents, or hydrophobic surfaces, insulin is highly suscep-
tible to fibril formation (15, 16, 18-20). It has been noted
that urea increased the rate of insulin fibrillation, whereas
stabilizers such as TMAO and sucrose decreased it (16). It
has been proposed that insulin fibrillation occurs through
the dissociation of oligomers into monomer and the monomer
undergoes a structural change, developing a strong propensity
for fibrillation (15, 16, 18, 21-23).
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In this investigation, we studied the relation between
various insulin conformations, induced by guanidine hydro-
chloride (Gdn‚HCl), with their propensity to fibrillate, both
under physiological conditions (pH 7.4) starting with the
hexamer and under conditions where the insulin monomer
was the stable starting state (20% acetic acid) (24, 25).
Structural changes were monitored by optical spectroscopy,
size-exclusion chromatography, and X-ray scattering; fibril
formation was monitored by a thioflavin T fluorescence assay
(26) and electron microscopy. The results indicate a marked
influence of Gdn‚HCl on the quaternary, tertiary, and
secondary structure and fibrillation of insulin.

EXPERIMENTAL PROCEDURES

Materials

Chemicals. Human insulin with zinc was provided by
Novo Nordisk (Copenhagen, Denmark). All the chemicals
were analytical grade, and were from EM Sciences or Sigma.
Thioflavin T was obtained from Fluka.

Preparation of Samples.Stock solutions of human insulin
(2-10 mg/mL) were prepared fresh before being used in
0.025 M HCl (pH 1.6). For experiments starting with
hexameric insulin, aliquots of 1 M HEPES buffer were added
to obtain a final concentration of 50 mM and the pH was
adjusted to 7.4 using NaOH. For studies of monomeric
insulin, a stock solution was freshly prepared by dissolving
human insulin in 20% acetic acid. The concentration of
insulin was checked by using an extinction coefficient of
1.0 for 1 mg/mL at 276 nm (16). The concentration of Gdn‚
HCl solutions was obtained by refractive index measure-
ments. Stock (1 mM) solutions of thioflavin T were prepared
by dissolving ThT1 in double-distilled water, and the
concentration was determined using a molar extinction
coefficient of 24 420 at 420 nm. ThT was stored at 4°C,
protected from light.

The effect of Gdn‚HCl was studied by mixing aliquots
from all the stock solutions to reach final concentrations of
2 mg/mL protein, 50 mM HEPES, and 20µM ThT and a
Gdn‚HCl concentration varying from 0 to 6 M. In the case
of the studies at pH 2, aliquots were added to each sample
to reach final concentrations of 20% acetic acid, 2 mg/mL
human insulin, and 20µM ThT and a Gdn‚HCl concentration
varying from 0 to 6 M.

Methods

Kinetic Studies. The ThT fluorescence was monitored for
each sample in a 96-well plate in a Fluoroskan Ascent CF
fluorescence plate reader (Lab Systems) at 37 or 40°C with
760 rpm shaking. The plate was sealed with Mylar plate
sealer (Thermo Labsystems). The excitation wavelength was
444 nm and the emission measured at 485 nm. Plates were
continuously shaken for the entire period of study at a
rotation diameter of 1 mm, and the integration period was
fixed at 20 ms for each well. Five replicates, corresponding
to five wells for each sample, were used to minimize well-
to-well variation. Results from more than three similar

profiles were averaged for the final results at each Gdn‚HCl
concentration. The profiles obtained from kinetic analysis
were curve-fitted using SigmaPlot software (16).

Circular Dichroism.CD spectra were recorded at 25°C
on an AVIV 60DS circular dichroism spectrophotometer
(Aviv Associates, Lakewood, NJ). Aliquots from stock
solutions were mixed to a final concentration of 2 mg/mL
human insulin and a Gdn‚HCl concentration varying from 0
to 6 M. To eliminate contributions from buffer, solutions
without protein were prepared in the same manner described
above and their spectra subtracted from the protein spectra.
Samples were incubated for 2 h before the spectra were
collected. Both near- and far-UV spectra were recorded using
a step size of 0.5 nm and a bandwidth of 1.5 nm. In the
far-UV region, spectra were recorded in a 0.01 cm cell; for
the near-UV experiments, a cell with a path length of 0.5
cm was used.

Analysis of Spectroscopic Data (Phase Diagrams). The
“phase diagram” method analysis of spectroscopic data is
extremely sensitive to the detection of intermediate states
(27-31). It is important to note that onlyextensiVe param-
eters (i.e., those parameters whose value is proportional to
the amount of the analyzed matter in a system) should be
used for such an analysis. The essence of the phase diagram
method is to build up the diagram ofI(λ1) Versus I(λ2), where
I(λ1) and I(λ2) are the spectral intensity values measured at
wavelengthsλ1 andλ2, respectively, under different experi-
mental conditions for a protein undergoing structural trans-
formations. In application to protein unfolding, the relation
I(λ1) ) f[I(λ2)] will be linear if changes in the protein
environment lead to an all-or-none transition between two
different conformations. In contrast, the nonlinearity of this
function reflects the sequential character of structural trans-
formations, where each linear portion of theI(λ1) ) f[I(λ2)]
plot describes an individual all-or-none transition. In prin-
ciple, λ1 andλ2 are arbitrary wavelengths of the spectrum,
but in practice, such diagrams are more informative ifλ1

and λ2 are on different slopes of the spectrum. If the
wavelengths are from one slope or near the maximum, some
transitions may remain undetected.

Small-Angle X-ray Scattering.Small-angle X-ray scattering
measurements were taken using the SAXS setup at beamline
4-2 at the Stanford Synchrotron Radiation Laboratory.
Scattering patterns were recorded by a linear position-
sensitive proportional counter, which was filled with an 80%
Xe/20% CO2 gas mixture. Scattering patterns were normal-
ized by incident X-ray intensity, which was measured with
a short length ion chamber before the sample. The sample-
to-detector distance was calibrated to be 230 cm, using a
cholesterol myristate sample. To avoid radiation damage of
the sample, the protein solution was continuously passed
through a 1.3 mm path length observation flow cell with 25
µm mica windows. Background measurements were per-
formed before and after each protein measurement and then
averaged before being used for background subtraction. All
SAXS measurements were performed at 25°C. The instru-
ment calibration was checked by cytochromec. The values
for the radii of gyration (Rg) were calculated according to
the Guinier approximation (32).

1 Abbreviations: CD, circular dichroism; FTIR, Fourier transform
infrared; ThT, thioflavin T; SEC, size-exclusion chromatography;
SAXS, small-angle X-ray scattering. ln I(Q) ) ln I(0) - Rg

2Q2/3
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whereQ is the scattering vector given by the equationQ )
(4π sin θ)/λ (2θ is the scattering angle andλ is the
wavelength of the X-ray). The value ofI(0), the forward
scattering amplitudeI(Q)(Qf0), is proportional to the square
of the molecular mass of the molecule (32). I(0) for a pure
dimer sample will therefore be twice that for a sample with
the same number of monomers since each dimer will scatter
4 times as strongly, but there will be half as many as in the
pure monomer sample.

Size-Exclusion Chromatography.Size-exclusion chroma-
tography was performed using a Superose 12 HR 10/30
column from Pharmacia Biotech. (exclusion limit of 2×
106Mr). The column was run on an FPLC GP 250-P500
(Pharmacia Biotech) instrument at a flow rate of 0.4 mL/
min with detection at 280 nm. Human insulin (2 mg/mL)
was incubated in 50 mM HEPES (pH 7.4) with and without
increasing concentrations of Gdn‚HCl for 2 h at 25°C. Two
hundred microliters of each sample was loaded on the
column. The column was equilibrated with 50 mM HEPES
buffer containing the desired concentration of Gdn‚HCl prior
to the loading of sample. For experiments involving different
insulin concentrations, 0.5-10 mg/mL insulin was incubated
in 2.0 M Gdn‚HCl and 50 mM HEPES (pH 7.4) for 2 h at
25 °C, and 200µL of this solution was loaded on the column
pre-equilibrated with 2.0 M Gdn‚HCl and 50 mM HEPES
(pH 7.4).

Aprotonin (Mr ) 6.5 kDa) and cytochromec (Mr ) 12.3
kDa) were run as markers in the presence of 0.5 M Gdn‚
HCl and 50 mM HEPES (pH 7.4). Since no significant
changes in these proteins have been observed in 0.5 M Gdn‚
HCl, these markers were assumed to be globular under these
conditions. The observed elution volumes of 15.0 and 14.0
mL (data not shown) for aprotonin and cytochromec,
respectively, are consistent with their size.

Calculation of Fractions of Intermediates. The fractions
of expanded dimers and expanded monomers were calculated
from the SEC-HPLC data. The fraction of expanded dimers
was calculated as the difference between the curve represent-
ing the decrease in the fraction of compact dimers and the
curve representing the disappearance of expanded dimers (the
second transition in the fraction of monomers, Figure 4B).
The fraction of expanded monomers was calculated from
the difference between the curve representing the decrease
in the fraction of compact monomers (coincident with the
curve for the disappearance of compact dimers, etc.) and the
curve representing unfolding (the second transition in the
elution volume of monomers, Figure 4A). Both fractions
were scaled according to the population of monomers and
dimers at 2.5 M Gdn‚HCl (Figure 4B).

UV Absorbance Studies. Human insulin (2 mg/mL) was
prepared and incubated in wells in the fluorescence plate
reader as discussed above; however, ThT at a final concen-
tration of 20µM was added to only one of the five wells
and was taken as a reference to monitor formation of fibrils.
Once the transition into fibrils was complete, the contents
from each of the wells were transferred to 0.5 mL centrifuge
tubes and centrifuged at 14 000 rpm for 15 min. The
supernatant was carefully removed, and the absorbance for
the protein or ThT was measured. For the protein, 50µL of
the supernatant was dissolved in 950µL of 25 mM HCl and
0.1 M NaCl (pH 2.0). The percentage of protein left in the
supernatant was calculated by taking the absorbance of 2.0

mg/mL protein in 50 mM HEPES (pH 7.4), processed in a
similar manner (50µL in buffer), to be 100%. For samples
in 20% acetic acid, the pellet obtained as described above
was dissolved in 600 mM NaOH and the absorbance read at
290 nm.

Transmission Electron Microscopy.Aliquots of 5 µL of
insulin fibrils grown in microplates without ThT at 2 mg/
mL were diluted once, and 5µL of the resulting solution
was placed onto carbon grids coated with Formvar (Ted Pella
Inc.) and left for 1-5 min. The grid was washed five times
with nano-pure water and five times with 1% uranyl acetate
for negative staining and left to dry at room temperature.
The specimens were viewed and images recorded with a
Philips 208 electron microscope operated at 80 kV using
gatan digital micrography software.

Acrylamide Quenching.Tyrosine fluorescence quenching
experiments were carried out on insulin solutions at 25°C.
A 2 mg/mL insulin stock solution was prepared in 20% acetic
acid. Aliquots to give a final concentration of 0.1 mg/mL
(∼1 µM) were added to the solutions containing varying
Gdn‚HCl concentrations. Samples were incubated for 2 h
before the fluorescence measurements were taken. For each
sample, aliquots from an acrylamide stock (4.0 M) were
added with a Hamilton syringe to reach a final concentration
of acrylamide varying from 0 to 175 mM, and the fluores-
cence was measured immediately. The samples were excited
at 276 nm, and emission was monitored at 301 nm.

RESULTS

Conformational transitions and fibrillation of insulin as a
function of Gdn‚HCl concentration were monitored at neutral
pH, where insulin is hexameric, and in 20% acetic acid,
where it is monomeric. Previous studies (16, 33) have shown
that dissociation of the hexamer is at least partially rate-
limiting in fibrillation.

Structural Changes in Insulin Induced by Gdn‚HCl at
pH 7.4 Monitored by Circular Dichroism. Changes in the
near-UV CD region of insulin were used to gain information
about the quaternary and tertiary structure (31). The native
hexameric protein exhibits a broad negative peak with a
minimum at 276 nm, characteristic of tyrosine (there are no
tryptophan residues in insulin). The addition of Gdn‚HCl
resulted in significant changes in the spectral shape and
intensity (Figure 1A). A major transition was observed over
the range of 0-3.5 M, with a midpoint of∼1.5 M; at higher
Gdn‚HCl concentrations, only gradual changes occur up to
6.25 M (Figure 1C). The spectra reveal that there is still
tertiary structure present in 6.25 M Gdn‚HCl. These observa-
tions show a constantly changing tyrosine environment as a
function of Gdn‚HCl concentration, but whether these
changes reflect quaternary or tertiary structural disruptions
cannot be determined from these data alone.

Far-UV CD spectra obtained under similar conditions are
shown in Figure 1B. The native protein exhibits a spectrum
typical of anR-helical protein, with characteristic minima
at 222 and 209 nm. Although only small changes are
observed in the vicinity of 222 nm within the Gdn‚HCl
concentration range of 0.5-2.5 M, significant changes are
observed at 209 nm. As the Gdn‚HCl concentration is
increased further marked changes in both regions are
observed until a spectrum representing the predominantly
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unfolded form is obtained at 7.0 M Gdn‚HCl. The shape of
the spectrum at 7.0 M suggests the existence of some residual
secondary structure, consistent with reports of stable super-
secondary structure of the B chain from other studies (34).

Traditionally, CD data have been analyzed in terms of
fraction folded/unfoldedVersus Gdn‚HCl concentration
(Figure 1C), but we found that phase diagrams were more
informative in this case. Phase diagrams have been used to
resolve complex structural changes from both fluorescence
and CD data (29-31). Figure 2A represents the phase
diagram obtained by plotting the ellipticity at 275 nmVersus
that at 255 nm; these wavelengths were chosen on the basis
of the significant changes in ellipticity in Figure 1A. This
phase diagram shows three linear segments (from 0 to 0.25
M Gdn‚HCl, from 0.25 to 3.25 M Gdn‚HCl, and from 3.25
to 6.25 M Gdn‚HCl). Each change in slope corresponds to
a different structural transition; thus, there are four distinct

structural species. As will be discussed later, these species
correspond to the starting hexamer, the compact dimer and
monomer, expanded (partially unfolded intermediate) dimers
and monomers, and the unfolded monomer, respectively.

The corresponding phase diagram for the far-UV CD data,
obtained by plotting ellipticities at 222 nmVersusthose at
210 nm (Figure 2B), shows five sets of structural changes
as depicted by the different linear segments ranging from 0
to 0.5 M Gdn‚HCl, from 0.5 to 1.5 M Gdn‚HCl, from 1.5 to
2.75 M Gdn‚HCl, from 2.75 to 5.25 M Gdn‚HCl, and from
5.25 to 7.0 M Gdn‚HCl. Unlike the near-UV CD-based
tertiary structure data, the secondary structure of insulin
seems to undergo more complex alterations with multiple

FIGURE 1: Effect of Gdn‚HCl on hexameric insulin, monitored by
circular dichroism. Panel A shows selected near-UV CD spectra;
panel B shows selected far-UV CD spectra, and panel C shows the
Gdn‚HCl dependence of ellipticity at 222 (b) and 276 nm (O).
Conditions were as follows: 2.0 mg/mL insulin, pH 7.4, and 25
°C. Each spectrum is the average of two independently collected
spectra. In panel A, the Gdn‚HCl concentrations are, from bottom
to top, 0, 1.25, 2.25, 3.25, 4.25, 5.25, and 6.25 M. In panel B, the
Gdn‚HCl concentrations are, in order of decreasing ellipticity at
222 nm, 0, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, and 7.0 M.

FIGURE 2: Phase diagrams (see the text) indicate multiple transitions
in the Gdn‚HCl-induced unfolded form of hexameric insulin. The
graphs were obtained by plotting the ellipticities at 255 and 275
nm for near-UV CD (A) and 222 and 210 nm for far-UV CD (B).
Panel C shows the phase diagram depicting the simultaneous
changes in both far- and near-UV CD, reflecting simultaneous
secondary structure and quaternary or tertiary structure. The
numbers in each plot correspond to the Gdn‚HCl concentrations at
the nearest point. Conditions were as described in the legend of
Figure 1.
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transitions. On the basis of subsequent data, the major species
responsible for these transitions are the hexamer, the compact
and expanded dimer, the compact and expanded monomer,
and the unfolded monomer.

To obtain a correlation between the changes in secondary
and tertiary or quaternary structures, a phase diagram was
obtained as aθ255 Versusθ210 plot (Figure 2C). This plot
shows a first transition extending from 0 to 0.25 M Gdn‚
HCl, followed by a second transition from 0.75 to 2.75 M
Gdn‚HCl, which in turn is followed by a third transition from
2.75 to 6.25 M Gdn‚HCl. On the basis of additional data,
these transitions reflect dissociation of the hexamer, changes
from a mixture of compact to expanded dimeric and
monomeric species (see Figure 13B), and formation of
unfolded monomers.

The data in Figure 2 indicate that the Gdn‚HCl-induced
unfolding of human insulin at pH 7.4 is a very complex
process. Interestingly, Figure 2C shows at least two confor-
mational transitions that are accompanied by simultaneous
changes in quaternary or tertiary and secondary structure, at
0.5 and 2.75 M Gdn‚HCl; these correspond to loss of
hexamers, and dimeric species, respectively.

Structural Changes in Insulin Induced by Gdn‚HCl at pH
7.4 Monitored by Size-Exclusion Chromatography. Samples
of insulin were incubated at pH 7.4 in the presence and
absence of the desired Gdn‚HCl concentrations for 2 h before
being injected onto the Superose S12 column, equilibrated
in the same concentration of Gdn‚HCl. Figure 3A sum-
marizes the results of size-exclusion chromatography. Native
insulin exhibited an elution volume of 6.1 mL, corresponding
to the hexamer. However, in the presence of low Gdn‚HCl
concentrations, insulin eluted at larger elution volumes. At
the lowest Gdn‚HCl concentrations, the position of the peak
corresponded to the molecular mass of dimeric insulin (11.6
kDa), with a small shoulder corresponding to the monomeric
(5.8 kDa) form of insulin, indicating dissociation of the
insulin hexamer into predominantly the dimer in the Gdn‚
HCl concentration range of 0.25-1.0 M. At higher concen-
trations of Gdn‚HCl, the population of monomeric species
increased, as evidenced by the transformation of the small
shoulder at 15.0 mL into the dominant peak. The existence
of separate peaks for the monomer and dimer reflects the
slow dissociation (compared to the time of chromatographic
separation) of dimers into monomers. Figure 3A also shows
that at 2.0 M Gdn‚HCl there is an equal population of dimeric
and monomeric species. Above 3.5 M Gdn‚HCl, insulin
exists essentially as the monomer. Figure 3B shows the
dependence of the elution profile on protein concentration
at 2.0 M Gdn‚HCl, and gives further support for the existence
of an equilibrium between dimers and monomers. From
Figure 3B, the population of dimer increases from 31% at
0.5 mg/mL insulin to 49.5% at 10 mg/mL. These observa-
tions also suggest that there is some dissociation of dimer
into monomer during the chromatography.

The data could further be analyzed in terms of elution
volume and relative area of different peaks. The position of
the peaks reflects the hydrodynamic radius of a given
conformer, whereas the relative area reflects its population.
Figure 4A shows the elution volumes corresponding to
monomers and dimers as a function of Gdn‚HCl concentra-
tion. As the Gdn‚HCl concentration increases, the size of
the dimer undergoes a transition between 0.5 and 2.5 M from

a compact to an expanded form (Dexp), with a midpoint at
1.5 M Gdn‚HCl. No dimer was observed above 3.5 M Gdn‚
HCl. The size of the monomer exhibited two transitions
(Figure 4A) with midpoints at 1.5 and 4.5 M for the first
and second transitions, respectively. This gives rise to three
sets of species: compact monomer (MC), expanded monomer
(Mexp), and unfolded monomer (MU). The first transition is
cooperative; the second is very broad. Note that at relatively
low Gdn‚HCl concentrations (between 1 and 2 M) both the
compact and expanded dimer and the compact and expanded
monomer coexist.

The population of monomers was calculated from the
relative monomer peak areas as a function of Gdn‚HCl
concentration (Figure 4B). The data show two transitions,
comparable to those found in the elution volume profile
(Figure 4A). The first transition (Cm ) 1.5 M Gdn‚HCl)
reflects the appearance of the expanded monomer, whereas
the second transition (Cm ) 3.5 M) corresponds to the
dissociation of expanded monomers to unfolded monomers.
In summary, SEC (Figures 3 and 4) shows the existence of
at least six species differing in conformation and oligomeric
state (hexamer, compact and expanded dimers, and compact,
expanded, and unfolded monomers), in accord with, and
complementing, the results from the circular dichroism
studies.

Structural Changes in Insulin Induced by Gdn‚HCl at pH
7.4 Monitored by Small-Angle X-ray Scattering.SAXS is

FIGURE 3: Changes in the association state and compactness of
insulin as a function of Gdn‚HCl concentration. Absorbance profiles
from size-exclusion chromatography experiments with insulin (2
mg/mL) in varying concentrations of Gdn‚HCl at pH 7.4. (A)
Changes in the oligomeric state and compactness. The numbers
represent the Gdn‚HCl concentration. H represents hexamer, D
dimer, and M monomer. (B) SEC profiles obtained after incubating
0.5, 2.0, and 10.0 mg/mL insulin in 2.0 M Gdn‚HCl for 2 h prior
to injection onto the column. The fraction of dimer (as a percentage),
obtained from the peak areas, was 31.0% for 0.5 mg/mL, 44.9%
for 2.0 mg/mL, and 49.6% for 10.0 mg/mL.
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one of a few techniques that provide information about the
ensemble distribution of molecular size, shape, compactness
and packing (globularity), and oligomeric state (35). For
proteins, the data can be analyzed in the form of a Kratky
plot, a Guinier plot, and distance distribution [P(r)] (32, 35,
36). Insulin (4 mg/mL) was incubated for 2 h at pH 7.4 in
the presence of the desired Gdn‚HCl concentration before
the SAXS measurements were taken. This was the lowest
concentration of insulin that could be studied considering
the instrumental limitations. The Kratky plot (Figure 5A) of
hexameric insulin shows a compact bell-shaped Gaussian
curve at lower angles, characteristic of a compactly folded
globular protein. At 0.5 M Gdn‚HCl, the intensity of the
signal decreases, suggesting a decrease in the concentration
of the large compact species due to dissociation into smaller
species. The intensity of the peak at smaller angles shows a
further decrease with increasing Gdn‚HCl concentration, and
at 6.0 M a linear profile, characteristic of unfolded protein,
is observed in the Kratky plot. This suggests that insulin at
lower concentrations of Gdn‚HCl retains tightly packed
structure even after dissociation, i.e., compact dimers and
monomers. Dissociation of the hexamer into smaller oligo-
mers is expected to be accompanied by changes in the
position of the scattering maximum, as observed. Since the

protein concentration for the SAXS measurements was much
higher than that for the SEC experiments (due also to dilution
on the column), the equilibrium is expected to be shifted to
higher levels of dimer (see Figure 3B) in the SAXS
measurements. At high Gdn‚HCl concentrations (g6.0 M),
insulin is predominantly in the unfolded monomeric form
according to SAXS.

Figure 5B shows the corresponding Guinier plots, from
which the radius of gyration (Rg) can be calculated. The
results are summarized in Figure 5C. TheRg of native insulin
at pH 7.4 is 20.3 Å. This value is consistent with that reported
previously (31), and corresponds to the native hexameric state
of insulin. A monotonic decrease inRg is observed as the

FIGURE 4: Changes in the size of insulin as a function of Gdn‚
HCl at pH 7.4, monitored by SEC. (A) Gdn‚HCl concentration
dependence of the positions of monomer peaks (b) and dimer peaks
(O). (B) Fraction of monomer as a function of Gdn‚HCl concentra-
tion. D refers to dimer and M to monomer, and subscripts exp and
c refer to expanded and compact, respectively.

FIGURE 5: Small-angle X-ray scattering (SAXS) of insulin as a
function of Gdn‚HCl concentration. (A) Kratky plots at pH 7.4.
(B) Guinier plots at pH 7.4. (C) Plot ofRg VsGdn‚HCl concentration
calculated for hexamer (pH 7.4) (O) and monomer (20% acetic
acid) (b). The insulin concentration was 4.0 mg/mL, and Gdn‚
HCl concentrations are shown beside the curves.
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Gdn‚HCl concentration is increased, and is attributed to
progressive dissociation of insulin from hexamer to mono-
mer. At 6.0 M Gdn‚HCl, theRg (12.8 Å) is larger than that
of monomeric insulin (11.0 Å) and reflects the larger size
of the unfolded monomer.

Kinetics of Fibrillation Starting with Hexameric Insulin.
The involvement of structural changes leading to fibrillation
is widely accepted, and it is generally believed that partially
folded intermediates are critical for fibrillation (4, 37). To
correlate the association and conformational states of insulin,
characterized above, with the propensity to fibrillate, the
fibrillation was monitored as a function of Gdn‚HCl con-
centration, starting with the hexamer.

Fibrillation of 2 mg/mL insulin at pH 7.4 was carried out
at 40°C with agitation. Studies performed at 37 and 25°C
exhibited longer lags but similar kinetic patterns (data not
shown). The kinetics of fibrillation in the presence and
absence of Gdn‚HCl monitored by thioflavin T fluorescence
are summarized in Figure 6. Similar kinetic profiles were
observed when the fibrillation was monitored by light
scattering (data not shown). Representative curves in Figure
6A follow a sigmoidal pattern representing an initial lag
phase, an exponential growth phase, and a final plateau
phase, corresponding to nucleation, extension, and equilib-
rium phases, respectively. Figure 6B represents the lag times

calculated from curve fitting as a function of Gdn‚HCl
concentration. The lag time decreased from 16 h for native
hexamer to 7.8 h in 0.5 M Gdn‚HCl, indicating faster
nucleation for the dissociated species, consistent with rate-
limiting dissociation of the hexamer in fibrillation under
physiological conditions. The lag time decreased almost 8
times as compared to the native value between 1.5 and 3.0
M Gdn‚HCl, and then increased again above 3.0 M Gdn‚
HCl. Thus, the profile shows three patterns: an increased
rate of fibrillation between 0 and 1.5 M, a stable region with
almost the same fibrillation kinetics between 1.5 and 3.0 M,
and a region above 3.0 M where the rate of fibrillation
decreases.

The amount of fibrils formed, as a function of Gdn‚HCl,
as measured by the final ThT fluorescence signal, decreased
steadily as the denaturant concentration increased (Figure
6B). This observation was supported by quantification of the
protein in the supernatant at the end of the transition into
fibrils at each Gdn‚HCl concentration in the presence and
absence of ThT (see Experimental Procedures). The results
show that after incubation at 37 or 40°C and pH 7.4, almost
all the insulin is present in the insoluble fibrils at Gdn‚HCl
concentrations of up to 3.0 M. As the concentration of Gdn‚
HCl increases above 3 M, the amount of soluble protein
increases (see Figure 13A). At 6.0 M Gdn‚HCl, ∼70% of
the protein is in the soluble fraction; thus,∼30% of insulin
is fibrillar under these strongly denaturing conditions. The
decrease in the yield of fibrils at high concentrations of Gdn‚
HCl is attributed to a combination of the decreased concen-
tration of partially folded intermediate protein present (see
below and Figure 13B) and the limited solubility of insulin
fibrils in high concentrations of Gdn‚HCl. In independent
experiments, we demonstrated that 6.4 M Gdn‚HCl will
partially dissolve preformed fibrils; for example, after
incubation for as little as 45 min, 25% of the protein was in
the supernatant, consistent with an equilibrium between
soluble and insoluble fibrils of∼25:75, as observed.

Comparison of the rate of fibril formation with the
changes in structure suggests that the dissociation of the
hexamer has a profound effect on the rate of insulin
fibrillation, and is, in fact, the rate-limiting step. Further,
the rate of fibrillation was maximal between 1.5 and 3.5 M
Gdn‚HCl, conditions where the predominant species is the
expanded monomer. Above 3.0 M Gdn‚HCl, the monomer
begins to unfold, resulting in the observed decrease in the
rate of fibrillation, due to the decreased concentration of the
critical partially folded intermediate Mexp. The fibrillation
properties of insulin as a function of Gdn‚HCl concentration
were similar when the incubation was carried out at 25°C
(data not shown), except for much slower rates. Thus, the
maximal rate of fibrillation in the vicinity of 2-3 M
Gdn‚HCl is consistent with the expanded monomer being
the critical amyloidogenic intermediate in fibrillation. This
conclusion is supported by the data reported below, starting
with monomeric insulin, and also by experiments in which
the association state and conformation of insulin during
incubation at 40°C in 2.0 M Gdn‚HCl were monitored
by SEC as a function of the time of incubation. These
results thus indicate that structural changes affect the kinetics
of fibrillation of insulin, and strongly suggest that the
expanded monomer is the critical species from which the
fibrils arise.

FIGURE 6: Kinetics of insulin fibrillation at pH 7.4, monitored by
thioflavin T fluorescence. (A) Representative profiles of the
fibrillation obtained by following ThT fluorescence: native hex-
americ insulin (b), 0.5 M Gdn‚HCl (O), 4.0 M Gdn‚HCl (1), and
5.0 M Gdn‚HCl (3). The traces shown are the averages of more
than three individual wells under each condition. (B) Dependence
of the lag time (O), and the final ThT fluorescence signal (62 h)
(b), on Gdn‚HCl concentration. The lag time was obtained from
curve fitting the average profiles at each Gdn‚HCl concentration
(16).
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Structural Changes of Monomeric Insulin. In 20% acetic
acid (pH 2.0), insulin exists as a monomer (33, 38). Figure
7A shows near-UV CD spectra of insulin measured in the
presence of 20% acetic acid and various Gdn‚HCl concentra-
tions. After a small but reproducible enhancement in the
negative ellipticity at 276 nm on the initial addition of Gdn‚
HCl, no further significant changes were observed up to 3.25
M Gdn‚HCl, at which point the major transition starts (Figure
7C). The far-UV CD spectra (Figure 7B) show a small
increase in the helical content upon addition of up to 1.0 M

Gdn‚HCl, which is evident from the increase in negative
ellipticity at 222 nm. As with the near-UV CD, the main
unfolded transition begins around 3 M Gdn‚HCl; within
experimental error, the near- and far-UV CD transitions are
superimposable (Figure 7C). At 7.0 M Gdn‚HCl, both the
near- and far-UV CD spectra do not fully resemble those of
the completely unfolded protein. This may reflect residual
structure in the B chain helix (34).

To further analyze the data, phase diagrams were obtained
by plotting corresponding ellipticities for both near- and far-
UV CD (Figure 8). In the near-UV portion (Figure 8A), three
linear segments (0-1.0, 1.0-4.0, and 4.0-6.25 M) suggest
the occurrence of three different conformational transitions,

FIGURE 7: Effect of Gdn‚HCl on monomeric insulin, monitored
by circular dichroism. Panel A shows selected near-UV CD spectra,
panel B selected far-UV CD spectra, and panel C the Gdn‚HCl
concentration dependence of ellipticity at 222 (b) and 276 nm (O).
Conditions were as follows: 2.0 mg/mL insulin, 20% acetic acid,
pH 2.0, and 25°C. Each spectrum is the average of two
independently collected spectra. In panel A, the Gdn‚HCl concen-
trations are, from bottom to top, 0, 0.075, 1.25, 2.25, 3.25, 4.25,
5.25, and 6.25 M. In panel B, the Gdn‚HCl concentrations are, in
order of decreasing ellipticity at 222 nm, 0, 1.0, 2.0, 4.0, 5.0, 6.0,
and 6.75 M.

FIGURE 8: Phase diagrams for monomeric insulin from near- and
far-UV CD data. (A) Changes in the near-UV CD, (B) changes in
the far-UV CD, and (C) simultaneous changes in both far- and near-
UV CD. See the legend of Figure 2 for details.
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and a total of four different conformational states, attributed
to the compact monomer, a minor conformational change
in the compact monomer, the expanded monomer, and the
unfolded monomer. The far-UV phase diagram (Figure 8B)
exhibits only two transitions (0-4.0 and 4.0-6.2 M),
corresponding to transformations among the compact, ex-
panded, and unfolded monomers. Interestingly, Figure 8C
shows the existence of at least two different conformational
transitions where changes in both secondary and tertiary
structure occur simultaneously. The results, therefore, show
the existence of complex structural changes taking place in
the insulin monomer as a function of Gdn‚HCl.

Acrylamide Quenching of Monomeric Insulin.Further
proof of the structural changes taking place in the monomer
with the increase in Gdn‚HCl concentrations was obtained
from fluorescence quenching experiments. Quenching con-
stants (Ksv) were obtained by fitting the data to the Stern-
Volmer equation (39). The resulting values ofKsv, plotted
as a function of Gdn‚HCl concentration, are summarized in
Figure 9. A decrease inKsv between 0 and 1.0 M suggests
restricted accessibility for tyrosines under this condition. This
is consistent with the increase in the near-UV CD signal
under comparable conditions (Figure 7A), and is attributed
to a salt effect (increased chloride ion concentration),
resulting in a “tighter” monomer conformation. As three of
the four tyrosines of insulin are located in helices, the
observation of decreased tyrosine accessibility is consistent
with the far-UV CD data that show an increased helix level
in this range of Gdn‚HCl concentrations. Above 1.0 M Gdn‚
HCl, the increase inKsv reflects increased accessibility of
tyrosines, reflecting the increasing level of unfolding of the
molecule as the molecule transforms into the expanded form.
The change in Tyr accessibility above 4 M Gdn‚HCl occurs
in the region where the expanded monomer becomes
unfolded, and represents the partial sheltering of the tyrosine
residues in the residual structure.

Small-Angle X-ray Scattering of Monomeric Insulin. The
Kratky plots obtained in 20% acetic acid and different Gdn‚
HCl concentrations are shown in Figure 10A. The plot for
the insulin monomer shows a broad bell-shaped Gaussian
curve, indicative of a compact protein, although not as tightly

packed as in the hexamer (31). The addition of increasing
Gdn‚HCl concentrations results in a decrease in the intensity
and flattening of the profiles. At 5.5 M Gdn‚HCl, the plot
becomes linear, consistent with the appearance of an unfolded
protein. TheRg value of insulin in 20% acetic acid in the
absence of denaturant (obtained from the Guinier plot, Figure
10B) was estimated to be 11.1 Å, which is consistent with
that reported for the monomeric form of insulin (31). As
the Gdn‚HCl concentration was increased, an increase inRg

was observed, reaching a maximum of 14.4 Å at 5.5 M. Note
that this value is somewhat larger than theRg measured for
unfolded insulin at pH 7.4 (Figure 5C), suggesting that in
20% acetic acid, Gdn‚HCl unfolds the protein to a greater
extent.

Fibrillation of Monomeric Insulin. Representative data for
fibrillation, monitored by ThT fluorescence, from incubation
of 2 mg/mL insulin in the presence of 20% acetic acid at 40
°C and different concentrations of Gdn‚HCl, are shown in
Figure 11A. The curves again show an initial lag phase
followed by an exponential growth phase and a final
equilibrium phase. The fibrillation of insulin in the presence
of low concentrations of Gdn‚HCl (e2 M) was significantly
faster than in the absence of denaturant; in fact, the lag was
essentially absent in the 0.5-1.5 M Gdn‚HCl region. At
higher Gdn‚HCl concentrations, the lag time increased
significantly above that in the absence of denaturant. The
variation in the midpoints of the ThT transitionVersusGdn‚
HCl concentration is shown in Figure 11B. As shown in

FIGURE 9: Fluorescence quenching of monomeric insulin fluores-
cence by acrylamide in Gdn‚HCl. The plot shows the variations in
the Stern-Volmer quenching constant (Ksv) with increases in Gdn‚
HCl concentration. The data were fitted to the Stern-Volmer
equation to obtainKsv.

FIGURE 10: Small-angle X-ray scattering of insulin as a function
of Gdn‚HCl concentration in the presence of 20% acetic acid. Data
were obtained as described in the legend of Figure 5, except for
the use of 20% acetic acid in place of pH 7.4 buffer: (A) Kratky
plots and (B) Guinier plots.
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Figure 11B, the amount of fibrils, as measured by ThT
fluorescence, varied with Gdn‚HCl concentration, as ob-
served at pH 7.4, revealing maximal fibril formation in the
Gdn‚HCl concentration range of 0.5-1.5 M.

Representative EM pictures of insulin fibrils grown in the
presence of Gdn‚HCl at pH 7.4 and 2.0 are shown in Figure
12. Fibrils in the presence and absence of Gdn‚HCl have
the same width (10-12 Å) but vary significantly in length
and “stickiness”. With both hexamer and monomer at the
beginning, the presence of increasing Gdn‚HCl concentra-
tions decreased the length of the fibrils, led to increased
clumping of fibrils, and made the fibrils more crystalline in
appearance.

DISCUSSION

A large number of diverse diseases are now recognized
as being caused by the presence of a non-native protein
conformation (40). It is also generally accepted that patho-
logical protein aggregation and fibril formation involve the
critical intermediacy of partially folded intermediate con-
formations (37). In this study, we have analyzed the effects
of the association state and conformation of insulin on its
fibrillation. Equilibrium intermediate conformations were
generated by destabilizing the protein using Gdn‚HCl (22,
41). Starting states of insulin were the hexamer at pH 7.4,
its physiological state, and the monomer, which has been
shown to be the stable state in 20% acetic acid (24, 31).

Effects of Gdn‚HCl on Insulin at pH 7.4. The overall
picture of the structural changes induced by Gdn‚HCl in
human insulin at pH 7.4, as monitored by the different
techniques used in this study, is given in Figure 13. In Figure
13A, the changes in the near- and far-UV CD and SEC data
are plotted as a fraction of various associated signals against
denaturant concentration. This information, along with that
in Figure 4, was used to construct Figure 13B which shows
the Gdn‚HCl-induced changes in insulin structure sum-
marized in the form of a plot of the fractions of the different
states (see Scheme 1) as a function of Gdn‚HCl concentra-
tion. The compact dimer is the major species at low Gdn‚
HCl concentrations (<2 M). In the vicinity of 1.5-5 M Gdn‚
HCl, the major species are the expanded dimer and monomer.
At higher concentrations, the predominant species is the
unfolded monomer.

Thus, the Gdn‚HCl-induced denaturation of insulin is a
multistage process, summarized in Scheme 1, where H
represents hexamer, D dimer, M monomer, a subscript c
compact, and a subscript exp expanded.

FIGURE 11: Kinetics of insulin fibrillation in 20% acetic acid,
monitored by thioflavin T fluorescence. (A) Representative profiles
of the fibrillation obtained by following ThT fluorescence: control
0 M Gdn‚HCl (b), 1.0 M Gdn‚HCl (O), 2.5 M Gdn‚HCl (1), 3.0
M Gdn‚HCl (3), and 5.0 M Gdn‚HCl (9). The traces shown are
the averages of more than three individual wells under each
condition. (B) The dependence of the lag time (O), and the final
ThT fluorescence signal (72 h) (b), on Gdn‚HCl concentration.
The lag time was obtained from curve fitting the average profiles
at each Gdn‚HCl concentration (16).

FIGURE 12: Electron micrograph images of insulin fibrils. The
images show the morphology of fibrils at various Gdn‚HCl
concentrations in the presence of 20% acetic acid [(A) control, (B)
1.0 M Gdn‚HCl, and (C) 6.0 M Gdn‚HCl] and at pH 7.4 [(D)
control, (E) 1.0 M Gdn‚HCl, (F) 3.0 M Gdn‚HCl, and (G) 5.0 M
Gdn‚HCl)].
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Scheme 1

The basis for Scheme 1 follows. First, as observed by SEC,
dissociation of the hexamer occurs at very low Gdn‚HCl
concentrations (<0.25 M); thus, the majority of the transi-

tions observed in this study reflect changes involving the
ensuing dimers and monomers. The initial changes in insulin
tertiary structure at low Gdn‚HCl concentrations occur
simultaneously with dissociation of dimers, and expansion
of dimers and monomers as detected by changes in the SEC
profile and near-UV CD. These transitions happen within a
narrow range of Gdn‚HCl concentrations (∆C ∼ 1.5 M), lead
to a mixture of expanded dimer and monomer, and are
characterized by aCm of 1.3-1.5 M Gdn‚HCl. The next stage
represents dissociation of the expanded dimers to expanded
monomers (∆C ∼ 1.5 M, Cm ∼ 3.6 M Gdn‚HCl) (Figure
13B). Changes in insulin secondary structure (from far-UV
CD) occur over a wide range of denaturant concentrations
(∆C > 4 M), with a Cm of 4.3 M Gdn‚HCl, and closely
parallel the population of unfolded monomers from SEC (Cm

) 4.7 M Gdn‚HCl). Usually, changes in secondary structure
occur simultaneously with the changes in protein hydrody-
namic dimensions (42). However, there is some divergence
with insulin between the unfolding curve monitored by
changes in the far-UV CD and the increase in the size of
the monomer corresponding to unfolding. This is due to the
complex unfolding pattern of insulin, which involves multiple
dissociations and multiple conformational changes.

Partially Folded Intermediates and Fibrillation from
Hexameric Insulin. The SEC data at pH 7.4 reveal a total of
six different states of insulin, depending on the Gdn‚HCl
concentration. The starting hexamer is dissociated into
compact dimers at very low denaturant concentrations. This
dimer simultaneously both expands and dissociates into a
mixture of compact and expanded monomer at low Gdn‚
HCl concentrations. As the Gdn‚HCl concentration is
increased, the compact monomers transform into the ex-
panded state, and eventually convert into the unfolded
monomeric state. The two expanded species are distinct
partially unfolded intermediates: partially folded intermedi-
ates have been previously reported for insulin, as noted in
the introductory section, but the association state of spec-
troscopically detected intermediates was not previously
ascertained. It is likely that the expanded monomer is similar
to the previously reported partially folded intermediate based
on spectroscopic measurements (22). The observation of the
expanded dimer of insulin is probably the first definitive
observation of such a species, i.e., a noncovalently linked
dimer of partially folded subunits.

The circular dichroism data indicate a complex set of
partially unfolded structures as evident by the phase diagrams
at pH 7.4. At physiological pH, Gdn‚HCl modifies both the
secondary and tertiary or quaternary structure of insulin. At
least six non-native conformations or states were observed
for insulin (pH 7.4) over the whole Gdn‚HCl concentration
range; these are in accord with those identified by SEC. The
much greater amount of information available from the phase
diagram (Figure 2), relative to the traditional analysis of CD
data (Figure 1C), demonstrates the advantages of this
procedure.

Although the correlation of specific insulin conformations
with fibrillation is complicated because of the overlap of the
different states (Figure 13B), as well as the independent effect
of Gdn‚HCl on fibrils, leading to their dissolution, the data
unequivocally demonstrate that fibrillation arises from a non-
native conformation, and further are most consistent with
the expanded monomer being the key conformational state

FIGURE 13: Summary of conformational changes in insulin induced
by Gdn‚HCl at pH 7.4. (A) Changes in near-UV CD (O), position
of the peak corresponding to the dimer in SEC (0), first transition
of the monomer peak position in SEC (4), first transition in the
population of the monomer (3), far-UV CD (b), second transition
of the monomer position in SEC (2), second transition in the
population of the monomer (1), and fraction soluble protein (9).
(B) Fractions of each species calculated from panel A. Native
hexamer (HN), fraction of compact dimer (DC), fraction of expanded
dimer (Dexp), fraction of compact monomer (MC), fraction of
expanded monomer (Mexp), and fraction of unfolded protein (MU).
Fractions of expanded dimers and expanded monomers were
calculated from SEC-HPLC data. The fraction of expanded dimers
was obtained from the difference between the curve representing
the decrease in the fraction of compact dimers and the curve
representing the disappearance of expanded dimers (second transi-
tion in the fraction of monomers, Figure 4B). The fraction of
expanded monomers was calculated from the difference between
the curve representing the decrease in the fraction of compact
monomers (coincident with the curve for the disappearance of
compact dimers, etc.) and the curve representing unfolding (second
transition in the elution volume of monomers, Figure 4A). Both
fractions were scaled according to the population of monomers and
dimers at 2.5 M Gdn‚HCl (Figure 4B).
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leading to fibrils. This interpretation is unambiguous for the
experiments starting with monomer. Thus, we conclude that
the expanded monomer is responsible for fibrillation at both
neutral and low pH.

That concentrations lower than 0.5 M Gdn‚HCl cause
hexameric insulin dissociation into predominantly the dimeric
form is consistent with this dimer being on the pathway for
the assembly of the insulin hexamer. Since Gdn‚HCl is a
polar chaotrope, it is likely that the dimer is stabilized by
strong hydrophobic interactions that endow it with significant
stability to remain associated up to 3.0 M Gdn‚HCl (20, 25,
43-45). The data also indicate that the dimer-dimer subunit
interactions in the hexamer are weaker than those of the
monomer-monomer subunits in the dimer. This also ex-
plains the lack of detectable tetramers in these experiments.

Partially Folded Intermediates and Fibrillation of Mono-
meric Insulin.To remove the complexity of the interpretation
of data at pH 7.4 due to the contribution of associated
oligomeric species, we carried out studies on the monomeric
form of insulin in 20% acetic acid (33, 38). CD, fluorescence
quenching, and SAXS studies demonstrate the existence of
multiple conformations and varying degrees of unfolding
under these conditions.

At low concentrations, between 0 and 1 M Gdn‚HCl, a
small increase in the helical content of insulin was observed
by CD, which was supported by quenching studies showing
reduced accessibility of tyrosines, the majority of which lie
in the helix region. This effect is attributed to a salt effect
due to the increased concentration of chloride anion, and
has been observed previously in other systems (46, 47). These
low concentrations of Gdn‚HCl significantly increased the
kinetics of insulin fibrillation; this effect is attributed to the
increased ionic strength, rather than the small conformational
change, since we have shown that the kinetics of insulin
fibrillation are very dependent on ionic strength (16).
Between 1 and 4 M Gdn‚HCl, the compact monomer of
insulin undergoes a transition, observed by near- and far-
UV CD, acrylamide quenching, and SAXS, into an expanded
partially folded intermediate, which appears to be the major
species responsible for fibrillation. All these techniques
indicate that there are only three detectable major monomeric
species of insulin, the two forms of the compact monomer,
the expanded monomer, and the unfolded monomer. The data
indicate that the latter is not fully unfolded, but retains some
residual structure. The smaller amount of fibrils, and
decreased rate of fibrillation, at high Gdn‚HCl concentrations
are ascribed to two phenomena: the increasing amount of
unfolded insulin means that the concentration of the fibril-
lating species is decreased, leading to slower kinetics (since
the rate of fibrillation is proportional to the protein concen-
tration), and the high concentrations of denaturant cause some
dissolution of the fibrils. Despite these constraints, fibrils
were observed up to 5.5 M Gdn‚HCl, reflecting the low
concentrations of expanded monomer present.

The results reported here are similar in some respects to
those recently reported for the formation of fibrils from
â-lactoglobulin in the presence of urea (48). For â-lacto-
globulin, the urea concentration where fibril formation is
most rapid, for both seeded and unseeded solutions, is
approximately 5.0 M, close to the concentration of urea
corresponding to the midpoint of unfolding. This suggests
that fibril formation arises from a significantly unfolded

conformation, as is the case with insulin, and other amyloido-
genic proteins, such as immunoglobulin light chains (49).

CONCLUSIONS

As with transthyretin (50, 51), a tetramer that forms
amyloid fibrils in several diseases, our data indicate that
fibrillation of insulin requires dissociation to monomer,
followed by conformational change to form a critical
amyloidogenic partially unfolded intermediate. A model for
insulin fibrillation is given in Figure 14. Although this model
was derived from the current study in the presence of Gdn‚
HCl, we believe that a similar situation will exist in the
absence of the denaturant. In this case, the concentrations
of the intermediate species will be significantly lower than
in the presence of the destabilizing Gdn‚HCl, leading to the
observed slower fibrillation. The fact that fibrillation arises
from the expanded monomer (partially unfolded intermedi-
ate), which lacks significant tertiary structure as well as
limited secondary structure, indicates that models for fibril
structure, based on the three-dimensional structure of the
native state (45, 52, 53), are unlikely to be correct.
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