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ABSTRACT: Systemic amyloidoses, an important class of protein misfolding diseases, are often due to
fibrillation of disulfide-cross-linked globular proteins otherwise unrelated in sequence or structure. Although
cross-â assembly is regarded as a universal property of polypeptides, it is not understood how such amyloids
accommodate diverse disulfide connectivities. Does amyloidogenicity depend on protein topology? A
model is provided by insulin, a two-chain protein containing three disulfide bridges. The importance of
chain topology is demonstrated by mini-proinsulin (MP), a single-chain analogue in which the C-terminus
of the B chain (residue B30) is tethered to the N-terminus of the A chain (A1). The B30-A1 tether impedes
the fiber-specificR f â transition, leading to slow formation of a structurally nonuniform amorphous
precipitate. Conversely, fibrillation is robust to interchange of disulfide bridges. Whereas native insulin
exhibits pairings [A6-A11, A7-B7, and A20-B19], metastable isomers with alternative pairings [A6-B7,
A7-A11, A20-B19] or [A6-A7, A11-B7, A20-B1] readily undergo fibrillation with essentially identicalR
f â transitions. Respective pairing schemes are in each case retained. Isomeric fibrils and the amorphous
MP precipitate are each able to seed the fibrillation of wild-type insulin, suggesting a structural
correspondence between respective nuclei or modes of assembly. Together, our results demonstrate that
effects of polypeptide topology on amyloidogenicity depend on structural context. Although the native
structures and stabilities of single-chain insulin analogues are similar to those of wild-type insulin, the
interchain tether constrains the extent of conformational distortion at elevated temperature, retards initial
non-native aggregation, and is apparently incompatible with the mature structure of an insulin protofilament.
We speculate that the general danger of fibrillation has imposed a constraint in protein evolution, selecting
for topologies unfavorable to amyloid formation.

A major frontier of molecular medicine is defined by
amyloid-associated diseases, including prion-related en-
cephalopathies, neurodegenerative diseases, and systemic
amyloidoses (1). Although these pathological processes
involve only a small subset of endogenous proteins, fibril-
lation is in vitro a generic property of polypeptides (2-4).
X-ray diffraction studies indicate that such fibrils arise from
cross-â assembly; the constitutiveâ-strands are perpendicular
to the long axis of the fibril (5, 6). Whereas some amy-
loidogenic species in vivo are peptides or natively unfolded
(1), others are well-defined globular proteins. Examples of
clinical importance include immunoglobulin light chains,â2-
microglobulin, and human lysozyme variants (7-9). The
native states of these proteins each exhibit a classical
hydrophobic core stabilized by multiple disulfide bridges.
Such bridges are generally maintained in the fibril (10, 11).
Given the generality of peptide cross-â assembly (3), a
seeming paradox is posed by the variable positioning of
cystines within sequences of globular proteins.

A range of models of protein fibrils (as distinct from
peptide fibrils) have been proposed that differ in the extent
to which native structural elements are retained or reorga-

nized (12-16). Ribonuclease fibrils, for example, are envis-
aged to undergo elongation through domain swapping within
an essentially nativelike assembly (11). Formation of lysozyme
fibrils by contrast requires substantial protein unfolding and
subsequent conversion ofR-helix to â-sheet (17). An
attractive model for the study of protein fibrillation is
provided by insulin, a small globular protein containing two
chains, designated A (21 residues) and B (30 residues).
Insulin is the biosynthetic product of a larger single-chain
precursor polypeptide, proinsulin, in which a 35-residue
domain connects the C-terminal residue of the B chain to
the N-terminal residue of the A chain (Figure 1A;18).
Oxidative folding of proinsulin within the endoplasmic
reticulum of theâ cell directs specific disulfide pairing
(cystines A6-A11, A7-B7, and A20-B19; orange lines in
Figure 1A). The connecting peptide contains flanking pairs
of basic residues (filled black circles in Figure 1A), sites of
cleavage in the biosynthesis of insulin (19). Although the
crystal structure of proinsulin has not been determined, a
variety of evidence suggests the presence of a well-ordered
insulin moiety and disordered connecting domain (dashed
blue line in Figure 1B).

The structure of insulin has been extensively investigated.
The native state contains representative elements of larger
globular proteins: R-helices,â-strands,â-turns, a nonca-
nonical chain reversal, and a hydrophobic core (Figure 1C;
20). As in classical amyloids, insulin fibrillation is associated
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with a substantialR f â transition (21, 22) with retention
of native disulfide pairing (23, 24). An engineered tether
between the C-terminus of the B chain and the N-terminus
of the A chain (the junctions of the connecting domain in
human proinsulin; red lines in Figure 1A,B) facilitates folding
(25) but does not otherwise affect the structure of insulin
(26, 27). Human proinsulin (HPI)1 is markedly less suscep-
tible to fibrillation than is human insulin despite their similar
thermodynamic stabilities (28). Although HPI fibrils may
be obtained at acidic pH at elevated temperature, the lag time
is prolonged by 15-fold; at neutral pH HPI forms aâ-sheet-
rich amorphous precipitate, indicating that either initial
cross-â assembly or its orderly propagation is unfavorable
(28). Because parallel models of an insulin protofilament
envisage wide separation of the C-terminus of the B chain
from the N-terminus of the A chain (24), the delayed time
course of HPI fibrillation may reflect unfavorable confor-
mational constraints imposed by the connecting tether,
hindering a generic mode of peptide cross-â assembly. The
high solubility of the connecting peptide and its intrinsic
resistance to fibrillation may also contribute to the low
amyloidogenicity of HPI (28).

In this paper we investigate whether the amyloidogenicity
of insulin can be modulated by changes in chain topology.
The essential idea is that spatial constraints due to chain
connectivity may alter (a) the range of distorted conforma-
tions initially populated in solution under amyloidogenic
conditions, (b) the susceptibility of such distorted monomers
to non-native aggregation, (c) structures of insoluble as-
semblies or nascent protofilaments (24), or (d) their possible
modes of growth (28). In these studies chain topology is
constrained or perturbed in two different ways. First, the
proximity between chain termini B30 and A1 is tethered by
foreshortening the connecting peptide from 35 residues (in
HPI) to 2 residues [in mini-proinsulin (MP); asterisk in
Figure 1B; 29]. Although essentially without biological
activity (25-27, 29), the native states of MP and related
single-chain analogues exhibit enhanced efficiency of refold-
ing after reduction (25) and resistance to fibrillation (30).
The structure of MP (26, 27) and its mode of zinc-mediated
hexameric assembly (26) are essentially identical to that of
wild-type insulin. A second strategy to alter chain topology
is based on disulfide rearrangement. Whereas the native
structure of insulin requires specific pairing [A6-A11, A7-
B7, A20-B19] (highlighted in orange in Figure 1A;31),
under partially denaturing conditions two disulfide isomers
accumulate following thiol-catalyzed rearrangement (32).
Designated insulin-swap and insulin-swap2,these species
contain respective pairings [A7-A11, A6-B7, A20-B19] and
[A6-A7, B7-A11, A20-B19]. The isomers exhibit low but
significant biological activity (33) with partial folds contain-

1 Abbreviations: ANS, 1-anilino-8-naphthalenesulfonate; CD, cir-
cular dichroism; DTT, dithiothreitol; HEWL, hen egg white lysozyme;
HPI, human proinsulin; HPLC, high-performance liquid chromatogra-
phy; NMR, nuclear magnetic resonance; MP, mini-proinsulin; PAGE,
polyacrylamide gel electrophoresis; PPII, polyproline II; rp-HPLC,
reverse-phase high-performance liquid chromatography; TFA, trifluo-
roacetic acid; ThT, thioflavin T. Amino acids are designated by standard
one- and three-letter codes.

FIGURE 1: Proinsulin and insulin disulfide isomers. (A) Sequence of human proinsulin: A and B chains are represented by black and green
open circles, respectively, with cystines as filled orange circles (native pairing). The connecting domain is represented by blue open circles
(C-peptide) and filled circles (dibasic cleavage sites). Alternative B30-A1 tether in MP is shown in red. (B) Structural model of proinsulin,
which consists of an insulin-like moiety and disordered connecting domain (dashed line). Coloring scheme as in panel A. Cystines are
labeled in yellow boxes. (C and D) Ribbon models of native insulin and insulin-swap(32). Cystines are labeled in red boxes.
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ing a subset of nativelike structural elements (Figure 1D;
32, 34).

Our results demonstrate marked differences in how
changes in protein topology affect amyloidogenicity. In
accord with previous studies (28, 30) imposition of a tight
B30-A1 tether blocks fibrillation. This blockage is a result
of several factors: the B30-A1 tether protects the distorted
monomer at elevated temperature from aberrant aggregation
whereas prolonged incubation leads to amorphous precipita-
tion rather than fibrillation. Whereas classical fibrils exhibit
ultra-narrow Raman bandwidths indicative of structural
uniformity (35), MP precipitates exhibit broad bands indica-
tive of structural heterogeneity. Further, whereas insulin
fibrils exhibit a near-completeR f â transition (35-38),
deconvolution of the amide I Raman region suggests that in
MP precipitates this transition is incomplete, suggesting a
less compact structure with higher residualR-helix content.
In contrast, interchange of disulfide bridges is well toler-
ated: disulfide isomers insulin-swapandswap2 form clas-
sical fibrils in which non-native pairings are retained within
classicalâ-sheet-rich structures. In cross-seeding experiments
the isomeric fibrils each promote the fibrillation of wild-
type insulin, suggesting similar modes of assembly. Surpris-
ingly, an amorphous MP aggregate, despite its incomplete
R f â transition, can also accelerate insulin fibrillation. Such
cross-seeding suggests that the local structure of an MP
aggregate can mimic that of wild-type amyloidogenic
intermediates. Although less well organized than wild-type
fibrils, MP aggregates nevertheless provide an analogous
amyloidogenic growth surface for insulin monomers (39, 40),
accelerating formation of non-native oligomers whose altered
conformations foreshadow the classicalR f â transition
characteristic of mature fibrils (41).

Human insulin illustrates a general and poorly understood
frontier of protein chemistry: the competition between
folding and misfolding of a polypeptide in a rugged energy
landscape. Here, the complementary properties of single-
chain analogues and disulfide isomers demonstrate that
whereas protein fibrillation is robust to some changes in
protein topology, others can constrain accessible modes of
non-native aggregation and cross-â assembly. Although
fibrillation may be a universal feature of linear polypeptides
(3), the nonlinear connectivities of disulfide-cross-linked
globular proteins may preclude simple models of cross-â
assembly. Engineered changes in topology may thus provide
an approach to protect proteins from fibrillation in pharma-
ceutical and industrial applications. These considerations
suggest that protection from amyloidogenicity may have
provided a hidden constraint underlying the evolution of
disulfide bridges in globular proteins.

MATERIALS AND METHODS

Materials.Human insulin, insulin-swap, and insulin-swap2
were kindly provided by Eli Lilly and Co. (Indianapolis, IN).
MP (containing a dipeptide linker AK between B30 and A1;
29, 42) was the gift of Y.-m. Feng (Shanghai, China).
1-Anilino-8-naphthalenesulfonate (ANS), hen egg white
lysozyme (HEWL), and thioflavin T (ThT) were obtained
from Sigma (St. Louis, MO). Other chemicals (analytical
grade) were obtained from Fisher Chemicals (Pittsburgh,
PA).

Preparation of Fibrils. Solutions of proteins, prepared
immediately prior to fibrillation, were made 60µM in 0.01
N HCl [0.01 N HCl (pH 2.0) and 150 mM NaCl] and
incubated in Eppendorf tubes at 65°C without agitation.
HEWL fibrils were obtained from a 10 mg/mL protein at
pH 2 at 65°C for 1 week without agitation (43). At indicated
intervals aliquots were withdrawn and either added to a ThT
solution for fluorescence assay or stored at-20 °C for EM.

Fluorescence Spectroscopy.ThT was made 1 mM in
doubly distilled water and stored at 4°C in the dark. To
monitor fibrillation, 10µL aliquots obtained at indicated time
points were mixed with 3 mL of ThT assay buffer [5µM
ThT in 50 mM Tris-HCl (pH 7.5) and 100 mM NaCl].
Fluorescence measurements were performed using an Aviv
spectrofluorometer (Aviv Biomedical, Lakewood, NJ) in 1
cm quartz cuvettes. Emission spectra were acquired from
470 to 500 nm following excitation at 450 nm; the integration
time was 1 s. ThT in buffer without protein was used as
baseline. The fibrillation lag time is defined as described
(28). For ANS assay, 10µL aliquots obtained at indicated
time points were mixed with 200µL of ANS assay buffer
[1 µM ANS in 50 mM Tris-HCl (pH 7.5)]. Fluorescence
measurements were performed in 3 mm quartz cuvettes.
Emission spectra were acquired from 450 to 600 nm
following excitation at 350 nm; ANS in buffer without
protein was used as baseline.

Cross-Seeding Studies.To obtain a distribution of seeds,
preformed protein fibrils were sonicated on ice with a Sonic
Dismembrator (model 550; Fisher Scientific, Pittsburgh, PA)
for a total of 30 s by a series of ten 3 s pulses. Sonicated
seeds (1% w/w) were added to a freshly prepared insulin
solution; fibrillation kinetics and fibril morphologies were
monitored by ThT and transmission EM, respectively. The
time course of MP amorphous precipitation (not associated
with an increase in ThT fluorescence) was monitored by
serial EM studies: detection of proteinaceous deposits
correlates with onset of macroscopic precipitation in the
parent vial.

Transmission Electron Microscopy.Aliquots (10µL) were
deposited on Formvar-coated 400 mesh copper grids (Elec-
tron Microscopy Sciences, Hatfield, PA) for 5 min. Excess
solution was adsorbed to filter paper. Grids were washed
three times with distilled water and three times with filtered
1% uranyl acetate for negative staining. Stained grids were
allowed to dry for 20 min at room temperature. Specimens
were observed with a JEOL 1200EX transmission EM
operating with an accelerating voltage of 80 kV.

Circular Dichroism. Samples were dissolved in 0.01 N
HCl (pH 2.0) at a protein concentration of 55µM. To remove
particulate matter and protein aggregates, samples were
filtered (0.22µM; Satorius, Goetlingen, Germany). Spectra,
acquired with an Aviv spectropolarimeter (Aviv Biomedical,
Inc., Lakewood, NJ), were normalized by mean residue
ellipticity. The Selcon3 deconvolution algorithm was used
to estimate fractional secondary structure composition (44);
its comparison to two other algorithms is provided in
Supporting Information. Errors in secondary structure com-
position were estimated on the basis of the mean error in
observed ellipticities. Precision of measurement was ca. 1%
between 200 and 250 nm, increasing at shorter wavelengths
to 5% at 195 nm. To obtain mean errors in inferred secondary
structure composition, errors in ellipticity were used to
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simulate a collection of 10 noise-enhanced spectra as follows.
At each wavelength the mean error in ellipticity was either
added to or subtracted from the observed ellipticity according
to the results of a pseudorandom (+1, -1) number generator.
Each simulated spectrum was analyzed by the Selcon3
algorithm, giving rise to a distribution of estimates of
secondary structure composition. Error bars in Figure 3C
represent the standard deviations of these distributions.

NatiVe Gel Electrophoresis.Native (nondenaturing) poly-
acrylamide gel electrophoresis (PAGE) was performed at a
constant voltage (120 V) with a Criterion Bio-Rad electro-
phoresis system using a Tris-HCl polyacrylamide gel with
4% stacking gel and 10-20% gradient resolving gel. Samples
were prepared in the absence or presence of sodium dodecyl
sulfate (SDS). Gels were stained with Gelcode Blue (Pierce,
Rockford, IL). Band intensities (native and deamidation
products) were calculated with the program Quantity One
(Bio-Rad, Hercules, CA).

Raman Microscopy and Spectroscopy.Raman spectra of
solid samples were recorded using a Raman microscope
system (45). In brief, samples were placed on aluminum foil;
20 µL of the suspended fibril solution was directly applied
onto this surface, air-dried, and viewed via a long focal length
objective and a video charge-coupled device (CCD) camera.
A halogen lamp was used for imaging the sample and as an
aid to focusing the laser. The microscope was operated in
the nonconfocal mode to maximize light throughput. Ap-
proximately 90 mW of 647.1 nm laser excitation from a
krypton laser was focused through the microscope using a
20× objective to form the focal volume and to generate
Raman scattering; the data acquisition time was 1-2 min.
Spectra displayed in figures are averages of three or more
individual spectra.

Band Fitting of Raman Spectrum.Changes in secondary
structure were investigated by analyzing the asymmetric
amide I Raman band (46-49). The extended amide I region
(1575-1720 cm-1) was fitted assuming three component
bands that represent the different secondary structural
conformations: anR-helical band at 1655 cm-1 with spectral
window 1650-1660 cm-1, organizedâ-sheet component
band near 1673 cm-1 (1670-1675 cm-1), and composite
contributions from looseâ-strands, PPII, and disordered
structure near 1685 cm-1 (1680-1690 cm-1) (50). Accurate
fitting of experimental profile required an additional feature
near 1637 cm-1 (1630-1645 cm-1) whose origin is uncer-
tain; possible sources are disordered structure (48) and/or
vibronic coupling (48, 51, 52). Contribution fromâ-sheet
structure is also possible in this range as suggested by IR
studies (53). Although interpretation of such spectral de-
composition is an area of continuing refinement (54), the
present analysis using four major component bands provides
a robust and semiquantitative probe of changes in secondary
structure. Component bands were fitted by 15-40 cm-1

bandwidth features; Gaussian and Lorentzian functions were
employed as models of homogeneous and heterogeneous
broadening, respectively. Fitting was performed using the
Levenberg-Marquardt nonlinear least-squares method as
implemented in the CurveFit.Ab routine of GRAMS/32 (55).
Three bands at∼1585,∼1604, and∼1615 cm-1, due to ring
modes of Phe and Tyr, were included. The baseline was taken
as a linear function as described (56, 57). The standard error
for peak positions is<3 cm-1 and for peak widths<5 cm-1

for well-defined components; this typically introduces an
uncertainty of∼10% in the area measurement. For weak
peaks the standard error is slightly higher.

Fibril Renaturation. Fibrils obtained from solutions of
insulin or insulin isomers (as formed at pH 2) were
centrifuged at 12000g for 10 min. Supernatants were in each
case removed, and pellets were washed three times with
distilled water containing 0.1% trifluroacetic acid (TFA). A
solution of guanidine hydrochloride (8 M at pH 6; Pierce,
Rockford, IL) was added to dissolve the pellet; guanidine
hydrochloride was also added to the supernatants to a final
concentration of 6 M. After 1 h atroom temperature fibrils
dissolved to yield a clear solution. Supernatants and dissolved
pellets were each loaded onto an analytical rp-HPLC column
(C8 column; Vydac, Inc., Hesperia, CA) and eluted with a
methanol gradient (40%-80% methanol in 40 min) in 0.1%
TFA. Control solutions of native human insulin and disulfide
isomers (in their original globular states) were used as HPLC
standards.

RESULTS

Our results are presented in two parts. In part I we
investigate the single-chain insulin analogue MP (25) in
relation to insulin and HPI (Figure 1A,B). Raman spectros-
copy is employed to characterize respective native states and
misfolded aggregates. In part II we extend these studies to
insulin disulfide isomers (34), which exhibit nativelike partial
folds of low stability (Figure 1D;32). In each case cross-
seeding experiments are utilized as a probe of structural
compatibility between nuclei or sonicated protofilaments. The
properties of MP and insulin isomers are interpreted in
relation to the fibrillation of wild-type insulin and HPI (28).

Insulin fibrils form under a wide variety of conditions,
including following agitation at neutral pH and 37°C as can
occur in insulin pumps (Figure 2A;28). Our studies employ
classical conditions for insulin fibrillation: a quiescent
solution of protein in 0.01 N HCl (pH 2) at 65°C (22, 58,
59). Under these conditions insulin forms well-defined fibrils
within 4 h (Figure 2B); at the same protein concentration
HPI forms fibrils 20-fold more slowly despite its similar
thermodynamic stability (Figure 2C;28). Fibrillation lag
times and thermodynamic stabilities are summarized in Table
1. Raman spectra are in each case obtained in the solid state
to enable direct comparison between native and non-native
states. Raman microscopy offers a higher signal-to-noise ratio
than that typically obtained in solution due to reduced
background scattering (60).

(I) An Interchain Tether Retards Aggregation and Blocks
Fibrillation. MP is refractory to fibrillation but slowly forms
an amorphous precipitate over 2 weeks at pH 2 and 65°C
(28). EM photomicrographs are notable for the absence of
linear structures (Figure 2D). Unlike insulin fibrils, which
exhibit 30-fold enhanced ThT fluorescence relative to the
native state, MP precipitates exhibit an increase of less than
2-fold. Such attenuated ThT fluorescence suggests a paucity
of well-ordered cross-â structure (61).

The B30-A1 tether in MP may affect one or more of
several steps in the fibrillation pathway, ranging from initial
formation of a distorted monomeric conformation to the
orderly propagation of a cross-â assembly. As a probe of
the distorted monomer, successive far-UV CD spectra were

Studies of Insulin Fibrillation Biochemistry, Vol. 45, No. 34, 200610281



obtained of wild-type insulin and MP at 4-65 °C and pH 2
(Figure 3A,B). At low temperature initial spectra are similar
(filled black and red circles in Figure 3A), in each case
consistent with the native structure of insulin. At elevated
temperatures (>50 °C) the spectra each exhibit attenuation
of mean residue ellipticity at 196, 208, and 222 nm ([θ]196,
[θ]208, and [θ]222) consistent with incremental loss ofR-helix
content. This perturbation is significantly more marked in
the spectrum of insulin at 65°C (black squares in Figure

3A) than in the corresponding spectrum of MP (red squares).
Deconvolution of these spectra delineates possible structural
similarities and differences. Fractional secondary structural

FIGURE 2: Morphology of fibrils and amorphous precipitates. EM
images of insulin fibrils formed at neutral (A) or acidic pH (B);
(C-F) fibrils or aggregate formed by HPI (C), MP (D), insulin-
swap(E), and insulin-swap2(F). Linear well-defined fibrils formed
in all samples except MP, in which only amorphous aggregates
are observed. Scale bar equals 200 nm.

Table 1: Fibrillation Lag Times and Thermodynamic Stabilities

species lag timea (h)
∆Gu

b

(kcal/mol) Cmid
c (M)

md (kcal
mol-1 M-1)

insulin 3.5( 0.4 (7)e 4.4( 0.1 5.2( 0.1 0.84( 0.01
proinsulin 79( 14 (4) 3.9( 0.1 4.7( 0.1 0.77( 0.02
MP >360 (4) 3.1( 0.1 4.9( 0.1 0.63( 0.01
swap 1.5( 0.3 (3) 1.3( 0.1 2.4( 0.2 0.55( 0.04
swap2 <0.5 (3) 0.7( 0.2 1.7( 0.2 0.44( 0.04

a Fibrillation lag times are defined by the change in ThT fluorescence
(28). b Guanidine denaturation data were interpreted according to a two-
state model (107); values were measured at 4°C in phosphate buffer
(pH 7.4). c Cmid is defined as the denaturant concentration at which 50%
of the protein is unfolded.d The m value is the slope d(∆Gu)/d(M).
Statistical errors in fitting∆Gu are in each case less than the values
provided due to upward rounding to nearest tenth.e Number of
experiment replicates.

FIGURE 3: Secondary structure and kinetics of non-native aggrega-
tion. (A) Far-UV CD spectra of insulin at 4 and 65°C (black circles
and black squares, respectively) versus MP at 4 and 65°C (red
circles and squares). (B) Change in mean residue ellipticity of
insulin (black circles) and MP (red squares) at 222 nm as a function
of temperature. (C) Histogram showing fractional CD deconvolution
of insulin (white) and MP (gray) at 4°C (left) and 65°C (right).
PercentR-helix, â-sheet, turn, and random coil are respectively
designatedR, â, t, and rc. ReducedR-helix content at 65°C (relative
to 4 °C) is indicated; an asterisk highlights greater random-coil
component in the spectrum of insulin at 65°C than in MP at 65
°C. (D) Time-dependent non-native aggregation of insulin and MP
as monitored by native gel electrophoresis and CD attenuation.
Aggregation of MP is delayed relative to insulin; the upper
horizontal time axis (red) pertains to MP whereas the lower
horizontal axis pertains to insulin (blue). Gel assay: insulin (blue
line and squares) and MP (green line and squares). CD attenuation
assay: insulin (black line and circles) and MP (red line and circles).
(E) Native PAGE electrophoresis illustrating time-dependent at-
tenuation of monomeric bands, representing initial starting material
(arrows) and deamidation products (asterisk at right). Samples were
incubated at pH 2 and 65°C for 5 h (insulin) or 7 days (MP).
Lanes 3-10 correspond to insulin samples incubated for 0, 1, 2, 3,
3.5, 4, 4.5, and 5 h, respectively; native-state gel standards are
provided by analogues KP-insulin (C1, lane 1; arrow at left) and
DKP-insulin (C2, lane 2; labeled a at left). After 3 h aggregates
accumulate as prominent bands in loading wells and smears (lanes
7-10). Lanes 11-18 correspond to MP samples incubated for 0,
1, 3, 7, 24, 50, 72, and 168 h. Deamidation products were confirmed
by MALDI-TOF mass spectrometry. KP-insulin contains substitu-
tions ProB28 f Lys and LysB29 f Pro; DKP-insulin contains these
substitutions and in addition HisB10 f Asp as described (76).
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compositions are shown by the histogram in Figure 3C (white
columns pertain to insulin and shaded columns to MP). The
apparent helix content of insulin decreases from 46((4)%
at 4 °C to 21((3)% at 65°C; the corresponding values for
MP are 48((2)% and 30((5)%, respectively. The slight
difference in inferred helix content between the proteins at
4 °C (within the statistical error of the Selcon3 program but
evident in the original CD spectra, Figure 3A), likely to
reflect damping of conformational fluctuations (62), is thus
accentuated at 65°C in accord with qualitative inspection
of the spectra (above). Whereas at 4°C the random-coil
content of insulin [28((2)%] is only slightly larger than that
of MP [26((1)%], this difference is likewise magnified at
65 °C [respective values of 37((5)% and 28((2)%].

Additional insight is provided by analysis of the temper-
ature dependence of these CD changes between low and high
temperatures. Two temperature regimes are apparent. Whereas
the fractional change in [θ]222/°C between 4 and 40°C is
similar in the two cases, insulin exhibits a more marked
attenuation of ellipticity between 50 and 70°C (black line
in Figure 3B). By contrast, in MP the thermal dependence
of [θ]222 continues to be linear with a slope similar to that
observed at low temperatures (red line). Together, these data
indicate that the distorted monomeric conformations of
insulin and MP differ at high temperature. Whereas both
proteins exhibit gradual and progressive attenuation of mean
helix content with increasing temperature, the B30-A1 tether
constrains a supervening unfolding transition characteristic
of insulin at high temperature. Because the solution structure
of insulin at elevated temperature exhibits a nativelike partial
fold with segmental unfolding of the A1-A8R-helix (63),
we envisage that the B30-A1 tether in MP partially constrains
the unfolding of this helix (see Discussion).

CD may also be used to monitor the time course of non-
native aggregation. Within a few hours at 65°C the CD

spectrum of insulin exhibits an overall attenuation without
significant distortion; little or no change is observed in the
ratio of ellipticities at helix-sensitive wavelengths. By
contrast, the amplitude of the CD spectrum of MP remains
little changed at 65°C for >7 days. Native PAGE of
successive aliquots of insulin (lanes 3-10 in Figure 3E),
cooled to room temperature, demonstrates that insulin’s
progressive spectral attenuation at 65°C (black line in Figure
3D) correlates in large part with a decrease in the fraction
of the protein able to enter the gel and run with a mobility
characteristic of the native monomer or deamidated monomer
(species that run faster than native insulin); the blue line in
Figure 3D represents the combined intensity of the native
and deamidated PAGE bands. Also present in the gel at later
time points (lanes 7-10) are poorly resolved “tails” of
staining above the native band, representing a broad distribu-
tion of oligomers. The similar trends in CD intensity and
monomeric PAGE bands (blue and black lines in Figure 3D)
suggest that the CD attenuation is due to progressive loss of
R-helical conformations in solution; the aggregates either are
sufficiently large as to scatter the incident light (rather than
rotate its plane of polarization) such that their contribution
to the observed spectrum is negligible or, if CD-visible, are
altered in conformation such that their far-UV CD helical
signature is negligible. The rapid transition of insulin under
these conditions from a solution of distorted monomers to
gel-impermeable aggregates occurs without accumulation of
a single predominant small oligomer.

The conformation of MP at 65°C, less distorted than that
of insulin despite the similar thermodynamic stabilities of
the two proteins at 25°C, is refractory to aggregation for
several days. By contrast to insulin, there is no attenuation
of CD ellipticity between 0 and 160 h (red line in Figure
3D); PAGE indicates a predominance of the native monomer
(arrow at right in Figure 3E) with progressive accumulation

FIGURE 4: Raman studies of MP in relation to insulin and proinsulin. Solid-state spectra of analogues in native (A) and misfolded (B)
states: (A) native globular domains, insulin (bottom panel), MP (middle), and HPI (top); (B) insulin and HPI fibrils (bottom and top
panels) and MP aggregates (middle panel) as indicated. Arrows indicate S-S bands; brackets indicate the amide I region; asterisks indicate
the amide III region; x indicates artifacts due to the laser plasma line.
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of deamidated monomeric species (asterisk; lanes 13-18).
The combined intensity of the native and deamidated bands
remains nearly constant (green line in Figure 3D). In further
contrast to the PAGE analysis of wild-type insulin, the MP
lanes do not contain detectable protein in the well or as higher
molecular weight tails. These results indicate that the B30-
A1 tether not only protects the monomer from severe thermal
distortion (relative to insulin) but also retards the subsequent
aggregation of such distorted monomers that ordinarily occur
en route to insulin fibrillation.

The physical state of MP precipitates was investigated by
Raman microscopy in relation to its native state and classical
insulin and HPI fibrils. A foundation is provided by control
studies of insulin and MP in their respective native states.
As expected on the basis of prior crystallographic and NMR
studies (26, 27), the Raman spectrum of MP (middle panel
of Figure 4A; as obtained from a powder lyophilized from
a solution of native MP) is similar to that of native insulin
(bottom panel in Figure 4A). In each case amide I and III
regions (1610-1690 and 1230-1300 cm-1) indicate a
predominance ofR-helix; an extendedâ-strand-related
feature appears as a small shoulder near 1685 cm-1. Overall
spectral complexity and bandwidths are typical of globular
domains (35). Spectra of MP and HPI (top panel in Figure
4A) differ due to the substantial random-coil signature of
the connecting peptide (28).

The physical state of MP precipitates was likewise
investigated by Raman microscopy in relation to its native
state and classical insulin and HPI fibrils. Comparison of
MP spectra as a native powder or amorphous precipitate
(middle panels of Figure 4A,B, respectively) provides
evidence of a significant change in conformation. Analysis
of amide I and III bands indicates a partial conversion of
R-helix to â-sheet and random coil with retention of
significantR-helical content (Table 2). Whereas the Raman
spectra of bona fide fibrils exhibit marked simplification due
to loss of spectral dispersion and narrow bandwidths (top
and bottom panels of Figure 4B), the spectrum of MP
precipitates in part retains heterogeneous band positions and
widths (middle panel of Figure 4B). This distinction is
exemplified by the amide I region, whose decomposition
provides a semiquantitative estimate of secondary structure
(Figure 5;35). Results of component analysis and integrated

areas from a band-fitting procedure (see Materials and
Methods) are given in Table 2. Respective native states of
insulin and MP give rise to similar contributions from these
component bands (bottom and middle panels of Figure 5A).
In each case the major contribution (∼50%) is due to a
component at 1660 cm-1, assigned toR-helix. About 44%
of the amide I band intensities are attributed to nonhelical
components. The combined intensity of bands at 1684 and
1642 cm-1 represents looseâ-strands, polyproline II con-
formations (PPII), and other disordered structures. The
contribution from well-organizedâ-sheet at 1675 cm-1 is in
each case minimal. As expected, native HPI by percentage
has lessR-helical content (∼42%) and a larger nonhelical
fraction (∼55%) due to the presence of the connecting
domain (top panel of Figure 5A and Table 2).

In accord with past studies (35) the amide I bands of
insulin and HPI fibrils are extremely narrow (respective
widths 18 and 22 cm-1 at ∼1674 cm-1; Figure 5B).
Deconvolution suggests in each case a predominance of well-
organizedâ-sheet (∼70% for insulin fibrils and∼61% for
HPI fibrils; Figure 5B and Table 2).2 Such fibrillation-
associated changes in the amide I band provide a Raman
signature of classical cross-â assembly. This signature is
incomplete in MP precipitates (middle panel of Figure 5B):
the amorphous aggregate exhibits a broader bandwidth (30
cm-1; Table S1 in Supporting Information) and larger
contribution fromR-helix (component band at 1659 cm-1;
Table 2), suggesting that the physical state of the polypeptide
in the aggregate is not as compact or uniform as bona fide
fibrils. Because the well-organizedâ-sheet component in MP
precipitates remains narrow, the increase in total amide I
width is due primarily to its residualR-helix content. A
similar contrast is observed between the broad composite
disulfide band in MP precipitates (in Figure 4B near 508
cm-1, bandwidth 32 cm-1, similar to that of MP or insulin
in their native states) and the narrowed disulfide band of
insulin and HPI fibrils (respective widths 19 and 18 cm-1;
arrow in Figure 4B). Although it is very difficult to draw

2 The present deconvolution protocol differs from that employed in
a previous study (35) (see Materials and Methods) as inclusion of an
additional fitting component improves the fit and enables better
resolution of the potential non-cross-â contribution to the structure of
an insulin fibril.

Table 2: Curve Fitting Analysis of the Amide I Raman Band: Primary Contribution to Raman Intensity from Different Component Bandsa,b

R-helix organizedâ-sheet
looseâ-strand,

PPII + disordered
disordered/vibronic

coupling bands

species peakc (cm-1) % A width (cm-1) peak (cm-1) % A width (cm-1) peak (cm-1) % A width (cm-1) peak (cm-1) % A width (cm-1)

(a) Globular State
insulin 1660 51 29 1675 4 40 1684 27 27 1645 17 37
MP 1660 49 30 1670 8 27 1686 28 28 1642 15 40
HPI 1659 42 27 1670 7 29 1684 29 30 1644 22 37
swap 1659 46 30 1672 4 20 1684 36 31 1633 14 36
swap2 1658 46 31 1673 13 23 1687 31 31 1639 9 30

(b) Misfolded State
insulin 1660 14 22 1674 70 16 1683 5 30 1634 12 26
MP 1659 34 38 1671 49 19 1687 16 28 1637 1 24
HPI 1660 10 21 1674 61 17 1685 13 35 1633 16 21
swap 1660 17 32 1674 69 19 1690 12 13 1632 7 23
swap2 1660 14 23 1673 63 16 1688 8 25 1630 15 39

a Percent component areas (%A) are calculated considering the total area under four component bands as 100%. Standard errors for well-defined
components introduce an uncertainty of∼10% in the area measurement.b Width is the bandwidth of each fitted component.c Wavenumber indicates
fitted peak position.
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quantitative conclusions, in MP aggregate the appearance
of an S-S feature at 508 cm-1 suggests a small change in
its average geometry in the disulfide linkage compared to
insulin and proinsulin (64, 65). In addition, the broader
bandwidth of the 508 cm-1 band in the spectrum of MP
aggregates indicates a greater spread in the geometries of
disulfide linkages.

A complementary probe of protein structure is provided
by the fluorescence of ANS, whose emission intensity
increases on binding to exposed hydrophobic surfaces or
within nonpolar pockets. Whereas wild-type insulin exhibits
a ca. 10-fold increase in ANS fluorescence on fibrillation
(Supporting Information), the increase in MP-associated
fluorescence is less than 50%; i.e., the increase in ANS
fluorescence on binding to MP precipitates is more than
7-fold lower than that observed on binding to insulin fibrils.
These contrasting results suggest a major structural difference
between insulin fibrils and MP precipitates: the incomplete
MP Raman signature is associated with reduced binding of
ANS to hydrophobic sites. Nevertheless, sonicated insulin
fibrils and sonicated MP precipitates exhibit similar abilities

to act as seeds to promote the fibrillation of freshly prepared
insulin solutions (Figure 6). Such seeding is not a generic
property of cross-â assemblies as no acceleration was
observed in the presence of sonicated fibrils prepared from
HEWL (filled magenta circles in Figure 6). Interestingly,
amorphous aggregates of HPI formed at neutral pH, likewise
rich in â-structure (28), can also act as seeds to accelerate
insulin fibrillation (data not shown). Cross-seeding between
native insulin and MP precipitates suggests that a subset of
MP structures within the precipitate resembles oligomeric
amyloidogenic intermediates in the pathway of insulin
fibrillation, which can provide a complementary growth
surface for insulin fibril. Thus, whereas the term “amor-
phous” is appropriate on the mesoscopic scale of EM, we
suggest that at the atomic level MP precipitates exhibit
nonrandom conformational preferences even in the absence
of coherent long-range order. Sonicated insulin fibrils are
neither able to induce canonical fibril formation in MP nor
able to efficiently accelerate its amorphous precipitation.
Such precipitation was observed in an MP sample containing
sonicated insulin fibrils after 13 days, similar to that of

FIGURE 5: Expansion of amide I Raman region with Gaussian deconvolution: (A) native states, insulin (bottom), MP (middle), and HPI
(top); (B) insulin and HPI fibrils (bottom and top) and MP precipitates (middle). In each case experimental and fitted spectra are shown in
black and red (nearly superimposed as the top trace in each panel). Four component bands that represent total amide I band intensity are
in magenta, and component bands assigned to aromatic residues are in blue.
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nonseeded samples (15 days; the small difference is within
scatter of the data). MP aggregates obtained from either
condition exhibit similar EM morphologies and low ThT
emission.

(II) Insulin Fibrillation Is Robust to Disulfide Interchange.
Insulin-swapand insulin-swap2each exhibit nativelike partial
folds containing twoR-helices; the N-terminal segments of
the A and B chains are not well ordered (32, 34). Raman
spectra of the isomers as freshly prepared powders are
consistent with these models: amide III bands provide
evidence for a mixture of helical and disordered structure
(asterisk in Figure 7A). In insulin-swapthese bands appear
near 1247 (shoulder) and 1262 cm-1 (top panel of Figure
7A) whereas in the spectrum of insulin-swap2(middle panel)
corresponding bands appear near 1248 (shoulder) and 1265

cm-1. Further insight is provided by respective amide I bands.
Loss ofR-helix content is indicated by the shift of the band
maximum from 1660 cm-1 (insulin) to near 1664 cm-1

(insulin-swapand insulin-swap2); as in native insulin (bottom
panel of Figure 7A), aâ-strand signature appears in each
case as a small shoulder near 1684 cm-1. The amide I regions
of isomers in their globular states exhibit greater intensity
at higher frequency (near 1684 cm-1) than does the amide I
region of native insulin. In the isomers the peak maximum
appears at 1664 cm-1 (shifted from 1660 cm-1 in native
insulin), which may indicate the presence of a larger
contribution from disordered or nonhelical structures. De-
convolution likewise indicates an attenuation ofR-helical
components and an increased contribution from the features
near 1684 cm-1 (Figure 8A and Table 2). Surprisingly,
despite disulfide interchange, the C-S and S-S stretch
modes of cystines are similar in the isomers and native
insulin: the C-S stretch modes appear as broad features
near 666 and 725 cm-1 whereas the S-S stretch modes
exhibit two overlapping bands at∼512 and 493 cm-1 (490-
562 cm-1; arrow in Figure 7A). Insulin, insulin-swap, and
insulin-swap2nonetheless exhibit different S-S bandwidths
(28, 28, and 34 cm-1, respectively), consistent with expected
differences in disulfide environments. Although conforma-
tional analysis of the C-S bonds was not attempted due to
difficulties in assignment of these bands to a particular
conformation, each globular species exhibits a similar band
pattern with only subtle differences in intensity distribution
among component bands (at 767, 742, and 727 cm-1).

Insulin-swapand insulin-swap2rapidly form fibrils at 65
°C and pH 2.0 (Table 1 and Figure 2E,F): whereas the lag
time for insulin is ∼4 h (28, 38), the isomers exhibit
respective lag times of 90 min and<30 min (Table 1). Such
rapidity is presumably due to their marginal stabilities and
initial partial folds with preexposed hydrophobic surfaces.
EM photomicrographs in each case depict linear fibrils
(Figure 2E,F). To investigate whether the isomers retain their
respective pairing schemes during fibrillation, we depoly-
merized the fibrils with guanidine hydrochloride under acidic

FIGURE 6: Cross-seeding experiments. Fibrillation kinetic profiles
of wild-type human insulin without seeding (black circles at far
right) and in the presence of 1% (w/w) wild-type insulin seeds
(black diamonds at far left), HPI seeds (green triangles), MP
aggregates (blue circles), insulin-swap seeds (purple triangles),
insulin-swap2seeds (black squares), and HEWL seeds (magenta
circles). Fibrillation was monitored by enhancement of ThT
fluorescence (vertical axis).

FIGURE 7: Raman studies of insulin disulfide isomers. Solid-state spectra of analogues in (A) globular states and (B) fibrils. In each panel
insulin is shown at the bottom, insulin-swap2in the middle, and insulin-swapat the top. Arrows indicate S-S bands; brackets indicate the
amide I region; asterisks indicate the amide III region; x indicates artifacts due to the laser plasma line.
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conditions (to avoid base-catalyzed disulfide rearrangement)
and analyzed the products by rp-HPLC. Since wild-type
insulin and the isomers exhibit different rp-HPLC retention
times (32), respective HPLC profiles provide a fingerprint
of disulfide rearrangement (Supporting Information). These
fingerprints, and hence respective disulfide pairing schemes,
are in each case retained following fibrillation and depo-
lymerization.3

The Raman spectra of the isomeric fibrils strongly
resemble the spectrum of classical insulin fibrils (Figure 7B).
In each case the spectra exhibit an overall simplification due
to more uniform and well-ordered residue environments. Of
particular interest, the extent of the canonicalR- to â-struc-
ture transitions (as monitored in the amide I region) is similar
in each case to that observed in control studies of wild-type
insulin. Deconvolution corroborates fitting by an intense
component at theâ position (Figure 8B). Further, fibril-
specific amide I bandwidths [18 cm-1 (insulin), 22 cm-1

(insulin-swap), and 19 cm-1 (insulin-swap2)] are in each case
significantly narrower than the corresponding widths in
respective globular states (Figure 8A). Differences between
wild-type and isomeric fibrils are nonetheless observed in
the S-S stretch (arrow in Figure 7B). This stretch in fibrils
comprised of wild-type insulin or insulin-swapis relatively
narrow and symmetric. Modest differences are observed in

peak position and bandwidth: wild-type insulin fibrils (515
cm-1 with width 19 cm-1; bottom panel of Figure 7B) versus
insulin-swap(511 cm-1 with width 24 cm-1; top panel of
Figure 7B). The S-S stretch of insulin-swap2is by contrast
less symmetrical, as the major band at 513 cm-1 adjoins a
shoulder at 495 cm-1 (middle panel of Figure 7B). We
presume that these variations reflect different modes of local
structural accommodation of disulfide constraints within
otherwise canonical cross-â assemblies. Structural similarity
among wild-type and isomeric fibrils, maintained despite
their inequivalent disulfide pairing schemes, is suggested by
cross-seeding studies. Sonicated isomeric fibrils efficiently
function as seeds to accelerate the fibrillation of native
insulin. As in studies of MP precipitates, no acceleration was
observed in the presence of sonicated HEWL fibrils (Figure
6).

DISCUSSION

Insulin is a disulfide-cross-linked globular domain and as
such provides a model for nonneuropathic systemic amy-
loidoses, human diseases associated with widespread deposi-
tion of amyloid (66-68). Such conditions cause serious
morbidity due to organ infiltration and are often fatal.
Autosomal dominant syndromes have been identified with
mutations in diverse globular proteins (Table 3). The
discovery of the mutant lysozyme syndrome is of particular
interest (69) because lysozyme has been so extensively
characterized, facilitating comparative studies of wild-type
and disease-associated variants (9, 70-73). Stabilized by four
disulfide bridges, lysozyme contains two domains (R and

3 The extent of chemical modification [deamidation of asparagine
and glutamine (114, 115)] in the isomeric fibrils varied, as indicated
in each case by shoulder HPLC peaks that elute immediately following
the major peaks (Supporting Information).

FIGURE 8: Expansion of the amide I Raman region of insulin isomers with Gaussian deconvolution: (A) disulfide isomersswapandswap2
in the globular state and (B) corresponding isomeric fibrils. In each case experimental and fitted spectra are shown in black and red (nearly
superimposed as the top trace in each panel). The four component bands that represent total amide I band intensity are shown in magenta,
and component bands assigned to aromatic residues are in blue.
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â) and folds in two steps: folding of theR-domain precedes
that of the â-domain (9). Folding of the amyloidogenic
variants is less cooperative than that of the wild-type protein
(70). The presence of partially folded species in equilibrium
with the predominant native state is proposed to underlie
amyloidogenesis (9). As in insulin fibrils, X-ray diffraction
studies demonstrate the presence of meridional reflections
at 4.6-4.8 Å characteristic of a cross-â core structure (5).
How such protein fibrils accommodate multiple disulfide
bridges within (or adjoining) a cross-â assembly is not
understood.

The present study provides complementary examples of
how the connectivity of a polypeptide may be altered. MP
is constrained by a short tether between the C-terminal
residue of the B chain (residue B30; see Figure 1A) and
N-terminal residue of the A chain (A1). The B30-A1 tether
is compatible with native structure and stability but impairs
induced fit on receptor binding (26, 27). Disulfide rearrange-
ment yields metastable isomers insulin-swap(34) and insulin-
swap2(32). These partial folds exhibit altered connectivities
within the A chain and between it and the N-terminal
segment of the B chain. Together, these modifications have
contrasting effects on fibrillation and so demonstrate structure-
specific modulation of amyloidogenicity by changes in
protein topology. We discuss our results in relation to
possible mechanisms of fibrillation (23, 24, 74).

Insulin Disulfide Isomers.The native structure, stability,
and function of insulin require a specific disulfide pairing
scheme (A6-A11, A7-B7, and A20-B19; Figure 1B;31).
Although disulfide isomers are not ordinarily observed in
chemical syntheses (75, 76), studies of the expression and
folding of native and variant proinsulins in mammalian
secretory cells suggest that mispairing can occur in the
endoplasmic reticulum (77, 78). Two disulfide isomers of
insulin have been trapped following disulfide interchange
under partially denaturing conditions; these exhibit non-native
pairings [A7-A11, A6-B7, A20-B19] (insulin-swap) and [A6-
A7, B7-A11, A20-B19] (insulin-swap2; 32, 34). Although
of low thermodynamic stability, the isomers retain nativelike
partial folds (32) and reduced but significant biological
activity (33). Here, we have demonstrated that insulin
fibrillation is robust to such disulfide rearrangement. The
swapped isomers readily form fibrils under conditions
favorable to classical insulin fibrillation. Further, Raman
microscopic studies of the isomeric fibrils provide evidence
for a formation of a similarâ-sheet-rich structure. We thus
propose that the overall organization of insulin chains in a
protofilament can accommodate variation in local structure

at sites cross-linked by the rearranged disulfide bridges. Wild-
type insulin and the accessible disulfide isomers share the
A20-B19 disulfide bridge and thus an overall topological
feature: the two chains in an extended conformation would
be roughly parallel.

It is well established that fibrillation rates of amyloidogenic
protein can be markedly enhanced by the addition of small
amount of its own preformed fibril (seeding;40, 43).
Although the isomeric insulin fibrils retain non-native
disulfide pairing, they can effectively function as seeds to
promote the fibrillation of wild-type insulin. Cross-seeding
by distinct polypeptide chains has been extensively inves-
tigated using a variety of candidate sequences (ranging from
mutants of the same protein to heterologous proteins
unrelated in sequence or native structure). Although a broad
range of results has been reported, an important recent study
demonstrated a correlation between cross-seeding efficiency
and extent of sequence homology (79). This correlation is
only approximate as cross-seeding of homologous proteins
can fail; an example is provided by studies of islet amyloid
polypeptide (IAPP; amylin) and the Alzheimer’s related A-â
peptide (80). Conversely, the fibrillation rate ofR-synuclein,
a natively unfolded protein associated with Parkinson’s
disease, is accelerated by nonhomologous seeds obtained
from either GroES ofEscherichia coli, HEWL, or bovine
insulin (81). The structural basis and limitations of cross-
seeding are of medical importance in relation to prion strains
(82-84). Promiscuous cross-seeding between native insulin
and isomeric fibrils, as shown here, demonstrates that such
variant fibrils are not “strains.” To our knowledge, these
results provide the first example of cross-seeding by a protein
with identical sequence but different disulfide pairing. We
suggest that such cross-seeding reflects a structural cor-
respondence among the isomeric fibrils: despite local
disulfide rearrangement, a common global mode of canonical
cross-â assembly is in each case retained. Although this
hypothesis is consistent with the available Raman data, its
testing will require high-resolution methods to compare wild-
type and isomeric fibrils at atomic dimensions.

Disulfide rearrangement of insulin and proinsulin is
restricted to theswapandswap2pairing schemes (32, 34).
It is not known whether the exclusion of other possible
isomers is due to kinetic barriers to further rearrangement
or to the profound instability of such folds. Hence, although
insulin fibrillation is robust to the particular rearrangements
investigated here, our study was necessarily limited by the
inaccessibility of other pairing schemes (32, 34). The
disulfide isomer [A20-B7, A6-B19, A7-A11], if synthesizable
for example, might by contrast be found to be incompatible
with fibrillation (as distinct from amorphous precipitation)
due to inversion of the A- and B-chain orientation. Thus,
our results do not exclude whether the architecture of a
protein fibril may in general be constrained by the pattern
of disulfide pairing. Indeed, the protection afforded by the
B30-A1 tether in MP (see below) provides proof of principle
that certain disulfide bridges might likewise be incompatible
with fibrillation. We speculate that some secreted human
proteins not found to participate in pathological amyloid
deposits (i.e., not in Table 3) are fortuitously protected by
the spacing of their disulfide bridges relative to potential sites
of cross-â assembly. Resistance to fibrillation might even

Table 3: Amyloidogenic Globular Proteins in Human Disease

protein length
S-S

bridges structure syndromea ref

apolipoprotein AI 243 0 R-helical HSA 108
â2-microglobulin 100 1 â-sheet HAA 109
fibrinogen A

R-chain
57 0 â-sheet HRA 110

light chain 110 1 â-sheet PSA 111
lysozyme 130 4 R/â HSA 79, 112
cystatin C 146 2 R/â HBCCAA 113

a Abbreviations: HSA, hereditary systemic amyloidosis; HAA,
hemodialysis-associated amyloidosis; HRA, hereditary renal amyloi-
dosis; PSA, primary systemic amyloidosis; HBCCAA, hereditary brain
cystatin C amyloid angiopathy.
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provide a constraint contributing to the evolution of protein
sequences.

Models of an Insulin Protofilament.Models of protein
fibrils can be provided by constituent amyloidogenic peptides
(85, 86). Although the relationship between such peptide
fibrils and the parent protein fibrils is unclear, detailed solid-
state NMR studies of peptide fibrils have been described (86,
87). Peptide dissection of insulin has led to the identification
of amylodogenic peptide segments within both the A and B
chains (88). Indeed, the two isolated chains can each form
fibrils. Cross-seeding has recently been observed under acidic
conditions between isolated B-chain fibrils and wild-type
insulin, suggesting that aspects of B-chain cross-â assembly
may resemble the intact insulin protofilament under these
conditions (89). These observations suggest a simple model
of an insulin protofilament comprising two layers, one sheet
formed by the cross-â assembly of the A chain and another
by cross-â assembly of the B chain (Supporting Information).
To accommodate discrepant cryo-EM constraints, however,
Saibil and colleagues have proposed a novel model in which
each chain unfolds to form a U-shaped polypeptide (Sup-
porting Information). In this model one molecule of insulin
would occupy twoâ-strand layers along the fiber axis, thus
rationalizing the observed electron density (0.5-0.6 molecule
per layer). Although this model also contains two layers, a
key difference is that both chains contribute to each layer.
As above, retention of specific disulfide pairing (A7-B7 and
A20-B19) implies that the two chains within a protofibril
are parallel.

The present results do not exclude either of the above
models. Given the nonuniform central bends proposed in
either case to accommodate the A6-A11 disulfide bridge,
for example, one may readily imagine that alternative pairing
[A6-B7, A7-A11, A20-B19] (insulin-swap) could be accom-
modated within either model with only local adjustments;
by contrast, accommodation of pairing [A6-A7, B7-A11,
A20-B19] (insulin-swap2) would appear to realign the
respective N-terminal segments of the two chains. It would
be intriguing if structural relationships among the wild-type
and isomeric insulin protofilaments should resemble those
observed in A-â fibrils (90-93). In particular, structural
differences between wild-type and protomeric insulin fibrils
might be analogous to those observed among distinct and
self-propagating forms of A-â fibrils (94). It would be of
future interest to test contrasting features of the above models
through isotope-directed NMR studies.

Mini-proinsulin and Topological Resistance to Fibrillation.
Fibrillation of globular proteins is thought to be mediated
by the aggregation of partially unfolded intermediates (1).
In the case of insulin fibrillation a variety of evidence
supports such a mechanism (59, 95, 96). In the storage
granule of theâ cell as in pharmaceutical formulations insulin
is protected from fibrillation through Zn2+-mediated self-
assembly: the susceptible monomer is sequestered within
classical hexamers (Figure 9A, left). Following disassembly
of such native oligomers, the insulin monomer may undergo
conformational distortion, in turn permitting non-native
aggregation to form a putative amyloidogenic nucleus (Figure
9A, middle panels). The nature of this nucleus, its structure,
and mechanism of cross-â assembly to yield mature fibrils
(Figure 9A, right) are not well understood. Extensive site-
directed mutagenesis of insulin has been undertaken in an

effort to identify specific side chains involved in initial non-
native aggregation and fibril growth (97). Although effects
of mutations on lag time and rate of elongation have been
described (97), it is difficult to resolve direct effects of
substitutions on specific steps in the pathway from indirect
effects on structure, stability, or dynamics of the native
protein or intermediate species.

Insight into the conformational distortions of the insulin
monomer at pH 2 and 60°C has been obtained from
heteronuclear NMR studies (59). Although the protein is not
well ordered under such conditions, a novel partial fold is
observed in which the N-terminal segments of the A and B
chains detach from the core (Figure 9B, middle). Unfolding
of the N-terminal R-helix of the A chain exposes a
hydrophobic surface formed by nativelike packing of the
remainingR-helices. The C-terminal segment of the B chain,
although flexible, remains tethered to this partial core (59).
Subsequent1H-15N NMR monitoring of this distorted
monomer reveals progressive loss of cross-peak amplitude
without changes in line width or chemical shift: no
“footprint” is obtained of sites of aberrant protein-protein
interaction. These observations (analogous to the progressive
attenuation of CD spectra reported here) indicate (a) that
downstream non-native aggregates are either too large or too
rare to give rise to a detectable NMR signal and (b) that
such aggregation is either irreversible or too slow to permit
detectable NMR exchange phenomena. Fink and colleagues

FIGURE 9: Mechanism of fibrillation and putative amyloidogenic
partial folds. (A) Proposed pathway of insulin fibrillation via partial
unfolding of the monomer. Whereas the native state is protected
by classic self-assembly (far left), disassembly leads to an equi-
librium between native and partially folded monomers (open triangle
and magenta trapezoid, respectively). The partial fold may unfold
completely as an off-pathway event (open circle) or aggregate to
form a nucleus en route to protofilament assembly (far right). (B)
Cylinder models of insulin-related partial folds. Panels: left, insulin
disulfide isomer at 25°C (insulin-swap; 32, 34); middle, putative
insulin amyloidogenic intermediate (at 60°C prior to onset of
fibrillation; 59); right, model of MP partial fold at 65°C. In each
case A- and B-chain helices are represented by red and blue
cylinders, respectively; sulfur atoms in disulfide bridges are shown
as black balls. Whereas the tertiary structure of insulin-swap(left)
resembles that of insulin at elevated temperature (middle), we
suggest that MP (right) is less distorted: the B30-A1 tether shields
part of the hydrophobic core and augments the helical propensity
of the N-terminal A-chain segment. In the left-hand panel rearranged
disulfide bridges are boxed.
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have nevertheless shown that in 20% acetic acid (pH 1.9)
an insulin monomer undergoes a detectable sequence of
multiple aggregation-coupled changes in conformation en
route to formation of fibrils (41). The use of multiple probes
(CD, FTIR, fluorescence, light scattering, and hydrogen
exchange) enabled resolution of two major subpopulations
of soluble oligomeric intermediates, each with non-native
â-rich structures.

The general scheme of insulin fibrillation (Figure 9A)
provides a framework for understanding why MP and other
single-chain insulin analogues are refractory to fibrillation.
Such resistance was first described by Brange and co-workers
in 1987 (30). The particular MP investigated at that time (a
50-residuedes-B30 polypeptide in which residue B29 was
connected directly to A1 by a peptide bond) is more tightly
constrained than that characterized here (a 53-residue
polypeptide in which a tripeptide is interposed between B29
and A1, hence allowing more play between chains). Solutions
of the 50-mer remained clear during the course of these prior
studies, precluding characterization of possible precipitates.
Brange and co-workers proposed that fibrillation was pre-
vented by the restricted conformational mobility of MP: in
particular, the original B29-A1 tether constrained the C-
terminal B-chainâ-strand from detaching from theR-helical
subdomain, thus limiting exposure of underlying hydrophobic
surfaces (30). The present results suggest that such B-A
tethers may also constrain segmental unfolding of the
N-terminal A-chainR-helix, a prominent feature of insulin
at elevated temperature (63). CD studies demonstrate that
the B30-A1 tether partially protects MP from loss ofR-helix
content at high temperatures. We speculate that such protec-
tion is due to maintenance ofR-helix-like conformations in
the N-terminal A-chain segment (Figure 9B, right). Whereas
the segmental unfolding of the native N-terminal A-chain
R-helix in wild-type insulin at temperatures>50 °C is
anomalous (indicating a breakdown in the cooperativity of
folding), analysis of the temperature dependence of the CD
spectrum at helix-sensitive wavelengths suggests that the
B30-A1 tether does not protect MP from baseline thermal
destabilization as extrapolated from lower temperatures (4-
40 °C). In the future it would be of interest to investigate
the distorted conformation of MP at 65°C by heteronuclear
NMR approaches. Differences between this conformation and
that of wild-type insulin may rationalize why MP resists non-
native aggregation under these conditions. We speculate that
the B30-A1 tether and partial helical propensity of the A1-
A8 segment shield underlying hydrophobic surfaces in the
core (Figure 9B, right) that would otherwise mediate such
aggregation.

MP is unable to form canonical linear fibrils and instead
forms an amorphous precipitate. Raman studies indicate a
significant but incompleteR f â transition relative to wild-
type insulin or HPI. This resistance to fibrillation may reflect
a structural incompatibility between the B30-A1 tether length
and the respective positions of these chain termini in a
protofilament or amyloidogenic nucleus. Such incompatibility
is suggested by both models described above. Extension of
such models to key soluble oligomeric intermediates would
be speculative as the structures of such intermediates have
not to date been characterized. Because amorphous precipita-
tion of MP is>5-fold slower than the fibrillation of HPI, it
is likely that failure of MP to form fibrils is not due to a

more efficient (and competing) kinetic pathway leading to
an amorphous precipitate. We imagine that MP aggregates
resemble one (or both) intermediate species identified by Fink
and colleagues (41). This analogy is supported by observation
in each case of weak ANS fluorescence enhancement and
by cross-seeding between native insulin and sonicated MP
precipitates. Interestingly, sonicated insulin fibrils, competent
to seed native insulin, are unable to accelerate the amorphous
precipitation of MP.

Although mechanisms of amyloid nucleation and seeding
are not well understood, Lansbury and co-workers have
proposed that seeding is “extremely discriminating” since it
relies on a complementary sequence between the growth face
of the nuclei/seed and the monomer (39, 98). MP amorphous
aggregates may thus provide a structurally discriminating
growth surface recognized by distorted insulin monomers.
Consistent with this mechanism, amorphous aggregates of
HPI (as formed in PBS buffer at pH 7.4;28) can also seed
insulin fibrillation; despite their amorphous EM appearance,
these aggregates exhibit a Ramanâ-signature similar to that
of insulin fibrils. The inability of sonicated insulin fibrils to
accelerate the amorphous precipitation of MP may reflect
structural differences between mature fibrils and soluble
oligomeric intermediates. In particular, the proposed steric
incompatibility between the B30-A1 tether in MP and the
architecture of a mature fibril does not imply that this tether
cannot be accommodated in at least a subset of populated
amyloidogenic intermediates, which provide at least part of
the fibril growth surface recognized by distorted insulin
monomers. Such reasoning suggests that amorphous pre-
cipitation of MP reflects an interruption in the pathway of
insulin fibrillation, leading to irregular aggregation of con-
formationally altered oligomers enriched inâ-sheet content
but retaining a subset of nativeR-helical structure.

The properties of MP suggest that it may in principle be
possible to design cross-links within proteins to hinder or
prevent fibrillation. Although MP itself is without biological
activity, previous protein design studies have demonstrated
how disulfide bridges can be introduced with maintenance
of activity (99-103). Such cross-links often enhance the
thermal stability of the native state, presumably via entropic
effects in the unfolded state. Whereas such enhanced stability
may in itself delay fibrillation (104), the present consider-
ations suggest that disulfide bridges at key sites (relative to
the structure of a protofilament) may impede the wild-type
mode of cross-â assembly through changes in chain topology.
Proteins refractory to fibrillation would be of broad interest
in pharmaceutical formulations and as industrial catalysts.
In addition to such applications, it would be of fundamental
interest to investigate whether globular proteins can form
more than one type of protofilament, so that hindering a
single mode of fibrillation by such design would not preclude
alternative modes of misfolding and cross-â assembly. The
existence of distinct prion strains (82-84) and propagated
molecular differences among A-â fibrils (94) suggest that
“designing out” fibrillation may require characterization of
multiple pathways of misfolding and assembly.

CONCLUDING REMARKS

Insulin provides a prototype for the fibrillation of a
globular protein. Because the structure of a protein fibril at
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atomic resolution is not well understood, models have been
proposed on the basis of low-resolution methods (24, 105,
106). Major classes of models differ regarding such funda-
mental features as whether the core cross-â assembly is
parallel or antiparallel, which polypeptide segments partici-
pate in this core, and what is their hydrogen-bonding registry.
Given the diversity of globular proteins susceptible to
amyloidogenesis, it is also possible that the extent of unfolded
or non-â segmental structures in such fibrils will be observed
to vary. We envisage that disulfide pairing within globular
proteins provides a fundamental constraint, favoring or
excluding otherwise competing modes of cross-â assembly.
Distinguishing these and other general molecular features
of diverse protein fibrils constitutes an outstanding unsolved
problem in protein chemistry. The present results highlight
the potential importance of covalent protein topology in
mechanisms of conformation distortion, non-native aggrega-
tion, and cross-â assembly.
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