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Glucagon Fibril Polymorphism Reflects Differences in
Protofilament Backbone Structure
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Amyloid fibrils formed by the 29-residue peptide hormone glucagon at
different concentrations have strikingly different morphologies when
observed by transmission electron microscopy. Fibrils formed at low
concentration (0.25 mg/mL) consist of two or more protofilaments with a
regular twist, while fibrils at high concentration (8 mg/mL) consist of two
straight protofilaments. Here, we explore the structural differences
underlying glucagon polymorphism using proteolytic degradation, linear
and circular dichroism, Fourier transform infrared spectroscopy (FTIR), and
X-ray fiber diffraction. Morphological differences are perpetuated at all
structural levels, indicating that the two fibril classes differ in terms of
protofilament backbone regions, secondary structure, chromophore align-
ment along the fibril axis, and fibril superstructure. Straight fibrils show a
conventional β-sheet-rich far-UV circular dichroism spectrum whereas that
of twisted fibrils is dominated by contributions from β-turns. Fourier
transform infrared spectroscopy confirms this and also indicates a more
dense backbone with weaker hydrogen bonding for the twisted morphol-
ogy. According to linear dichroism, the secondary structural elements and
the aromatic side chains in the straight fibrils are more highly ordered with
respect to the alignment axis than the twisted fibrils. A series of highly
periodical reflections in the diffractogram of the straight fibrils can be fitted
to the diffraction pattern expected from a cylinder. Thus, the highly
integrated structural organization in the straight fibril leads to a compact
and highly uniform fibril with a well-defined edge. Prolonged proteolytic
digestion confirmed that the straight fibrils are very compact and stable,
while parts of the twisted fibril backbone are much more readily degraded.
Differences in the digest patterns of the two morphologies correlate with
predictions from two algorithms, suggesting that the polymorphism is
inherent in the glucagon sequence. Glucagon provides a striking illustration
of how the same short sequence can be folded into two remarkably different
fibrillar structures.
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Introduction

Many proteins have a generic ability to form
elongated aggregate structures known as fibrils.
Fibrils are characterized by a remarkable degree of
order often spanning several micrometers, which is
several orders of magnitude larger than the dimen-
sions of its molecular constituents.1 At the same
time, fibrils have high mechanical strength and
stiffness,2 a property originating from a protofila-
ment backbone consisting of a single double-pleated
β-sheet.3,4 Based on the crystal structures of short
fibrillogenic peptides, fibril backbone interactions
have been categorized into eight different classes
according to their hydrogen-bonding pattern.5

Extracellular fibril deposits are tightly linked to
neuronal diseases such as Alzheimer's and Parkin-
son's disease,6,7 stressing the need to increase our
understanding of fibril properties and their forma-
tion. Furthermore, as fibrils and other aggregates
may increase the immunogenicity of protein
therapeutics,8,9 it is crucial to avoid these structures
in drug formulation.10

An interesting aspect of fibrillation is the fact that
a single protein may give rise to a plethora of
different fibril morphologies.11 Fibrils typically
consist of two or more protofilaments associated
laterally to form distinct superstructures. These
structures may be resolved visually by transmission
electron microscopy (TEM) and atomic force mi-
croscopy, although the underlying differences in
protofilament arrangement may be too subtle to be
uniquely determined. The differences in morpholo-
gy presumably affect fibrillation kinetics and struc-
tural properties for reasons that remain unclear.
Fibril polymorphism is tightly linked to the strain
phenomenon in prion diseases, in which different
fibril morphologies of a given protein give rise to
distinct heritable states characterized by differences
in incubation periods, phenotypes, and the ability to
cross transmission barriers.12,13 This has been shown
in a number of studies on the yeast prion Sup35
strains.14–16 For example, the Weissman group
characterized the physical properties of three differ-
ent Sup35 strains from yeast, showing that pheno-
type and stability were directly linked to the
structural properties of the morphology.16

There is currently no consensus as to whether
fibril polymorphism is mainly due to the assembly
of identical protofilaments or rather reflects poly-
morphism at a protofilament level.17 Krishnan and
Lindquist observed structural differences in the
amyloid core of Sup35.14 They found that two fibril
strains formed in vivo at 4 and 25 °C, respectively,
differed in the nature of the intermolecular inter-
faces and the number of residues in the amyloid
core, thus demonstrating that these two Sup35 fibril
morphologies reflect protofilament polymorphism.
Other studies indicate that fibril morphologies are
essentially an arbitrary assembly of identical proto-
filaments that can assemble into various fibril
morphologies. For example, it has been reported
that certain fibrils may untwine into a number of
fibrils with different morphology or even change
morphology during growth.18–21 A structural char-
acterization of different morphologies is often
complicated by the intrinsic heterogeneity of fibril
samples, and efforts to obtain samples with a
distinct morphology often necessitate the addition
of salt and excipients, which may complicate the
analysis.
In this study, we focus on the 29-residue peptide

glucagon, which is involved in the regulation of
blood sugar levels and is used therapeutically in
cases of hypoglycemia.22,23 Glucagon's sequence
homology to glucagon-like peptide 1, a molecule
that forms the basis for recent advances in obesity
and diabetes treatment,24 makes its fibrillation
properties highly relevant from a drug formulation
perspective. Glucagon morphologies formed under
various conditions have been identified and classi-
fied by both TEM and atomic force microscopy in
previous studies.25–29 Intriguingly, we previously
found that the fibril morphology changes drastically
when changing only the glucagon concentration: At
low concentration, the fibrils consist of two or
several protofilaments with a repetitive twist
whereas the fibrils formed at high concentration
consist of two protofilaments forming a straight and
very homogeneous morphology.28 We attribute this
property to morphology-specific growth inhibition
of twisted fibrils through binding of reversible
trimers present at high concentrations.28 Fibrils of
either morphology are able to imprint their struc-
tural characteristics to daughter fibrils as evidenced
by self-seeding experiments in the same study.28

Here, we exploit this simple model system to better
understand the complex nature of the fibril struc-
ture. We analyzed the structure of the two types of
glucagon fibrils by five different biophysical techni-
ques in order to characterize the secondary structure
[far-UV CD and Fourier transform infrared



Fig. 1. Morphological differences between glucagon fibrils formed at low and high concentration revealed by TEM. (a)
Fibrils formed at 0.25 mg/mL have a distinct twisted appearance with two or more protofilaments twisting repetitively
around each other. (b) Fibrils formed at 8 mg/mL are straight and consist of two protofilaments. The scale bar represents
100 nm (adapted from Ref. 28).
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spectroscopy (FTIR)], the chromophore alignment
relative to the fibril axis [linear dichroism (LD)],
fibril architecture and characteristic distances (fiber
diffraction), and structural compactness of the
backbone (resistance to proteolytic digestion). Our
experimental findings are supplemented with
insights from aggregation prediction algorithms.
We find that structural differences between the two
fibril classes are perpetuated at all structural levels,
including the backbone region, demonstrating that
for this model system, polymorphic subclasses are
distinguished by their protofilament structure.
Fig. 2. Glucagon fibril morphologies have vastly
different secondary-structure elements as demonstrated
by CD spectra of the twisted and straight fibril morphol-
ogy (squares and circles, respectively). The spectrum of
the twisted fibril morphology has a minimum around
233 nm and a maximum at 205 nm and passes through
zero at 221 nm. This indicates a structure involving β-
turns.30 The spectrum of the straight fibril morphology has
a minimum at 219 nm and a maximum around 195 nm
and passes through zero at 202 nm. This spectrum points
to a classical β-pleated sheet structure. Neither light
scattering nor LD artifacts, due to the presence of fibril
floccules and orientational effects, respectively, were
significant as evidenced by the close similarity between
spectra of sonicated and non-sonicated samples (filled and
open symbols, respectively). Spectra for the two sonicated
fibril samples are normalized to those of their unsonicated
counterpart.
Results

In a previous work, we showed that when
viewed by TEM, the fibrils formed at 0.25 mg/
mL are characterized by two or more protofila-
ments twisting repetitively around each other (Fig.
1a), while the fibrils formed at 8 mg/mL consist of
two straight protofilaments (Fig. 1b).28 The samples
show a remarkable degree of sample homogeneity.
Hence, in the following, we denote these two fibril
morphologies twisted and straight, respectively.
We have previously shown that the two fibril types
are distinguished in at least two ways. Firstly,
although both fibril types bind the amyloid-specific
dye thioflavin T, the straight fibrils lead to an
increase in intensity that is an order of magnitude
greater than that induced by the twisted fibrils.26

Secondly, only the straight fibrils are able to
imprint their morphology in cross-seeding ex-
periments.28 The straight fibrils also form consid-
erably faster, showing shorter lag phases and
higher elongation rates.28 In the following, we
examine the structural basis for these intriguing
differences.

Far-UV CD spectra indicate fundamentally
different peptide conformations

First, secondary-structure elements were mea-
sured. Figure 2 shows the far-UV CD spectra of
twisted and straight fibrils in the wavelength
interval 190–260 nm. The twisted fibril morphology
sample has a maximum at 205 nm and a minimum
around 233 nm and passes through zero at 221 nm.
The spectrum hence resembles protein structures
rich in β-turns such as (Ala2-Gly2)n.

30 In contrast,
straight fibrils formed at 8 mg/mL have a broad
peak with a minimum at 219 nm and a maximum at
195 nm and pass through zero at 202 nm. This
spectrum is typical of structures rich in β-sheets. The
far-UV CD spectra are hence fundamentally differ-
ent in accordance with previous CD observations of
glucagon fibrils formed under various conditions.26

This suggests that the secondary-structure elements



Fig. 3. Orientational differences of the aromatic resi-
dues in the two glucagon morphologies as analyzed by
LD. Spectra of flow-aligned fibrils of twisted (continuous
line) and straight morphology (broken line). The inset
shows the spectral differences in the aromatic region. The
straight fibrils were diluted 32-fold to take the difference
in concentration into account, and the spectra have been
normalized for comparison.
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in the twomorphologies are quite different, although
contributions from aromatic chromophores (which
can also be in different environments in the two fibril
types) may also weigh in. However, FTIR, which is
not marred by these potentially confusing overlaps,
confirms the existence of β-sheets and β-turns in the
straight and twisted fibrils, respectively (see below).
CD spectra of an oriented system such as fibrils are
sometimesmasked by a contribution fromLD,which
can be several orders of magnitude greater than the
CD signal itself.31 The contribution fromLDdepends
on the axis of orientation and vanishes when the
orientation is destroyed.32 Hence, to ensure that the
fibrils were not oriented in the cuvette, we measured
the spectra on diluted samples in a cuvette with a
relatively long path length. As an additional effort to
diminish orientation effects, the fibrils in separate
samples were fragmented by sonication (Fig. 2).
Upon sonication, the amplitudes of the twisted and
straight morphology spectra were reduced by a
factor of 26 and 6.5, respectively, but the general
spectral features were conserved. A reduction in
intensity upon sonication is expected.32–34 A high
level of experimental reproducibility, as well as an
insignificant effect of rotating the cuvette in the
sample holder, further testifies to a random fibril
orientation.

LD spectra show differences in the internal
orientation of the aromatic residues

In an aligned sample, LD is the difference between
the absorbance of light polarized parallel with and
perpendicular to the alignment axis:

LD = A== − A8 ð1Þ
For fibers under shear flow, as described here, the
alignment axis is the long axis of the fiber. In the UV
region of the spectrum, electronic transitions (ab-
sorbance) occur in the peptide backbone and
aromatic side chains of proteins. LD spectra give
information on the orientation of the transition
moments (the direction of net electron displacement
during an electronic transition) relative to the fiber
axis as described in Eq. (2):

LDr =
LD
A

=
A= = − A8

A
=

3
2
S 3 cos2 a − 1
� � ð2Þ

where the reduced LD (LDr) is equal to the LD
divided by the absorbance of an unaligned sample, S
is the alignment factor, and α is the angle of the
transition moment relative to the alignment (fiber)
axis. With fibers, it is often difficult to obtain
absorbance spectra of truly isotropic samples;
however, the sign of the LD signal alone is a
powerful tool for the elucidation of the relative
orientations of secondary-structure elements and
aromatic side chains. A positive LD signal means
that the transition moment is at an angle of b55°
from the fiber axis and a negative signal means that
the angle is N55°.
Figure 3 shows LD spectra of samples of twisted

and straight morphology in the wavelength range
from 190 to 320 nm. The straightmorphology sample
was diluted 32-fold to take the concentration
difference into account and then scaled down by a
factor of 7.15 to superimpose on the twisted
morphology spectrum, based on the peak at
200 nm. In the case of β-structures, there is a strong
π-to-π⁎ transition moment for the peptide backbone
around 200 nm that is perpendicular to the β-strand.
Thus, the positive LD signal, seen here for both fibril
types (Fig. 3), indicates that the transition is parallel
with the fibril axis and means that the β-strands run
across the fiber. This is consistent with the cross-β
model of amyloid fibers.32,35 Although the peptide
concentration of the two samples is similar, there is a
much larger (∼7-fold) LD signal for the fibrils grown
at higher concentration. This large difference in LD
signal can be due to better alignment from longer
and/or more rigid fibers32 and/or better ordering
within the fibrils. In the aromatic region (250–
310 nm), there are large differences in spectral
shape as well as magnitude. The fact that the signals
are positive in this region shows that the transition
moments of the aromatic side chains (which are in
plane with the aromatic rings of tyrosine and
tryptophan) lie along the fiber axis, rather than
perpendicular to it. The ∼10-fold difference in
magnitude is consistent with better aromatic side-
chain ordering and alignment in the straight fibrils.
The different peak positions are also indicative of a
different environment for the aromatic side chains,
and the appearance of a shoulder around 295 nm in
the spectrum from the straight fibrils is strong
evidence for a difference in the packing and/or
ordering of the tryptophan side chain in these fibrils
compared with the twisted fibrils. Furthermore, the
small signal around 230 nm in the straight fibrilsmay
be due to excitation coupling of aromatic side chains,
consistent with closer packing in these fibers.36



Fig. 4. Glucagon fibril morphologies show differences
in the β-structures comprising the fibril backbone as well
as backbone compactness as demonstrated by differences
in the amide I′ and amide II/II′ region of FTIR spectra. The
amide I′ spectrum of the straight fibrils (straight line) has a
strong peak at 1619 cm−1 indicating intermolecular β-
structures typical for amyloid structures. In contrast, the
spectrum of twisted fibrils (broken line) has more features
including two peaks (1626 and 1632 cm−1) in the β-sheet
region and an additional peak (1664 cm−1) indicating β-
turn structure elements. The spectrum of non-fibrillated
glucagon (dotted line) has a wide peak with maximum at
1651 cm−1 associated with the presence of α-helix and
random coil in accordance with the glucagon trimer
structure. The amide II/II′ region (inset) shows that the
spectrum of the straight fibrils has a single intense amide
IIv′ peak at 1450 cm−1, while the spectrum of the twisted
fibril morphology has an additional amide II peak at
1550 cm−1. This indicates a slower H/D exchange of
internal hydrogens due to a more compact twisted
structure.
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FTIR spectra show differences in β-sheet
backbone structure

FTIR spectroscopy provides information about
secondary structure of proteins in H2O through
distinct amide I and amide II absorption peaks
centered at approximately 1660 and 1550 cm−1,
Fig. 5. Fiber diffractograms of partially aligned glucagon fib
twisted morphology. The characteristic cross-β diffraction
respectively, are indicated. (b) Fibrils of straight morphology
peculiar periodicity along the equatorial plane. The periodici
cylinder as shown in Fig. 6, suggesting that this sample consi
respectively.37,38 In D2O, these peaks are shifted to
approximately 1650 and 1450 cm−1 (amide I′ and
amide II′), respectively39. The amide I/I′ absorption
contains contributions from the CfO stretching
vibration of the amide group with minor contribu-
tions from, for example, the out-of-phase C–N
stretching vibration, while the amide II/II′ absorp-
tion arises from the out-of-phase combination of the
N–H (N–D) in-plane bend and the C–N stretching
vibrations.37 Because secondary structures are char-
acterized by specific hydrogen-bonding patterns
between amide CfO and N–H groups, it is expected
that each secondary-structure element gives rise to
characteristic absorption patterns in FTIR spectros-
copy. In addition, the amide II/II′ band is particu-
larly sensitive to the H/D exchange of amide groups
and may therefore probe structural compactness
and flexibility.38

FTIR spectra of twisted (broken line) and straight
(continuous line) fibril morphology are shown in
Fig. 4 together with the spectrum of fresh non-
fibrillated glucagon (dotted line). In the amide I′
region (Fig. 4), the straight fibril morphology
spectrum has an intense absorption peak at
1619 cm−1, a value typical for the very strong
intermolecular hydrogen bonds found in amyloid β-
sheet,37,39,40 and a weaker peak at 1654 cm−1,
indicating the presence of disordered structure or
α-helix.37,38 The amide I′ band of the twisted fibril
morphology spectrum has several components,
most notably two strong peaks at 1626 and
1632 cm− 1, respectively, as well as a peak at
1664 cm−1. The two strong peaks are assigned to a
β-sheet, whose hydrogen bonding is less strong than
that found in the straight morphology at lower wave
numbers, and the peak at 1664 cm−1 indicates β-
turns.38,41 The shoulder at 1645 cm−1 suggests the
presence of random coil. For both morphologies, the
apparent absence of peaks around 1690 cm−1 seems
to exclude the possibility of antiparallel β-sheets,41

but since FTIR relies on mainly empirical correla-
tions between absorption bands and secondary
structure, further studies are required to rule out
rils show differences in structural periodicity. (a) Fibrils of
signals on the meridian and equator at 4.7 and 9.8 Å,
. The meridional signal at 4.7 Å is clearly visible as is a
ty is interpreted as scattering from a wave incident on a
sts of a homogeneous assembly of compact fibrils.



Table 1.Meridional and equatorial peak positions for the
twisted and straight glucagon fibril morphology obtained
by integration of the diffraction patterns in Fig. 3

Twisted (Å) Straight (Å)

Meridional 4.76 4.76
2.41 2.41

Equatorial 33–37 19.18
21 13.88

12.91 10.85
10 8.95

7.49
6.15
3.81
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antiparallel conformations. The spectrum of fresh
non-fibrillated 15 mg/mL glucagon has a peak
centered at 1651 cm−1, testifying to the presence of
α-helix and random coil also found in the solution
structure of the glucagon trimer.42 The shoulder at
1616 cm− 1 can probably be attributed to the
formation of small amounts of aggregates during
the measurement.
In the region from 1400 to 1580 cm−1 (Fig. 4, inset),

the straight morphology spectrum shows a broad
peak at 1450 cm−1 (amide II) but no peak at
1550 cm−1 (amide II′). This indicates that the fibrils
of straight morphology, which were formed in H2O
glycine buffer, exchange most amide hydrogens
with deuterium during the D2O spin filtering. In
contrast, the twisted morphology spectrum has
peaks at both amide II and amide II′ owing to an
incomplete exchange of hydrogens, possibly due to
the multilayered structure of the fibrils, which
decreases their accessibility to exchange. As
expected, when grown in D2O glycine buffer,
Fig. 6. The diffraction pattern of the straight morphol-
ogy is similar to scattering from a cylinder with well-
defined edges. Profile of the integrated intensity along the
equatorial scattering vector for the fiber diffractogram
shown in Fig. 5b. The data were fitted to a model based on
diffraction from a plane wave incident on a cylinder
(continuous line). The good quality of the fit shows that
the straight fibrils are very homogeneous. The cylinder
density ρ(r) is shown as a function of the cylinder radius r
(inset). The cylindrical fibril model predicts a diameter of
∼6 nm in accordance with previous TEM observations of
glucagon fibrils.28
neither fibril morphology spectrum had an amide
II peak (data not shown).

Fiber diffractograms reveal high homogeneity of
straight fibrils

X-ray diffraction on partially aligned fibril sam-
ples probes repetitive distances within the fibrils
and may thus provide a fingerprint of the internal
structure.43 Figure 5a and b show fiber diffracto-
grams of twisted and straight fibrils, respectively.
Reflections from both fibrils gave a diffraction
pattern consistent with the classic cross-β pattern
generally observed for amyloid fibrils. The patterns
show a strong, sharp reflection at 4.76 Å
(corresponding to the inter-strand distance) on the
meridional axis, the axis parallel with the fiber axis.
We also observe a much weaker reflection at 2.41 Å,
which is probably due to the Bragg condition being
fulfilled for n=2.44 Besides these reflections, each
sample exhibits a distinct series of equatorial
reflections (Table 1). The different patterns of
equatorial reflections likely reflect differences in
packing of protofilaments in the two samples and
may also arise from alternative β-sheet packing
arrangements. The twisted fibril diffraction pattern
(Fig. 5a) was cross-β in nature and was analyzed
using the CLEARER software.45 A detailed analysis
of the diffraction pattern revealed unit cell dimen-
sions of lengths a=4.69 Å, b=29.16 Å, and c=37.8 Å
(all angles, 90°). While the 4.69-Å distance reflects
the canonical distance between hydrogen-bonded β-
strands, the other two dimensions are less easy to
assign but are likely to arise from chain length and
sheet spacing. The 37.8 and 29.16 Å correspond to 11
and 8–9 residues in a β-sheet conformation, respec-
tively. Interestingly, in a previous alanine-scanning
analysis of glucagon fibrillation, we proposed a very
tentative strand–loop–strand model of the glucagon
fibril,46 which is consistent with these residue
numbers. However, it is possible that this agreement
is fortuitous.
It was not possible to obtain satisfactory unit cell

dimensions from the diffraction data derived from
the straight fibrils using the approach above.
However, this sample is observed to have a peculiar
periodicity along the equatorial plane (Fig. 5b)
reminiscent of the diffraction pattern from a classical
multi-slit experiment. We therefore analyzed the
diffraction data based on the equivalent diffraction
pattern predicted from a plane wave incident on a
cylindrical barrier. Figure 6 shows the integrated
diffraction profile as a function of scattering vector.
The full line shows the theoretical curve from a
single fibril with cylindrical symmetry, fitted as
explained in Materials and Methods. The satisfacto-
ry agreement between the fit and the data testifies to
the extraordinary sample homogeneity as well as
the high level ordering within individual fibrils.1

The inset shows the calculated electron density as a
function of radius. In this simple model, the fibrils
have a diameter of about 6 nm, which is in
agreement with previous TEM measurements.28



Fig. 7. Identified peptide fragments of glucagon fibrils
digested by pepsin. Glucagon fibrils of straight and
twisted morphology (continuous and dotted line, respec-
tively) were digested by pepsin leading fragments to be
released to the supernatant (a), while peptides from the
protease-resistant fibril core were recovered from the
pellet (b). Fragments were separated by HPLC and
identified by MS and Edman degradation. They are
indicated in parentheses on the figure (the asterisk
indicates a pepsin fragment). The supernatant fragments
tend to be relatively short compared to the pellet
fragments. No overlap between identified fragments in
supernatant and pellet was observed, and the peak
positions appear to be independent of fibril morphology.
Data in (a) are after 72 h of digestion and those in (b) are
after 1 h of digestion. These times are chosen to give the
clearest peaks, but similar behavior is observed at other
times.
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Differences in fibril morphology affect
susceptibility to proteolytic digestion

Protease treatment has been shown to cleave off
exposed flexible regions while leaving the fibril core
intact.47–49 In this context, the fibril core is defined as
the β-sheet backbone as well as other compact
secondary-structure elements. We examined wheth-
er the twomorphologies showed different resistance
to pepsin digestion. Pepsin is a relatively unspecific
acidic protease and its promiscuity prevents peptide
identifications via cleavage positions alone.50 While
pepsin has weak preferences against, for example,
cleavage after glycine (which is the C-terminal
residue of one of the fragments we identify),
particularly in larger proteins,50 the long incubation
time (up to 72 h) at 21 °C and the short length of
glucagon (29 residues) render these small differ-
ences insignificant and make it very likely that all
accessible peptide bonds will be cleaved. Peptides
released during the digest were separated from
intact fibrils by ultracentrifugation, and the peptides
in the supernatant and pellet were separated by
HPLC. Figure 7a compares the chromatograms of
peptides released from the fibril core (present in the
supernatant) for each morphology, and Fig. 7b
compares the chromatograms of peptides in the
pepsin-resistant core (recovered from the pellet).
Fragments identified by mass spectrometry (MS)
and/or Edman degradation are indicated on the
figure. Closer inspection reveals clear differences in
peak positions between supernatant and pellet;
none of the fragments identified in the supernatant
were also found in the pellet. The supernatant tends
to contain shorter fragments (maximum of 6
residues), probably because released fragments are
further digested once in solution. The fragments
found in the supernatant revealed cleavage sites
(after residues 5, 12, 15, and 17) that were not found
in the pellet, suggesting that these bonds are
protected in the fibril core. The integrated pellet
peak areas are listed in Table 2 sorted in order of
descending peak area of the straight fibrils after 1 h
of digestion. The five most frequently found pep-
tides in the pellet, ranging from 3 to 13 residues in
length, comprised 82% of the total peak area. Also
indicated in Table 2 is the relative change in peak
area calculated after normalizing the area of the
identified peaks. In Fig. 8, the normalized peak areas
are plotted for all peaks comprising more than 5% of
the peak area. It is readily seen that some fragments
found in the straight morphology decrease by about
20% while a few fragments increase by up to 39%.
This contrasts with the twisted morphology fibrils,
for which the longer fragments decrease by 60–75%
and the shorter fragments (1–4 and 22–24) increase
2- and 10-fold, respectively. Interestingly, these
short fragments are located in opposite ends of the
glucagon peptide. Figure 9 compares the relative
occurrence of individual residues in the backbone
for each morphology after 72 h of digest. It is clearly
seen that in the straight fibrils, residues spanning the
entire sequence except residue 29 are found to
approximately the same extent, hence demonstrating
the compact nature of the conformation. In contrast,
the twisted fibrils have two regions comprising
residues 1–4 and 22–26, which are overrepresented.
Residues 27–29 are almost completely absent from
the backbone of the twisted morphology.

Insights from fibril propensity algorithms

The digest patterns were compared with the
TANGO and PASTA algorithms, which can predict
the aggregation propensity of a given protein
sequence. The TANGO prediction has been applied
to glucagon previously46 and is shown in the top
part of Fig. 10. Residues 22–27 (FVQWLM) were all
assigned a β-aggregation score higher than 5%,
while the remainder of the glucagon structure was
assigned scores equal to or close to zero. The PASTA
algorithm is shown in the bottom part of Fig. 10. In
comparison with the TANGO algorithm, which only
predicts the region containing residues 22–27 to be



Table 2. Complete list of backbone fragments identified
in each of the two morphologies after 1 and 72 h of digest

Fragment

Straight Twisted

Peak area
percentage

Relative
change
(%)

Peak area
percentage

Relative
change
(%)

1 h 72 h 1 h 72 h

22–24 22.7 14.9 −18.1 17.6 38.8 97.3
1–9 16.5 11.1 −15.7 14.2 6.6 −58.4
10–21 15.9 10.2 −19.7 11.9 3.7 −72.3
23–26 14.4 13.9 −20.1 17.4 12.3 −36.6
10–22 6.3 7.0 39.0 8.0 2.2 −75.6
1–3 2.0⁎ 1.0 — 1.7⁎ 0.3 —
15–18 1.5⁎ 3.5 — 2.1⁎ 0.0 —
27–28 1.4⁎ 1.0 — 1.2⁎ 0.7 —
1–4 1.3⁎ 3.1 — 1.8 20.1 876.6
Sum 82.0 65.7 76.0 84.7

The data are sorted in order of descending peak area in the
straight fibrils, and the bottom row shows the summed peak
areas. For each peak, the relative change in peak area is indicated
after normalizing the identified peak areas. Most of the straight
morphology fragments change very little over time (about 20%),
while long fragments in the twisted morphology (e.g., fragment
1–9) are drastically reduced in intensity leading to the increase in
shorter fragments (e.g., fragment 1–4). Fragment 1–4 is found in
significant amounts only in the twisted morphology after 72 h.
The data presented in this table form the basis of Fig. 8. Peak areas
indicated by an asterisk are too small to be accurately determined
and have been omitted from Fig. 8.

Fig. 8. Relative changes in the peak height of individ-
ual glucagon fibril fragments over time. Straight fibrils are
resistant to extended proteolytic digestion, while twisted
fibrils are continuously degraded leading to smaller
backbone fragments. Peptide fragments found in the fibril
pellet are sorted in order of descending area in the straight
morphology after 1 h of proteolytic digest (cf., Table 2).
The peak areas after 1 h are assigned a value of 100 and the
peak areas after 72 h are shown relative to this value. For
the straight morphology, most fragments changed by ca
20% after 72 h. For the twisted morphology, the longer
fragments decrease by ∼60–75%, and the short fragments
22–24 and 1–4 increase ∼2- and 10-fold, respectively.
Fragment 1–4 was not significantly present in the straight
morphology as indicated by an asterisk.
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fibril-prone, PASTA indicates that regions involving
residues 2–10 are also prone to fibrillation.

Discussion

In contrast to folded proteins, misfolded protein
structures have not been under evolutionary pressure
to adopt a specific three-dimensional structure. This is
probably the reason for the high number of poly-
morphic fibril ensembles present under specific
conditions.10,11 Detailed structural information
obtained by microcrystallography and solid-state
NMR has emerged during the last decade,5,51 reveal-
ing that a number of different backbone packing
arrangements are compatiblewith the canonical cross-
β amyloid structure. Polymorphism has attracted
considerable attention in part because the ability of
prion strains to cross species barriers is linked to the
physical properties of individual morphologies. Fur-
thermore, morphologies differ in structural properties
with obvious implications for future applications of
fibrils as nanomaterials52 and silks.53

A number of studies have shown that backbone
structure correlates with morphology. For example,
Petkova et al. showed that amyloid β-peptide had
different morphologies when visualized by TEM
depending on the growth conditions (agitated versus
quiescent).54 The visual differences in superstruc-
ture were also present in intermolecular contacts as
probed by solid-state NMR, and the morphology
was imprinted on daughter fibrils as shown by self-
seeding experiments. Other studies suggest that
morphologies are essentially an arbitrary assembly
of filaments, which can split apart and rearrange
during growth,18–21 hence suggesting that the
polymorphism of protofilaments does not necessar-
ily impact on fibril superstructure.
In this article, we demonstrate how different

biophysical techniques can be used to elucidate the
structural basis of fibril polymorphism. By applying
techniques that address structural properties of
large molecules, we have investigated whether
glucagon polymorphism manifests itself all the
way to the protofilament level or if the twisted
morphology fibrils are essentially structurally iden-
tical with the straight fibrils. Our approach was to
probe secondary-structure elements (far-UV CD and
FTIR), alignment of the secondary-structure ele-
ments and the chromophores present in the gluca-
gon sequence along the fiber axis (flow-aligned LD),
fibril architecture and characteristic distances (fiber
diffraction), and the backbone structure (resistance
to proteolytic digestion). Our spectroscopic investi-
gations revealed a clear difference in the structural
properties, and we found that the compact and well-
ordered appearance of the straight fibrils was
confirmed by LD, fiber diffraction, and proteolytic
digestion. After 72 h of proteolytic digestion,
differences in proteolytical susceptibility of the
backbone regions emerged, where the compactness
of the straight morphology is reflected by a highly
stable core comprising almost all of glucagon's 29
residues. In contrast, the twisted morphology has
two highly susceptible areas at opposite ends of the
peptide as well as an additional cleavage site after
residue 4. This implies that the origin of glucagon's
fibril polymorphism extends all the way to the
regions forming the protofilament backbone. The



Fig. 9. Glucagon morphologies show substantial dif-
ferences in residues resistant to proteolytic attack. The
figure shows the relative occurrence of individual pep-
tides along the 29-residue glucagon primary sequence
obtained from the peptide peak areas after 72 h of digest
(Table 2). For the straight fibrils (black bars), all residues
except residue 29 are found in the fibril backbone and all
are approximately equally prevalent. The backbone of the
twisted fibrils (gray bars), on the other hand, is dominated
by a short stretch of protease-resistant residues at the N-
and C-termini.

Fig. 10. Prediction of glucagon fibrillation propensity
based on TANGO and PASTA aggregation scores
identifies fibrillation-prone regions at both the N-terminus
and the C-terminus. TANGO (top) assigns a β-aggrega-
tion score above 5% (broken line) to six consecutive
residues (residues 22–27), thus identifying this part of the
peptide as prone to aggregation. PASTA (bottom) predicts
the same part of glucagon to form parallel or antiparallel
β-sheets (black and gray bars, respectively) and suggests
that the N-terminus may be involved in fibril formation.
The differences in aggregation behavior predicted by
TANGO and PASTA algorithms suggest that polymor-
phism is inherent in the glucagon sequence.
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predictions of two different aggregation propensity
algorithms offer some explanation to this behavior
as detailed below.

Packing of structural elements differs between
the two fibril morphologies

CD is affected by the local organization of the
peptide backbone and the asymmetry of the
aromatic chromophores (in glucagon's case, 2 Tyr,
2 Phe, and 1 Trp), while LD is sensitive to the
orientation of the β-sheet and the aromatic chromo-
phores relative to the fibril axis.32,35 Both CD and LD
showed significant differences between the two
morphologies. The twisted morphology had an
intriguing and unusual CD spectrum (Fig. 2),
which could indicate the presence of β-turns.30 The
straight morphology, on the other hand, was that of
classical β-sheet. These findings agree with previous
findings on glucagon as well as insulin fibrils.26 LD
confirms the cross-β model of amyloid fibrils and
shows that the aromatic rings of Trp and Tyr lie
along the fiber axis but with different environments
in the two morphologies (Fig. 3). Furthermore, LD
suggests that the straight fibril morphology is much
more rigid and/or ordered. FTIR conveys informa-
tion about conformational differences in secondary
structure, and due to the sensitivity towards β-sheet
conformations in particular, FTIR has been applied
in numerous studies to probe amyloid formation
and amyloid polymorphism.17,26,39,41,55–57 The FTIR
amide I′ spectra (Fig. 4) of fibrils of twisted
(continuous line) and straight (broken line) mor-
phology show large differences in number of peaks
and peak positions. Most notably, the differences in
the peak positions in the β-sheet region (approxi-
mately 1611–1645 cm−1) demonstrate that the very
backbone structure depends on the morphology,
with the hydrogen bonds in the twisted morphology
being weaker than those of the straight morphology.
A similar correspondence between the shift in amide
I peak position and the β-sheet twist angle has been
found in a previous study.58 Another important
observation in the spectrum of the twisted mor-
phology is the peak at 1664 cm− 1, which, in
accordance with the CD spectrum of these fibrils,
indicate the presence of β-turns. The amide II/II′
region (Fig. 4, inset) shows that despite hours of H/
D exchange in a spin filter, a peak due to N–H
bending mode of the amide group is still present in
the twisted morphology. The presence of this peak,
which is not present in the straight morphology
sample or in samples prepared in D2O glycine buffer
(data not shown), hence suggests that H/D ex-
change is substantially slower in the twisted
morphology or that water is trapped inside the
fibril. In any case, the observation that a complete
H/D exchange did not occur clearly indicates that
the twisted morphology protects a part of the fibril
structure, possibly due to a more convoluted fibril
structure than the straight morphology.

Fiber diffraction

Fiber diffraction is a useful tool to elucidate
repetitive distances within fibrils59 and, in this
study, also the overall fibril thickness of the straight
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fibrils. The diffraction patterns from fibers made
from straight and twisted fibrils were clearly
different, illustrating that fiber diffraction can be an
efficient tool to distinguish morphologies. Twisted
fibrils gave evidence of a unit cell with dimensions
4.69 Å×29.16 Å×37.9 Å. These unit cell dimensions
could accommodate the glucagon molecule in a turn
configuration as proposed previously based on an
Ala scan of the fibrillation propensity.46 Although
probably fortuitous, we find it intriguing that the CD
and FTIR experiments give some support to this turn
model as well. The multiple rings in the diffraction
pattern from the straight fibrils formed at 8 mg/mL
glucagon can, in principle, be due to a multitude of
internal periodicities in the fibers (Fig. 5). The high
uniformity of these fibers observed previously by
TEM28 prompted us to consider an alternative
explanation of higher-order scattering from identical
fibers with cylindrical symmetry. The good agree-
ment between the experimental data and the
theoretical fit (Fig. 6) indeed shows that this inter-
pretation is also consistent with data. To our
knowledge, this is the first time it has been possible
to model a fibril sample as identical cylinders.
However, note that the fitting procedure is almost
certainly an underdetermined problem; hence, the
density profilewe obtain is not unique.We arrived at
the profile by a heuristic procedure, and a different
approach probably would have given an at least
somewhat different result. However, if the fibers in
the sample had a broad distribution of widths, it
would not be possible to observe higher-order
diffraction rings at all, since the pattern would be
smeared. Hence, the fibers in the sample must have
quite uniform width if the interpretation in terms of
higher-order diffraction is correct. This implies that
the fibrils are homogeneous and have a well-defined
edge, rather than an amorphous halo whose average
density decreases smoothly away from the fibril. The
uniform structure and the electron density radius of
about 3 nm are consistent with previous TEM
observations showing the homogeneous appearance
of these fibrils with a width of about 6 nm.
Furthermore, the main assumption behind the
diffraction analysis, that the fibrils are homogeneous
and compact, is consistent with the LD observations
described above.

Polymorphism originates from differences in the
protofilament core

The fibril core is generally believed to consist of an
extended double-pleated β-sheet, which is compact
and stable compared to the residues residing outside
the core. This view of the fibril structure has emerged
through, for example, solid-state NMR,51 electron
microscopy image analysis,60 hydrogen exchange,61

and proteolytic digestion.47 For example, when
exposed to proteolytic digestion, the peptide frag-
ments outside the core will be released quickly and
the core will remain intact. This property has been
exploited to characterize the fibril structure of various
proteins, for example, lysozyme,48 apolipoprotein,62
and β2-microglobulin,49,63 as well as fibrils of the
Aβ1–40 peptide.

47,64 The proteolytic digest technique
has been used to distinguish different folding
patterns present in various fibril morphologies of
β2-microglobulin49 and is hence of special interest to
our work on glucagon fibrils. In the work on protein
fibrils, the fibril backbone is typically found to
contain only a fraction of the residues, while large
regions are at least partially unstructured and thus
exposed to proteolytic digestion. In contrast, in the
work on the 40-residue Aβ peptide, almost the entire
sequence was recovered after digest, although
cleavage sites were also found inside the fibril
core.47,61,64 In fibrils made from peptides, where
there is a need to have contiguous stretches of
peptides incorporated into the fibril for stability
reasons, it is likely that a very large part of the peptide
will be involved in the fibril backbone structure. This
could potentially make it difficult to distinguish
between morphologies by proteolytical digestion.
While the backbone fragments of the two gluca-

gon morphologies were for the most part similar
(Fig. 7), there are differences especially when
comparing their distribution after 72 h of proteolytic
digestion (Fig. 8). The straight morphology back-
bone fragments changed relatively little (Fig. 8) and
were equally distributed over the entire primary
sequence with Thr29 as the only exception (Fig. 9).
This is consistent with a very compact and stable
fibril morphology with almost the entire peptide
forming a well-protected core as evidenced by LD
and fiber diffraction. Numerous cleavage sites at the
C-terminus (after residues 21, 22, 24, and 26) but
only one at the N-terminus (after residue 9, cf., Table
2) indicate that an especially resistant part extends
from residues 1–21. This observation is the exact
opposite of the TANGO prediction (Fig. 10), which
assigns a high β-aggregation score to residues 22–
27, where most cleavages are observed, and an
aggregation score close to zero for the rest of the
sequence including the most pepsin-resistant part.
The reason for this discrepancy may be that at this
high concentration, residues 19–27 in soluble gluca-
gon may form not only a β-sheet but also an α-
helical structure.65,66 This prediction is supported by
NMR studies on non-aggregated glucagon in which
residues 17–29 are α-helical and hence not readily
available to aggregation.42 A trimer involving an α-
helical structure at the C-terminus would give
credence to PASTA, which predicts β-sheet also at
the N-terminal.
The twisted fibrils' backbone fragments were

subject to much larger pepsin-induced changes
over time than the straight fibrils. In general, the
longer fragments (1–9, 10–21, and 10–22) decreased
by 58–76%, while some shorter fragments increased
in intensity (Fig. 8 and Table 2). Most notably,
residues 1–4 increased approximately 10-fold, per-
haps at the expense of fragment 1–9. The cleavage
after residue 4 was not significant in the straight
morphology most likely owing to different structur-
al elements at the N-terminus. After extended
digestion, two regions at each end of the peptide
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(1–4 and 22–26) stand out as particularly resistant,
while residues 5–21 and especially 27–29 are readily
digested (Fig. 9). Fibrils formed at low peptide
concentration, where glucagon is predominantly
monomeric, hence follow the predictions of TANGO
and PASTA concerning the C-terminal residues.
Intriguingly, these digestion data also lend some
support to a hairpin model of glucagon fibrils with a
large fraction of β-turns, which is further supported
by our CD, FTIR, and fiber diffraction data and also
suggested by an alanine scan.46

In conclusion, we find that glucagon's polymor-
phism is perpetuated at all structural levels down to
the structural elements of the protofilament back-
bone. Glucagon's intrinsic polymorphism is nicely
highlighted by the differences in predicted aggrega-
tion behavior from the two prediction programs
TANGO and PASTA, which suggest that this
polymorphism is inherent in the glucagon sequence.
However, a full elucidation of the molecular details
underlying this polymorphism must await the
advent of atomic-resolution structures of the differ-
ent glucagon fibrils. Efforts to achieve this are
currently underway.
Materials and Methods

Glucagon fibrillation

In all experiments, pharmaceutical-grade glucagon
(Novo Nordisk, Bagsværd, Denmark) was dissolved in
0.22 μm sterile-filtered glycine/HCl buffer adjusted to
pH 2.5. To remove aggregates, we centrifuged the samples
at 32,000g for 15 min. The peptide concentration was
adjusted to 0.25 or 8 mg/mL and measured by absorbance
at 280 nm using a theoretical molar extinction coefficient
of 8250 M−1 cm−1. Samples were fibrillated at room
temperature in 96-well microtiter plates (Corning Inc.,
Corning, NY) sealed with tape pads (3M, St. Paul, MN),
and the fibrillation was measured by fluorescence. The
fluorescence plate reader (SpectraMax Gemini EM; Mo-
lecular Devices, Sunnyvale, CA) was programmed to read
every 10 min. The samples were not shaken except for the
motion of the plate during reading. Fibrillation was
followed using the intrinsic fluorescence from Trp25 and
from the fluorescent dye ThT (Sigma-Aldrich, St. Louis,
MO) added to 40 μM from a 2-mM stock solution to a
separate glucagon sample in the microtiter plate. Trypto-
phan fluorescence was measured by excitation at 300 nm,
and the blue-shifted emission spectrum was quantified by
the 330/355-nm ratio. ThT fluorescence was measured by
excitation at 444 nm and emission at 488 nm. Fibril
formation was typically completed within 48 h. The
results presented in this study are from freshly prepared
fibril solutions, but judging from a large number of
experiments using the techniques applied in this study,
the fibrillated solutions remain stable for several weeks.

CD spectra

CD spectra of freshly prepared fibrils were collected on
a spectropolarimeter (Chirascan, Applied Photophysics,
Surrey, UK) in the range from 195 to 260 nm with a step
size of 0.5 nm, a bandwidth of 1 nm, and a scan rate of
7.5 nm/min. Six repeats made up the low-concentration
spectra, while three repeats made up the high-concentra-
tion spectra, in order to improve the signal-to-noise ratio.
For both CD and LD, spectra were truncated at the point
where the high-tension voltage on the photomultiplier
tube exceeded 650 V. This is where the response for the
instrument used becomes nonlinear. The temperature was
fixed at 20 °C using the built-in temperature control.
Fibrillated samples of glucagon are generally viscous;
thus, transferring the samples into narrow cuvettes may
lead to some orientation of the fibrils. Furthermore, stray
light from large fibril floccules may distort the CD spectra.
To minimize these effects, we used quartz cuvettes with a
1-mm light path, diluted the fibrillated samples to 0.1 mg/
mL, and compared the spectra obtained to those of
ultrasonicated samples. Buffer background was sub-
tracted from each spectrum, and no additional filtering
or noise reduction was applied. The signal is reported in
mean residue ellipticity.

LD spectra

LD measurements were performed on a Jasco J715
spectropolarimeter adapted for LD measurement (Jasco
UK, Great Dunmow, UK). The sample alignment was
carried out using a micro-volume Couette cell that was
built in-house (equivalent models were available from
Kromatek, Great Dunmow, UK), using a rotation speed of
3000 rpm. All spectra were recorded using 0.25 mg/mL
glucagon; that is, the sample containing 8 mg/mL
glucagon was diluted 32-fold just prior to recording.
Spectra were measured in the range 350 to 180 nm with a
data pitch of 0.2 nm, a 1-nm bandwidth, a scanning speed
of 50 nm/min, and a 2-s response time. Sixteen spectra
were averaged for each sample or buffer baseline. Buffer
spectra were measured under the same conditions and
subtracted from the sample spectra.

FTIR

For FTIR measurements, glucagon fibrils formed at 0.25
and 8 mg/mL were concentrated and washed in D2O
(Cambridge Isotope Laboratory, Andover, MA) using spin
filters (Sartorius Vivascience, Hannover, Germany) with a
30-kDa cutoff. The filtrate did not contain measurable
amounts of protein. A 20-μL drop of the gel-like substance
remaining after several hours of filtering was transferred to
the cell consisting of two CaF2 windows separated by a
0.025-mm Teflon spacer. Spectra were acquired at room
temperature on a Bruker (Ettlingen, Germany) Vertex 70
FTIR single-beam spectrometer equipped with a MIR light
source and a DLATGS pyroelectric detector (SALEX
Galileo, Florence, Italy) after purging the sample compart-
ment with nitrogen to reduce water vapor. Sample and
solvent absorption spectra were calculated with respect to
the spectrum of the empty cell. Eachmeasurement reported
is an average of 200 spectra in the 400–4000 cm−1 rangewith
a spectral resolution of 2 cm−1. Spectra were normalized to
the D2O peak at 1200 cm−1, and the buffer spectrum was
subtracted. Absorption of the amide I′ bandwas larger than
1, avoiding the need for smoothing the spectra. Spectrawere
scaled to the amide I′ peak.Although the data reported here
are from fibril samples made in H2O glycine buffer and
subsequentlywashed inD2O, spectrameasured on samples
made in D2O glycine buffer and extracted from the pellet
after centrifugationwere similar except for small differences
in the amide II/II′ region as detailed in Results. For
comparison, a spectrumwas acquired on a freshly prepared
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15 mg/mL glucagon sample dissolved in a D2O glycine/
HCl buffer using a 0.100-mm Teflon spacer. For this
spectrum, the buffer spectrum was subtracted and the
spectrumwas smoothedusing a 9-point Savitzky andGolay
function. Peak positions were read from the spectrum.

Fiber diffraction

A drop (10 μl) of fibril sample solution was placed
between the wax-sealed ends of two glass capillary tubes
(1 mm diameter) and allowed to dry. Within a day, the
drop had dried and a narrow fiber bundle had formed. X-
ray fiber diffractograms were obtained on an R-AXIS IV++
imaging plate area detector (Rigaku Corp., Tokyo, Japan)
mounted on a rotating anode with a Cu-Kαwavelength of
1.5419 Å. Data were collected with a sample-to-detector
distance of 160 or 300 mm, and the sample was rotated
0.5° during the 20-min data acquisition. In order to avoid
diffraction from crystallized buffer salts, we collected fiber
diffractograms on freshly prepared moist fibers. Buffer
salts were also removed by washing the fibrils repeatedly
in milli-Q water (Millipore). The position of the reflections
obtained in this way was similar to the position of the
reflections observed from newly formed fibers. However,
as diffraction was generally lower from desalted fibers,
possibly due to inferior alignment of the fibrils, data
analysis was performed using the freshly prepared fibers.
Diffraction patterns were initially observed using the X-
ray crystallography programMOSFLM (CCP4). Centering
and accurate measurement of diffraction signal peaks
were performed using CLEARER.45 Exploration of possi-
ble unit cell parameters was performed using the unit cell
determination function within CLEARER.
The diffraction pattern from straight fibers as a function

of scattering vector qwas fitted to the following expression
based on the diffraction pattern expected from a plane
wave incident on a cylinder:67,68

I qð Þ = F qð Þ2 ð3Þ

F qð Þ =
Z l

0
q rð ÞJ0 2prqð Þ2prdr ð4Þ

In this expression, J0 is the Bessel function of the first kind
of order zero and ρ(r) is the electron density as a function
of the distance from the fiber center. Variations in electron
density along the fiber axis and as a function of the angle
around the fiber perimeter are ignored, as is the
interference of scattering between different fibers. Equa-
tion (4) is obtained by casting the Fraunhofer approxima-
tion in cylindrical coordinates and evaluating the angular
integral.69 In practice, we found that a reasonable fit was
obtained when ρ(r) was taken to be a piecewise linear
function in the interval 0–37.5 Å and 0 outside, and the
integral was evaluated by summation over 750 equidistant
points in the range 0–37.5 Å. The values at the following
values of r were allowed to vary: 0, 1.5, 3, 4.5, 6, 7.5, 10.5,
13.5, 16.5, 19.5, 22.5, 25.5, 28.5, 31.5, and 34.5 Å. The value
at 37.5 Å was set to zero; all other values between r=0 Å
and r=37.5 Å were obtained by linear interpolation.
Nonlinear least-squares fitting was performed by the
Optim routine in the freely available R statistics program
(The R Project for Statistical Computing†).
†http://www.r-project.org
Enzymatic digest and peptide sequencing

Fibrillated 0.25 mg/mL glucagon samples were centri-
fuged at 32,000g in Amicon Ultra-4 spin filters with a 30-
kDa cutoff (Millipore) and resuspended to ∼1 mg/mL in
sample buffer. Fibrillated 8-mg/mL samples were diluted
to 1 mg/mL in sample buffer. The fibril samples were then
digested proteolytically by mixing the 1-mg/mL fibril
solution 1:1 (w/w) with a 1-mg/mL porcine pepsin
solution (Sigma-Aldrich). The pepsin concentration was
determined by absorption measurements at 280 nm using
a theoretical molar extinction coefficient of 51,715 M−1

cm−1. Fibril samples of each morphology were digested in
96-well microtiter plates in a fluorescence plate reader at
21 °C. Due to the low thermal stability of glucagon fibrils
formed at high (N3 mg/mL) concentrations (melting
temperature, ca 32 °C),26 heating of the fibrils during
digestion must be avoided. After 1 and 72 h of pepsin
digest, samples were extracted from the microtiter plate,
and the digested fibrils were washed four times with 4 mL
sample buffer by centrifugation at 32,000g in Amicon
Ultra-4 spin filters with a 50-kDa cutoff (Millipore). This
step separates the 34.6-kDa pepsin molecules and soluble
peptide fragments from the digested fibrils. Subsequently,
the fibril pellet was resuspended in sample buffer to a
concentration of ∼1 mg/mL, and the fibrils were
dissolved by heating at 75 °C for 15 min in order to
quench the pepsin digest process. Three percent TFA was
added to a final concentration of 0.2%, and the fractions
were stored immediately at −80 °C. Peptides from both
the digestion supernatant and dissolved fibrils were
separated by RP-HPLC (Agilent Technologies, Palo Alto,
CA, model 1200) on a 15-cm reversed-phase Symmetry300
C18 column (Waters Corp., Milford, MA) with a gradient
of 5–80% aqueous acetonitrile (0.1% TFA) over 40 min at a
flow of 1 mL/min. A 100-μL sample volume was injected
on the column. The eluent was monitored at 215 nm, and
fractions were collected based on peak detection and dried
by vacuum centrifugation. A fresh sample of 1 mg/mL
monomeric undigested glucagon eluted after 18.5 mL, and
all digested samples eluted before this point. Only minute
amounts of uncleaved glucagon were detected in the
digested samples. Chromatograms were integrated using
the Agilent ChemStation software.
The peptides were identified by a combination of MS

and Edman degradation. For the MS analysis, the
fractionated peptides were redissolved in 70% acetonitrile
and analyzed by matrix-assisted laser desorption/ioniza-
tion MS using α-cyano-4-hydroxy cinnamic acid as matrix
and an Ultraflex mass spectrometer (Bruker Daltonics,
Billerica, MA) for acquisition of MS and LIFT MS/MS
spectra. Peptides were identified by comparison to a
theoretical digest of glucagon and porcine pepsin using
the BioTools software (Bruker Daltonics). For N-terminal
amino acid sequence analysis, peptides were applied to
Biobrene precycled glass-fiber filters (Applied Biosystems,
Foster City, CA) and subjected to automated Edman
degradation in an Applied Biosystems PROCISE 494 HT
sequencer with on-line HPLC (Applied Biosystems Model
120A) analysis of phenylthiohydantoins.
TANGO and PASTA prediction algorithms

TANGO incorporates five different conformational
states of the protein—β-turn, α-helix, β-sheet, the folded
state, and β-aggregates—and different energy terms,
taking into account hydrophobicity and solvation ener-
gies, electrostatic interactions, and hydrogen bonding. For

http://www.r-project.org
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each residue in a peptide, TANGO computes the percent
occupancy of the β-aggregation conformation. As a
guideline, five consecutive residues each with a score
higher than 5 have been found to be a good indicator of
aggregation propensity independently of the size of the
peptide or protein.70 TANGO scores for glucagon were
calculated using the TANGO web interface.71 A more
recent prediction algorithm, PASTA, was also applied to
the glucagon sequence. PASTA is a computational
approach based on the propensities of two residues to be
facing each other on neighboring strands in a β-sheet.72

Hence, the basic assumption is that the same interactions
found in structures of known globular proteins are also
found in the fibril backbone. The method assigns energy
scores to fragments of the same length from the peptide in
both parallel and antiparallel orientations. Compared to
other algorithms, PASTA is able to predict the registry of
the intermolecular hydrogen bonds between fibril-prone
sequences and also to discriminate between parallel and
antiparallel β-strand configurations. PASTA was imple-
mented as an SPL (SYBYL programming language) script
in the commercial software SYBYL 8.0 (Tripos, St. Louis,
MO) according to the method described by Trovato et al.72

The energy terms ɛi,j
p(L) and ɛi,j

a(L) in Eqs. (2) and (3) of Ref.
72 were the PASTA energy scores for a particular peptide
sequence in a parallel or antiparallel configuration,
respectively.
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