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GRAPHICAL ABSTRACT

* Murine amylin spontaneously associate
in low and high order oligomers.

e Murine amylin forms aggregates with
amyloid fibril morphology.

* Proline-rich amylin is also capable to
form amyloid structures in vitro.
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Amylin is a pancreatic hormone co-secreted with insulin. Human amylin has been shown to form dimers
and exhibit high propensity for amyloid fibril formation. We observed the ability of the water-soluble
murine amylin to aggregate in water resulting in an insoluble material with Thioflavin T binding properties.
Infrared spectroscopy analysis revealed beta-sheet components in the aggregated murine amylin. Morpho-
logical analysis by transmission electron microscopy and atomic force microscopy provided access to the fi-
bril nature of the murine amylin aggregate which is similar to amyloid fibrils from human amylin. X-ray
diffraction of the murine amylin fibrils showed peaks at 4.7 A and 10 A, a fingerprint for amyloid fibrils.
Electron spray ionization-ion mobility spectroscopy-mass spectrometry (ESI-IMS-MS) analysis and
crosslinking assays revealed self-association intermediates of murine amylin into high order oligomeric assem-
blies. These data demonstrate the stepwise association mechanism of murine amylin into stable oligomers,
which ultimately converges to its organization into amyloid fibrils.

© 2013 Elsevier B.V. All rights reserved.

Abbreviations: 1APP, islet amyloid polypeptide; ESI-IMS-MS, Electrospray lonization—

1. Introduction

Amylin (also known as islet amyloid polypeptide, IAPP) was dis-

Ion Mobility Spectrometry-Mass Spectrometry.
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covered from amyloid deposit in pancreas by two independent
groups [1,2]. Amyloid deposits of amylin can be found in pancreas
of both diabetic and normal individuals, as well as in individuals
with insulinoma [3]. The 37 amino acid peptide, amidated and with
a disulfide bond between Cys2 and Cys7, is cosecreted with insulin
[4] and displays several physiological functions including regulation


http://dx.doi.org/10.1016/j.bpc.2013.07.013
mailto:LML@UFRJ.BR
http://dx.doi.org/10.1016/j.bpc.2013.07.013
http://www.sciencedirect.com/science/journal/03014622
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpc.2013.07.013&domain=pdf

136 L.C. Palmieri et al. / Biophysical Chemistry 180-181 (2013) 135-144

of food intake, satiety, gastric emptying, regulation of glucose and
lactate homeostasis, among others [5-8].

Human amylin displays restricted solubility in aqueous milieu, in
the nanomolar concentration range [9]. Human and murine amylin
are very similar, differing only in four amino acids, His'® and
Pro®>2829 Proline-rich amylin variants display enhanced aqueous solu-
bility [10]. It has been suggested that proline-rich variants of amylin in
the segment comprising residues 20-29 are not prone to aggregation,
and this feature would correlate with the propensity for amyloid depo-
sition in vivo in mammalians [10,11]. However, metabolic disturbance
in beta cells could also exert important roles in the formation of amyloid
deposits containing non-proline-rich amylin [12].

These features have inspired the strategy behind the development of
amylin derivatives [ 13,14] and amylinomimetic compounds, such as the
triple mutant Pro®>2%2° amylin analog named pramlintide, available
since 2005 in the therapeutic practice for mimicking the post-prandial
amylin levels in diabetic individuals [15,16]. Despite the enhanced
solubility of the proline-rich variants, evidences have been found
elsewhere that such human amylin analog peptides are prone to as-
sembly into amyloid fibrils. Segments 8-20 and 14-20 of human amylin
are able to form amyloid fibrils [17,18]. Also, it has been found that the
equivalent segment of murine amylin spanning amino acids 8-20 (dif-
fering from human amylin solely by the His'®) also forms amyloid fi-
brils [18]. A peptide comprising the region 30-37, which share the
same sequence in both human and murine amylin, also can be struc-
tured into amyloid fibrils [19]. Single-point mutation in the murine
amylin sequence enhances the propensity for amyloid formation in
murine amylin [20]. In fact, murine amylin has been found to form am-
yloid fibrils under very particular circumstances, by dissolving lyophi-
lized amylin directly with Tris-HCI buffer pH 7.4, while attempts to
dissolve with water or phosphate buffered saline did not result into am-
yloid fibrils [21]. Moreover, formation of murine amylin amyloid assem-
blies has been reported with discretion in the literature [20,22], and so
far these data have not received much attention.

The collected evidences concerning amyloid fibrils formation from
murine amylin fragments have been indicative that murine amylin
can in fact perform homoassociation, resulting in the assembly of high
order oligomers that ultimately could result in the formation of amyloid
fibrils. However, the lack of experimental evidences for such intermedi-
ates and the lack of detection of amyloid deposits in rodent has been
used as an excluding criteria in the assignment of murine amylin as an
amyloidogenic peptide.

Amyloid assembly requires extensive conformational conversion
and association of protein subunits into oligomeric assemblies which
ultimately will acquire a final amyloid fibril conformation [23-28].
Indeed, evidence from distinct groups using varying methods have
demonstrated the association of amylin into dimers, both murine
and human amylin variants [23,29-36]. However, higher order asso-
ciation species have not been described, which has limited the de-
scription of a pathway for amyloid formation.

In this work we report the characterization of murine amylin self-
association and amyloid fibril formation in the absence of molecular co-
factors. In another aspect, our data elicits an equilibrium transition be-
tween a large conformational variability of amylin monomers and an
ensemble of higher order oligomers. We discuss the self-association
and further amyloid fibril formation as a general propensity of amylin,
which might be under tight control of homeostasis in vivo which is like-
ly to rule over the prevention of amylin amyloid aggregation.

2. Material and methods
2.1. Reagents
Murine (molecular weight 3920.045 Da; lot 129962001070611XB)

and human (molecular weight 3903.33 Da; lot 81709XB) amylin
(CAS 122384-88-7), carboxy-amidated and with a disulfide bond

between C2 and C7 were obtained from GenScript and Genemed
(murine amylin, lot 87506). The purity and identity were confirmed
by electron-spray-ionization-mass-spectrometry (ESI-MS), Matrix-
Assisted Laser Desorption-Time of Flight-Mass Spectrometry (MALDI-
ToF-MS) analysis, SDS-PAGE and C18-reversed-phase HPLC, both by the
manufacturer and the present authors (data not shown). Dry peptides
were stored at —20 °C until use, and once in solution they were kept at
4 °C unless otherwise stated in the text. Type | water was obtained from
distilled water by deionizing to less than 1.0 uS and filtered through a
0.22 um pore-size membrane in a water purification system (milliQ Aca-
demic; Merck-Millipore, Brazil) immediately prior to use. All other re-
agents were of analytical grade. All buffers and solutions were prepared
immediately prior use.

2.2. Crosslinking analysis

Crosslinking was performed by incubation of 40 pug murine amylin
with 0.5% v/v glutaraldehyde for 30 min in 15 pL total volume and
followed by 22.5% polyacrylamide gel electrophoresis (PAGE) contain-
ing 0.01% sodium dodecylsulfate (SDS) [37]. The gels were stained
with Coomassie brilliant blue R-250 and then digitalized for further
data analysis through integration using Image] [38]. Peak analysis was
performed through a curve-fitting and integration routine using Fityk
[39], assuming Gaussian functions for each peak.

2.3. Electrospray ionization-ion mobility spectrometry-mass spectrometry
(ESI-IMS-MS)

ESI-IMS-MS measurements were performed in a MALDI-Synapt G1
(Waters Brazil) high definition mass spectrometer (HDMS) quadrupole-
traveling wave mass spectrometer. Amylin samples were diluted to
0.5 mg/mL final concentration in 100 mM ammonium acetate buffered
to pH 7.4 from 10 mg/mL stock solution, and injected at a rate of
100 nL/min, using a positive ESI with a capillary voltage of 2.8 kV and
N,g at 0.4 bar. Data were acquired over the range of m/z 500 to 3000
for 20 min per acquisition with repeated 3 s acquisition time per point.
Mass calibration was performed on a dynamic mode with phosphoric
acid. Other typical instrumental settings are as described previously
[40]. Data were analyzed using DriftScope 2.1 [41] (Waters Corporation,
Brazil) and MassLynx 4.1 (Waters Corporation, Brazil). Human amylin
shows thus a very weak signal in the ESI-MS at aqueous buffer pH 7.4
due to a fast amyloid aggregation, as also previously reported [42], and
thus a detailed ESI-IMS-MS characterization of the human amylin in sim-
ilar conditions of measurements performed for murine amylin was not
possible.

2.4. Atomic force microscopy (AFM)

Murine and human amylin (10 mg/mL in water) were left stand to
aggregate for 1 day at 25 °C and followed by dilution to 8 pg/mL with
water. From each sample 20 pL was separately applied onto freshly
cleaved muscovite mica and allowed to air dry at 40% relative humidity.
Samples were imaged by AFM (JPK Nanowizard I, JPK Instruments AG)
operating in intermittent contact mode, using conventional silicon canti-
levers (OLTESPA — Bruker Probes) at room temperature. Several images
were acquired at different regions to assess the homogeneity along the
surface of the samples. Images were acquired at resolution 512 x 512
pixels. AFM data analysis was performed using the software WSxM [43].

2.5. Transmission electron microscopy (TEM)

Murine and human amylin dispersed in water at 1 mg/mL were di-
luted to 100 pg/mL with water and placed on a carbon-coated grid for
5 min, blotted to remove excess material, and stained for 2 min with a
2% solution of uranyl acetate prepared in water. Images were digitally
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collected with a Jeol 1200 electron microscope (Jeol Ltd., Tokyo, Japan)
operating at 80 kV.

2.6. Attenuated total reflectance Fourier-transformed infrared spectroscopy
(ATR-FTIR)

Fourier-transformed infrared spectroscopy was performed by using
a total attenuated reflectance with a trapezoidal germanium crystal in a
Nicolet 6700 FTIR spectrometer (Thermo Scientific, WI, USA) equipped
with a liquid-nitrogen-cooled MCT (HgCdTe) detector, with 128 inter-
ferograms in a4 cm™ ! resolution, under a continuously purged Ny at-
mosphere. Murine and human amylin samples were measured directly
from the undissolved, solid synthetic peptide or after dispersing with
water (for the formation of amyloid fibrils) for 10 mg/mL final concen-
tration, flash-frozen with liquid nitrogen and lyophilized. Spectra were
base-line corrected and normalized for the amide I, Il or IIl bands be-
tween 1800 and 1300 cm~ . 2nd derivative spectra were calculated
after base-line correction, by using Norris derivative routine with seg-
ment lengths of 5 and 5 gaps between segments. All data processing
was performed with Omnic 8 suite (Thermo Fisher Sci Inc., USA).

2.7. Thioflavin binding assay

Thioflavin T binding to amyloid fibrils was performed by incubation
for 5 min of the preformed fibril aggregates of human or murine amylin
(50 UM total protein) with ThT binding buffer (10 mM NaH,PO,,
pH 7.4) and 70 uM ThT. Fluorescence spectra was collected in a Jasco
FP-6300 spectrofluorimeter (Jasco Corporation, Brazil) by setting excita-
tion in 440 nm and emission recorded between 460 and 600 nm at 25 °C.

2.8. X-ray diffraction

Samples of amylin fiber (10 mg/mL in water) were deposited in a
silanized glass slide and allowed to air dry, and the resulting protein de-
posit was lifted off and subjected to X-ray diffraction at 25 °C as described
previously [44] with a phi-scan of 60° in 60 s by using CuKox (1.5418 A)
radiation generated by a NOVA source installed in a SuperNova diffrac-
tometer (Agilent) operated at 40 W (50 kV and 0.8 mA), and recorded
on a Titan (Agilent) CCD area detector with 1024 x 1024 pixels resolu-
tion (2 x 2 binning). The images were processed with CrysAlisPro [45].

3. Results
3.1. Thioflavin T binding to aggregated amylin

Synthetic human and murine amylin are both freely soluble in or-
ganic solvents such as TFE, HFIP and DMSO. However, human amylin
shows limited solubility in aqueous milieu in the nanomolar concentra-
tion range [9]. Instead, murine amylin and other proline-rich analogs
are more prone to solubilization in aqueous solution [10]. However,
wild-type murine amylin has been shown to bind thioflavin T (ThT)
[20,22], a known dye indicative for amyloid fibrils [46]. We have
attempted to solubilize high-purity synthetic murine amylin with type
[ water at room temperature with gentle hand mixing and observed
that a few batches from distinct manufacturers eventually did not un-
dergo complete solubilization in water. We evaluated the thioflavin T
(ThT) binding property of these samples from murine and human
amylin in water. Both murine and human amylin displayed ThT-
binding properties as shown by the increase in the fluorescence intensi-
ty at 480 nm compared to control, suggesting the presence of amyloid
fibrils or any other organized aggregated species (Fig. 1). Differences
in the total amount of ordered aggregates, binding site number, affinity,
and quantum yield, intrinsically dependent on the identity of the pep-
tide subunits, could explain differences in fluorescence intensity of
ThT bound to aggregates of human or murine amylin [46].

3.2. Fourier-transformed infrared spectroscopy of aggregated murine amylin

In order to gain insight on the secondary structure content of both
murine and human amylin we have performed Fourier-transformed
infrared spectroscopy (FTIR) in the dry samples before and after a
cycle of water suspension-aggregation-lyophilization. The amide I
band comprised between 1600 and 1700 cm™! is sensitive to
changes in secondary structure contents in protein, in particular to
beta-sheet structures characteristic of beta-sheets in amyloid fibrils,
with absorption maximum at about 1620 cm™ ' [47,48].

The original dry powder of purified peptide of human amylin, prior
of any dissolution, showed a similar peak at 1660 cm ™! and an intense
absorption peak at 1620 cm™ !, indicative of p-sheet structure. This pro-
file is in consonance with the previously described human amylin amide
I FTIR spectra [49]. The lack of either a maximum or a shoulder at
1673 cm™ ! is indicative of the absence of high level of remaining TFA
from synthesis [49,50] (Fig. 2). Human amylin was then dispersed in
water (for 10 mg/mL final concentration) for the induction of aggrega-
tion and allowed to equilibrate for 1 day, followed by lyophilization and
FTIR measurements. The water-induced aggregate exhibited FTIR spec-
trum similar to the original peptide assayed as provided from synthesis
and purification (Fig. 2A and B).

The original dry powder of purified peptide of murine amylin,
prior of any dissolution, showed a FTIR spectrum with maximum at
1660 cm™ !, characteristic of structures in turns (Fig. 2). No further
shoulder was observed in the amide I region, as suggested by the ab-
sence of additional peaks in the 2nd derivative spectra (Fig. 2B).
Upon dispersion in water (for 10 mg/mL final concentration) followed
by equilibration and lyophilization, the FTIR spectra of the murine
amylin revealed the appearance of an intense shoulder at about
1625 cm™ !, at a spectral region characteristic of 3-sheet amyloid struc-
tures [19,48]. Calculating the 2nd derivative of the original spectrum al-
lows a more detailed analysis, in which peaks and shoulders become
more pronounced. In Fig. 2B we show the 2nd derivative spectra, re-
vealing the sharp minimum at 1625 cm™! in the aggregated murine
amylin, indicative of the appearance of [3-sheet structural elements,
which is absent in the original non-aggregated murine amylin. The ap-
pearance of this 3-sheet spectral contribution in the aggregated murine
amylin FTIR absorption spectra suggests the formation of 3-sheet ele-
ments upon hydration, not observed in the original powder of the syn-
thetic peptide.

Human
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Fig. 1. Characterization of amylin aggregates by thioflavin T binding properties. Lyophilized
murine and human amylin were diluted for 50 uM from a stock in water (at 10 mg/mL) in
ThTbinding buffer in the presence of 70 uM ThT, and allowed to incubate for 5 min at 25 °C.
The ThT binding was evaluated by measuring the fluorescence emission with excitation at
440 nm. Details in the Material and methods section.
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Fig. 2. FTIR measurements of murine and human amylin. Synthetic murine (black lines) and human amylin (gray lines) were dispersed with type I water for a concentration of 2.5 mM
(10 mg/mL) and allowed to aggregate for 1 day at 25 °C. The samples were flash freeze with liquid nitrogen and immediately lyophilized. Dry samples were directly used for ATR-FTIR
measurements, both the amylin direct from synthesis and purification (solid lines, “Powder”) and after a cycle of water suspension and lyophilization (dashed lines, “Aggregated”).
A) Zero order spectrum; B) 2nd derivative spectrum. Details in the Material and methods section.

3.3. Morphologic characterization of aggregated amylin by transmission we have found distinct morphologic distribution, consisting of dense

electron microscopy (TEM) amount of straight mature fibrils and thinner protofibrils (Fig. 3A and

B), both similar to previously reported polymorphic nature of the

We have performed transmission electron microscopy analysis of the human amylin fibrils [18,51,52]. No differences were observed in fibrils

aggregated murine and human amylin to characterize their morphology. obtained from murine amylin incubated for 1 day (Fig. 3C and D) or
Both samples displayed typical amyloid fibrils (Fig. 3). For human amylin 30 days (Fig. 3E and F).

human

murine

1 month 4 months

Fig. 3. TEM measurements of amyloid fibrils from murine and human amylin. Synthetic human (A and B) and murine (C, D, E and F) amylin were dissolved with type [ water for a concentration
of 2.5 mM (10 mg/mL) and allowed to aggregate for varying period of time: 1 day for human amylin (A and B) and 2 h (C), 1 day (D), 1 month (E) and 4 months (F) for murine amylin. At the
indicated period of time, the samples were diluted and immediately prepared for TEM as described in the Material and methods section. Scale bars are depicted in their respective panels.


image of Fig.�2
image of Fig.�3

L.C. Palmieri et al. / Biophysical Chemistry 180-181 (2013) 135-144 139

Murine

300nm
Ty

Human

600#m
e |

300nm
{1 o e g |

C

height (nm)

0 50 100 150 200 250 300 350 400
lateral distance (nm)
F

7 ]
6 ]

S

T T T T

0 50 100 150 200 250 300 360 400
lateral distance (nm)

25 nm

height (nm)

Fig. 4. AFM measurements of amyloid fibrils from murine and human amylin. Synthetic murine (A, B and C) and human (D, E and F) amylin were dissolved with type I water for a con-
centration of 2.5 mM (10 mg/mL) and allowed to aggregate for at least 1 day at 25 °C. The samples were diluted to a final concentration of 8 pg/mL and 20 pL were dispersed into freshly
cleaved muscovite mica and allowed to dry under humidity of about 40% for 72 h before AFM measurements. (C) and (F) are height measurements of the amyloid fibrils as depicted with
lines in panels (B) (murine amylin) and (E) (human amylin), respectively. The vertical scales from gray to white correspond to an overall height of 25 nm.

3.4. Atomic force microscopy analysis of amylin amyloid fibrils

Morphological analysis of the murine and human amylin was fur-
ther performed by AFM, which allows direct assessment of fibril di-
mensions. As observed by TEM, murine amylin was showed in the
AFM fibrils as long as 500 nm or longer (Fig. 4A, B), with a height
of about 5 nm (Fig. 4C). The murine amylin fibrils were similar in
morphology to the human amylin fibrils (Fig. 4D, E), which also
showed long unbranched fibrils with heights between 4 and 6 nm
(Fig. 4E and F), compatible with typical characteristics of human
amylin as previously characterized by AFM and reported elsewhere
[51,53].

3.5. X-ray diffraction of murine and human amyloid fibrils

Further confirmation of the amyloid nature of the aggregated mu-
rine and human amylin was performed by X-ray diffraction (XRD).
Amyloid fibrils have been shown to exhibit characteristic diffraction
pattern, with strong diffraction at 4.7 A and a diffuse halo at about
10 A, as observed from the XRD pattern of amyloid fibrils from vary-
ing proteins including amylin and amylin peptides [11,18,44,54-57].

A water suspension of each amylin fibril sample was deposited in
glass slides and air dried. The nonoriented (randomly distributed)
aggregated material was subjected to X-ray diffraction at room tem-
perature by using CuKox (1.5418 A) X-ray. A diffraction pattern was

120

474 C

Intensity, A. U.

0 | I S h

10 1

d spacing, A

Fig. 5. X-ray diffraction pattern of nonoriented amyloid fibril from murine and human amylin. Murine (A) and human (BO amylin aggregate films were subjected to X-ray diffraction with
CuKa radiation at room temperature. A and B) Diffraction image (arrow heads indicate the 4.7 A and 10 A diffraction rings); C) diffractogram (diffraction intensity as a function of the
Bragg d-spacing) for murine (M) and human (H) amylin diffraction pattern from panels A and B respectively, and control (C) background + support. Diffuse scattering was evaluated

in the absence of sample (control). Details in the Material and methods section.
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Fig. 6. Electrospray ionization/ion mobility/mass spectra of amylin. Murine amylin (10 pM in 100 mM ammonium acetate, pH 7.4) was subjected to ESI-IS-MS measurements. Letters state for
the oligomeric species as depicted in legend inside the figure, and numbers following ‘plus’ signal are indicative of ion charge. Identification is located at the low-right side of their corresponding
signals (more than one in case of multiple conformers, as depicted in Figs. 7, 8 and Table 1). Data in the 2D IMS-MS map are in log scale. At the top the total ESI-MS spectrum is shown.
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Fig. 7. lon mobility/mass spectrometry analysis of amylin. Murine amylin was previously dissolved in DMSO at 10 mg/mL followed by dilution to 10 uM in aqueous buffer (100 mM am-
monium acetate, pH 7.4) and subjected to ESI-IMS-MS measurements as described in the Material and methods section. A) Detailed view of the m/z 1960 ion; B) ion mobility spectra for
the m/z 1960 ion, revealing three components at drift times 9 ms (z/n = +6/3), 10 ms (z/n = +4/2) and 16 ms (z/n = +2/1); C) mass spectra of the z/n = +2/1 ion (monomer);
D) mass spectra of the z/n = +4/2 ion (dimer); and E) mass spectra of the z/n = +6/3 ion (trimer).
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observed (Fig. 5), with major components at 10 A and 4.7 A (Fig. A
and B, arrows heads), which compose a signature pattern of amyloid
fibril of proteins, for both murine (Fig. 5A; C, “M”) and human
(Fig. 5B; C, “H”) amylin.

3.6. Electrospray ionization-ion mobility spectroscopy-mass spectrometry
(ESI-IMS-MS) analysis of murine amylin

Routine quality assurance analysis report from varying batches of
human amylin provided by peptide manufactures typically show multi-
ple ions by ESI-MS, including the ions of about 1560 m/z and about
1114 m/z for dimers z/n = + 5/2 and z/n = +7/2, respectively, and
their corresponding ions for dimers z/n = + 5/2 and z/n = +7/2 for
murine amylin. These data have long been indicative of the propensity
for amylin dimerization.

The additional use of the ion mobility spectroscopy coupled to
electrospray ionization-mass spectroscopy (ESI-IMS-MS) has also
been used for further characterization of both the monomeric [34]
and dimeric [36] amylin conformers. These works have contributed to
intervalidate the previous evidences for a dimeric amylin species also
shown by other techniques such as crystallography, molecular dynamic
simulation, crosslinking and pull-down [23,29-36]. The dimeric amylin
species has been attributed to be in the pathway for early oligomeriza-
tion and amyloid formation of amylin. However, the subsequent steps
in the assembly of amyloid fibril is still unclear [36]. The demonstration
of a stepwise assembly of amylin in an organized pathway would be de-
sirable for the description of the mechanism of amyloid fibril formation.
However, the progressive amylin association into higher order molecu-
lar weight oligomers has not been previously demonstrated.

In order to gain insight in further distribution of supramolecular as-
semblies of amylin in aqueous solution, we have conducted high-
definition electrospray ionization-ion mobility spectrometry-mass
spectrometry (ESI-IMS-MS) measurements. IMS-MS allows the separa-
tion of the spectral congestion typical of ESI resulted by multiple charged
species and oligomeric species, allowing the identification and accurate
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Table 1

Distribution in the apparent number of oligomeric conformers of murine amylin. Apparent
number of conformations (*) for each amylin ion as depicted from the drift time spectra in
the ESI-IMS-MS analysis.

n\z +2 +3 +4 +5 +6 +7
[Amylin], * ox . ok

[Amylin], * ok ok o
[Amylin]3 o * *
[Amylin], *

measurement of molecular ionic species in a polydisperse system
[40,58-63].

Murine amylin at 10 uM in aqueous buffer (100 mM ammonium ac-
etate, pH 7.4) was subjected to ESI-IMS-MS, revealing a complex ion
distribution in the m/z space (Fig. 6). The drift space revealed three
major populations for the m/z 1960 (Fig. 7A), with means 9, 10 and
16 ms (Fig. 7B), indicating that the m/z 1960 is copopulated by dissim-
ilar amylin species. We have applied a stripping in the drift space spec-
tra at the 1960 m/z region, revealing 42 monomer (Fig. 7C), +4 dimer
(Fig. 7D) and + 6 trimer (Fig. 7E).

Further analysis of the ESI-IMS-MS data allowed the characterization
of three + 7 ions, corresponding to dimer (Fig. 8A and B), trimer (Fig. 8C
and D) and tetramer (Fig. 8E and F). The ion mobility spectra allowed
the observation of two well-defined components for the z/n +7/2 ion,
with drift times 6.5 ms and 7 ms (Fig. 8A), revealing thus two distinct
dimer populations with charge + 7.

We could detect amylin as monomer, dimers, trimers and tetramers,
with charge varying from +2 to +7. Some ions such as z/n = +7/2
(Fig. 8A) showed two or three distributions as inferred from the distinct
population in the ion mobility spectra, indicating same oligomeric order
displaying distinct conformations. We have further prospected the con-
tribution of other oligomeric species for each possible m/z value,
allowing establishing a perspective view of the oligomeric and ionic dis-
tribution of amylin (Table 1). We have observed a progressive reduction
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Fig. 8. lon mobility/mass spectrometry analysis of the 47 ions of amylin. Murine amylin was previously dissolved in DMSO at 10 mg/mL followed by dilution to 10 pM in aqueous buffer
(100 mM ammonium acetate, pH 7.4) and allowed to ESI-IMS-MS measurements. lon mobility spectra (A, C and E) and mass spectra (B, D and F) of the ions z/n = +7/2 (dimer; A and B)

z/n = +7/3 ion (trimer; C and D) and z/n = +7/4 ion (tetramer; E and F).
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Fig. 9. Crosslinking of murine amylin. Murine amylin was crosslinked with glutaraldehyde (0.5% v/v) and the conjugation products were resolved in 22.5% SDS-PAGE. A) Digitalized gel
(numbers at left side are MW in kDa from ladder run in the same SDS-PAGE); B) densitometry analysis (dots) and peak fitting (continuous lines); and C) analysis of the peak area as a
function of the murine amylin crosslinking product. The details are described in the Material and methods section.

in the number of possible conformers as a function of the increasing
oligomeric order, from a large distribution of monomers, with one,
two and three conformers, to only one for the tetrameric amylin. A
detailed estimative of the individual collision cross-section ) could
not be performed since it requires known or simulated structures
with approximation for mean apparent density, and amylin displays
a large conformational variability according to its milieu as
evidenced by crystallography, NMR and molecular dynamic studies
[31,36,64-70]. Instead, inspection of the conformational distribution
of amylin oligomers indicates a steep reduction in the number of
structural species as a function of the increase in the association
order.

Aiming to obtain further evidences of the progressive association of
murine amylin into higher order oligomers, we performed crosslinking
assay in solution. A previous crosslinking study has shown the existence
of a dimer of human amylin, which is related to an amyloid aggregation
pathway [31]. Using similar protocol we have found at least 5 oligomers
including the monomer (Fig. 9), demonstrating a stepwise association
of murine amylin. This data indicate that the murine amylin is capable
of performing association into dimers and higher order oligomers.

Collectively, these data suggest that amylin in solution comprises a
large ensemble of conformers and oligomeric assemblies. The confor-
mational distribution in monomeric and low order oligomeric assem-
blies might be a search in the conformational space for an adaptable
response for each molecular partner, such as insulin, apolipoprotein E,
c-peptide, proteoglycans, membrane components and zinc [71-85].
The progressive amylin self-association into species of increasing oligo-
meric order (Table 1) could be the preceding steps in the nucleation
phase for amyloid fibril grow. We believe that these stable high order
assemblies might be the result from the stepwise association of amylin
monomers, progressively decreasing the conformational dispersion
which culminates into a well-defined structure, which thus would
pave the steps on the course of amyloid fibril formation.

4. Conclusion

The data presented here demonstrates the ability of murine amylin
to associate into high order assemblies in solution, which can result in
oligomers and further amyloid fibril formation. Amylin is estimated to
be present in the secretory granules at high concentration range [86].
Based on the current data, we envision that amylin association and fibril
formation might be a natural phenomenon that could occur in solution,
in addition to the molecular conversion mediated by lipid interfaces
[87]. Further proteomics and metabolomics studies may assist in the

establishment of novel insights in the physiopathology of the pancreatic
amyloid deposits and the onset of diabetes.
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