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amylin fibrillization and regulates
insulin secretion: implications on diabetes and
migraine†

Amber L. H. Gray, ‡a Aleksandra Antevska,‡a Benjamin A. Link,§a Bryan Bogin,bc

Susan J. Burke,d Samuel D. Dupuy,f J. Jason Collier,e Zachary A. Levine,bc

Michael D. Karlstadf and Thanh D. Do *a

Despite being relatively benign and not an indicative signature of toxicity, fibril formation and fibrillar

structures continue to be key factors in assessing the structure–function relationship in protein

aggregation diseases. The inability to capture molecular cross-talk among key players at the tissue level

before fibril formation greatly accounts for the missing link toward the development of an efficacious

therapeutic intervention for Type II diabetes mellitus (T2DM). We show that human a-calcitonin gene-

related peptide (a-CGRP) remodeled amylin fibrillization. Furthermore, while CGRP and/or amylin

monomers reduce the secretion of both mouse Ins1 and Ins2 proteins, CGRP oligomers have a reverse

effect on Ins1. Genetically reduced Ins2, the orthologous version of human insulin, has been shown to

enhance insulin sensitivity and extend the life-span in old female mice. Beyond the mechanistic insights,

our data suggest that CGRP regulates insulin secretion and lowers the risk of T2DM. Our result

rationalizes how migraine might be protective against T2DM. We envision the new paradigm of

CGRP : amylin interactions as a pivotal aspect for T2DM diagnostics and therapeutics. Maintaining a low

level of amylin while increasing the level of CGRP could become a viable approach toward T2DM

prevention and treatment.
Introduction

The onset and progression of many neurodegenerative diseases
and chronic metabolic disorders are correlated with the accu-
mulation of insoluble proteinaceous deposits.1–4 The oligomeric
antecedents have been considered as the cause of disease
pathogenesis due to their cytotoxicity.5–9 The possible toxic
species are not limited to oligomers of individual proteins but
cross-seeding of several distinct species.10–13 Thus, it is
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important to account for the intervention of molecules present
in the same environment and how they possibly affect the
aggregation. When two peptides co-assemble, the new system
may acquire unique properties that neither homologous coun-
terparts could have, including cytotoxicity and/or aggressive
brillization,10,14,15 which can contribute to or exacerbate
disease pathology.

For example, the pancreatic islets secrete several important
prohormones to regulate blood glucose levels. Amylin, also
known as islet amyloid polypeptide, is a 37-residue regulatory
peptide belonging to the calcitonin peptide family and is co-
secreted with insulin from pancreatic b-cells.16–18 Amylin plays
a role in glycemic regulation through delaying gastric emptying,
promoting satiety, and suppressing insulin secretion. Amylin
aggregation has long been considered a hallmark of type-2
diabetes mellitus (T2DM).19,20 Human amylin is an insulin
suppressor of which aggregates damage islet-cells,21,22 whereas
rodent amylin, which is non-amyloidogenic, is not a modulator
of insulin biosynthesis or secretion.23 There are several
hypotheses on what can trigger amylin aggregation (e.g., pH,24,25

Zn2+ concentration,26–29 impaired insulin secretion,26,30,31 etc.),
but there have been limited studies on the roles of calcitonin
gene-related peptides (CGRPs) in the process.

Within the calcitonin gene family, CGRPs are widely
expressed in the brain, spinal cord, and pancreas.32 Two major
Chem. Sci., 2021, 12, 5853–5864 | 5853
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isoforms of CGRPs are a-CGRP and b-CGRP, which have been
identied and are encoded from two distinct genes.33,34 a-CGRP
is found primarily in the central nervous system and peripheral
nervous system tissues while b-CGRP is predominately located
in the enteric nervous system.35 Despite these differences, a-
and b-CGRPs are both released from the sensory nerves36 and in
a subpopulation of d-cells of islets.37 CGRPs play an important
role in both neural and vascular actions.38,39

On the other hand, anti-CGRP treatments were recently
approved to prevent and treat migrane,40 a disease that may
reduce the risk of T2DM.41 In migraine, sensory nerve bers
convey the “pain” signal to the brain and evoke the release of
vasoactive peptides including CGRPs.42,43 Therefore, the bio-
logical role of CGRPs certainly deserves thorough investigation
in a broad context.

CGRPs and amylin share high sequence similarity (Scheme
1). Similar to amylin, CGRPs also inhibit insulin secretion in
both rodent and pigs,44–47 possibly through interactions with b-
cell receptors such as RDC1 and CRLR;96 however, in a few
studies, they were shown to stimulate insulin secretion.48–50

Both peptides induce several proinammatory actions. For
example, both can dilate blood vessels51 and compete for
binding sites in the brain, skeletal muscle, and liver.52

Surprisingly, their possible roles and synergistic effects in
T2DM have not been thoroughly explored.

Studies of protein aggregation and characterization of olig-
omers existing in a dynamic equilibrium require sensitive
analytical techniques capable of simultaneously isolating indi-
vidual species. Ion mobility spectrometry-mass spectrometry
(IMS-MS) has been demonstrated as a reliable technique for this
task.53–55 In IMS-MS, oligomers are identied via orthogonal
mass to charge (m/z) and dri time dimensions; the latter can
yield valuable structural information. Amylin has been exten-
sively studied with IMS-MS,30,56–60 and the main focus lies on
structures of the monomers and dimers.30,57,58,60 Here, in addi-
tion to traditional IMS-MS analysis of amylin and CGRP homo-
and hetero-oligomers in solution, we perform liquid chroma-
tography (LC)-IMS-MS of single mouse islets incubated with
each peptide or their mixture to evaluate their synergistic effect
Scheme 1 Primary sequences of CGRPs (red), amylin, (blue), and
insulin (green). For mouse insulins, the residual difference between
Ins1 and Ins2 is indicated in bold. In this work, we study human a-
CGRP and human amylin.

5854 | Chem. Sci., 2021, 12, 5853–5864
on insulin secretion. This work is further complemented by
atomistic replica exchange molecular dynamics (REMD) simu-
lations, transmission electron microscopy (TEM), and through
evaluating multiple pathways of toxicity using cultured mouse
b-cells. In this contribution, we provide a comprehensive view
on how CGRP disrupts amylin brillization, and at the same
time, how CGRP regulates secretion of mouse Ins1 and Ins2
proteins, with implications on the protective effect of migraine
against T2DM.

Materials and methods
Ion mobility spectrometry-mass spectrometry

The chemicals were purchased and used without further puri-
cation. Human amylin and human a-CGRP peptides were
purchased from AnaSpec (California, USA) at 98% purity. The
peptide powders were pretreated with hexauoroisopropanol
(TCI America) and the solvents were le to evaporate in
a desiccator overnight. Prior to IMS-MS analysis, stocks of each
peptide were prepared by reconstituting the lyophilized peptide
in LC-grade water (Honeywell) and diluting to 10 mM in a buffer
of 20 mM ammonium acetate (VWR) pH ¼ 6.8. The amy-
lin : CGRP mixture was prepared by mixing the two peptide
stocks in a 1 : 1 ratio and diluting the solution with 20 mM
ammonium acetate to the nal concentration of each peptide of
5 mM. For the peptide samples containing ZnCl2, we used 50 : 50
methanol : H2O instead of ammonium acetate. IMS-MS exper-
iments were performed on an Agilent 6560 IMS-QTOF (Agilent,
Santa Clara). Briey, the peptides were ionized by using an
electrospray ionization source and their ions were then pulsed
into a helium lled dri cell (P z 3.94 Torr). Aer exiting the
dri cell, the ions were guided through the QTOF mass spec-
trometer by a hexapole ion guide. Data were collected in positive
polarity with DV ¼ 890, 790, 690, 590, and 490 V. Additional
instrument parameters are listed in Table S1.†

The resulting arrival time distributions (ATDs) and mass
spectra were extracted with Agilent IM-MS Browser soware (v.
10.0) and graphed with Origin Pro. The collisional cross section
(CCS, sexp) of the ions was calculated from the ion's reduced
mobility (K0) according to the Mason–Schamp equation (eqn
(1)):97

sexp z
3ze

16N0

1

K0

ffiffiffiffiffiffiffiffiffiffiffiffi
2p

mkBT

s
(1)

Here, z is the ion charge, e is the elementary charge, N0 is the
number gas density, m is the reduced mass of the ion-buffer gas
pair, kB is the Boltzmann constant, and T is the temperature of
the buffer gas.

Replica exchange molecular dynamics

Atomistic molecular dynamics simulations were run using
a GROMACS 2020.1 integrator61 and an AMBER99sb-ILDN
protein force eld62 solvated with TIP3P water,63 in order to
match our prior work with amylin.64

The disulde bond between cysteines was held constant
using rigid constraints between CYX residues, which groups
© 2021 The Author(s). Published by the Royal Society of Chemistry
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deprotonated CYS pairs into a single joint amino acid. Addi-
tionally, histidines were neutralized and only contained
a hydrogen attached to the epsilon nitrogen atom. Newton's
equations of motion were integrated over a 2 fs time step using
a leapfrog algorithm. Short-range van der Waals and Coulomb
potentials were truncated at 1.2 nm, while longer-ranged elec-
trostatics were tabulated with particle mesh Ewald summation,
which reduces computation with fast Fourier transforms.
Cartesian periodic boundary conditions were also implemented
in each direction to minimize the effects from unit-cell
boundaries. Initial monomers of amylin and CGRP were
generated using AVOGADRO 1.1.1 65 in a random-coil confor-
mation, since monomers are intrinsically disordered. Seeding
geometries for each replicate were selected at random from 20
ns equilibration simulations, which populated a wide range of
structures, and thereby increased the diversity between repli-
cates. Box dimensions ranged from 6–7 nm in length, while
dimers were constructed by randomly pairing permutations of
monomeric proteins and conrming that they remained
dimerized for at least an additional 20 ns.

Temperature replica-exchange MD (T-REMD)66 was carried
out under an NVT ensemble using a Nose–Hoover thermostat67

at temperatures between 290 and 370 K for 200 ns per replica
(approx. 8.2 ms of the total simulation time). This resulted in
about 41 replicates per system, and the Monte Carlo exchange
rate between replicates was empirically tuned to 25% (with
exchanges attempted every 3 ps). While each replicate was run
for 200 ns, analysis was only carried out from 100–200 ns, in
order to minimize the impact of specic initial conditions.
Convergence of REMD simulations was conrmed when the
number of new protein conformations plateaued as a function
of simulation time, indicating that only prior states were being
sampled. Analysis of the room temperature replicate (300 K)
from REMD was used to determine the structural and energy
landscapes of protein monomers and dimers. Collision cross
sections were calculated for each frame using the MOBCAL
soware package,68 and protein clustering was carried out by
grouping Ca atoms together within a root-mean-square devia-
tion of 2 nm. Analysis of the room temperature replicate (300 K)
was used to determine the secondary structural propensities
and energy landscapes of CGRP monomers, in addition to
homo- and heterodimers. Additional computational details can
be found in our prior work.64

Transmission electron microscopy

The peptides for TEM analysis were prepared at the same
concentrations as for IMS-MS analysis and stained with 1%
phosphotungstic acid stain on a piece of paralm. Additional
information can be found in the ESI.† TEM images were
acquired on a JEOL 1400-Flash transmission electron micro-
scope (JEOL, Peabody) at 80 kV and recorded with a Gatan
OneView camera.

Mouse islet culturing and harvesting

Six 10 week-old male C57BL/6J mice (stock #000664) were
ordered from the Jackson Laboratory (Bar Harbor, Maine) and
© 2021 The Author(s). Published by the Royal Society of Chemistry
allowed to acclimate to the animal facility conditions on a 12 h
light cycle at 22 � 1 �C. The mice were provided standard chow
and drinking water ad libitum until they reached 12 weeks of
age. At 12 weeks of age, the mice were euthanized via CO2

asphyxiation followed by a cervical dislocation. All procedures
were approved by the University of Tennessee Institutional
Animal Care and Use Committee. Additional details regarding
pancreatic perfusion and islet isolation can be found in the
ESI.†69 Following isolation, the islets were incubated at 37 �C
and 5% CO2 for 24 hours in RPMI + D-glucose. Aer the 24 hour
incubation, the islets were individually pipetted into Eppendorf
tubes containing the blank solvent, solutions of individual
peptides, or a mixture of the peptides.

Here we used a total of six mice for two sets of experiments.
In the rst set of experiments (3 mice), islets from the same
mouse, except for those used as controls, were incubated with
fresh amylin, fresh CGRP, or fresh mixture of amylin and CGRP.
We used at least 3 islets from different mice per peptide
condition. Because our LC-IMS-MS workow was optimized for
sub-single islet measurements, we can test multiple conditions
on the same mouse, and obtain multiple (at least three) tech-
nical replicates from a single islet. In the second set of experi-
ments (3 mice), we followed the same procedure as above. The
only difference is that the islets were incubated with 4 day old
amylin, CGRP, or the mixture.
Liquid chromatography IMS-MS of single mouse islets

Stocks of amylin and CGRP were prepared as previously
described and diluted with a 5% MeOH/0.1% formic acid
solution to a nal concentration of 10 mM. The concentration of
each peptide in the amylin : CGRP mixture was 10 mM. Aliquots
of 50 mL of each peptide solution (amylin, CGRP, and amy-
lin : CGRP) were placed into Eppendorf tubes, wherein single
islets were manually placed. Two sets of peptide solutions were
used: a fresh solution, where the peptide solutions were
prepared approximately one day before acquiring the islets and
contains primarily peptide monomers, and then an “aged”
solution, where peptide solutions were le at room temperature
four days before islet acquisition and consists primarily of
peptide oligomers. The “aged” solution was characterized with
IMS-MS to determine the relative ratios of oligomers to mono-
mers. This was used to evaluate the effect of oligomers on the
same islet system. For LC-IMS-MS analysis, an Agilent 1260
Innity coupled to the Agilent 6560 IMS-MS was employed. In
each run, 4.0 mL of the sample was injected into a 2.1 � 50 mm
Zorbas Extended C18 reverse phase column (Agilent, Santa
Clara). The mobile phase was composed of an aqueous solution
of 0.1% formic acid in LC-grade water (solvent A) and acetoni-
trile (solvent B). The mobile phase gradient is as follows: 98%
solvent A for 3 minutes, 80% solvent A (3–5 minutes), 65%
solvent A (5–18 minutes), 50% solvent A (18–23 minutes), 25%
solvent A (23–26 minutes), 10% solvent A (26–33 minutes), 10%
solvent A was held for 2 minutes then followed by a rise to 98%
(35–40 minutes) and kept for 5 minutes (40–45 minutes) for
column equilibration. The column compartment was set to
40 �C. Three technical replicates were performed for each
Chem. Sci., 2021, 12, 5853–5864 | 5855
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sample, with two consecutive blank injections between each
sample to clean the column.
Cell viability assays

Stock solutions of amylin and CGRP in LC-grade water were
added to cultures of 832/13 rat insulinoma cells to obtain the
desired concentrations of 20, 200 nM, and 5 mM and incubated
overnight at 37 �C. Adenylate kinase release into the culture
media was assessed using the Adenylate Kinase Assay Kit
(Abcam #: ab228557) which measures the activity of the ade-
nylate kinase released by damaged cells. Interleukin-1b (IL-1b)
and camptothecin (CT) were used as controls.
Results and discussion
IMS-MS reveals a CGRP a-helical intermediate that is stable
upon interacting with Zn2+

Fig. 1A shows the representative ESI-mass spectrum of amylin.
The mass spectral peaks are annotated with their nominal
oligomer-to-charge ratio (n/z). The top mass spectrum shows
several peaks corresponding to small-order oligomers that are
Fig. 1 (A) Mass spectrum of amylin (10 mM) in 20 mM ammonium aceta
exhibits oligomeric species with a relatively low intensity that is not easily
n/z ¼ 1/3 which exhibits the presence of a dimer with z ¼ +6. (B) The ATD
ammonium acetate. The insrt shows the isotopic spacing of n/z ¼ 1/3 wh
dimer. (D) The ATD of CGRP at m/z ¼ 948 and a REMD conformatio
conformation is consistent with previous NMR and CD studies of CGRP

5856 | Chem. Sci., 2021, 12, 5853–5864
high in abundance. The bottom mass spectrum highlights the
less intense mass spectral peaks that correspond to higher-
order oligomers. In the designated mass range, amylin can
form up to a heptamer. However, upon analysis of the isotopic
spacing and ion mobility data, oligomers larger than what is
initially seen within each mass spectral peak can be observed.
Isobaric oligomers may be hidden under the same nominalm/z.
For example, the inset in Fig. 1A shows the isotopic spacing of n/
z ¼ 1/3, indicating the presence of a monomer with a +3 charge
state and a dimer with a +6 charge state (i.e. n/z ¼ 2/6 ¼ 1/3).

Amylin, specically the monomer (z ¼ +4), has been char-
acterized and studied extensively with IMS-MS in the
past.30,57,58,60 It has been shown by Bowers and Shea57,58,60 that
amylin populates two distinct families of stable conformations
of amyloidogenic b-hairpin and a coil-helix. We note that the
terms “helix” and “b-hairpin”were taken from the same studies.
Fig. 1B shows the arrival time distribution (ATD) of the amylin
monomer (z ¼ +4) illustrating these two families of conforma-
tions. The collisional cross sections (CCSs) of these species were
found to be 623 Å2 for the coil-helix and 724 Å2 for the b-hairpin.
The difference in the CCS between these two structures is in
good agreement with the data by Bowers and Shea.57,58,60
te. Each peak is labeled by its nominal n/z ratio. The bottom spectrum
identifiable in the top spectrum. The inset shows the isotopic spacing of
of amylin atm/z ¼ 976. (C) Mass spectrum of CGRP (10 mM) in 20 mM
ich indicates that this mass spectral peak correlates to a triply charged
n of CGRP monomer with the segment 8–18 colored in red. This
in structure-inducing solvent.70,72,73

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Unlike amylin, a-CGRP (which we will refer to as “CGRP”
hereaer) has not been characterized with IMS-MS. The mass
spectrum of CGRP is shown in Fig. 1C, indicating that this
peptide formed several small oligomers with the largest one
being a tetramer. Upon initial observation of the mass spectra,
it is evident that CGRP formed smaller oligomers than amylin.
Our data indicate that amylin readily assembles into oligomeric
species and is much more prone to aggregation than CGRP.

Fig. 1D shows the ATD of the CGRPmonomer (z¼ +4), which
contains only one prominent feature with an arrival time at
16.89 ms. When compared to the amylin data, the CGRP
structure falls in between the two major populations of amylin
(coil-helix at 15.58 ms and b-hairpin at 18.05 ms). If CGRP were
to adopt the same or similar conformations as amylin, then
CGRP should have a slightly shorter arrival time (smaller CCS)
than the respective amylin conformers due to having less mass.
Therefore, this feature could correlate to a coil-helical CGRP
conformer (CCSexp ¼ 674 Å2). This is not pure speculation;
previous studies of CGRP in structure-inducing solvents (e.g.,
triuoroethanol (TFE)/water) demonstrated that residues 8–18
of the peptides exhibit a strong a-helical propensity.70–73 This
segment encompasses the chameleon sequence “LAGLL” found
in 8 different proteins.74 However, it is entirely possible for
several conformations with different secondary structures to
have the same CCS, as discussed below together with the REMD
simulations. Nonetheless, Fig. 1D suggests that the structural
preference of CGRP prevents the formation of the b-hairpin
motif, thus inhibiting extensive CGRP aggregation.
Fig. 2 (A and B) Representative ESI-mass spectra (in 50 : 50
MeOH : H2O) of (A) 10 mM amylin and (B) 10 mM CGRP, both in the
presence of 0.5 mM Zn2+. (C) Representative ATDs of amylin, amy-
lin : Zn, and amylin : Zn(H2O)5. (D) Representative ATDs of CGRP,
CGRP : Zn, and CGRP : Zn(H2O)5.
Zinc complexation promotes b-hairpin of amylin but favors
the native structure of CGRP

To further investigate the aggregation of CGRP and amylin
under biologically relevant conditions, we added 0.5 mM ZnCl2
to the samples. We used the amylin data, which were previously
reported,60 as the control. Zn2+ is involved in the packaging,
processing, and the secretion of insulin from b-cells. Zn2+ is
found in mM concentration in pancreatic b-cells, reaching 10–
20 mM in dense-core granules,75,76 and has been found to affect
amylin brillization upon complexation. Previous studies
showed that Zn2+ inhibited amylin bril formation at low,
physiologically relevant extracellular concentrations27,29 but
promoted aggregation at high (intracellular) concentrations.60

Fig. 2A shows the mass spectrum of amylin in the presence
of Zn2+ (50 : 1 ZnCl2 : amylin) which illustrates many Zn–amylin
complexes. A majority of these species, such as the complexes of
amylin containing Zn and Zn(H2O)5, were observed by Bowers
and coworkers.60 The same types of complexes were observed
for CGRP (Fig. 2B).

Bowers and coworkers suggested that the amplication of
amylin aggregation upon coordination with Zn2+ could be
attributed to stabilization of the b-hairpin motif.60 Similar
ndings are illustrated in Fig. 2C where we show the ATDs of the
bare amylin monomer (z ¼ +4) and two Zn : amylin complexes.
The ATD of the bare amylin monomer has one major feature
which corresponds to the coil-helix conformation. However,
upon complexation of amylin with Zn2+, the conformational
© 2021 The Author(s). Published by the Royal Society of Chemistry
distribution shis to favor the b-hairpin, with this effect
becoming more pronounced when complexed with the
Zn(H2O)5 adduct.

We detected two intermediate species upon Zn–amylin
complexation (annotated as I1 and I2 in Fig. 2C). These inter-
mediates were favored by Zn2+ complexation, competing with
the amyloidogenic b-hairpin. Such competition could lead to an
inhibition of bril formation.27,28 These intermediates were not
observed in the previous study60 due to low mobility resolution
of the instruments used. Here, their presence provide a rational
explanation for the moderate inhibitory effect of Zn2+ on amylin
aggregation. However, bril formation was still observed in
months-old samples of amylin with ZnCl2 as shown in Fig. 3D.

Since CGRP shares similar biological properties with amylin,
we evaluated its structures upon Zn complexation. Fig. 2D
shows the ATDs of the bare monomer (z ¼ +4), CGRP + Zn, and
CGRP + Zn(H2O)5. For bare CGRP (Fig. 2D), there is only a single
prominent feature, identical to that in Fig. 1D. However, once
Chem. Sci., 2021, 12, 5853–5864 | 5857
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Fig. 3 Representative TEM images of (A and D) amylin, (B and E) CGRP,
and (C and F) the mixture. The scale bar is 150 nm.
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CGRP complexes with Zn, we note the addition of at least two
new features. As mentioned in the previous section, the feature
at �18 ms is assigned to the amyloidogenic b-hairpin motif.
Observing the ATDs of the Zn–CGRP complexes, Zn slightly
promotes the formation of this b-hairpin, albeit not as much as
what was observed for amylin. In addition, a new compact
species (ta ¼ �16 ms) in the same ATDs (Fig. 2D; feature I1)
exhibits a similar arrival time to that of the amylin's coil-helix.
Given its short arrival time, this intermediate is likely a coil
(disordered) structure. Notably, although Zn shis the confor-
mations of CGRP to a disordered and b-hairpin, the original
structure of the CGRP is still the most dominant feature. Thus,
the conformational space of CGRP is not dramatically changed
upon Zn2+ complexation. The IMS-MS data help explain why
CGRP does not aggregate as aggressively as amylin. Addition-
ally, the TEM images (Fig. 3B and E) show that CGRP formed
neither small observable aggregates nor brils under any of the
conditions.
Fig. 4 Cell viability assay using cultured b-cells exposed to CGRP,
amylin, and amylin : CGRP. 832/13 rat b-cells were either left
untreated (NT) or exposed to 1 ng mL�1 IL-1b and 2 mM camptothecin
(CT) compared with 5 mM of amylin, CGRP, and amylin plus CGRP for
18 h. ****, p < 0.0001 versus NT using one-way ANOVA. n ¼ 4–6 per
group. When compared to CT, the effects of amylin, CGRP, or amy-
lin : CGRP on cellular viability are minor, although amylin has
a stronger effect than the other two conditions.
Amylin, CGRP, and their mixture do not show signicant
toxicity to cultured b-cells

Since both amylin and CGRP are present within pancreatic
islets, it would not be surprising if these peptides interacted in
vivo to form amylin–CGRP hetero-oligomers. In the rst
approach, we identify and characterize the types of hetero-
oligomers in solution using IMS-MS. Fig. S1† shows the partial
mass spectra of an amylin–CGRP heterodimer and hetero-
trimer. In each panel, the top mass spectrum is of amylin alone,
while the bottom mass spectrum is of the amylin : CGRP
mixture. Based on the nominal mass, the heterodimer consisted
of amylin–CGRP in a 1 : 1 stoichiometric ratio and the hetero-
trimer was composed of 2 : 1 amylin–CGRP. Other species
5858 | Chem. Sci., 2021, 12, 5853–5864
identied within the mass spectrum of the amylin–CGRP
mixture is found in Fig. S2.† Based on m/z values, the hetero-
oligomers contain more amylin than CGRP, suggesting that
CGRP binds to amylin oligomers to remodel amylin aggrega-
tion. Additionally, the TEM images acquired from the amy-
lin : CGRP mixture show the presence of small globular
aggregates (Fig. 3C and F). Only indistinct and faint brillar
species can be observed among the predominantly globular
aggregates in the TEM images of the mixture without ZnCl2
samples (see Fig. S3†).

Furthermore, the mass spectrum of the amylin : CGRP
mixture at t ¼ 1 week does not contain the prominent amylin
mass spectral peaks (Fig. S4†). This hints that amylin has fallen
out of the solution to form insoluble species which connect to
the observed globular aggregates. In other words, the globular
aggregates are predominantly made of amylin. When Zn2+ is
present, some distinct brils of various sizes can be observed
along with the globular aggregates in the TEM images of the
mixture (Fig. S3†). This agrees with our previous observation of
the changed conformational spaces of the peptides upon Zn2+

coordination, which subsequently lessened the cross-talk
between them.

To determine the cytotoxicity of the amylin–CGRP aggre-
gates, we studied the release of adenylate kinase, an intracel-
lular enzyme marker of cell death, from cultured b-cells when
exposed to amylin–CGRP aggregates and amylin brils. We
assessed the toxicity of amylin and the amylin : CGRP mixture
using two negative controls: the no-treatment condition and
interleukin-1b (IL-1b) treatment. IL-1b was used to indicate that
insulin secretion can be reduced without signicant toxicity.77

For positive control, we used camptothecin (CT), a topoisomer-
ase I toxin that damages eukaryotic cells, including b-cells.78

Previous investigations of amylin toxicity used micromolar
concentrations (e.g., 0.5–8 mM in Shigihara et al.79 and �2–8 mM
in Ritzel and Butler80) to assess toxicity. Here we performed
© 2021 The Author(s). Published by the Royal Society of Chemistry
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three sets of experiments at 20 nM, 200 nM, and 5 mM (see Fig. 4
and S5†). In all cases, amylin, CGRP and their mixture did not
result in signicant toxicity. Nonetheless, amylin appeared to be
more toxic than CGRP and amylin + CGRP. Regarding toxicity of
amylin, our data are in line with those of Westwell-Roper et al.81

who suggested that in a living organism, if amylin accumulates,
it acts on the islet resident macrophage to create toxicity but not
directly on the b-cells.
Fig. 5 Molecular contact maps from REMD simulations reveal a range
of disordered and hairpin conformations.
In silico CGRP–amylin simulations support IMS-MS derived
conformers

To gain structural CGRP and amylin interactions, we carried out
REMD simulations on CGRP monomers and heterodimers in
solution. For amylin, since the early implicit-solvent REMD
simulations by Bowers and Shea,57,58 newer force elds and
explicit solvent models have been utilized to better describe
intrinsically the disordered nature of amylin monomers and the
b-hairpin dimer, including a recent study by Levine and Shea64

on the interactions of amylin with mitochondrial derived
peptides. Here the simulation protocol of CGRP simulations is
identical to that of the reported amylin.

While theoretical and experimental CCS comparison has
been a common approach in peptide structural studies using
IMS-MS,54,55,82 for intrinsically disordered peptides, matching
experimental CCSs to model structures is challenging. In the
gas phase, disordered structures can be denatured, while a-
helical structures can be over-stabilized.83 Notably, the structure
shown in the inset of Fig. 1D was obtained from our REMD
simulation, which shows a helical content consistent with
previous NMR/circular dichroism studies in PFE/water (a
condition that stabilizes the a-helix).70,72,73 However, the pop-
ulation of this structure is very low given that the majority of
CGRP monomers (from simulation) are disordered. Another
way to understand the data is as follows. When we cluster
protein states from REMD based just on residues 8–18 (corre-
sponding to CGRP regions most likely to exhibit any secondary
structures), we nd that 60% of CGRP conformations adopt
either a disordered + b-stranded structure, a completely disor-
dered structure, or a disordered-helical structure (Fig. S6†).
When we back-calculate CCS values for each of these eigen-
states, we nd an excellent agreement with the IMS-MS data.
Finally, the range of theoretical CCSs for both CGRP/amylin
monomers and dimers is in agreement with the experimental
data (Fig. S7–S9†).

Here we used the REMD data to rationalize the inhibitory
effect of CGRP on amylin aggregation. To better quantify these
structural heterogeneities, we provide molecular contact maps
(Fig. 5) that indicate the average proximity of amino acids in
each structure. CGRP and amylin monomers exhibit no obvious
contact patterns since they tend to remain strongly disordered.
However, a characteristic “X” pattern on these contact maps
indicates the presence of a hairpin, which is notable in the
amylin homodimer. While largely disordered, one of the CGRP
proteins also appears to adopt a partial hairpin in the homo-
dimer. Interestingly, in the CGRP–amylin heterodimer, the
positions of the hairpin move to the exterior of each protein. In
© 2021 The Author(s). Published by the Royal Society of Chemistry
CGRP, the hairpin moves more towards the N-terminus while in
amylin, the hairpin moves towards the C-terminus. As for
intermolecular interactions, amylin tends to bind CGRP
towards its C-terminus almost directly on the hairpin location.
This bolsters the hypothesis that disordered CGRP tends to
bind b-stranded amylin, which likely inhibits the ability to form
regular brillar structures. Specically, Asn31 in amylin regu-
larly forms hydrogen bonds with residues 16–18 on CGRP. This
interaction provides both molecules with stable b-sheets that
are prevalent in almost all states, while the rest of the molecule
is highly disordered. Of note, Asn31 mutations have been
shown to reduce the b-sheet content in simulations of amylin
protolaments, suggesting that such interactions may be
important in forming oligomeric complexes with CGRP.84 It is
also possible that CGRP–amylin heterodimers compete against
amylin homodimers, thereby inhibiting bril formation at high
concentrations. Taken together, these models help contextu-
alize the changes in CCS values from experiments, and provide
mechanistic insights on how CGRP might bind to amylin to
reduce brillization, thereby contributing to the formation of
disordered oligomers.

The amylin–CGRP mixture impairs insulin secretion but
CGRP oligomers increase the Ins1 level

As previously mentioned, it has been well-established that both
amylin and CGRP independently inhibit insulin secretion. As
we determined that hetero-oligomers of amylin and CGRPs exist
in solution, the next step is to investigate their effect on insulin
secretion using healthy mouse islets as the model. We chose
single mouse islets as the biological system because multiple
Chem. Sci., 2021, 12, 5853–5864 | 5859
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islets from the same animals can be collected and assayed
under different conditions (amylin, CGRP, and the mixture). By
analyzing single islets, we reduced the number of required
pancreases (animals). To address islet heterogeneity, three
islets per animal per condition were assayed, and a total of six
animals were used. Furthermore, with LC-IMS-MS, multiple LC
injections from a single islet can be performed to yield at least
three technical replicates. Each analysis requires approximately
150 cells and can separate mouse Ins1 and Ins2 proteins as
discussed below. In comparison to traditional ELISA, our
method is less expensive and requires a fewer number of pan-
creases. Fig. S10† illustrates a schematic of the workow.

Upon LC-IMS-MS analysis of the single islets, we detected
both mouse Ins1 and Ins2 (Fig. 6A). Ins1 was detected at an
observed mass of 5799.668 Da (0.276 ppm difference from the
theoretical mass of 5799.666 Da),85 and at four different charge
states (Fig. 6B) which were identied unambiguously with
isotopic spacings. The [M+6H]6+ species at m/z 967.619 is the
most intense, and the other charge states were at m/z 829.963 (z
¼ +7), 1060.943 (z ¼ +5), and 1451.182 (z ¼ +4). Similarly, Ins2
was detected at an observed mass of 5793.5974 Da (2.261 ppm
difference from the theoretical mass, 5793.6105 Da)86

(Fig. S11†). In terms of CCSs, there is no reported experimental
CCS of mouse insulins. However, there are reported values for
human insulin by Bush and co-workers. The reported CCS of z¼
+4 human insulin monomer is 772 Å2,82 which agrees well with
our experimental CCSs of Ins1 at the same charge state
(CCSHe,calibrated¼ 753 Å2 and 783 Å2, CCSN2¼ 902 Å2 and 936 Å2)
(Table S2†).
Fig. 6 (A) Extracted LC chromatogram showing Ins1 and Ins2. (B) Extrac
plots of arrival time vs. m/z of Ins1 and Ins2 at z ¼ +6.

5860 | Chem. Sci., 2021, 12, 5853–5864
The rodent (mouse and rat) insulin two-gene system is well
reported. In mouse islets, expressions of Ins1 and Ins2 are
similar (57 : 43% total insulin mRNA).87 Ins1 differs from Ins2
by two amino acids in chain B (P9S and K29M) while other
differences can be found at the proinsulin and gene levels.88

Ins1 was shown to bemore sensitive to glucose stimulation than
Ins2,87 and thus it had a more advantageous effect under scant
food conditions. However, as the environment changes, Ins1
increased the risk of T1DM (insulin resistance), evidenced by
nonobese diabetic (NOD) mice carrying only Ins1 gene devel-
oped T1DM as early as 10 weeks old.88 On the other hand,
mouse Ins2 is the homologue of human insulin, which exerts
a protective effect against T1DM in NOD mice.89 Therefore, in
this work, the toxicity of amylin and the amylin : CGRP mixture,
and their implications on T2DM should be evaluated based on
the level of Ins2 rather than Ins1.

The 2D plots in Fig. 6C and D highlight the structural
difference between Ins1 and Ins2. Additional 2D plots are
shown in Fig. S12.† The arrival time at �24–25 ms in panel D
suggests that Ins2 either adopts a more compact conformation
or is more prone to form oligomers. The biological assembly of
Ins2 is a hexamer stabilized by Zn2+–histidine coordination.95

Structural comparison of Ins1 and Ins2 is beyond the scope of
this study, and will be a topic of future investigation.

Incubation of the islets with pure amylin and the amy-
lin : CGRP mixture shows the lowest levels of insulin secretion,
regardless of the peptide solution conditions (i.e., “aged” vs.
“fresh”; Fig. 7). A one-way ANOVA analysis was performed to
determine the statistical signicance of our data followed by
ted partial LC-IMS-MS mass spectrum showing only Ins1. (C and D) 2D

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Comparisons of insulin signals obtained from single islets
exposed to (A and C) media contain mostly amylin/CGRP monomers
and (B and D) media contain mostly amylin/CGRP oligomers. ***

indicates p < 0.05.
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a Tukey test between each condition and the control. A quali-
tative comparison of amylin and CGRP oligomers in aged and
fresh culture media is shown in Fig. S13.† The aged media
contain signicantly higher amounts of oligomers than the
fresh media.

Interestingly, once the islets were placed under the condi-
tions containing aged CGRP (more CGRP dimers), the Ins1 level
increased, which contradicts the inhibitory effect of fresh
CGRP. To our knowledge, this is the rst time the dual effect of
CGRP on insulin secretion was observed in isolated mouse
islets, and this effect is specic to Ins1 and not Ins2. Similar
effects were observed in animals with one insulin-gene system
like dogs and pigs.48,50 Notably, Hermansen et al.50 observed
a similar trend to ours in which CGRP inhibits (dog) insulin
secretion at low doses in a short time frame but increases it at
high doses over a longer period. Unfortunately, earlier studies
did not examine the possibility of how CGRP oligomers might
behave differently from the CGRP monomer. The exact mech-
anism that allows for the dual effect of CGRP on Ins1 is not
known.

In terms of Ins2, its inhibitory effect toward insulin secretion
is consistent between the two media conditions. However, the
effect is more profound in fresh CGRP. The data also conrm
that CGRP is as effective as amylin in suppressing insulin
secretion, but CGRP does not aggregate into brils.

CGRP in migraine and diabetes

There have been several studies that have concluded that there
is an inverse relationship between diabetes and migraine
prevalence. Bonnet and coworkers41 showed that women with
active migraine had a lower risk of developing T2DM as
opposed to women with no migraine history. Lund and co-
workers90 demonstrated that there is a markedly reduced prev-
alence of migraine among older patients with diabetes. These
studies prompted us to investigate neuropeptides that are
© 2021 The Author(s). Published by the Royal Society of Chemistry
upregulated in migraine to determine their roles in islet
chemistry and diabetes progression, and CGRP is one of those
peptides. The elevated concentration of CGRP in migraine
patients may exert a protective effect via suppressing insulin
release. Templeman et al.91 showed that decreased insulin led to
lower fasting glucose and improved insulin sensitivity in aged
mice. Thus, CGRP may play a critical role in regulating insulin
release that can help lower the risk of diabetes.

Regarding toxicity of amylin, there are two possibilities for
this peptide to generate negative effects on islet b-cells. The rst
is by direct toxicity, which our data do not support. The second
is by activation of islet resident macrophages, which in turn
produce inammatory molecules in response to amylin uptake.
Based on these two possibilities, our data are in line with those
of Westwell-Roper et al.81 who provided compelling evidence for
amylin accumulation acting on the islet resident macrophage to
promote inammation-associated toxicity but not directly on
the b-cells.

Our data show that CGRP could not regulate Ins1 effectively,
and interestingly NOD mice with only the Ins1 gene develop
T1DM as early as 10 weeks old.88 Replacing Ins1 with human
insulin (the orthologue of mouse Ins2) protects the mice from
diabetes.92 To our knowledge, this is the rst time that the dual
effect of CGRP on insulin secretion has been investigated using
isolated (mouse) islets. Moreover, because the biochemistry of
mouse Ins1 and Ins2 is not the same, diabetes research using
mouse models may need to distinguish these two isoforms.

We speculate that the use of some anti-CGRP medications
for migraine treatment may lower the level of CGRP and
increase the risk of developing T2DM. Specically, some
monoclonal CGRP antibodies which bind to CGRP93,94 could
hinder CGRP function. This is based on the premise that mouse
Ins2 and human insulin behave similarly. Lowering the
production of amylin while increasing the level of CGRP could
be a viable approach toward T2DM prevention and treatment.
Finally, we did not perform a clinical study to directly correlate
migraine with diabetes, and this topic is beyond the scope of
this paper. There have not been any clinical trials of this type.
Nonetheless, we plan to further investigate the mechanism of
CGRP on insulin secretion as well as other neuropeptides
associated with migraine.

Summary and conclusion

In summary, we studied the interactions that occur between
amylin and CGRP in the context of T2DM. First, we show that
the conformational preference of CGRP cannot be overridden
by Zn2+ complexation. Such properties may prevent the exten-
sive aggregation of CGRP. We also identied intermediate
amylin : Zn states that could prevent aggregation at low Zn2+

concentrations. Second, we demonstrate that CGRP can hinder
amylin brillization, leading to the formation of globular
aggregates made predominantly of amylin. We show that amy-
lin and the amylin : CGRP mixture do not show signicant
toxicity to pancreatic b-cells. However, amylin toxicity could be
due to inammation associated with islet resident macrophage
as recently suggested by Westwell-Roper et al.81 Since amylin is
Chem. Sci., 2021, 12, 5853–5864 | 5861
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co-secreted with insulin, reducing the secretion of insulin is
a strategy to lower amylin accumulation. Third, CGRP alone
effectively reduces the secretion of Ins2, the orthologue of
human insulin, but is less effective against Ins1. In fact, CGRP
oligomers are able to stimulate the secretion of Ins1 which is
linked to early diabetic development. Fourth, we demonstrate
LC-IMS-MS of single islets as a viable and robust method to
evaluate insulin secretion in the presence of exogenous
peptides, which can become a platform to screen anti-
aggregation drugs for T2DM. Finally, our study highlights the
importance of surveying not only disease-implicated species,
but also their probable co-assemblies that can arise in vivo,
which provides a new look on disease etiology and novel insight
into the diagnostics and treatments of diabetes.
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