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Abstract: Amyloid deposition is a hallmark of many diseases,
such as the AlzheimerÏs disease. Numerous amyloidogenic
proteins, including the islet amyloid polypeptide (IAPP)
associated with type II diabetes, are natively unfolded and
need to undergo conformational rearrangements allowing the
formation of locally ordered structure(s) to initiate self-
assembly. Recent studies have indicated that the formation of
a-helical intermediates accelerates fibrillization, suggesting
that these species are on-pathway to amyloid assembly. By
identifying an IAPP derivative with a restricted conforma-
tional ensemble that co-assembles with IAPP, we observed that
helical species were off-pathway in homogenous environment
and in presence of lipid bilayers or glycosaminoglycans.
Moreover, preventing helical folding potentiated membrane
perturbation and IAPP cytotoxicity, indicating that stabiliza-
tion of helical motif(s) is a promising strategy to prevent cell
degeneration associated with amyloidogenesis.

Protein aggregation and amyloid deposition are associated
with several diseases, including AlzheimerÏs disease and type
II diabetes.[1] More than 30 proteins have been identified as
precursors of amyloids whose deposition is linked to cellular
degeneration.[1] While fibrils assembled from these proteins
display common structural characteristics, amyloid precursors
share no sequence or native state structure homologies.[1]

Amyloidogenic polypeptides can be assigned to two different
structural classes; those that are natively unfolded and those
that show a well-defined structure in their soluble state.
Natively folded proteins need to partially unfold, or misfold,
in order to form amyloids. In contrast, intrinsically disordered
polypeptides (IDPs), such as the amyloid-b peptide (Ab) and
the islet amyloid polypeptide (IAPP), need to undergo
conformational rearrangements allowing the formation of
locally ordered structure(s) to self-assemble.[2] Cell and
animal models have shown that intermediate species of the
amyloidogenic cascade are more deleterious than fibrils.[3]

Although the molecular structure(s) of the proteotoxic
species and the mechanisms of cytotoxicity are still unknown,
these studies reinforce the importance of elucidating the
initial conformational rearrangements that trigger amyloido-
genesis.

IAPP is the main component of amyloid deposits
observed in the pancreatic islets of type II diabetes patients
and the amyloidogenic process is known to exacerbate
pancreatic b-cell loss.[4] The current view implies that IAPP
cytotoxicity is mediated by oligomers and/or prefibrillar
aggregates that can be either on- or off-pathway to amyloid
formation.[2, 5] This 37-residue hormone exhibits a disordered
conformation, although it diverges from an absolute random
coil by the presence of local and transient helical structures.[6]

In membrane environment, IAPP adopts a a-helix that spans
between A5 to N22.[7] Recent findings have suggested that
IAPP helical conformation represents key structural motif for
the intermolecular recognition that initiates assembly and
that a-helical oligomers are relevant to toxic functions.[8]

Helical intermediate species could be important for the
aggregation and toxicity of amyloidogenic IDPs, including Ab

and a-synuclein,[2, 9] although this hypothesis is still the matter
of active debates.

Two models have been proposed for the conformational
rearrangements that initiate IAPP oligomerization and drive
amyloid formation. On the one hand, it was proposed that
IAPP early oligomerization steps include the formation of b-
strand rich dimers and that amyloids are assembled from
ordered b-hairpins.[10] On the other hand, the helical inter-
mediates model proposes that association is thermodynami-
cally linked to helix formation within the 5–22 segment.
Helical oligomers would generate a high local concentration
of the C-terminal amyloidogenic segment, favoring the
formation of intermolecular b-sheets.[2] Detecting transient
intermediate species of the amyloidogenic cascade by spec-
troscopic approaches is challenging, particularly in the con-
text of the interactions with biological factors that are
relevant to in vivo deposition. Assessing if these intermedi-
ates are either on- or off-pathway to fibril formation is even
more demanding. An alternative strategy to probe transitions
that initiate IDP self-assembly could consist of introducing
discrete chemical modifications to restrict the conformational
ensemble. Destabilizing on-pathway species should delay, or
inhibit, amyloid formation whereas disrupting off-pathway
species should either not affect fibrillization or accelerate it
by closing a competing pathway. However, it is crucial that
this modification does not lead to an alternative pathway.

In this study, we investigated the role of helical inter-
mediates in amyloid formation and induced-cytotoxicity by
restricting the conformational ensemble of IAPP. Analogs in
which two adjacent residues of IAPP putative helical region
are successively substituted by their corresponding d-enan-
tiomers were designed (Supporting Information). Incorpora-
tion of two d-residues within a a-helix is known to result in
a local disturbance without modifying significantly the
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physicochemical properties.[11] Among all derivatives evalu-
ated, [f15, l16]hIAPP, or D-hIAPP, was unique for its random
coil structure that persists in presence of the helical-inducing
solvent trifluorethanol (TFE) and for its kinetics of fibrilliza-
tion. By circular dichroism (CD) spectroscopy, hIAPP and D-
hIAPP exhibited spectra with a single minimum at 203 nm,
indicative of a random coil structure (Figure 1a). Incorpo-
ration of d-residues at positions 15 and 16 prevented TFE-
induced helical folding of IAPP (Figure 1).

The effect of this modification on amyloid assembly was
evaluated using thioflavin T (ThT) fluorescence, atomic force
microscopy (AFM) and transmission electron microscopy
(TEM). ThT is a dye that fluoresces upon its binding to
protein aggregates rich in cross-b-sheets. Under the condi-
tions of fibrillization, hIAPP displayed a T50 of 9.86� 1.41 h
whereas D-hIAPP exhibited a similar kinetics with a T50 of
9.33� 0.73 h (Figure 1c). At all concentrations evaluated, D-
hIAPP and hIAPP had equivalent kinetics of self-assembly
(Figure 1d). By AFM and TEM, D-hIAPP fibrils were
significantly longer than the ones from hIAPP while both
amyloid preparations had comparable average height (Fig-
ure 1e,f; Supporting Information for characterization).
Although fibrils formed by D-hIAPP and hIAPP were
different at the macroscopic level, CD spectroscopy revealed
a comparable secondary structure within these assemblies
(Supporting Information). Moreover, both sonicated amy-
loids were competent to seed fibril growth with an equivalent
potency (Supporting Information), suggestive of structural
similarities. As revealed by solid state NMR, IAPP fibrils
consist of two columns of symmetry related monomers and
each monomer contains two b-strands connected by a bend-
loop.[12] In this model, residues F15 and L16 are in the b-strand

that is located on the outer surface of the column. Inversion of
the chirality of these two residues most likely affects side-
chain orientations within this strand and can modulate lateral
association of protofilaments and/or monomer addition.

The equivalent kinetics of nucleation (T50 and lag phase)
suggests that both peptides could undergo similar conforma-
tional rearrangements to initiate self-assembly. To evaluate
this hypothesis, equimolar of hIAPP and its d,d-counterpart
were mixed together and the kinetics of fibrillization was
measured. Strikingly, the kinetics of amyloid formation of
6.25 mm hIAPP mixed with 6.25 mm D-hIAPP were equivalent
to a homogenous 12.5 mm solution of hIAPP or D-hIAPP
alone, with a T50 of 10.02� 0.96 h (Figure 2a). Similar results
were obtained for total concentrations from 6.25 to 50 mm.
Fibrils obtained from a mixture of hIAPP/D-hIAPP were
morphologically equivalent to D-hIAPP assemblies (Fig-
ure 2b). Incorporation of d-residues at positions 15 and 16 in
the non-amyloidogenic rodent IAPP (rIAPP) led to a sharp
decrease of its helical folding whereas no effect on its
amyloidogenecity was observed (Supporting Information).
Taken together, fibril formation kinetics and co-assembly
experiments suggest that helical species are off-pathway to
amyloid assembly in an aqueous solution.

Amyloid formation in vivo takes place in a complex
environment and amyloids extracted from patients are
associated with components of the extracellular matrix
(ECM) and the plasma membrane. Studies have shown that
sulfated glycosaminoglycans (GAGs) and lipid membranes
hasten fibrillogenesis. Upon binding to GAGs or anionic
membranes, IAPP adopts a helical conformation before
converting into b-sheets structure.[2, 6b, 7a,13] As amyloid assem-
bly is faster under conditions that facilitate the formation of

Figure 1. Effect of destabilizing IAPP putative helical domain on amyloid formation. a) CD spectra of 25 mm hIAPP and 25 mm D-hIAPP in Tris-HCl
pH 7.4 (solid lines) and in 10% TFE (dashed lines). b) TFE titration into hIAPP and D-hIAPP measured by the ellipticity at 222 nm. c) Amyloid
formation monitored by ThT fluorescence of 12.5 mm peptides. d) Rates of amyloid formation at different concentrations. e,f) AFM images of
50 mm hIAPP and D-hIAPP after 24 h incubation. Scale bar: 500 nm.
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nucleating species, these helical intermediates were hypothe-
sized to be on-pathway.[2, 8c] Thus, we evaluated the effect of
hindering the helical folding of IAPP on the fibrilization
kinetics in presence of membrane models and GAGs. When
hIAPP was incubated in presence of 100 nm LUVs composed
of phosphocholine/phosphoglycerol (DOPC:DOPG 7:3),
fibrillization was drastically enhanced (Figure 3a). The accel-
erating effects of LUVs was more pronounced for D-hIAPP
compared to hIAPP, with lag phase of 9.8� 4.3 min and 71.2�
7.4 min, respectively. Binding of hIAPP to anionic LUVs led
to the formation of helical structures (Figure 3b). In contrast,
D-hIAPP remained mainly random coil, consistent with the
conformational restriction imposed by the d,d-substitution.
After 4 h incubation with LUVs, both peptides were con-
verted into b-sheet-rich structure. Conformational conver-
sion, measured with the q220/q208 ratio, correlated closely to the
kinetics of amyloid formation measured by ThT-fluorescence
(Figure 3c). Similarly, preventing helical folding potentiated
the amyloidogenic effect of heparin, employed as a model of
the sulfated domains of heparan sulfate (Supporting Infor-
mation). These data indicate that upon binding to anionic
biosurfaces, IAPP undergoes a random coil-to-a-helix con-
formational conversion and that inhibition of helical forma-
tion dramatically hastens self-assembly, suggesting that these
species are off-pathway.

Protein deposition in pancreatic
islets correlates with b-cell degener-
ation and several inter-connected
mechanisms have been proposed to
explain IAPP toxicity.[5] Plasma
membrane disruption by pre-fibril-
lar species, which can trigger various
pathways of cell death is one of the
most studied mechanisms.[6b]

Reports have suggested that the
loss of membrane integrity results
from pore formation[14] and that
helical intermediates could be the
active membrane species.[15] In this
view, several helical mimetics were
recently developed to target the
membrane-bound a-helix and to

prevent their oligomerization.[8a, 16] These compounds were
shown to reduce IAPP amyloid formation in presence of
membranes and to decrease toxicity. Nonetheless, whether or
not these helical species are toxic themselves or are off- or on-
pathway to cytotoxicity remains unknown. The helically-
frustrated D-hIAPP analog appears as a unique tool to
address this question. We initially examined the ability of
hIAPP and D-hIAPP to induce leakage of DOPC/DOPG
LUVs. The fluorescent dye calcein was encapsulated at high
concentration within the vesicles, leading to its self-quenching
and upon membrane disruption, the dye is released and
fluorescence is restored. Leakage was measured after 10 min
and 5 h incubation with lipid/peptide ratios between 6:1 and
80:1.[17] Peptides hIAPP and D-hIAPP induced a similar
concentration-dependant vesicle leakage (Figure 4a). The
non-amyloidogenic rIAPP and D-rIAPP also induced mem-
brane leakage, although their effects were less pronounced
(Supporting Information).

While monitoring the time course of vesicle disruption,
a multiphase process was observed for hIAPP; a plateau after
60 min followed by a second phase leading to maximum
leakage (Figure 4b and Supporting Information). The second
phase correlated closely with formation of ThT-positive
species and the kinetics of a-helix-to-b-sheet structural
conversion. For the non-amyloidogenic rodent IAPPs, which
do not form ThT-positive species in presence of LUVs,

Figure 2. hIAPP and D-hIAPP co-assemble into amyloid fibrils. a) Kinetics of amyloid formation of
12.5 mm hIAPP, D-hIAPP and of a aggregation mixture containing 6.25 mm of hIAPP and 6.25 mm of
D-hIAPP (mix). b) AFM images of 25 mm hIAPP mixed with a equimolar concentration of D-hIAPP
after 24 h incubation. Scale bar: 500 nm.

Figure 3. Destabilizing IAPP helical segment potentiates the accelerating effect of model membranes on amyloid formation. a) Kinetics of amyloid
formation of 12.5 mm hIAPP and D-hIAPP in presence of 500 mm DOPC/DOPG (7:3) LUVs. b) CD spectra of hIAPP and D-hIAPP in presence of
LUVs before (solid lines) and after 4 h incubation (dashed lines). c) Conformational conversion measured by the ratio of ellipticity at 220/208.
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a single phase was detected (Sup-
porting Information). This suggests
that the first phase of membrane
disruption is related to the binding
of non-fibrillar species to lipid vesi-
cles and the second phase is medi-
ated by fibril growth.[17, 18] This mul-
tistep process was not discernable
for D-hIAPP, because fibrillization
occurs so fast that it cannot be easily
discernible from prefibrillar species
binding. Vesicle leakage experi-
ments indicated that IAPP helical
folding postpones membrane dis-
ruption associated with fibril
growth.

Next, we evaluated the role of
transient helical conformations in
toxicity using INS-1 pancreatic b-
cells. Treatment with hIAPP
induced a concentration-dependent
decrease of cellular viability (Fig-
ure 5a). Incorporation of a destabi-
lizing motif within hIAPP putative
a-helix increased its cytotoxicity. D-
hIAPP was not only more cytotoxic
but its deleterious effects on viabil-
ity occurred more rapidly (Fig-
ure 5b). After 12 h, hIAPP (50 mm)
reduced cellular viability to 63.8�

9.0% while a viability of 12.4� 2.1% was observed for its
d,d-counterpart. To confirm this time-dependent effect and to
asses if both peptides used similar mechanisms to induce cell
death, caspases activation and intracellular calcium level were
measured. A significant increase of apoptosis signal was
detected after only 4 h treatment with D-hIAPP whereas
a treatment time of 12 h was needed to activate caspases with
hIAPP (Figure 5c). Similar effect was observed for cytosolic
calcium level, a signal of cellular dysfunction associated with
several death mechanisms (Figure 5d). The fact that hinder-
ing IAPP helical folding potentiated its toxicity suggests that
the formation of a-helix pre-fibrillar species is not required
for cell death and it could be even protective.

By identifying a derivative with a restricted conforma-
tional ensemble that co-assembles with IAPP, we provided
unique insights into the mechanisms of IDP amyloidogenesis.
Our results suggest that helical conformations are off-path-
way to amyloid formation and delineate the roles of a-helix
species in membrane perturbation and toxicity. This study
emphasizes that the stabilization of a transient helical motif
within an amyloidogenic IDP constitutes a promising strategy
to inhibit assembly and to prevent cell degeneration.

Figure 4. Role of helical intermediates in IAPP-induced membrane
leakage. a) Percentage of membrane leakage of DOPC/DOPG (7:3)
LUVs by hIAPP and D-hIAPP after 10 min and 5 h incubation (open).
b) Kinetics of membrane leakage of DOPC/DOPG (7:3) LUVs by 25 mm
hIAPP and D-hIAPP.

Figure 5. Destabilizing IAPP helical segment potentiates cytotoxicity on pancreatic b-cells. a) Viability
of INS-1 cells treated with hIAPP and D-hIAPP for 24 h. b) Kinetics of reduction of INS-1 cell viability
by 50 mm of hIAPP and D-hIAPP. c) Caspases 3/7 activation by 50 mm hIAPP and D-hIAPP measured
over treatment time. d) Evaluation of intracellular calcium level after treatment with 50 mm hIAPP
and D-hIAPP. Results are expressed as percentage of the vehicle treated cells �S.E.M. * Statistically
significant difference between hIAPP and D-hIAPP (P<0.05). # Data could not be obtained because
of high extent of cell death.
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