doi:10.1016/j.jmb.2005.12.020

J. Mol. Biol. (2006) 356, 783–789

Islet Amyloid Polypeptide Inserts into Phospholipid
Monolayers as Monomer
Maarten F. M. Engel1,2*, HaciAli Yigittop2, Ronald C. Elgersma3
Dirk T. S. Rijkers3, Rob M. J. Liskamp3, Ben de Kruijff2
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Amyloid deposits in the pancreatic islets of Langerhans are thought to be a
main factor responsible for death of the insulin-producing islet b-cells in type
2 diabetes. It is hypothesized that b-cell death is related to interaction of
the 37 amino acid residue human islet amyloid polypeptide (hIAPP), the
major constituent of islet amyloid, with cellular membranes. However, the
mechanism of hIAPP–membrane interactions is largely unknown. Here, we
study the nature and the molecular details of the initial step of hIAPP–
membrane interactions by using the monolayer technique. It is shown that
both freshly dissolved hIAPP and the non-amyloidogenic mouse IAPP
(mIAPP) have a pronounced ability to insert into phospholipid monolayers,
even at lipid packing conditions that exceed the conditions that occur in
biological membranes. In contrast, the fibrillar form of hIAPP has lost the
ability to insert. These results, combined with the observations that both the
insertion kinetics and the dependence of insertion on the initial surface
pressure are similar for freshly dissolved hIAPP and mIAPP, indicate that
hIAPP inserts into phospholipid monolayers most likely as a monomer. In
addition, our results suggest that the N-terminal part of hIAPP, which is
nearly identical with that of mIAPP, is largely responsible for insertion. This is
supported by experiments with hIAPP fragments, which show that a peptide
consisting of the 19 N-terminal residues of hIAPP efficiently inserts into
phospholipid monolayers, whereas an amyloidogenic decapeptide, consisting of residues 20–29 of hIAPP, inserts much less efficiently. The results
obtained here suggest that hIAPP monomers might insert with high efficiency
in biological membranes in vivo. This process could play an important role as a
first step in hIAPP-induced membrane damage in type 2 diabetes.
q 2005 Elsevier Ltd. All rights reserved.
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Introduction
Type 2 diabetes is characterised histomorphologically by fibrillar protein depositions in the pancreatic
islets of Langerhans (islet amyloid). The building
block of these amyloid fibrils is the 37 amino
acid residue human islet amyloid polypeptide
Abbreviations used: IAPP, islet amyloid polypeptide;
hIAPP, human IAPP; mIAPP, mouse IAPP; DOPC
1,2-dioleoyl-sn-glycero-3-phosphocholine; DOPS
1,2-dioleoyl-sn-glycero-3-phospho-L-serine; DOPG
1,2-dioleoyl-sn-glycero-3-phospho-rac-(1-glycerol).
E-mail address of the corresponding author:
m.f.m.engel@chem.uu.nl

(hIAPP; Figure 1), which is co-produced and cosecreted with insulin by the islet b-cells. hIAPP
is overproduced in states of insulin resistance, a
characteristic feature of type 2 diabetes, promoting
its aggregation and fibril formation. Islet amyloidosis is thought to be an early factor responsible for
b-cell failure (insulin insufficiency), which is
strongly supported by the in vitro cytotoxic effect of
hIAPP, as well as by the results of in vivo hIAPP
transgenic mouse studies.1,2
It is clear from many studies that hIAPP interacts
with membranes.3–15 Most likely the interaction
results in membrane damage; however, details
of the nature of this interaction are not known.
Some studies suggest binding of hIAPP to the
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Figure 1. The amino acid sequences of hIAPP, mIAPP
and the hIAPP fragments used in this study. The six
residues in mIAPP that differ from the residues at
corresponding positions in hIAPP are depicted in bold.

membrane, followed by loss of lipids from the
membrane,14,15 whereas other studies suggest
insertion of hIAPP into the membrane.12,13 It was
also observed that phospholipids in a membrane
are able to catalyse hIAPP amyloid formation,
leaving the lipid bilayer intact.11 Besides the
different types of hIAPP–membrane interactions
that have been suggested, it is also unclear which of
the hIAPP species, i.e. monomer, oligomer, protofibril or mature fibril, is mainly involved in
membrane interactions. Several studies have indicated that hIAPP oligomers, and not the fibrils, are
involved in the interaction with membranes.3–10
Such oligomers are thought to be intermediate
species in the formation of hIAPP amyloid fibrils,
and can consist of several monomers in a spherical
arrangement.6 On the other hand, a recent study
points to a possible role of hIAPP monomers in
membrane interactions.14 In addition, it has been
suggested that the process of hIAPP amyloid
formation and not the presence of a particular
hIAPP species is related to cytotoxicity.11,15 The
results of the studies on hIAPP–membrane interactions yield a variety of sometimes contradicting
ideas and hypotheses, indicating that the interaction between hIAPP and membranes is still far
from being understood.
Here, we try to obtain insight into the interaction
between hIAPP and membranes by focussing on the
initial step of the interaction. The monolayer technique is used to differentiate between hIAPP binding
on membranes and hIAPP insertion into membranes.
This technique also allows us to study the nature and
the molecular details of the initial step of the
interaction between hIAPP and lipid membranes.
The results indicate that the monomeric form of
hIAPP has a pronounced ability to insert into
phospholipid monolayers, whereas fibrillar hIAPP
does not insert. Furthermore, it is observed that the
insertion behaviour of freshly dissolved hIAPP is
similar to the insertion behaviour of the non-cytotoxic
and non-amyloidogenic mouse IAPP (mIAPP).
Experiments with hIAPP fragments indicate that
the conserved N-terminal part plays a major role in
membrane insertion of both peptides.

Results
The initial step in the interaction between hIAPP
and phospholipid membranes, leading to membrane damage, may consist of merely binding of
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hIAPP to the surface of the membrane or it
can involve actual insertion of hIAPP into the
membrane. Here, we use monolayer experiments to
study the nature of the initial step of the interaction
between hIAPP and lipid membranes. Insertion of
peptides into a monolayer of phospholipids at the
air/water interface can be monitored as an increase
in the surface pressure of the monolayer. Proteins
that only interact with the lipid head groups
without actually inserting between the lipid
molecules, do not induce an increase in the surface
pressure.16 The monolayer experiments were performed with lipid monolayers composed of DOPC/
DOPS in a 7:3 molar ratio. This composition was
chosen because these phospholipids represent the
most abundant zwitterionic phospholipid species
(PC) and the dominant negatively charged phospholipid species (PS) in eukaryotic cells. The 7:3
ratio was chosen because it resembles the ratio of
zwitterionic lipids to negatively charged lipids of
the membrane of pancreatic islet cells.17
Freshly dissolved hIAPP inserts into
phospholipid monolayers
Injection of a solution of freshly dissolved hIAPP
in the aqueous sub-phase below a DOPC/DOPS
(7:3) monolayer results in a fast increase in the
surface pressure, followed by a plateau starting at
approximately 5 min after addition of the peptide
(Figure 2(a)). However, when hIAPP is first
incubated in buffer for 21 h, allowing amyloid
fibrils to form, its ability to insert into the lipid
monolayer disappears completely (Figure 2(a)). In
fact, the ability of hIAPP to induce an increase in
surface pressure disappears already after 4 h of
incubation in buffer (Figure 2(b)). This incubation
time is consistent with the time required for the
formation of hIAPP fibrils, as observed by electron
microscopy (results not shown).
To check whether the insertion behaviour is
related to the process of fibril formation, we
performed similar experiments with the nonamyloidogenic and non-cytotoxic mouse IAPP
(mIAPP).18 The amino acid sequence of mIAPP is
similar to that of hIAPP, but contains proline
residues at positions 25, 28 and 29 that prevent
fibril formation (Figure 1).19 In addition, there are
no indications that mIAPP can oligomerize, hence
we assume in this study that mIAPP remains a
monomer. Mouse IAPP is therefore a suitable and
biologically relevant reference peptide in the study
of the interaction of hIAPP with membranes.
Freshly dissolved mIAPP inserts into phospholipid monolayers and gives rise to an increase in the
surface pressure at approximately the same rate as
hIAPP (Figure 2(a)). The increase in surface pressure
induced by insertion of mIAPP is 5 mN/m,
compared to an increase of 7 mN/m for freshly
dissolved hIAPP (Figure 2(a)). Incubation of mIAPP
in buffer for 21 h does not reduce its capacity to
insert. Since mIAPP does not form fibrils or
oligomers, it is likely that the monomeric form of
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Figure 3. Surface pressure increase induced by the
interaction of freshly dissolved hIAPP and mIAPP with
lipid monolayers of different composition as a function of
the initial surface pressure. The interaction of freshly
dissolved hIAPP with monolayers composed of DOPC
(open squares) and DOPC/DOPS (filled squares), and the
interaction of mIAPP with monolayers composed of
DOPC (open triangles) and DOPC/DOPS (filled triangles) is shown. The straight lines were obtained by
linear regression. Other experimental conditions are the
same as described in the legend to Figure 2.

Figure 2. Effect of incubation time of hIAPP and mIAPP
in buffer on their insertion in a monolayer of DOPC/
DOPS (7:3). (a) Surface pressure profile after injecting a
sample of hIAPP incubated in buffer for 1 min (continuous line) or for 21 h (dash-dot line), and a sample of
mIAPP incubated in buffer for 1 min (dotted line) or for
21 h (broken line).(b) Effect of incubation time of hIAPP
(squares) and mIAPP (triangles) in buffer on the surface
pressure increase at initial surface pressures of 25 mN/m.
The peptide was injected into the stirred sub-phase at tZ
0 min. The final peptide concentration was 0.25 mM. The
buffer consists of 50 mM Hepes (pH 7.0).

mIAPP is responsible for its insertion behaviour.
Considering the high level of sequence similarity
between mIAPP and hIAPP, and taking into account
that the fibrillar form of hIAPP does not insert, we
propose that also in the case of hIAPP, its
monomeric form is responsible for the observed
insertion into lipid monolayers.
High insertion ability could indicate insertion
of IAPP in membranes in vivo
The packing density of lipids in biological
membranes corresponds to surface pressures
between 31 mN/m and 35 mN/m.20 To test the
ability of hIAPP to insert into membranes in vivo,
we determined the maximal initial surface pressure
at which hIAPP can still cause an increase in surface
pressure, a property also known as the “limiting
surface pressure”. The results show that both
freshly dissolved hIAPP and mIAPP insert in
monolayers composed of DOPC/DOPS (7:3) with
a similar dependence on the initial surface pressure

(Figure 3). The surface pressure increase for both
peptides has a nearly linear dependence on the
initial surface pressure, a relation that is common
for many peptides. The limiting surface pressure is
high for both peptides and appears to be slightly
lower for mIAPP (45 mN/m) compared to hIAPP
(47 mN/m). In both cases, the limiting surface
pressure is significantly higher than the surface
pressures that correspond to the packing density
of lipids in biological membranes. The results thus
indicate that both mIAPP and freshly dissolved
hIAPP are likely able to insert into biological
membranes in vivo.
Electrostatic interactions are important
for insertion
The similarities in both the kinetics of insertion
and the dependence of the insertion on the initial
surface pressure between mIAPP and freshly
dissolved hIAPP are most likely due to the
similarities in the primary structure of the two
peptides. One such similarity is the presence of
positively charged residues in both peptides, which
might be responsible for electrostatic interactions
with phospholipids. To test the importance of
electrostatic interactions, we compared the insertion of both peptides in monolayers containing
negatively charged lipids, with the insertion in
monolayers containing only zwitterionic lipids.
The insertion behaviour in monolayers composed
of only zwitterionic lipids (DOPC) is nearly
identical for both peptides, but both the surface
pressure increase as well as the limiting surface
pressure are much less compared to insertion in
monolayers containing negatively charged lipids
(Figure 3). These results indicate that electrostatic

786
interactions between the negatively charged head
group of DOPS and the positively charged residues
of the peptides are a dominant factor in the
insertion of hIAPP and mIAPP into phospholipid
monolayers. This is in contrast to the results of a
recent study, in which it was observed that the
presence of negatively charged lipids had no effect
on the insertion of hIAPP at surface pressures below
20 mN/m.13 A likely explanation is the high surface
activity of the peptide itself, which may dominate
any other effect at this low initial surface pressure.
In our study, initial surface pressures lower than
20 mN/m were not used, since hIAPP and mIAPP
gave rise to surface pressures of 19 mN/m in the
absence of a lipid monolayer (results not shown).
The strong insertion in monolayers containing
DOPS was not due to a specific interaction of hIAPP
or mIAPP with DOPS, since similar limiting surface
pressures were found in monolayers containing
DOPG, a lipid that is also negatively charged, but
has a different head group (results not shown). The
importance of electrostatic interactions was confirmed by the observation that increased ionic
strength, up to 0.5 M NaCl, significantly lowered
the surface pressure increase induced by both
hIAPP and mIAPP in DOPC/DOPS monolayers,
most likely as a result of charge shielding by the salt
(results not shown).
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Figure 4. Surface pressure increase induced by the
interaction of freshly dissolved hIAPP fragments with
monolayers of different composition as a function of the
initial surface pressure. The interaction of freshly
dissolved IAPP1-19 with monolayers composed of DOPC
(open triangles) and DOPC/DOPS (filled triangles) and
the interaction of IAPP20-29 with monolayers composed of
DOPC (open squares) and DOPC/DOPS (filled squares)
is shown. The straight lines were obtained by linear
regression. Other experimental conditions are the same as
described in the legend to Figure 2.

of the non-amyloidogenic mIAPP, is largely responsible for insertion into phospholipid monolayers.

Discussion
The N-terminal part of hIAPP is responsible for
insertion in membranes
The similar insertion behaviour of freshly dissolved hIAPP and mIAPP (Figure 3) and the
location of positively charged residues indicate
that the N-terminal part of IAPP might be
important for insertion. To test this, we studied
the insertion behaviour of two hIAPP fragments.
The first fragment is a peptide composed of the first
19 amino acid residues of hIAPP (hIAPP1-19), which
is nearly identical with the N-terminal part of
mIAPP. The second fragment, hIAPP 20-29, is
composed of amino acid residues 20 to 29 of
hIAPP, and is able to form amyloid fibrils in vitro
but lacks the N-terminal part.19,21 The sequence of
the latter peptide differs considerably from the
corresponding region of mIAPP, with only 50%
identity (Figure 1).
The insertion of hIAPP1-19 is clearly enhanced by
the presence of negatively charged lipids, as seen
with full-length hIAPP, but the higher limiting
surface pressure of hIAPP1-19 indicates that it
inserts even better than full-length hIAPP (Figure 4).
In contrast, the insertion of hIAPP20-29 occurs at
much lower surface pressures compared to
hIAPP1-19, and is almost the same in the absence
and in the presence of negatively charged lipids.
These results show that the presence of the
amyloidogenic 20–29 region is not a requirement
for interaction with lipids. In fact, it can be
concluded that the N-terminal part of hIAPP,
which is nearly identical with the N-terminal part

In this study, we have performed monolayer
experiments to obtain insight into the nature and
the molecular details of the initial step of hIAPP–
membrane interactions. It is shown that freshly
dissolved hIAPP has a pronounced ability to insert
into lipid monolayers, whereas fibrillar hIAPP does
not insert. The insertion behaviour of the nonamyloidogenic mIAPP is similar to that of freshly
dissolved hIAPP. Both mIAPP and freshly dissolved
hIAPP are able to insert into monolayers with lipid
packing densities that exceed lipid packing densities found in biological membranes,20 suggesting
that both peptides might insert in biological
membranes in vivo. Monolayer experiments with
hIAPP fragments show that the N-terminal part of
hIAPP, and not the amyloidogenic 20–29 region,
plays a major role in insertion of the peptide. These
observations give important insights into the initial
step in hIAPP–membrane interactions, as discussed
below.
The ability to form fibrils is not required
for insertion
An important finding of this study is that freshly
dissolved hIAPP and mIAPP insert into a lipid
monolayer, and do not just adsorb to the surface of
the membrane, as proposed recently.11 It is shown
here that the N-terminal part of the peptide, which
is highly conserved among different species,22 plays
a major role in the insertion of the peptide into lipid
monolayers. Our observation that hIAPP1-19 displays very strong insertion, combined with the fact
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that the N-terminal parts of hIAPP and mIAPP are
nearly identical, suggests that this part of the
peptide is important for the observed insertion
behaviour. Most likely, the insertion is governed by
electrostatic interactions between the positively
charged N-terminal residues and the negatively
charged lipid head groups. This is consistent with
our previous observation that indicated that the
presence of negatively charged lipids accelerates
hIAPP-induced leakage of giant unilamellar lipid
vesicles.15
In addition to the observations that mIAPP (or the
identical rat IAPP) is not cytotoxic and does not
form amyloid,18 it has been shown that mIAPP does
not permeabilize lipid vesicles7,14,15 and that it does
not increase membrane conductance.3,4 Neutron
diffraction measurements seem to indicate the
absence of insertion of mIAPP into the hydrophobic
chain region of membrane lipids.12 However, in
recent reports it was shown that there is an
interaction
between
mIAPP
and
lipid
bilayers.11,14,23 Both freshly dissolved hIAPP and
mIAPP have been shown to undergo a transformation from random structure to a-helical structure
induced by lipid vesicles.23 In addition, it was
found that mIAPP is able to induce defects in lipid
bilayers as observed by AFM.14 Our results suggest
that these observations can be explained by
insertion of mIAPP into lipid bilayers.
Insertion of hIAPP monomers is the first step in
hIAPP–membrane interactions
The similarity between the insertion behaviour of
mIAPP and freshly dissolved hIAPP, and the
observation that the aggregated form of hIAPP
has lost the ability to insert, combined with the
importance of the N-terminal part for insertion of
the peptide, are strong arguments that point to a
main role for monomers in hIAPP-induced increase
in surface pressure of lipid monolayers. Unfortunately, direct evidence for the conclusion that
monomers are the responsible species is very hard
to obtain. We propose a model in which insertion of
monomeric hIAPP into lipid bilayers precedes
membrane-associated formation of hIAPP amyloid
fibrils, as is shown schematically in Figure 5. Our
results indicate that the amyloidogenic 20–29 region
remains available for fibril formation when hIAPP
inserts via its N-terminal part, as has also been
suggested recently.24 In addition, a model of hIAPP
fibrils shows that the N-terminal residues are not
part of the fibril core.25 We therefore suggest that
insertion of hIAPP monomers in the membrane and
subsequent participation of the inserted hIAPP
monomers in oligomer and fibril formation at the
membrane are important steps in the interaction of
hIAPP with membranes (Figure 5).
Previously, we hypothesized that membrane
damage is induced by the process of hIAPP amyloid
formation and is accompanied by uptake of lipids
from the membrane in forming hIAPP amyloid.15

Figure 5. Proposed model for the interaction of hIAPP
with a phospholipid monolayer. Insertion of hIAPP
monomers into the lipid monolayer precedes hIAPP fibril
formation. Fibril formation occurs near the bilayer, with
participation of inserted monomers, and is accompanied
by the occasional uptake of lipid molecules into the
forming hIAPP amyloid. Mature fibrils do not insert into
the phospholipid monolayer.

The strong indication that hIAPP monomers insert
into lipid membranes is compatible with this
hypothesis. When IAPP monomers that are inserted
in lipid membranes participate in fibril formation,
as we expect, it would be plausible that lipid
molecules are taken up in the forming hIAPP
amyloid, as we have indeed observed.15 The uptake
of lipids in forming amyloid has been observed for
other amyloidogenic proteins as well, which
indicates that lipid uptake is a common property
of amyloid-forming proteins and peptides in the
presence of lipid membranes.26 Indeed, analysis of
amyloid tissue from patients shows that in vivo
formed amyloid fibrils contain up to 10% lipids.27
These notions, combined with the results obtained
here, indicate that insertion of monomeric hIAPP in
the membrane, followed by hIAPP-induced membrane damage by the uptake of lipids in forming
amyloid, is a plausible mechanism to explain the
cytotoxic effect of hIAPP in type 2 diabetes,
contributing to b-cell failure.

Materials and Methods
Materials
hIAPP was obtained from Bachem AG (Bubendorf,
Switzerland) and mIAPP was obtained from Pepscan
(Lelystad, The Netherlands). The calculated mass of the
peptides was confirmed by mass spectrometry.
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) and 1,2dioleoyl-sn-glycero-3-phospho-rac-(1-glycerol) (DOPG)
were obtained from Avanti Polar Lipids (Alabaster, AL).
The peptide fragments hIAPP 1-19 and hIAPP20-29
were synthesized as described.28 Linear hIAPP1-19 was
dissolved in aqueous dimethyl sulfoxide (DMSO) and
oxidized to the corresponding disulfide.29 The peptides
were purified by HPLC and characterized by MALDITOF mass spectrometry.
Monolayer experiments
Peptide-induced changes in the surface pressure of a
monomolecular layer of phospholipids at constant
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surface area were measured with the Wilhelmy plate
method.30 Surface pressures were measured at 22(G2) 8C
using a Cahn 2000 microbalance. A Teflon trough was
filled with 6.0 ml of freshly filtered 50 mM Hepes buffer
(pH 7.0). The sub-phase was continuously stirred with a
magnetic bar during the measurements. Lipid monolayers were spread from a 1 mM lipid solution in
chloroform at the air/buffer interface to give initial
surface pressures between 20 mN/m and 43 mN/m.
The lipid monolayer was allowed to stabilize for a few
minutes before 6 ml of a 250 mM stock solution of the
peptide in DMSO was injected in the sub-phase without
disturbing the lipid monolayer, resulting in a final
peptide concentration of 0.25 mM. Higher peptide concentrations did not significantly increase the surface
pressure. The peptide concentration of the stock solution
was determined by weighing an amount of the freezedried peptide powder, which was subsequently dissolved
in an appropriate volume of DMSO. The peptide stock
solutions were used within one day, and were prepared at
least 1 h before the start of the experiment, to allow for
complete dissolution of the peptide. DMSO alone, at the
concentrations used here (0.1% (v/v)), did not affect the
surface pressure of the monolayers.
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