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Abstract 

Islet Amyloid Polypeptide (IAPP, also known as amylin) is a peptide hormone which is co-
secreted with insulin by pancreatic β-cells and forms amyloid aggregates in type II diabetes. 
Various lines of evidence indicate that oligomers of this peptide may induce toxicity by 
disrupting or forming pores in cell membranes but the structure of these pores is unknown. Here 
we create models of pores for both helical and β-structured peptides using implicit membrane 
modeling and test their stability using multimicrosecond all-atom simulations. We find that the 
helical peptides behave similarly to antimicrobial peptides; they remain stably inserted in a 
highly tilted or partially unfolded configuration creating a narrow water channel. Parallel helix 
orientation creates a somewhat larger pore. An octameric β barrel of parallel β-hairpins is highly 
stable in the membrane, whereas the corresponding barrel made of antiparallel hairpins is not. 
We propose that certain experiments probe the helical pore state while others probe the β-
structured pore state; this provides a possible explanation for lack of correlation that is 
sometimes observed between in vivo toxicity and in vitro liposome permeabilization 
experiments.  
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INTRODUCTION 
Type II (non-insulin dependent) diabetes is characterized by a β-cell deficit in the pancreas, 
increased β-cell apoptosis, and amyloid fibrils of a 37-residue peptide hormone named amylin or 
Islet Amyloid Polypeptide (IAPP), which is co-secreted with insulin 1. The role of the IAPP 
aggregates as a causative agent of this disease has been scrutinized in the past two decades 2–

4. While some researchers found fibrils to be toxic to β-cells 5–8, others found higher toxicity in 
smaller oligomeric precursors 9–13. A recent study found that the toxic species is soluble 
oligomers with less than 6 protomers 14. Various mechanisms of IAPP toxicity have been 
proposed, the primary of which is membrane permeabilization 15, by pore formation 10,16–19, lipid 
extraction 20,21, or fibril growth 22. Compromise of the integrity of either the plasma or the ER 
membranes could lead to high Ca2+ concentration in the cytoplasm, triggering apoptosis 23. 
However, it has also been found that the correlation between toxicity and in vitro membrane 
permeabilization is not perfect, i.e. analogues that lack toxicity also cause membrane leakage in 
liposome experiments, especially at high peptide concentrations and anionic membranes 24. 
Similar considerations and findings apply to other aggregating proteins and the corresponding 
diseases, such as amyloid β in Alzheimer’s 25 and α-synuclein in Parkinson’s 26.  

The structure of fibrils of IAPP and other amyloidogenic molecules is dominated by β-
sheets 27,28 but the details differ. Some earlier studies suggested a U-shaped ribbon 29 while 
others an S-shaped molecule 30. Recent CryoEM structures found S-shaped or wavy patterns 
31–33. Much less is known about the structure of the toxic soluble oligomers. One study found 
partial helicity and less than 15% β character 14, while another found that the toxic species is 
oligomers with significant β content 11. Crystallography revealed an out-of-register β structure for 
a 7-residue IAPP fragment 34. Out-of-register β structures have been suggested to be toxic in 
other peptides 35. Rawat et al. found small oligomers to have significant helical content and 
large ones to be largely β sheet 36. A 3-strand β-sheet intermediate was identified 37, but its role 
in toxicity is unclear. There is considerable evidence that prefibrillar oligomers permeabilize 
membranes by forming pores or defects 9,10,38–44. Electrophysiology characterized the ion 
channel characteristics of human IAPP, while rat IAPP did not form ion channels 38.  

Most modeling work on IAPP has been concerned with aggregation in solution 45,46. A 
few articles reported studies of the interaction with membranes and possible pore formation 
mechanisms 19,47–49. Use of the Martini coarse-grained force field to model the peptides as 
helices inserted in the membrane 50,51 revealed possible pore-like structure formed by 
pentamers or hexamers. Other work investigated the interaction of fibril-like β structures with 
membranes 52,53.  

One key piece of information for modeling is the secondary structure of the pore-forming 
species. Monomeric IAPP is helical in membrane environments 54–56 and has a size similar to 
that of antimicrobial peptides (AMPs). Membrane permeabilization has been observed under 
conditions where the peptide should be a monomeric helix16,57. One can envision a number of 
helices coming together to form a pore, as assumed in the above coarse-grained studies 50,51. It 
has been suggested that the 19 N-terminal residues, which are predominantly helical in the 
membrane, are responsible for membrane poration 57,58. On the other hand, the oligomers 
thought to cause membrane damage have a mostly β character, with its core in segment 20-29 
11,14. If oligomers are dominated by β structure, any pores that the peptide makes are expected 
to also be β-structured. 

Based on the experimental results summarized above, we hypothesized that there are 
two distinct mechanisms of pore formation by IAPP: a) helical monomers approaching each 
other, inserting, and stabilizing a pore, b) oligomers rich in β structure of the appropriate type 
inserting and forming a β-barrel. The latter is relevant for the toxicity of soluble oligomers. Here 
we test these hypotheses by implicit-solvent and extensive all-atom simulations. For helical 
peptides we find structures similar to those in our previous work on AMPs 59. An octameric β 
barrel with parallel β hairpins is found to be highly stable, while a similar barrel with antiparallel 
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hairpins is not. We discuss these findings in the context of known experimental facts and 
consider possible ways of experimental validation of these structures.  
 
METHODS 
Implicit solvent modeling  
Implicit membrane simulations employed the IMM1 model60, an extension of the EEF1 effective 
energy function for soluble proteins61 to heterogeneous membrane-water systems. IMM1 uses a 
switching function that transitions smoothly from a nonpolar to an aqueous environment. It 
accounts for the surface potential using the Gouy-Chapman theory62. Modeling of pores63,64 is 
accomplished by making the switching function F dependent not only on the vertical (z) 
coordinate but also on the radial coordinate (the distance r from the z axis): 
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z’=|z|/(T/2),	r’	=	r/R   , R=Ro+kz’2	           (1) 
 

The sequence of IAPP is KCNTATCATQ RLANFLVHSS NNFGAILSST NVGSNTY-
NH2, with a 2-7 disulfide bond (in bold are the hydrophobic residues). The peptide was built as 
an α-helix at residues 8-38 with a disulfide bond between 2 and 7. It was then placed on a flat 
implicit membrane with its hydrophobic side facing the membrane or into a cylindrical pore in a 
transmembrane orientation, also with its hydrophobic side facing toward the membrane.  

To consider the possibility of β barrel formation, the sequence was scanned for triplets of 
nonpolar residues that would face in the same direction in a β strand conformation (i.e. ΦxΦxΦ, 
where Φ is a hydrophobe). This is based on the expectation that stability of a β strand in the 
membrane requires the burial of ideally 3 hydrophobic side chains. One of them need not be 
strongly hydrophobic (e.g. A or G) but it cannot be strongly polar. Not many possibilities exist in 
the IAPP sequence. One AxFxV triplet exists at 13-17 and one FxAxL triplet at 23-27. One or 
both of them could contribute to an oligomeric β barrel. Here we consider the latter possibility, 
i.e. each peptide contributes 2 strands, one at 13-17 and another at 23-27. We  constructed an 
octameric β barrel using our previous β barrel of 8 protegrin β-hairpins 65 as a template based 
on the following alignment: 

RGGRLCYCRR  RFCVCVGR   protegrin 
RLANFLVHSS NNFGAILSST  IAPP 11-30 

First, a single hairpin of IAPP was generated by mutating a single protegrin 1 β hairpin from the 
template. The side chains of IAPP and the missing N-terminal and C-terminal residues were 
built in an extended conformation. The parallel IAPP barrel was then generated by replicating 
and translating a single IAPP hairpin along a circle of radius 15 Å at multiples of a 45º angle. 
The tilt angle of each IAPP strip with the barrel axis was 38º. The resulting structure was then 
subjected to a 5-ns unrestrained molecular dynamics (MD) simulation using IMM1 in a neutral 
toroidal pore of radius Ro=15 Å and curvature parameter k=17 Å (see Eq. 1).  
 An antiparallel barrel was constructed in a similar way but here every other hairpin was 
turned upside down by rotating 180º around an axis perpendicular to the hairpin crossing its 
center of mass. This way the same residues face inside as in the parallel barrel. The 
constructed barrel was then subjected to a 5-ns MD simulation in an IMM1 neutral toroidal pore 
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(Ro= 15 Å, k=17 Å). However, here a cylindrical restraint using the MMFP module in CHARMM 
was found necessary to exclude the hairpins from a 9 Å radius.  
 Binding energies to the membrane were estimated as average effective energies of 
transfer (ΔW) of the membrane-embedded configurations from water to the membrane. 

 

All-atom simulations  
For the helical bundle simulations, we used the approach previously followed for AMPs59,66. Six 
peptides were placed on a circle of radius ~6 Å along the z-axis (perpendicular to the 
membrane) in parallel and antiparallel orientations with the hydrophobic face oriented toward 
the lipids and hydrophilic residues toward the pore. The hexamer was uploaded onto the 
CHARMM-GUI server67 where 180 lipids, a water slab at least 17.5 Å thick, and neutralizing 
ions (K+) were added to the system. The parallel and antiparallel barrels from the IMM1 
simulations were treated similarly. Potassium chloride (0.15 M) was added with extra K+ to 
neutralize the excess charges. All membranes consisted of 70% POPC and 30% POPG, which 
is a typical membrane composition for in vitro liposome experiments 24,68. The pure POPG 
membrane used in some experiments is quite remote from biological membranes and pure PC 
(zwitterionic) membranes exhibit low affinity to IAPP  68–72.  

The four systems were equilibrated using the NAMD software package73 in six steps, 
each run for 25 ps with 1-fs time step. In the first equilibration step, harmonic constraints (k = 1 
kcal/mol/Å2) were applied to the water atoms, ions, phosphorous atoms, and peptide backbone 
atoms. The constraints on the lipids, waters and ions were subsequently released one at a time 
in each subsequent step. The last step was an unconstrained equilibration with a time step of 1 
fs followed by 5 ns run with a time step of 2 fs. The final structures were subjected to ANTON2 
simulations. Table 1 summarizes the properties of these four systems. 

 

Table 1. Systems subjected to all-atom simulations, each for 10 µs except for the antiparallel β 
barrel which was run for 1 µs 
 

System Peptides Atoms Water Lipids POPC 
Upper 

POPC 
Lower 

POPG 
Upper 

POPG 
Lower 

Ion 

IAPP Helix 
Parallel 

6 59400 10800 180 64 62 26 28 36 K+ 

IAPP Helix 
Antiparallel 

6 61089 11363 180 63 63 27 27 36 K+ 

IAPP Beta 
barrel 
Parallel 

8 73461 14225 200 67 73 30 30 73 K+ 

37 Cl- 

IAPP Beta 
barrel 
Antiparallel 

8 80088 16430 200 69 71 30 30 79 K+ 

43 Cl- 

 
RESULTS 
 

Implicit solvent modeling  
Except for the 7 N-terminal residues linked by a disulfide bond, IAPP can form an amphipathic 
helix. Three hydroxyl residues (S19, S20, T30) on the hydrophobic face compromise its 
hydrophobicity and make binding to a zwitterionic membrane weak (α-synuclein shares this 
characteristic 74). Weak binding was also seen in all-atom free energy simulations 19. Consistent 
with experiment 68–72, the peptide binds more stably to a 30% anionic membrane due to the 
favorable interaction of Lys, Arg and the N-terminus with the membrane anionic charge (ΔW =   
-6.6 ± 0.8 kcal/mol, Fig. 1a). The helicity at the C-terminus, well maintained in up to 10 ns MD 
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simulation, is probably overestimated, since EPR studies found a helix only at residues 9 to 22 
on 80% POPS vesicles 54. The IAPP helix also binds favorably to implicit membrane pores. The 
binding energy to a 13-Å radius toroidal pore is -3.8 ± 0.8 kcal/mol and to a cylindrical pore -4.9 
± 1.0 kcal/mol (Fig. 1b). Thus, helical IAPP is plausible as a helical pore-forming peptide.  

       
Fig. 1. IAPP on the surface of a 30% anionic implicit membrane (left) and a 13-Å radius implicit 
cylindrical pore (right). The grey planes are the boundaries of the membrane’s hydrophobic 
core.   

To examine the plausibility of a β-barrel pore, we constructed one at residues 11-30 
using a previous protegrin barrel as a template (see Methods). This model (Fig. 2) in an implicit 
toroidal pore (Ro=15, k=17) is stable upon MD simulation and gives a large, favorable transfer 
energy from water to the pore (-35 ± 2 kcal/mol). Most N-terminal segments extend outward 
from the membrane, with occasional intrusions into the pore lumen. The model is not stable in a 
cylindrical pore of the same radius and partially moves out. This binding energy to the pore is 
reasonable compared to other β barrel proteins. For example, OmpA (pdb id 1bxw) gives -16 
kcal/mol and a recently designed β barrel (pdb id 6x9z 75) gives -25 kcal/mol (both in R=9 Å 
cylindrical pores). A barrel made of antiparallel β-hairpins required a cylindrical exclusion 
restraint to maintain its structure, otherwise it collapsed to a β-sandwich. The reason seems to 
be the inability of this structure to keep all polar and charged residues out of the nonpolar 
membrane environment. Favorable interactions between alternating N and C termini in the 
parallel barrel may also contribute to its higher stability.  
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Fig. 2. IAPP octameric parallel barrel in an implicit toroidal pore. Side view (left) and top view 
(right). The grey planes are the boundaries of the membrane’s hydrophobic core.  
 
 It is interesting to compare the energy of the peptides in the various possible states: 
monomeric helix on the membrane, β hairpin in the parallel barrel, and β strand in the fibril. To 
that end, one of the recent fibril structures was considered 32. The 12 peptides from the PDB file 
were simulated in implicit water after addition of the missing N-terminal residues 1-12 in 
extended conformation (with the disulfide bond). The effective energy of a peptide in an infinite 
fibril was calculated as the intramolecular energy plus one half of the interaction energy with its 
surroundings. The resulting values are shown in Table 2. These values include only peptide-
peptide energies and solvation free energies; they do not include peptide configurational 
entropy, which would be more favorable for the monomeric helix, and membrane deformation 
free energy for the barrel. These caveats notwithstanding, the energies in Table 2 are consistent 
with the common notion that the fibril is the global free energy minimum. The barrel is more 
stable than the monomeric helix, but metastable with respect to the fibril.  
 
Table 2. Effective energy of a monomer (kcal/mol) in three states  
 W 
Helix on 30% anionic membrane -796 ± 4 
β-hairpin in the membrane inserted barrel -838 ± 2 
β-strand in the fibril -887 ± 4 
 
 
All-atom simulations  
In our previous work on melittin-derived pore-forming peptides66, we observed that a large pore 
occurs where the attractive interactions between adjacent peptides are stronger than those 
between non-adjacent ones. We simulated parallel helices and saw that non-adjacent 
interactions happen between unfolded residues close to C-terminus. We also found that 
interactions that can keep adjacent peptides tilted towards each other, such as interactions 
between a residue close to the C-terminus and a residue close to the middle of the peptide, 
cause a large pore. 

The initial configurations of the IAPP parallel and antiparallel helix bundles consist of six 
long helices with 30 residues, i.e. residues 8-37, perpendicular to the lipid bilayer (Figs. 3a and 
4a). This is longer than melittin-like peptides with 26 residues. So, in order to maintain helicity, a 
peptide needs to be highly tilted; this occurs for peptides A, D and F in parallel configuration and 
peptides A and F in antiparallel configuration. Other peptides remain close to the inserted state 
(low tilt angle) by unfolding some residues near the C-terminus that are located in the aqueous 
phase. Helical remain the regions 8-31, 8-29, and 11-27 for peptides E, B, and C, respectively, 
in the parallel bundle, and regions 8-28, 8-31, 8-34, and 8-30 for peptides B, C, D, and E, 
respectively, in the antiparallel bundle. In both systems, the tilt angle and helicity of each 
peptide do not significantly change after 2 µs and most changes in peptide configuration happen 
at the termini (Figs. 3b, 3c, 4b and 4c). The antiparallel system is organized in the form of three 
antiparallel dimers, one of which is less tight than the others.  

The configuration of the parallel β-barrel is highly stable over 10 µs of the simulation with 
movements of the termini highly restricted (Figs. 5a and 5b). On the other hand, the antiparallel 
β-barrel collapsed after 1 µs and consequently the initial pore dissipated (Figs. 6a and 6b). So, 
this simulation was not continued further. A list of H-Bonds in the initial and final configuration of 
the parallel β-barrel is given in Table S1 of Supporting Information. A contact map for the initial 
and final configuration of the three stable systems is given in Fig. S1 of Supporting Information. 
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The contact map remains essentially the same for the parallel β-barrel but changes substantially 
for the helical systems.  
 

 

 
 

 
 
 
Fig. 3. Parallel IAPP helices in initial configuration (above), after 2 µs of the simulation (middle), 
and at the end of the simulation (10 µs, lower). Left panels side views, right panels top views.  
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Color code: POPC headgroup = cyan blue spheres, POPG headgroup = purple spheres, Sulfur 
atoms = Yellow spheres. Peptides: A = blue, B = red, C = charcoal, D = orange, E = yellow, F = 
olive, G = light grey, H = green. 
 

        
 

 
 

 
 
Fig. 4. Antiparallel IAPP helices in initial configuration (above), after 2 µs of the simulation 
(middle), and at the end of the simulation (10 µs, lower). Left panels side views, right panels top 
views. Color code as in Fig. 3. 
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Fig. 5. IAPP parallel β-barrel in initial configuration (top) and at the end of the simulation 
(bottom). Side views (left) and top views (right). Color code same as in Fig. 3.  
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Fig. 6. IAPP antiparallel β-barrel in initial configuration (top) and after 1 us of simulation 
(bottom). Side views (left) and top views (right). Color code same as in Fig. 3. 
 
The pore radius as a function of time is shown in Fig. 7. The parallel helical configuration gives 
a slightly larger pore than the antiparallel one. However, the pore size seems to be more stable 
in antiparallel configuration, whereas it fluctuates highly in the parallel one. Compared to a 
potent pore-forming peptide, such as macrolittin70 66, the long IAPP helices failed to produce a 
large pore. This is probably due to the lack of proper interactions to keep adjacent peptides 
tilted towards each other. The pore size for the octameric parallel β-barrel is large and very 
stable throughout the simulation. 

  
Fig. 7. Pore radius as a function of simulation time.  
 

There are 15 peptide pairs in a hexamer and 28 pairs in an octamer. Table 3 lists the 10 
strongest peptide pair interaction energies in each system calculated over the last 2 µs of each 
simulation. For a potent peptide, it is expected that pair interactions between adjacent peptides 
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are stronger than non-adjacent ones. This is true for the parallel β-barrel but not true for the 
helices.  

Table 3. 10 strongest protein-protein interaction energies (kcal/mol) for different systems of 
IAPP calculated over the last 2 µs of each simulation. 

 Parallel 
Helices 

Antiparallel 
Helices 

Parallel  
β-barrel  

1 D-E D-E C-D 

-79.2 ± 6.6 -124.2 ± 4.1 -154.6 ± 3.9 

2 B-C A-B G-H 

-55.5 ± 6.2 -93.7 ± 3.5 -142.3 ± 3.4 

3 C-D B-C E-F 

-54.0 ± 3.6 -91.5 ± 3.7 -136.7 ± 2.9 

4 B-D E-F A-B 

-22.5 ± 2.8 -33.6 ± 2.2 -131.3 ± 7.8 

5 C-E B-D D-E 

-21.4 ± 3.7 -25.0 ± 0.6 -130.5 ± 2.9 

6 A-F C-E A-H 

-19.3 ± 0.9 -24.5 ± 0.3 -114.3 ± 8.4 

7 A-B C-D F-G 

-13.9 ± 2.0 -24.4 ± 0.3 -110.6 ± 6.0 

8 A-C A-F B-C 

-13.1 ± 4.5 -23.8 ± 0.6 -106.9 ± 4.1 

9 E-F B-F A-G 

-12.7 ± 2.1 -22.0 ± 0.9 -18.8 ± 5.4 

10 A-E C-F F-H 

-12.1 ± 3.4 -18.5 ± 2.5 -7.5 ± 2.6 

 
Two observations are possible in the interaction energies for helices. First, strong non-

adjacent interactions occur between peptides with at least one unfolded C-terminus e.g., B-D 
and C-E. Second, there are stronger adjacent interactions in the antiparallel configuration than 
in the parallel one. This is probably due to favorable interactions between unlike termini. The 
fluctuations in pore size of the parallel configuration is possibly because of repulsive interactions 
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between non-adjacent C-termini. The second observation is also prominent in the parallel β-
barrel. In this configuration, the C-terminus of each peptide is close to the N-terminus of the 
adjacent peptide which causes favorable interactions that likely stabilize the pore. Table 4 
shows that the strongest residue-residue interactions in the parallel β-barrel are between N22-
H18, T30-Q10, R11-S28 or S29, and N31-T9. 
 

Table 4. The three strongest residue-residue interactions in each adjacent molecular pair in the 
parallel β-barrel calculated over the last 2 µs of the simulation (kcal/mol). 

A-B B-C C-D D-E E-F F-G G-H H-A 
AN22-
BH18 

BT30-
CQ10 

CN22-
DH18 

DS29-
ER11 

ET30-
FQ10 

FS29-
GR11 

GS29-
HR11 

HN22-
AH18 

-7.18 ± 
0.05 

-5.83 ± 
0.31 

-7.59 ± 
0.32 

-8.11 ± 
0.56 

-6.61 ± 
0.15 

-6.67 ± 
0.67 

-10.89 ± 
0.55 

-8.30 ± 
0.14 

AT30-
BQ10 

BN22-
CH18 

CT30-
DQ10 

DT30-
EQ10 

ES29-
FR11 

FN22-
GH18 

GN22-
HH18 

HT30-
AQ10 

-6.88 ± 
0.08 

-4.77 ± 
0.19 

-7.09 ± 
0.27 

-6.30 ± 
0.07 

-5.76 ± 
1.46 

-5.48 ± 
0.23 

-7.34 ± 
0.57 

-5.22 ± 
1.32 

AS29-
BR11 

BS28-
CR11 

CS28-
DR11 

DS28-
ER11 

EN31-
FT9 

FS28-
GR11 

GT30-
HQ10 

HS28-
AR11 

-5.52 ± 
1.87 

-4.50 ± 
0.20 

-4.88 ± 
0.06 

-5.79 ± 
0.21 

-5.55 ± 
0.49 

-4.86 ± 
0.10 

-6.82 ± 
0.09 

-4.49 ± 
0.48 

	

Protein-lipid interaction energies are listed in Table 5. We have calculated these data 
over the first 2 µs and the last 2 µs of each simulation to see their changes with time. Note that 
the POPC:POPG ratio is 7:3, so, more POPC lipids are available to interact with peptides. Also 
note that during the first 2 µs of the helix simulations, the peptides tilt or unfold their C-terminus. 
Our results are affected both by this and lipid arrangements. In all cases, protein-POPC 
interactions become weaker which shows larger distances between peptides and POPC lipids. 
For helical configurations, protein-POPG interactions do not show significant changes over time 
and their differences are within statistical error. However, in β-barrel parallel configuration, 
protein-POPG interactions become stronger especially on the upper leaflet where the termini 
reside. This shows more packed arrangement of POPG around peptides at the end of the 
simulation. Table S2 in Supporting Information lists the strongest interactions between individual 
residues and lipids in the three stable simulations. As expected, the strongest interactions are 
observed for the charged residues K1 and R11, followed by polar and aromatic residues.  

 
Table 5. Protein-lipid interaction energies (kcal/mol) for different systems of IAPP. 
 
Configuration Leaflet Protein-POPC  Protein-POPG 

First 2 µs Last 2 µs First 2 µs Last 2 µs 
Helix Parallel Lower leaflet -329 ± 26 -252 ± 10 -234 ± 12 -226 ± 24 

Upper leaflet -820 ± 33 -689 ± 19 -772 ± 24 -755 ± 35 
Helix 
Antiparallel 

Lower leaflet -580 ± 44 -544 ± 20 -548 ± 38 -501 ± 14 
Upper leaflet -715 ± 58 -410 ± 22 -404 ± 20 -499 ± 27 

β-barrel 
Parallel 

Lower leaflet -371 ± 22 -322 ± 22 -139 ± 23 -178 ± 20 
Upper leaflet -746 ± 16 -703 ± 12 -740 ± 19 -936 ± 49 
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DISCUSSION  
This work evaluates possible membrane pore structures formed by oligomers of the IAPP 
peptide implicated in type II diabetes. We find that transmembrane helical bundles are stably 
embedded in a mixed POPC/POPG membrane on a 10-µs timescale but make narrow water 
pores. Partial unfolding at the C-terminus and/or tilting of the helices induce interactions 
between nonadjacent peptides that block the channel. A β-barrel consisting of parallel β-
hairpins at residues 11-30 is very stable, whereas the corresponding barrel with antiparallel 
hairpins is not. The number of monomers in these structures is arbitrary; six helices were 
chosen for comparison with previous work on AMPs and eight monomers were chosen for the 
barrels to provide a large enough channel and avoid steric clashes in the interior. It is expected 
that slightly smaller or larger oligomers will exhibit similar stability.  

We note that IAPP binds an aggregation inhibitor as a β-hairpin similar but not identical 
to that in our β-barrel models 76. There is more twist in that structure and a different h-bonding 
pattern. Similar hairpins have been frequently observed in MD simulations of the monomer 77–79, 
showing that such conformations are easily accessible and thermodynamically stable. The high 
kinetic stability of the parallel β-barrel does not prove that this structure occurs in reality. It could 
correspond to a deep local free energy minimum that may not be competitive with other minima 
and/or kinetically accessible.  

The picture that emerges from our results together with published experimental data is 
that different pore structures may occur under different conditions. A monomeric helical peptide 
can act like helical AMPs but an aggregated β-sheet oligomer may disrupt membranes by 
inserting into them an oligomer of β hairpins. The lack of perfect correlation between liposome 
leakage and cell toxicity24 may be due to the fact that the former is dominated by helical bundles 
whereas the latter by β sheet oligomers. Barrels may be more physiologically relevant because 
the requirement of anionic membrane is less severe and pancreatic cell membranes are not 
highly anionic80. The finding that off-register β sheet oligomers are more toxic than in-register 
ones81 is consistent with the β-barrel model, because β-barrels require shear for stability65, and 
shear is equivalent to off-register β sheets.  

Most computational work on IAPP has focused on aggregation in solution 45,46. 
Interestingly, spontaneous barrel formation with helical intermediates has been observed for full-
length82 or the 8-20 fragment83 of IAPP and also other peptides84,85, although these barrels 
would have to rearrange extensively to insert into a membrane. A smaller number of articles 
considered interactions with membranes 19,47–49,52,53,86. Zhao et al. 87,88 assumed that the peptide 
conformation is the same as in the fibril 29, similar to previous work on amyloid β 89. In these 
pore structures the peptides adopt a U-shaped conformation and make a double barrel with two 
concentric cylindrical β-sheets. Such double barrels have never been experimentally observed. 
The longer distance between strands in the outer barrel makes it very difficult for them to 
maintain h bonding; as a result the barrel breaks into smaller oligomers. Such models are not 
stable in our implicit membrane pores (results not shown). In addition, fibril structures vary 
considerably 31–33 and there is evidence that the peptide conformation is different between fibrils 
and toxic oligomers 11,14. More recent models of Aβ pores are based on classical, single-layer 
barrels, for the full-length 90 or the 25-35 fragment 91. These are similar in concept to the present 
barrels for IAPP. The difference in the present work is that we pre-evaluate the models using an 
implicit membrane model, which, in our experience, can be more discriminating than all-atom 
simulations. A couple of coarse-grained simulation studies treated the peptide as helical and 
obtained pore-like aggregates under certain conditions 50,51. These are similar to our helical 
bundles but the present models are of course more atomically detailed and allow changes in 
secondary structure.  
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Since the pore models are hypothetical, it is imperative to examine them in the light of 
available experimental data. Ramamoorthy and coworkers found that the 1-19 fragment of IAPP 
is helical and causes dye leakage from POPG liposomes without forming amyloid fibrils57. This 
finding seems consistent with our helical bundles, in which there is a tendency for unfolding at 
the Ct, while the segment 9-20 tends to remain helical and appears capable of supporting a 
pore at low tilt angle (Figs. 3,4). The experimental observation that the full-length peptide is less 
effective in inducing dye leakage than the 1-19 fragment under these conditions could be 
explained by the blocking of the channel by the unfolded C-termini we observe in the 
simulations. The partially unfolded helices in our helical bundles are similar to the structure of 
IAPP in micelles55,56. The helical bundles are also consistent with the experiments of Miranker 
and coworkers16,92.   Antiparallel dimers like those seen in Fig. 4 were observed by FRET on 
DOPG nanodiscs93. Some electrophysiology studies gave uniform single-channel conductances 
consistent with a well-defined pore structure 38,41 but others did not9,40,94. A SFG study of IAPP 
gave a tilt angle of the β strands similar to what is observed in our β barrel model95.  

The rat analogue of IAPP (rIAPP) is not toxic 96,97, although some in vitro studies found 
some membrane disruption at higher concentrations 24,98,99. rIAPP differs from hIAPP at 6 sites 
between 18 and 29 (H18R,F23L,A25P,I26V,S28P,S29P). This would place at least two prolines 
in a β strand, which would be clearly unfavorable. In addition, Arg in the interior of a barrel may 
be less stabilizing than His due to steric and electrostatic repulsion. So, the rat mutations 
destabilize not only the fibril but also a β barrel putative membrane pore structure. Analogues 
from other species that are nontoxic (bovine)100 or less toxic (ursine)101 also tend to have at least 
one or two P in the 11-30 region. These mutations should be more tolerable in the helical 
bundles, which may explain the observation of significant liposome leakage activity of rIAPP in 
some experiments 16,92,102. Indeed, the prolines occur at 25-29, close to the region that tends to 
unfold anyway in our simulations and was nonpresent in the above-mentioned liposome leakage 
experiments57. The helix bundles have similarities to those of magainin 59, corroborating the 
experimental comparison between the two peptides 16.  

Validating these structures experimentally is challenging, but progress is being made on 
several fronts. Direct structure determination of the barrel state might be possible if 
heterogeneity was suppressed. To do that, one could synthesize a tandem octamer of IAPP and 
try to fold and crystallize in various membrane mimicking environments. Indirect tests, such as 
mutations, are also possible. For example, the turns in the β barrel structure should tolerate 
mutation to P. To our knowledge, the S20P mutant has been considered only in the context of 
the 11-25 fragment and was found to not self-assemble103. N21P was found to accelerate  self-
assembly and to be as toxic as wild type, but N21G was not toxic104. Other possible approaches 
include cryoET, which has been recently applied to Ab oligomers105. Interestingly, when de  
novo designed β barrels were too stable they were found to form amyloid75, showing a link 
between these two states. Even if these β barrels do not actually occur in Nature, it would be 
important to understand why, given their high stability in silico.  

The only early-onset diabetes II mutation in IAPP is S20G, observed in Asian 
populations 106. It is known to accelerate fibril formation107,108 and to be more toxic109. In the 
barrel structure S20 is on the turn. It does not affect much the stability of the barrel but may 
facilitate the formation of the hairpin. Another possibility is that, given that the fibril structure of 
the mutant is different 32 it may experience a lower barrier to dissociation from the fibril and thus 
be more available for interactions with membranes. In the helical conformation S20 (as well as 
S19 and T30) are on the hydrophobic face of the helix and mutation to G likely increases the 
affinity for lipids and thus the stability of the pore. An interesting question is whether S19G 
would have similar effects as S20G.  

Fragments of many amyloidogenic peptides have been found to be toxic. Such is the 
case for fragment 20-29 of IAPP6. This fragment forms one strand of the hairpin studied here 
and could presumably form a barrel by itself. However, shorter fragments that were found to be 
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toxic in the fibril form, but not freshly dissolved, such as 23-27, are harder to rationalize in this 
way and need further investigation. Models of such fragments will be constructed and evaluated 
in the near future. The ΦχΦχΦ pattern required for membrane-embedded β barrels should be 
widespread in protein sequence space, which may explain the observed toxicity of prefibrillar 
aggregates of a variety of proteins110. 
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