
Impact of Ca2+ on Membrane Catalyzed IAPP Amyloid Formation 
and IAPP Induced Vesicle Leakage

Ming-Hao Li1, Xiaoxue Zhang2, Erwin London1,2,3,*, Daniel P. Raleigh1,2,4,*

1Graduate Program in Biochemistry and Structural Biology, Stony Brook University, Stony Brook, 
New York 11794, United States

2Department of Chemistry, Stony Brook University, Stony Brook, New York 11794, United States

3Department of Biochemistry and Cell Biology, Stony Brook University, Stony Brook, New York 
11794, United States

4Laufer Center for Physical and Quantitative Biology, Stony Brook University, Stony Brook, New 
York 11794, United States

Abstract

Human islet amyloid polypeptide (hIAPP, also known as amylin) is a 37 amino acid pancreatic 

polypeptide hormone that plays a role in regulating glucose levels, but forms pancreatic amyloid 

in type-2 diabetes. The process of amyloid formation by hIAPP contributes to β-cell death in the 

disease. Multiple mechanisms of hIAPP induced toxicity of β-cells have been proposed including 

disruption of cellular membranes. However, the nature of hIAPP membrane interactions and the 

effect of ions and other molecules on hIAPP membrane interactions are not fully understood. 

Many studies have used model membranes with a high content of anionic lipids, often POPS, 

however the concentration of anionic lipids in the β-cell plasma membrane is low. Here we study 

the concentration dependent effect of Ca2+ (0 to 50 mM) on hIAPP membrane interactions using 

large unilamellar vesicles (LUVs) with anionic lipid content ranging from 0 to 50 mole %. We find 

that Ca2+ does not effectively inhibit hIAPP amyloid formation and hIAPP induced membrane 

leakage from binary LUVs with a low percentage of POPS, but has a greater effect on LUVs with 

a high percentage of POPS. Mg2+ had very similar effects and the effects of Ca2+ and Mg2+ can be 

largely rationalized by the neutralization of POPS charge. The implications for hIAPP-membrane 

interactions are discussed.
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1. Introduction

Human islet amyloid polypeptide (hIAPP, also known as amylin) is a 37 amino acid 

pancreatic polypeptide hormone that is co-secreted with insulin from the pancreatic β-

cell[1–6]. hIAPP plays a role in regulating glucose levels, but forms pancreatic amyloid 

in type-2 diabetes (T2D). The process of amyloid formation by hIAPP contributes to 

β-cell death in the pre-diabetic state and in T2D[1, 2, 7–11]. Multiple mechanisms of 

hIAPP induced toxicity of β-cells have been proposed including disruption of cellular 

membranes[9, 12–20]. However, the nature of hIAPP membrane interactions and the 

effect of ions and other molecules on hIAPP membrane interactions are not completely 

understood. Simple model systems have been widely used to study the interaction of hIAPP 

and membranes and have provided considerable insights. These investigations have shown 

that membrane composition impacts both hIAPP amyloid formation and the ability of 

hIAPP to induce membrane leakage[21–26]. Many experiments have used vesicles that 

contain high concentrations of anionic lipids, typically between 25 to 50 mole % anionic 

lipid or even higher. However, the concentration of anionic lipids in the β-cell plasma 

membrane is modest. The β-cell plasma membrane is asymmetric and is estimated to 

contain between 0.6 and 11 mole % of anionic lipid, mainly in the inner leaflet[22, 27]. 

This is an important consideration since hIAPP is a cationic polypeptide, and membranes 

with a higher percentage of anionic lipids are more effective at promoting hIAPP amyloid 

formation than those with a low percentage of anionic lipids. hIAPP is also more effective 

at inducing leakage of simple model membranes that contain a significant amount of anionic 

lipids. [13, 15–17, 21, 23, 28–31].

The primary sequence of hIAPP is displayed in Fig. 1[6, 32]. The peptide contains a 

disulfide bond between Cys-2 and Cys-7, has no acidic residues and the C-terminus is 

amidated. Depending on the exact pKa of the N-terminus and of the single His residue, the 

charge state of the peptide ranges from +2 to +4 at pH 7.4, and the peptide is positively 

charged at all physiologically relevant pH values.

Ca2+ flux is important for β-cell function[33–37] and Ca2+ has the potential to alter 

IAPP-membrane interactions at least in vitro[38–40]. This could be due to Ca2+ effects 

on the biophysical properties of membranes, particularly those with anionic lipids. Ca2+ 

is known to bind to the POPS headgroup and modulate the properties of POPS rich 

model membranes[41]. Important early work described the effects of 0 to 400 µM Ca2+ 

on IAPP interactions with model membranes that contain 30 mole % anionic lipids[38]. 

Ca2+ was observed to inhibit hIAPP membrane insertion and decreased hIAPP induced 

membrane leakage[38]. β-cell plasma membranes have anionic lipid content noticeably 

lower than 30 mole %[22], and physiological extracellular Ca2+ concentrations are in the 

low millimolar range while intracellular concentrations are in the 100 nanomolar range[33, 

36, 42]. Therefore, studies of the effects of Ca2+ upon hIAPP membrane interactions under 
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a wide range of conditions, including those close to physiological, are of interest. Here we 

examine the effects of varying the Ca2+ concentration from 0 to 50 mM on the interactions 

of hIAPP with binary LUVs that contain varying concentration of POPS (0 to 50 mole %), 

and on LUVs that contain cholesterol.

Our experiments confirm that Ca2+ inhibits amyloid formation and IAPP induced membrane 

permeability of binary large unilamellar vesicles (LUVs) containing a high percentage of 

POPS for relatively high Ca2+ concentrations. Comparison to our previous studies suggests 

the effects of Ca2+ can be explained by the neutralization of PS charge[21]. Experiments 

using Mg2+ are consistent with this hypothesis. We find that physiological Ca2+ levels do not 

strongly inhibit hIAPP amyloid formation in the presence of binary LUVs containing POPC 

and a low percentage of POPS under the conditions of the assays. Permeability assays show 

that the effect of physiological Ca2+ levels on hIAPP induced membrane leakage from LUVs 

is reduced at lower percentages of POPS.

2. Methods and Materials

2.1. Materials:

1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (sodium salt) (POPS), 

1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-POPE), 1,2-dioleoyl-

sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rh-DOPE) 

were purchased from Avanti Polar Lipids. Chelex-100, 5(6)-carboxyfluorescein, 

diphenylhexatriene (DPH), Triton X-100, dimethyl sulfoxide (DMSO), 1,1,1,3,3,3-

hexafluoro-2-propanol (HFIP) and thioflavin-T were purchased from Sigma-Aldrich. The 

concentration of thioflavin-T was determined by absorbance at 412 nm, ε=36,000 M−1cm−1. 

Chloride salts of metal ions were used.

2.2. Preparation of large unilamellar vesicles (LUVs):

Lipids were initially dissolved in chloroform. The lipid mixture was dried by a stream 

of nitrogen and then under vacuum for one hour. Ca2+ was removed from DDI water 

using Chelex-100 (0.43g/liter) and decanting the water slowly from the resin before buffer 

preparation. Multilamellar vesicles were prepared by dissolving the dry lipid mixture in 

buffer (20 mM Tris, 100 mM NaCl, pH 7.4 with the desired Ca2+ concentration) and 

incubating in a 55°C water bath shaker for 30 minutes. LUVs were prepared by 7 freeze-

thaw cycles and extrusion 11 times with a 100 nm pore polycarbonate membrane. To prepare 

LUVs for membrane permeability assays, the same method was used except the dry lipid 

film was dissolved in 80 mM carboxyfluorescein, 20 mM Tris, 100 mM NaCl, pH 7.4 

buffer. Free carboxyfluorescein was removed using a PD-10 desalting column. The final 

lipid concentration was determined by the method of Stewart[43].

2.3. Peptide synthesis and purification:

hIAPP was synthesized using Fmoc chemistry with a CEM Liberty microwave peptide 

synthesizer at a 0.10 mmole scale. Fmoc-PAL-PEG-PS resin was used to provide C-terminal 

amidation. Fmoc-protected pseudoproline di-peptides were used at positions 9–10, 19–20, 
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and 27–28 to improve synthesis efficiency[44, 45]. All pseudoprolines, Arg, and β-branch 

amino acids were double coupled. His and Cys were coupled at a reduced temperature, 

50°C, to reduce the level of racemization[45]. The peptide was cleaved from the resin using 

standard TFA methods. The crude peptide was dissolved in 20% acetic acid and lyophilized 

prior to purification. The disulfide bond was formed by dissolving the crude peptide in 

100% DMSO and allowing it to sit at room temperature for three days. Formation of the 

disulfide bond was monitored by reverse phase analytical HPLC. The oxidized peptide was 

purified via reverse phase HPLC with a Proto 300 C18 preparative column and a two-buffer 

system. Buffer A contained 100% H2O, and 0.045% of HCl. Buffer B contained 20% 

H2O, 80% acetonitrile, and 0.045% of HCl. A Bruker AutoFlex II MALDI-TOF/TOF mass 

spectrometer was used to determine the molecular weight of the purified product: observed= 

3903.3, expected =3902.7. Purified peptide was lyophilized and stored at −20 °C.

2.4. Membrane permeability assays:

LUVs loaded with 80 mM carboxyfluorescein were mixed with empty LUVs of the same 

composition so that 5% of the LUVs contained carboxyfluorescein. This was done to 

minimize changes in inner filter effects which can result from the release of the dye. LUV 

with a 400 μM total lipid concentration and 20 μM of hIAPP were loaded into a 96 well 

quartz plate. Fluorescence of carboxyfluorescein was measured using a DTX 880 plate 

reader at 25°C (excitation wavelength: 485 nm, and emission wavelength: 535 nm). The % 

fluorescence change was calculated as follows:

fluorescence change (%)  =  (F(t)‐Fmin)/(Fmax‐Fmin) × 100 (1)

Where F(t) is the fluorescence intensity of the carboxyfluorescein/hIAPP mixture at a given 

time t, Fmin is the fluorescence intensity of the LUV without hIAPP added, and Fmax is 

the fluorescence intensity of fully disrupted LUV, achieved by the addition of 2 mole % of 

triton x-100. The % fluorescence is directly related to the % of carboxyfluorescein leakage 

provided there are no significant inner filter effects[21, 28].

2.5. Amyloid formation assays:

Thioflavin-T measurements were made in 20 mM Tris, 100 mM NaCl buffer at pH 7.4. 

Thioflavin-T was mixed with hIAPP in buffer immediately before the experiment and the 

samples were then loaded into a 96 well quartz plate. The final concentration of thioflavin-

T and hIAPP were 40 μM and 20 μM, respectively. Fluorescence of thioflavin-T was 

monitored using a DTX 880 plate reader (excitation wavelength: 430 nm, and emission 

wavelength: 485 nm). Readings were made every 10 minutes with no additional shaking. T50 

is the time to reach half-maximum fluorescence intensity.

2.6. Fluorescence anisotropy measurements:

0.1 μM of DPH and LUVs with 100 μM total lipid were used for the fluorescence anisotropy 

experiments. DPH was dissolved in ethanol, added to LUV solution, and incubated at 

room temperature for 5 minutes before anisotropy experiments. The vertical and horizontal 
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fluorescence intensity of DPH was measured using a SPEX automated Glan-Thompson 

polarizer accessory. Anisotropy was calculated using the equation:

R = (IVV ‐G*IVH)/(IVV + 2G*IVH) (2)

where IVV and IVH are the parallel and perpendicular polarized fluorescence intensity with 

vertically polarized fluorescence excitation, and G is the correction factor = IHV/IHH.

2.7. FRET-based quenching assays of vesicle fusion:

Vesicles with a FRET donor lipid, 0.5 mole % nitrobenzoxadiazole-DOPE (NBD-DOPE), 

and a FRET acceptor lipid, 1 mole % rhodamine-DOPE (Rh-DOPE) lipids were used. 

The fluorescence-labeled LUV and unlabeled LUV were mixed in a 1:9 ratio and loaded 

into a 96-well quartz plate. Fluorescence was excited at 463 nm and recorded at 536 nm 

using a Molecular Devices Gemini EM plate reader. The calcium stock solution was 5 M 

CaCl2. Samples without calcium were loaded into the plate and then calcium was added 

(calcium injection). Fluorescence measured in buffer without LUVs was monitored to give 

the minimum fluorescence intensity, and LUVs mixed with 2 mole % of triton x-100 were 

used to give the maximum fluorescence intensity.

2.8. Transmission electron microscopy (TEM):

Samples were prepared by blotting 15 uL of material collected at the end of the thioflavin-T 

kinetic assays onto Carbon-coated Formvar 300 mesh copper grids. The same volume of 1% 

depleted uranyl acetate was used to negatively stain each sample. Images were taken at the 

Central Microscopy Imaging Center at Stony Brook University.

2.9. Circular Dichroism (CD):

CD spectra were recorded at 25 °C using a Jasco J-715 CD spectrometer and 0.1 cm cells. 

Spectra were recorded over the wavelength range of 260 to 195 nm in 1 nm steps.

3. Results and discussion

3.1. The rate of hIAPP amyloid formation in the presence of LUVs decreases with 
increasing Ca2+ ion concentration, but the effect is not significant for vesicles containing 
low mole % POPS

We began with studies of binary LUVs containing POPS and POPC, chosen in part because 

prior work has used binary systems that contain an anionic and a zwitterionic phospholipid. 

We first tested the effect of adding CaCl2 on the kinetics of hIAPP amyloid formation 

in the absence of vesicles. Amyloid formation was monitored using fluorescence-based 

thioflavin-T assays. These have been widely applied to studies of hIAPP amyloid formation 

in homogeneous solution and in the presence of LUVs and other model membranes. There 

was no detectable change in the time course of thioflavin-T time fluorescence increase with 

the addition of 1 mM CaCl2 and, at most, only a very modest effect with 10 mM CaCl2 (Fig. 

S1). However, addition of 50 mM CaCl2 reduced the T50 by 60%. The effect is likely due 

to the change in ionic strength. Addition of 50 mM CaCl2 increases the ionic strength by 
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150 mM and hIAPP amyloid formation is known to be accelerated by an increase in ionic 

strength in this range [46].

The effect of Ca2+ on LUV catalyzed hIAPP amyloid formation was examined for binary 

LUVs with various amounts of POPS (anionic lipid) and POPC (zwitterionic lipid), ranging 

from 0 mole % POPS to 50 mole % POPS (Fig. 2A, Table S1, and Fig. S2). This spans 

the range from physiologically relevant POPS levels to the much higher values commonly 

employed in biophysical studies. Amyloid formation was monitored by thioflavin-T assays. 

Prior studies have shown that thioflavin-T assays accurately report on the kinetics of 

hIAPP under a wide range of conditions. However, thioflavin-T is an extrinsic probe and 

it is important to verify the results with other methods. We used transmission electron 

microscopy (TEM) to confirm the presence of amyloid fibrils. (Fig. S3, and Fig. S10). We 

also used CD spectroscopy to confirm the transition to β-sheet structure (Fig. S4).

Fig. 2A compares the value of T50 with and without 1 mM Ca2+ as a function of the mole 

% POPS. Fig. 2B displays a plot of the ratio of T50 in the presence and in the absence of 

Ca2+. Increasing POPS accelerates amyloid formation, as expected from prior studies. This 

was true both with and without Ca2+. In contrast to the effect of Ca2+ in the absence of 

LUVs, Ca2+ partially inhibits amyloid formation in the presence of binary LUVs containing 

POPS, as in previous studies[21, 38]. The magnitude of the effect depends on the amount of 

POPS in the LUV. At low POPS concentrations, (< 5 mole %), 1 mM Ca2+ had a noticeably 

smaller effect on the rate of hIAPP amyloid formation than at higher POPS concentrations. 

For example, addition of 1 mM Ca2+ leads to a 2.8-fold increase in T50 in the presence 

of LUVs containing 25 or 50 mole % POPS, but only a 1.6-fold increase for samples 

that contain LUVs with 5 mole % POPS. An even smaller increase in T50, just 40%, was 

detected for the LUVs containing 2 mole % POPS (Fig. 2, Table S1). The difference in the 

direction of the effect of Ca2+ upon amyloid formation in the presence and absence of LUV 

shows that the effect of Ca2+ in the presence of vesicles is not due to Ca2+ effects upon ionic 

strength since increases in ionic strength accelerate hIAPP amyloid formation in aqueous 

solution in the absence of vesicles.

The above experiments were conducted using a lipid to peptide ratio of 20:1 (400 µM lipid 

and 20 µM peptide). We repeated the kinetics assays using a higher (100:1) lipid to peptide 

ratio for LUVs comprised of 100% POPC and for LUVs made up of 75 mole % POPC, 25 

mole % POPS (Fig. S5, Table S2). Similar Ca2+ dependent effects were observed. For the 

pure POPC LUVs (no POPS), no change in T50 was detected when 1 mM Ca2+ was added. 

For the 25 mole % POPS, 75 mole % POPC LUVs, T50 was increased 2-fold upon addition 

of 1 mM Ca2+.

3.2. Calcium inhibition of LUV mediated amyloid formation saturates at ~10 mM Ca2+ for 
binary LUVs containing 10 mole % POPS, 400 µM lipid, and 20 µM hIAPP

We next studied the effect of varying the Ca2+ concentration on hIAPP membrane-mediated 

amyloid formation. Ca2+ is known to induce membrane fusion and it is important to control 

for these effects[47–52]. We wished to avoid vesicle fusion which increases vesicle size 

and might affect interactions with hIAPP. Thus, we first conducted control experiments to 

test what range of Ca2+ ion concentrations and POPS content lead to vesicle-fusion. A 
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FRET-based assay with NBD-DOPE (donor) and Rh-DOPE (acceptor) labeled fluorescence 

lipids was used. Binary LUVs with 10 mole % POPS and 50 mole % POPS were tested 

(Fig. S6). In the absence of fusion, the fluorescence of NBD-DOPE is low because it is 

quenched by the Rh-DOPE. If fusion occurs between labeled vesicles and vesicles without 

FRET donor and acceptor, the concentration of Rh-DOPE in the vesicle decreases and 

consequently the NBD-DOPE fluorescence increases. Ca2+ was injected into solutions of 

mixed 1:9 fluorescence labeled and unlabeled LUV at time 0 (Fig. S6). The data shows 

that for the binary LUVs with high POPS content (50 mole % POPS), Ca2+ induces vesicle 

fusion even for relatively low Ca2+ ion concentrations (5 mM CaCl2) (Fig. S6A). However, 

no fusion was observed for LUVs containing 10 mole % or lower POPS even at the highest 

injected Ca2+ ion concentration (50 mM CaCl2) (Fig. S6B).

Based on the control experiments, we used binary LUVs made up of 10 mole % POPS, 

90 mole % POPC to study the effect of higher Ca2+ concentrations on hIAPP amyloid 

formation (Fig. 3 and Fig. S7). Data normalized on the Y-axis are displayed in figure 3 and 

the unnormalized data in supporting Fig. S7. Fiber formation was confirmed using TEM 

(Fig. S3). The T50 for amyloid formation increased as Ca2+ concentration increased, and the 

effect saturated between 10 mM and 50 mM of Ca2+. At 10 mM Ca2+, the T50 was 2.7-fold 

larger than in the absence of Ca2+.

Examination of the unnormalized data (Fig S7) reveals that the final thioflavin-T intensities 

are similar except for the experiment conducted with 50 mM CaCl2. In that case the final 

intensity is reduced. It is difficult to correlate the final intensity in thioflavin-T assays 

conducted under different conditions with the amount of amyloid formed. Fibrils formed 

under different conditions can adopt different structures and their lateral association might 

be altered. This can affect the affinity of the thioflavin-T for the fibrils, the number of 

binding sites, or the structure of the bound thioflavin-T. The latter is important because the 

quantum yield of thioflavin-T is sensitive to the details of its bound structure.

3.3. Calcium inhibits hIAPP induced membrane leakage, but the effects depend on the 
POPS content

We next examined the effects of added Ca2+ on hIAPP induced membrane leakage. 

Membrane permeability was studied using a dye-based leakage assay. High concentrations 

(80 mM) of carboxyfluorescein were encapsulated in the binary LUVs. The high 

concentration leads to self-quenching of carboxyfluorescein fluorescence, while hIAPP 

induced leakage of carboxyfluorescein from the LUVs reduces the self-quenching and leads 

to an increase in fluorescence[21]. The measurements were conducted using samples in 

which 5% of the LUVs contained dye and the reminder did not in order to reduce any 

changes in fluorescence due to changes in inner filter effects caused by dye release. Binding 

of Ca2+ to the LUVs inhibited, but did not eliminate hIAPP induced membrane leakage and 

the effect was more pronounced at high POPS mole %. Differences were observed at both 

early (10 minutes) and late times (20 hours) (Fig. 4, and Fig. S8). For example, at 50 mole 

% POPS, the addition of 1 mM Ca2+ reduced hIAPP induced leakage from 77 ± 3.8 to 51 ± 

2.4 % at 10 minutes and from 97 ± 4.3 to 77 ± 2.9 % at 20 hours. For 2 mole % POPS, the 

addition of the same Ca2+ concentration modestly reduced hIAPP induced leakage from 30 
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± 0.6 to 26.0 ± 0.4 % at 10 minutes and from 50 ± 2.8 to 47 ± 1.2 at 20 hours (Table S3). 

Notice that significant leakage is still observed in the presence of Ca2+.

3.4. Calcium inhibits hIAPP induced membrane leakage in a concentration dependent 
manner

We next examined the hIAPP induced leakage of LUVs containing 10 mole % POPS, 90 

mole % POPC as a function of Ca2+ (Fig. 5). hIAPP induced leakage was reduced as the 

Ca2+ concentration increased, and the effect saturated between 10 mM and 50 mM Ca2+, a 

similar result to what we observed for the inhibition of amyloid formation. The amount of 

leakage observed at 10 minutes was reduced from 66 % in the absence of Ca2+ to 25% in the 

presence of 10 mM Ca2+ (Fig. 5) A significant reduction was also observed at late times (20 

hours): from 77% without Ca2+ to 34% with 10 mM Ca2+.

3.5. Mg2+ impacts hIAPP amyloid formation and hIAPP induced LUV leakage in a similar 
fashion to Ca2+

Ca2+ is known to interact with POPS headgroups via electrostatic interactions. If 

electrostatic interactions play a significant role in the effects observed here, then Mg2+ 

should influence leakage and amyloid formation in a similar fashion. Consequently, we 

repeated the experiments for the 10 mole % POPS, 90 mole % POPC LUVs using Mg2+ 

instead of Ca2+. Mg2+ led to slower amyloid formation and less leakage, and the effects 

were virtually identical to those observed with Ca2+ (Fig. 6). We also examined the 

effects of added Zn2+. The limited solubility of ZnCl2. precluded an in-depth concentration 

dependent study. Addition of 1 mM ZnCl2 has similar effect as the addition of 1 mM 

MgCl2 (Fig. S9). Zn2+ is known to have complicated pH and concentration dependent 

effects on amyloid formation by hIAPP[53–57]. We did not conduct a detailed concentration 

dependent study because of these considerations, and because of the limited solubility of 

ZnCl2, and because the focus here is on Ca2+ dependent interactions.

3.6. Ca2+ also slows amyloid formation for LUVs which contain cholesterol

Cell membranes contain cholesterol and the presence of cholesterol in LUVs is known 

to impact LUV mediated hIAPP amyloid[21, 28]. We tested if Ca2+ impacts membrane 

mediated amyloid formation for LUVs composed of 10 mole % POPS, 50 mole % POPC, 

and 40 mole % cholesterol (Fig. 7, Fig. S10). As expected, hIAPP amyloid formation 

was slower in the presence of LUVs containing cholesterol than in the presence of LUVs 

without cholesterol in the absence of Ca2+. Addition of Ca2+ led to larger T50 values for 

the cholesterol-containing LUV indicating the Ca2+ also slowed amyloid formation for this 

system. Addition of 10 mM led to a 3-fold increase in T50. At the highest Ca2+ tested, 

50mM, the T50 was larger than the value observed in the absence of Ca2+, but is less than 

the value observed for 10 mM Ca2+. This is different than the results observed for the LUVs 

which lacked cholesterol. In that case, addition of Ca2+ lead to a monotonic increase in T50. 

This may reflect competing effects in solution and on the vesicles’ surface. In solution, 50 

mM CaCl2 led to a reduction in T50 (faster amyloid formation). Cholesterol weakens hIAPP 

membrane interactions and it may be that cholesterol and high Ca2+ together led to even 

weaker interaction. In this scenario, a larger fraction of the peptide could form amyloid in 

solution under these conditions. Irrespective of the details, the critical observation is that 
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Ca2+ above 1 mM slowed amyloid formation for cholesterol containing LUVs with 10% 

POPS (Fig. 7, Fig. S10).

3.7. The effect of calcium on membrane fluidity as judged by diphenylhexatriene (DPH) 
anisotropy

Prior work has shown that the fluidity of model membranes affects the rate of LUV 

catalyzed hIAPP amyloid formation[28]. We tested if the effects of Ca2+ on amyloid 

formation and membrane permeability observed here correlate with changes in membrane 

fluidity/order, using fluorescence anisotropy measurements of DPH containing LUVs. DPH 

fluorescence anisotropy of DPH in membranes reports on the extent of rotation, a parameter 

limited by membrane order[58–63]. We titrated Ca2+ from 0 to 50 mM for LUVs containing 

10, 25, and 50 mole % POPS (Table S4). We observed no significant change in DPH 

fluorescence anisotropy (which can be as high as 0.30 when a membrane is in an ordered 

state[64]). For example, with 10 mole % POPS, the DPH anisotropy was 0.10 ± 0.01 

at 0 mM Ca2+, 0.11 ± 0.01 at 10 mM Ca2+, and 0.11 ± 0.01 at 50 mM Ca2+. For 50 

mole % POPS, the DPH anisotropy was 0.11 ± 0.01 at 0 mM Ca2+, 0.12 ± 0.01 at 

10 mM Ca2+, and 0.12 ± 0.01 at 50 mM Ca2+ (Table S4). Prior work has shown that 

Ca2+ does not induce phase separation with formation of ordered domains for 10 mole % 

POPS[65]. That observation, together with the current result indicates no significant increase 

in rigidification/order occurs upon addition of Ca2+ to the LUVs containing 0 and 10 mole 

% POPS under the conditions of our experiments as monitored by DPH anisotropy. The 

data for higher mole % POPS is harder to interpret. There are two possibilities: If phase 

separation does not occur, the anisotropy measurement indicated no detectable rigidification. 

However, if phase separation is induced, it is possible the DPH probe is excluded from the 

more rigid POPS: Ca2+ domains, so that there could be an increase in membrane order that 

DPH is unable to detect. The work reported by Silvius[65] has shown that phase separation 

is induced by Ca2+ in multilamellar systems for POPS concentration of 25 mole % and 

above. While different from the systems used here, this early work suggests that phase 

separation is likely and, if so, our data suggests that the DPH phase is excluded from the 

POPS: Ca2+ phase.

4. Conclusions

The presence of POPS in model membranes accelerates amyloid formation and increases 

hIAPP induced membrane leakage. This appears to be related to the negative charge on 

the POPS molecules[21]. Thus, the reduction of amyloid formation and leakiness by Ca2+ 

for the model membranes used here is consistent with charge neutralization of the POPS 

headgroup. The Mg2+ studies support this hypothesis.

The data reported here shows that the effects of Ca2+ on the rate of amyloid formation 

and on the ability of hIAPP to induce leakage depends on the amount of POPS contained 

within the model membrane. The observed effects saturate somewhere between 10 and 50 

mM Ca2+ which is broadly consistent with early studies of Ca2+ binding to POPS containing 

membranes[41]. Modest effects are observed at the lower POPS values that fall in the 

physiological range compared to the higher POPS concentrations. The results show that 
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Ca2+ effects on hIAPP model membrane interactions are a strong function of the amount 

of POPS in the model membrane, and highlights the important role of POPS in Ca2+ 

dependent effects in such systems. The data shows that Ca2+ also has effects on cholesterol 

containing LUVs which contain POPS. The time to form amyloid is longer for LUVs 

that contain cholesterol. These observations are in good agreement with prior results[21, 

28]. The addition of Ca2+ further lengthens the time to form amyloid for the cholesterol 

containing LUVs.

It is difficult to extrapolate from the experimental data reported here even at low POPS 

mole % to the relevant biological membrane since those contain a complicated mixture of 

lipids and are asymmetric. However, consideration of plasma membrane composition and 

the extra and intercellular Ca2+ levels together with the data presented here argues that Ca2+ 

induced modulation of the physical properties of the plasma membrane is unlikely to affect 

hIAPP plasma membrane interactions significantly in vivo. If hIAPP amyloid formation 

begins extracellularly, as has been proposed by some workers[3, 12, 66], the polypeptide 

will interact with the outer leaflet of the β-cell plasma membrane which has a very low mole 

% of anionic lipids. The data presented here shows that added Ca2+ has very modest effects 

for the model membranes which contain a low mole % of anionic lipids. Some workers have 

proposed that hIAPP fibrils may have an intracellular origin, but even the inner leaflet of the 

β-cell plasma membrane is estimated to contain a % of POPS that is lower than used in most 

biophysical studies[22]. In addition, intracellular Ca2+ concentrations are much lower than 

extracellular concentrations and are in 100s of nanomolar range.[33, 37, 42]. This suggests 

that Ca2+ modulation of the physical properties of the inner leaflet is also unlikely to play a 

significant role in modulating hIAPP interactions with the inner leaflet in vivo.
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Abbreviations

DMSO dimethyl sulfoxide

DPH diphenylhexatriene

HFIP 1,1,1,3,3,3-hexafluoro-2-propanol

hIAPP human islet amyloid polypeptide

LUV large unilamellar vesicle

MLV multilamellar vesicles
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NBD-POPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-

benzoxadiazol-4-yl)

POPC 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine

POPS 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (sodium salt)

Rh-DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine 

rhodamine B sulfonyl)

T2D type-2 diabetes
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Highlights

• Amyloid formation by the polypeptide hormone IAPP contributes to type-2 

diabetes

• Model membranes with high anionic lipid content accelerate IAPP amyloid 

formation

• High levels of Ca2+ reduce anionic membrane catalysed IAPP amyloid 

formation

• Ca2+ effects are modest for membranes with physiological levels of anionic 

lipids

• Physiological Ca2+ levels have modest impact on membrane mediated 

amyloid formation
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Fig. 1. 
Sequence of hIAPP with the disulfide bridge between Cys-2 and Cys-7 and the amidated 

C-terminus shown.
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Fig. 2. 
Effect of Ca2+ upon hIAPP amyloid formation in the presence of vesicles containing 

different mole % of POPS. (A) T50 vs mole % POPS in the presence (red) and absence 

(black) of 1 mM Ca2+. (B) A plot of the ratio of T50 in the absence of Ca2+ to T50 in the 

presence of 1 mM Ca2+. Experiments were conducted in 20 mM Tris, 100 mM NaCl, pH 7.4 

at 25 °C with 400 µM lipid, 20 µM hIAPP, and 40 µM thioflavin-T. Standard deviations from 

three experiments are shown and are smaller than the symbols for the data points at 25 mole 

% POPS and higher.
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Fig. 3. 
hIAPP amyloid formation in the presence of vesicles containing 10 mole % POPS, 90 mole 

% POPC with different concentrations of Ca2+. (A) Thioflavin-T assays (B) T50 of amyloid 

formation. Experiments were conducted in 20 mM Tris, 100 mM NaCl, pH 7.4 at 25 °C 

with 400 µM lipid, 20 µM hIAPP, and 40 µM thioflavin-T. Standard deviations from three 

experiments are shown and are smaller than the symbols except for the 50 mM Ca2+ datum 

point.
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Fig. 4. 
The observed % change in fluorescence for carboxyfluorescein leakage assays of hIAPP 

induced membrane leakage. Experiments were conducted for vesicles containing different 

mole % of POPS without calcium (black) and with 1 mM calcium (red) at (A) 10 min and 

(B) 20 hours. Experiments were conducted in 20 mM Tris, 100 mM NaCl, pH 7.4 at 25 °C 

with 400 µM lipid and 20 µM hIAPP. Standard deviations from three experiments are shown 

and are smaller than the symbols.

Li et al. Page 19

Biochim Biophys Acta Biomembr. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
The observed % change in fluorescence for carboxyfluorescein leakage assays of hIAPP 

induced membrane leakage in the presence of vesicles containing 10 mole % POPS, 90 mole 

% POPC with different concentrations of Ca2+. (A) Kinetics of dye release from vesicle 

induced by hIAPP. (B) % Leakage at 10 min (black) and 20 hours (red). Experiments were 

conducted in 20 mM Tris, 100 mM NaCl, pH 7.4 at 25 °C with 400 µM lipid and 20 µM 

hIAPP. In panel (B), the standard deviations from three experiments are shown and are 

smaller than the symbols.

Li et al. Page 20

Biochim Biophys Acta Biomembr. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Ca2+(Blue) and Mg2+ (Green) have similar effects on hIAPP amyloid formation and hIAPP 

induced LUV leakage. (A) Histogram of the ratio of T50 for Thioflavin-T amyloid formation 

assays conducted in the presence and absence of metal and (B) Histogram of the ratio of 

hIAPP induced final membrane leakage at 20 hours in the presence and absence of metal. 

Experiments were conducted with LUVs that contained 10 mole % POPS, 90 mole % POPC 

LUV and utilized 20 mM Tris, 100 mM NaCl, pH 7.4 at 25 °C with 400 µM lipid and 20 µM 

hIAPP.
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Fig. 7. 
Effect of cholesterol on the hIAPP amyloid formation in the presence of Ca2+. (A) 

Thioflavin-T assays, (B) T50 of amyloid formation. Experiments were conducted in 20 mM 

Tris, 100 mM NaCl, pH 7.4 at 25 °C with 400 µM lipid and 20 µM hIAPP.
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