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Abstract

Aggregation of the highly amyloidogenic IAPP is endogenously inhibited inside beta-cell granules 

at millimolar concentrations. Combining in vitro experiments and computer simulations, we 

demonstrated that the stabilization of IAPP upon the formation of zinc-coordinated ion molecular 

complex with C-peptide might be important for the endogenous inhibtion of IAPP aggregation.
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The amyloid aggregation1–3 of islet amyloid polypeptide (IAPP), a 37-residue peptide 

hormone co-synthesized, co-stored, and co-secreted with insulin by pancreatic β-cells for 

glycemic control,4 is associated with β-cell death in type-2 diabetes (T2D).5,6 IAPP readily 

forms amyloid fibrils in vitro within hours at μMconcentrations.7 However, before its 

secretion to the bloodstream IAPP is stored inside β-cell granules at mM concentrations for 

hours without apparent aggregation in healthy individuals. Therefore, the unique 

physiological environment of β-cell granules - e.g., low pH7,8 and high concentrations of 

zinc ions (Zn2+), insulin and C-peptide9 - endogenously inhibits IAPP aggregation. The high 

concentration of Zn2+, maintained by β-cell-specific zinc transporters - ZnT8,10 is important 

for the efficient storage of insulin in β-cells. Zn2+ coordinates the formation of insulin 

hexamers, which constitute insulin crystals as the dense core of β-cell granules.11 C-peptide 

is a proteolytic product of proinsulin and has been recently found to play important 

physiological roles in addition to a marker of insulin production.12 Inhibition of IAPP 

aggregation by insulin13 and low pH14,15 has been observed in vitro. Electrostatic repulsion 

between protonated histidine18 (His18) was found responsible for inhibiting IAPP 

aggregation at low pH.14,16 Previous studies by our group and others17–19 offered molecular 

insights to the binding of insulin with IAPP for understanding the inhibition mechanism. 

The inhibition of IAPP aggregation by insulin has also been found to suppress the 

aggregation-induced membrane disruption.20 However, because the pH of β-cell granules 

(∼5.5 pH) is close to the isoelectric point of His188,21 (i.e., a significantly high portion of 

IAPP is still unprotonated and aggregation-prone) and also because IAPP is found 

exclusively in the soluble halo fraction of β-cell granules while insulin is mostly insoluble in 

the core (i.e., inaccessible for IAPP aggregation inhibition),22 a balance of Zn2+ and C-

peptide co-localized with IAPP appears crucial for maintaining the native state of IAPP in 

addition to the low pH effect.15

NMR experiments have shown that Zn2+ binds the His18 of IAPP and coordinates the 

formation of IAPP oligomers.23–25 Discrete molecular dynamics (DMD) simulations of 

zinc-coordinated IAPP oligomers with different molecular weights (MWs)16 revealed that 

high MW IAPP oligomers (enriched at low zinc/IAPP stoichiometry) could form inter-

peptide hydrogen bonds and enhance the formation of β-rich aggregates, but electrostatic 

repulsions between zinc-bound IAPP monomers (enriched at high zinc/IAPP stoichiometry) 

reduced IAPP self-association and aggregation as in the case of protonated His18 at low 

pH.14 While DMD simulations offered an explanation for the concentration-dependent effect 

of zinc on IAPP aggregation as observed experimentally,16,22–26 these results also suggest 

that zinc binding alone is insufficient for the endogenous inhibition of IAPP aggregation. C-

peptide, on the other hand, was found to promote IAPP aggregation in vitro.22 Hence, we 

postulate that the cooperative effect of zinc and C-peptide rather than individual molecules 

may be responsible for the endogenous inhibition of IAPP aggregation.

We first applied all-atom DMD simulations27 to study the structure and dynamics of the 

various molecular systems comprised of zinc, C-peptide, and IAPP (details see Methods in 

ESI). To validate the aggregation promotion effect of C-peptide, we simulated the 

dimerization of IAPP with and without the presence of C-peptide. Indeed, C-peptide 

significantly accelerated the self-association of IAPP dimers (Fig. S1). However, C-peptide 

binding did not affect the secondary (Fig. S2A,B) and quaternary (Fig. S2C,D) structures of 
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the IAPP dimeric aggregates. This effect likely originated from electrostatic attractions as 

the net charge of IAPP is +2e (Lys1 and Arg11) while it is -5e for C-peptide (Glu1, Glu3, 

Asp4, Glu11, and Glu27).

It has been experimentally shown that all five acidic residues of C-peptide contribute to Zn2+ 

binding at a 1:1 stoichiometry.28 Simulations of zinc, C-peptide, and IAPP at a 1:1:1 

molecular ratio indicated that Zn2+ bound to C-peptide more rapidly than its binding with 

IAPP (Fig. S3A). The binding probability of Zn2+ with C-peptide approached 1, while the 

binding of Zn2+ with IAPP was only observed in ∼40% simulations after 50 ns. The 

differential binding kinetics was due to the different driving forces, as C-peptide has five 

charged acidic residues all contributing to Zn2+ binding with a longer interaction range and 

larger binding cross-section, but the zinc-binding His18 of IAPP was neutral with a shorter 

interaction range and smaller binding cross section. Zn2+ bound preferentially to three N-

terminal acidic residues of C-peptide due to their mutual proximity (Fig. S3B,C).

Since the coordination valence of Zn2+ is up to six29 and Zn2+ in the heterodimer structures 

obtained above is solvent exposed (e.g., Fig. S4A), it is possible for Zn2+ to coordinate 

additional molecules. Given that Zn2+ bound C-peptide at 1:1 stoichiometry28 while each 

zinc coordinated with at least three N-terminal acidic residues of C-peptide (Fig. S3B), we 

anticipated further coordination of zinc with additional IAPPs instead of C-peptides to form 

higher-order complexes. We also performed DMD simulations with one zinc, one C-peptide, 

and up to three IAPPs. With two IAPPs, the zinc ion became fully buried, preventing further 

coordination with additional IAPPs (e.g., Fig. S4B). Therefore, our simulations suggest that 

each zinc and C-peptide pair could coordinate up to two IAPPs, forming a heterodimer or a 

heterotrimer.

The heterotrimer had a significantly stronger energy gain upon complexation than the 

heterodimer, suggesting a higher thermodynamic stability of the heterotrimer (Fig. 1A). 

While N-terminal residues 6-15 and amyloidogenic region residues 21-30 adopted helical 

structures in both complexes, the heterotrimer was significantly more helical (Fig. 1B). The 

structural ensemble of the heterodimer was diverse with a high number of representative 

structures (e.g., the top tencentroid structures with clustering analysis in Fig. S5), suggesting 

a high structure flexibility. Contrarily, heterotrimer structures were well-defined (e.g., three 

lowest energy representative structures from clustering analysis in Fig. 1C), where each 

IAPP featured two helixes with the C-peptide separating the two peptides. Since the 

formation of inter-peptide hydrogen bonds especially between the amyloidogenic regions is 

important for amyloid fibrillization, the heterotrimer with stable helices in the 

amyloidogenic region is likely aggregation-incompetent.

We evaluated the nucleation propensity of both hetero-complexes in silico by testing 

whether the IAPPs in the complex can form inter-peptide hydrogen bonds with an additional 

IAPP. For the heterodimer, the binding between its IAPP and the incoming one was similar 

to that of two IAPP alone (Fig. S6). In contrast, IAPPs in the heterotrimer formed a much 

lower numbers of atomic contacts and inter-peptide hydrogen bonds with the incoming IAPP 

compared to both the heterodimer and the control simulations of IAPP dimerization. 

Together, the simulation results suggest that the formation of zinc-coordinated hetero-
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complexes between IAPP and C-peptide, especially the stable the heterotrimer instead of the 

intermediate heterodimer, stabilize IAPP in a helical and aggregation-incompetent state.

Next, we applied ThT fluorescence assay, TEM imaging, and CD spectroscopy to test the 

effects of zinc and/or C-peptides on IAPP aggregations (ESI). Using a ThT fluorescence 

kinetic assay, we observed that in the presence of zinc (Zn), C-peptide, or both C-peptide 

and Zn (kept at 1:1 stoichiometry as previously reported28), IAPP fibrillization was 

increased or comparable with the control of IAPP alone after 14 h incubation, except for the 

molar ratios of 2.7:1:1 of IAPP/C-peptide/Zn where IAPP fibrillization was markedly 

decreased and its lag phase increased compared to the IAPP control (Fig. 2A, Fig. S7). 

Specifically, the ThT fluorescence intensity, which is proportional to the amount of beta-rich 

aggregates, increased at IAPP/C-peptide/Zn molar ratios of 0.3:1:1 and 0.7:1:1. At the molar 

ratios of 1.3:1:1 and 5.3:1:1, the fluorescence intensities for IAPP with C-peptide or both C-

peptide and Zn were comparable to that for IAPP alone.

High-resolution transmission electron microscopy (TEM) imaging provided direct 

visualization of IAPP fibrillization and morphology such as fibril contour length, stiffness 

(evaluated by the persistence length λ30,31) and branching (Fig. 1B-F, Fig. S8). Consistently 

with the ThT assay for 14 h of incubation, TEM imaging revealed the formation of fibrils 

and aggregates at IAPP/C-peptide/Zn2+ molar ratios of 0.3:1:1, 0.7:1:1, 1.3:1:1, and 5.3:1:1, 

more prevalently than the IAPP control (Fig. S8). In contrast, we did not observe 

conventional fibrillar structures but the presence of small aggregates of 8.4 ± 2.7 nm in size 

at IAPP/C-peptide/Zn2+ molar ratios of 2.7:1:1 (10× magnification in Fig. 2B). Statistical 

analysis indicated that these aggregates were much softer (λ ∼ 187 nm, Fig. 2C) than those 

of the IAPP control (λ ∼ 2,885 nm), confirming their amorphous and non-fibrillar 

characteristics. IAPP fibrillization was persistent for IAPP/C-peptide of all tested molar 

ratios of 0.3:1 to 5.3:1 (Fig. 2B, Fig. S8), while fibril softening occurred also for all 

conditions (Fig. 2C). In addition, 24 h incubation of IAPP with Zn2+ either enhanced or 

inhibited IAPP fibrillization according to TEM imaging (Fig. 2B, Fig. S2M-Q), although 14 

h incubation with Zn2+ caused modest IAPP fibrillization inhibition in the ThT assay (Fig. 

2A). Here, the observed concentration-dependence for zinc on IAPP aggregation is 

consistent with our previous studies.16 The experimentally observed 2.7:1 ratio with 

maximum aggregation inhibition is close to the predicted 2:1 molecular ratio between IAPP 

and C-peptide in the aggregation-incompetent heterotrimer (Figs. 1, 2).

Circular dichroism (CD) spectroscopy was utilized to assess the effects of zinc/C-peptide on 

the secondary structures of IAPP at different molar ratios (Fig. 3). The IAPP control showed 

a significant increase of β-sheet content from 31.8% to 77.4% coupled with a drastic 

decrease in random coil, indicating IAPP aggregation after 24 h incubation. 24 h incubation 

of IAPP/C-peptide/Zn2+ of 0.7:1:1, 1.3:1:1, 2.0:1:1 and 2.7:1:1 yielded significant 

reductions in the beta-sheet content and overall increases in turns and random coils. 

Specifically, IAPP/C-peptide/Zn at the molar ratio of 2.7:1:1 exhibited a marked decrease 

from 77.4% to 34.3% in beta-sheets along with an increase of alpha-helix from 18.5% to 

25.3% and turns from 4.1% to 40.3%, displaying a non-fibrillar characteristics. Such 

contrasting conformational changes of IAPP at different IAPP/C-peptide/Zn molar ratios are 

consistent with the ThT and TEM results. Most importantly, the increase of helical content 
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at the 2.7:1:1 molecular ratio agrees with the predicted formation of stable α-helix in the 

IAPP amyloidogenic region upon zinc-coordinated C-peptide complexation (Fig. 1). At 

lower IAPP to Zn/C-peptide molecular ratios, the unstructured C-peptides in the solution 

resulted into reduced overall helical content and increased coil content (Fig. 3B). Therefore, 

although our atomistic DMD simulations only modelled simplified molecular systems due to 

computational limitations, our complementary biophysical experiments offered compelling 

evidence on the predicted IAPP stabilization via zinc-coordinated complexation with C-

peptide.

We also performed a cell viability assay to assess the differential cytotoxicity of the various 

molecular species to insulin-secreting NIT-1 mouse pancreatic β-cell line. After 24 h 

incubation, the cells were exposed to DNA binding dyes Hoechst 33342 and propidium 

iodide. Hoechst 33342 freely diffuses into cells with preserved membranes, staining DNA 

blue. Propidium iodide is permeable to compromised cell membranes, staining DNA of dead 

cells red. Thus, viable cells were identified by their intact nuclei with blue fluorescence, 

whereas cell death was quantified by blue-red fluorescence or by fragmented blue nuclei on 

immunofluorescence and light microscopy. We found that the controls of C-peptide and 

Zn2+ induced little toxicity (<0.7%) in NIT-1 cells after 24 h of treatment, while the controls 

of IAPP and IAPP/Zn2+ (2.7:1) caused significant cell death at 22.2±6.5% and 30.3±8.1%, 

respectively (Fig. 4). The sample of IAPP/C-peptide (2.7:1) induced minor toxicity (∼1.8%). 

In contrast, IAPP/C-peptide/Zn at 2.7:1:1 molar ratios elicited minimal cytotoxicity of 

∼1.1±0.2%, indicating remarkable mitigation of IAPP toxicity through zinc-coordinated 

IAPP/C-peptide complexation. These in vitro results vindicate in silico prediction as well as 

ThT, TEM, and CD observations.

Conclusions

In summary, the zinc-coordinated heterotrimer with one C-peptide and two IAPPs was both 

thermodynamically and structurally stable, where the amyloidogenic region of IAPP 

assumed stable helices and the complex was aggregation-incompetent. IAPP/C-peptide/Zn 

mixture at 2.7:1:1 molecular ratios significantly reduced the cytotoxicity of IAPP. In light of 

the coexistence of high concentrations of zinc, C-peptide, and IAPP inside β-cell granules, 

this study suggests that zinc-coordinated complexation between IAPP and C-peptide may 

play an important role in the native inhibition of IAPP aggregation, in addition to the 

reported low pH effect.15 With future in vivo verifications and structural characterizations of 

the molecular complex, therapeutic approaches mimicking or promoting such zinc-

coordinated molecular complexes may prove potent for the mitigation of aggregation-

induced beta-cell death in T2D.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
DMD simulations of the heterotrimer. (A) The energy gains upon complexation. (B) 

Secondary structure contents of IAPP in the heterodimer (upper) and heterotrimer (lower). 

(C) Representative structures of a heterotrimer. IAPP is coloured in cyan while C-peptide in 

magenta. Zinc-binding residues are highlighted as sticks.
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Figure 2. 
Experimental studies of zinc-coordinated IAPP-C-peptide complexation. (A) ThT 

fluorescence assay for 14 h of sample incubation. The time dependent data are shown in Fig. 

S1. (B) TEM imaging of IAPP aggregation after 24 h incubation with zinc (Zn) and/or C-

peptide. Only the samples with molecular ratio of 2.7:1 are shown while the rest is in Fig. 

S2. (C-F) Statistical analysis of the persistence length and contour length of IAPP fibrils. 

The concentration of IAPP was kept 16.9 μM in all samples.
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Figure 3. 
CD measurement of the secondary structures of IAPP control and IAPP/C-peptide/Zn2+ 

mixtures. (A) IAPP control of 25 μM at 0 h and 24 h incubation (upper), and IAPP/C-

peptide/Zn2+ at different molar ratios after 24 h incubation (lower). (B) Secondary structural 

contents for the various molecular systems.
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Figure 4. 
C-peptideprotects β-cells from IAPP-induced cell death. NIT-1 cells were untreated 

(control) or incubated with IAPP, C-peptide, Zn or combination as indicated for 24 h. Cell 

death was evaluated by Hoechst-33342 (blue)/propidium iodide (red). White arrows indicate 

propidium iodide positive cells. Data shown are means ± SEM of 4 independent 

experiments. *P < 0.05.
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