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Abbreviations:

IAPP, islet amyloid polypeptide
hIAPP, human IAPP

T2D, type-II diabetes

DMD, discrete molecular dynamics
ThT, Thioflavin-T

MW, molecular weight

GWAS, genome wide association study
ZnT8, zinc transporter 8
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Abstract

Zinc is reported to play a complex role in islet amyloid polypeptide (IAPP) aggregation, which is
associated with B-cell death in type-II diabetes (T2D). Depending on their relative concentrations
in vitro, zinc could either promote or inhibit IAPP aggregation. Interestingly, genome-wide-
association studies suggested both positive and negative correlations between T2D risks and
activities of a [-cell-specific zinc transporter upon mutations, which determines zinc
concentration in vivo. To decipher the effect of zinc coordination on [APP aggregation, we
performed atomistic discrete molecular dynamics simulations to systemically study aggregation
propensities of zinc-coordinated IAPP oligomers with different molecular weights (MWs),
whose populations are determined by zinc concentration. We find that at low zinc:IAPP
stoichiometry, zinc coordination promotes aggregation by forming high-MW oligomers. The
aggregation is inhibited when the stoichiometry increases and zinc binds individual peptides. Our
computationally derived predictions are validated by complementary Thioflavin-T fluorescence
assay measuring the dependence of IAPP aggregation on a wide range of zinc concentrations.
Our combined computational and experimental study offers a detailed mechanistic insight into
the complex role of zinc on IAPP aggregation and T2D development.
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Islet amyloid polypeptide (IAPP), a.k.a. amylin, is a 37-residue peptide whose aggregation is
linked to pancreatic p-cell death in type-II diabetes (T2D)."* IAPP is stored together with insulin
in B-cell granules before their co-secretion to the blood stream. IAPP has a number of functions,
such as delaying gastric emptying to help maintain blood glucose level.” Aberrant amyloid
aggregates formed by IAPP are found in the pancreas of 90% of T2D patients upon postmortem
examination.” Experimental studies indicate that IAPP aggregates, including soluble oligomers
and/or insoluble fibrils, are toxic to insulin-secreting B-cells.” Hence, IAPP aggregation and
subsequent B-cell death are believed to cause later-stage insulin deficiency in T2D patients.°
According to in vitro studies, human [APP (hIAPP) is one of the most amyloidogenic peptides
and its aggregation occurs even at low-uM concentrations.” However, the peptide is stored at
~mM concentrations inside the B-cell granules;® and despite this high concentration, hIAPP
aggregation is precluded in the pancreas of non-diabetic individuals. The native inhibition of
hIAPP aggregation hinges on specific environmental factors inside the B-cell granules such as
the presence of insulin and low pH, which have a known inhibitory effect on hIAPP
aggregation.”!! While insulin inhibits hIAPP aggregation in vitro, it forms a crystal inside the
core of B-cell granules,'? reducing its availability to inhibit hIAPP aggregation in vivo.

Another major factor believed to natively inhibit hIAPP aggregation in B-cell granules is
a high concentration of zinc ions at mM level, which is actively transported inside by a B-cell
specific zinc transporter, ZnT8."> According to in vitro studies, zinc can either enhance’ or
inhibit'*'> hIAPP aggregation depending on their relative concentrations. In an early study, the
Steiner group reported that adding ZnCl, to a 250 uM hIAPP solution enhanced the formation of
hIAPP aggregation.” Such a zinc-induced aggregation enhancement was reduced when 1 mM
ZnCl, was added to the solution. In another recent study of hIAPP aggregation at a lower peptide
concentrations (5 and 10 uM), an inhibition of aggregation at “low” concentrations and partial
recovery at “high” concentrations of ZnCl, has also been reported.'*'> Notably, the lowest
concentration of ZnCl, in this study (~25 pM) was already much higher than the hIAPP
concentrations. Interestingly, the complex role of zinc ions on the development of T2D has also
been observed at the population level. In an early genome-wide association study (GWAS),
mutations in ZnT8 were found to be correlated with T2D risk.'® An activity-reducing W325R
mutation of ZnT8'? is associated with an increased diabetic risk,' suggesting that zinc helps
prevent T2D. However, in a recent GWAS study by Flannick et al.,'” a stronger correlation is
observed between loss-of-function mutations of ZnT8 and reduced diabetic risk, suggesting that
zinc deficiency may be beneficial for reducing T2D. The authors proposed ZnT8 as a potential
inhibitor target against T2D. Therefore, in order to determine whether targeting ZnT8 is a truly
effective therapeutic approach against T2D, it is necessary to fully understand the complex effect
of zinc on hIAPP aggregation and T2D development.

To explain the complex dependence of hIAPP aggregation on zinc concentration
observed in vitro, a two-site binding mechanism has been proposed'”. It was suggested that at
lower concentrations one zinc ion can bind up to six hIAPP monomers at a high-affinity site
(histidine 18, His18), resulting in the formation of an off-pathway oligomer toward amyloid
aggregation. But, at higher zinc concentrations, zinc also binds to a secondary low-affinity
binding site, which promotes fibril formation. Although this model explains the effect of zinc at
the considered concentration range, i.e., inhibition followed by recovery of IAPP aggregation, it
cannot explain the other experimentally observed enhancement of IAPP aggregation at relatively
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low zinc:hIAPP stoichiometry. Moreover, hIAPP has only one residue, His18,' with strong
affinity to bind zinc.

In this work, we introduce a simple alternative mechanism to explain the complex effect
of zinc binding on hIAPP aggregation. We postulate that zinc can stabilize a number of zinc-
coordinated hIAPP oligomers with different molecular weights (MWs), each having a different
aggregation propensity. Some of these zinc-coordinated oligomers are aggregation prone (i.e. on-
pathway toward amyloid fibrils), but others might be less aggregating (off-pathway). Depending
on the relative concentrations of zinc and hIAPP, the population of the oligomers may vary,
resulting in different aggregation behavior. To test our hypothesis, we applied all-atom discrete
molecular dynamics (DMD) simulations'®" to systematically study the structure, dynamics and
aggregation propensities of zinc-coordinated hIAPP oligomers with different MWs. DMD is a
special type of molecular dynamics algorithm, featuring accurate modeling and rapid sampling
of protein conformational dynamics, which enabled us to observe the folding of a set of small
proteins to their near-native states'®'” and protein-peptide recognition.”” The high computational
efficiency of DMD allowed us to reach a cumulative 4.5 ps simulations of zinc-coordinated
hIAPP oligomers with different MWs. To validate our computationally derived results, we
performed Thioflavin-T (ThT) assay in vitro to determine the aggregation of hIAPP under a wide
range of zinc concentrations. The experimentally derived dependence of hIAPP aggregation on
zinc concentrations confirmed predictions derived from computer simulations. Specifically, at
low zinc:hIAPP stoichiometry, zinc coordinates multiple hIAPP to form zinc-bound oligomers,
which promotes aggregation with increased local concentration of hIAPP. As the stoichiometry
increases and zinc ions bind to individual hIAPP peptides, the aggregation of hIAPP is inhibited
due to electrostatic repulsion between the charged zinc ions. The reported slow recovery of
aggregation at very high zinc concentration can be explained by the increased screening of
electrostatics at high salt concentration. Therefore, our combined experimental and
computational study provides a novel mechanistic insight into the complex role of zinc in hIAPP
aggregation and T2D development.

Materials and methods

DMD simulations. Simulations were carried out using discrete molecular dynamics (DMD)
algorithm.'™!* DMD makes use of discrete potential functions instead of continuous potentials
used in conventional molecular dynamics simulations. During DMD simulations, an atom’s
velocity remains constant until it encounters a potential step, upon which the velocity is
instantaneously changed according to the laws of conservation of energy, momentum and
angular momentum. The simulations proceed as a series of such collisions, which can be
predicted using sorting algorithms. The use of discrete potential reduces the number of required
calculations. Additionally, DMD makes use of an implicit solvent model. Because of these
reasons, DMD simulations are faster than conventional molecular dynamics simulations. In the
energy function, terms representing bonded, van der Waals, hydrogen bond, solvation and
electrostatic interactions are included. Lazaridis-Karplus implicit solvation method®' was used
for representing the solvation and an environment-dependent reaction-like algorithm for
hydrogen bonds. The Debye-Hiickel approximation was used to model the screened electrostatic
interactions. The Debye length of ~10 A, which corresponds to a physiological salt concentration
of 100 mM, and an electric susceptibility of 80 for water was used. As a result, the electrostatic
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interactions between charged groups are highly screened in DMD simulations. The temperature
in DMD is maintained using the Andersen’s thermostat®.

Modeling zinc-histidine coordination. The binding of zinc with amino acids such as histidine is
strong, with disassociation constants varying from micromolar to picomolar range.”*
Therefore, we assume that the zinc-Hisl8 coordination bond would not break during the
simulation. In order to model the zinc-histidine coordination bond in DMD, we first searched
PDB for all structures containing zinc ions, which results in 9547 such cases. The coordination
number of zinc varies from two to eight in these structures, and in the most common ones zinc
binds to four (tetramer) or six (hexamer) residues. Correspondingly, the coordination spheres
have tetrahedral or octahedral geometries. In many cases, zinc ions bind to fewer amino acid
residues than required for the full coordination, which may be completed by water molecules.
Thus, zinc-coordination enjoys a certain degree of flexibility in terms of the coordination
number.

A number of constraint potentials with square well functions (Fig. S2) were assigned to
mimic the experimentally observed zinc-histidine binding. The coordination bond was assumed
between zinc ions and NE2 atoms. Since the coordination between zinc and imidazole is co-
planar, we used additional constraints between zinc ion and all the other four imidazole atoms to
ensure planarity. The bond lengths are obtained from the highest peak values of their distribution
in 9547 PDB structures (see Fig. S1 and Table S1). Additionally, the geometry of the
coordination (i.e., either tetrahedral or octahedral arrangement of NE2 atoms around the central
zinc as observed experimentally”’) was also imposed with the use of a square-well potential
restricting the distance between NE2 atoms of different histidines taking part in the coordination
bond. The mean NE2-NE2 distance is calculated using the NE2-zinc bond length and the ideal
bond angles for tetrahedral (109.7°, for dimers, trimers, and tetramers) or octahedral (90° and
180°, for hexamers) geometries.

Modeling the zinc-bound hIAPP oligomers. The hIAPP coordinates were obtained from the
protein data bank (PDB ID: 2L86).%° The initial structures were prepared by hand using PyMol
(http://www.pymol.org) by placing the hIAPP chains around the zinc ion with His18 (NE2
atoms) close to the zinc ion, similar to the ideal coordination bond. For trimers and higher
oligomers, steric clashes hampered placement of hIAPP chains close to each other. To
circumvent this issue, we placed the chains farther apart and used a weak attractive potential
between zinc and NE2 atoms and a short simulation of 0.5 ns was carried out at a low
temperature (275K), to ensure that the coordinated initial structures are formed. Once the
coordination bonds were relaxed, each imidazole could freely rotate around the zinc-NE2 bond,
allowing the zinc-coordinated hIAPP oligomer to relax from the initial condition. To avoid any
bias arising from the initial structure, different initial structures with randomly chosen
orientations were constructed for each of the independent simulations.

Simulation setup. Since we were interested in both the thermodynamics and kinetics of
aggregation, we performed constant temperature simulations at 300K instead of using enhanced
sampling methods like replica exchange, where the derivation of kinetics information from
simulations is not straightforward. To achieve sufficient sampling, ten independent runs were
carried out for each molecular system. The initial relative orientations of monomers and the
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initial velocities were randomly chosen for each independent run. Each simulation is carried out
for one million steps or 50 ns. The values reported were averaged over the last half of the
simulations unless stated otherwise. The simulations were carried out in cubic boxes of size 100
(monomer), 120 (dimer), 200 (trimer) or 300 A (tetramer and hexamer).

Contact number and hydrogen bond calculation. The amyloidogenic contact number was
obtained by calculating the number of atomic contacts between each pair of chains, and dividing
the sum over all pairs by the number of chains. A contact was defined if the distance between
two heavy atoms is less than 6.5A. Only residues 22-29 was considered for this calculation. A
similar approach was used for the calculation of hydrogen bonds. The total number of hydrogen
bonds formed by the backbone atoms was calculated. Two residues were defined to make
hydrogen bond if the distance between proton and acceptor, dya < 2.5A and the angles Oppa >
90° and Byax > 90°. Only residues 22—-29 were considered for hydrogen bond calculation as well.

Thioflavin-T Fluorescence Assay. To study the kinetics of hIAPP amyloid fibril formation in
vitro, human-IAPP (KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY-NH;), with a
Cys2-Cys7 disulfide bridge, was synthesized commercially (California Peptide Research) and its
purity verified by reverse phase HPLC. After lyophilization, ~1 mg hIAPP was first solubilized
in 100% hexafluorosiopropanol (HFIP) (Sigma) at ~1 mM as stock. The concentration was
determined spectrophotometrically using a calculated extinction coefficient at 280 nm of 2000
M'em™. To initiate fiber formation, the hIAPP stock was diluted to a final concentration of 10
uM in 100 mM Tris-HCI (pH 7.5), 100 mM NaCl, 25 uM ThT (Sigma) and varying
concentrations of ZnCl,. All buffers were passed through HiTrap Chelating HP Column (GE
Healthcare) to remove trace amount of endogenous divalent cations. After mixing with
appropriate amount of extra pure ZnCl, (Fisher Scientific), each buffer was adjusted to pH 7.5
individually due to the acidity of ZnCl,. The assays were performed in sealed Corning 96 well
clear bottom half area, nonbinding surface plates and measured by exciting the ThT in samples at
440 nm and reading the emission at 485 nm at a constant temperature of 25°C using BioTek
Synergy H1 Hybrid Reader. All kinetic measurements were performed at least in triplicate. The
time course data were fitted to an empirical equation to reproduce the change of fluorescent
intensity ThT upon binding to the amyloid fibrils (/,.-Iy), the apparent rate constant for
fibrillization (k), and the lag time (#;,-2/k) to represent the time of nucleation before detectable
amyloid formation:

10)=1,+ (L, ~1,)/ {1+ exp[k(t—1,,)]} (1)

where [, Iy and I,,, are the reading, initial and maximum fluorescence values, #;/,; is the time
required to reach half change of intensity.

Results

Modeling zinc-histidine coordination in DMD. Zinc-coordination is known to be covalent-like
with both distance and angular dependence. It is not straightforward to directly model the
process of zinc binding with proteins in DMD simulations. However, with the availability of a
large number of protein structures co-crystallized with zinc ions in the protein data bank
(PDB?"), we first performed statistical analysis of zinc-histidine coordination (Fig. S1) and
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assigned constraint potentials between zinc and the imidazole side-chain of histidine to mimic
their coordination (Methods). The binding of zinc ions to the NE2 atom of a histidine imidazole
ring is more frequent than binding to the ND1 nitrogen (Fig. S1). Since the histidine side chains
are rather flexible and the two nitrogen atoms in the imidazole are nearly symmetric, we do not
expect inter-peptide interactions to be highly sensitive to which nitrogen zinc ions bind. Hence
for simplicity only zinc-NE2 binding was considered. The zinc-imidazole binding is coplanar,™
which was imposed in DMD by applying additional constraints between zinc ions and all other
four imidazole atoms. Following the DMD convention, we used step-functions to model for
these constraints (Fig. S2). The corresponding distance parameters were obtained from the inter-
atomic distance distributions derived from PDB (Fig. S1). Similarly, the coordination geometry
of multiple histidines coordinated to a single zinc ion, e.g. octahedron in the case of hexamer,
was maintained by applying distance constraints between NE2 atoms of bound histidines. The
ideal angular values of tetrahedral and octahedral coordination spheres were used to model inter-
NE2 distance constraints.

Structure and dynamics of zinc-bound hIAPP monomer. A common experimental challenge
in structural characterization of hIAPP is its high propensity to form amyloid aggregation. C-
terminal residues 2229 are particularly favorable for amyloid formation and hence hIAPP1-19
is often used as an alternative to full-length hIAPP in structural studies.”” We performed DMD
simulations of zinc-bound and zinc-free hIAPP1-19 peptides for ~50 ns at 300 K. There was no
major structural difference between the two systems, as illustrated by their representative
structures (Fig. 1A,B) and histograms of the root mean square deviation (RMSD) with respected
to the initial NMR structure (PDB ID: 2L.86) taken from PDB (Fig. S3). Compared to the zinc-
free peptide, the RMSD histogram of zinc-bound hIAPP1-19 was slightly shifted to the right,
indicating a small increase in structural deviation upon zinc binding. hIAPP has two positively
charged residues (Lys1 and Argl1) near the N-terminal. The slight increase in RMSD upon zinc
binding was possibly caused by the electrostatic repulsion between the zinc ion (+2e) and the
two N-terminal charged residues. We also calculated the two-dimensional potential mean force
(PMF) with respect to RMSD and potential energy, which characterizes the free energy
landscapes (Fig. 1C,D). Both PMF plots featured well-defined basins centered near a RMSD
value of ~4 A and energy ~-30 kcal/mol, indicating a well-defined folded structures for both the
zinc-bound and zinc-free peptides. Interestingly, despite the similarity between the free energy
landscapes of two peptides, the zinc-bound peptide featured a narrower basin, which was
consistent with the zinc-induced conformational rigidity observed in NMR."

We also performed additional DMD simulations of full-length hIAPP peptides with and
without zinc binding. Similar to the shorter hIAPP1-19, no major difference in secondary
structure or RMSD was observed (Fig. S4). Therefore, our DMD simulations suggest that the
changes in hIAPP aggregation upon binding zinc ions are not the results of structural changes in
hIAPP monomer.

hIAPP oligomers coordinated by zinc. We carried out DMD simulations to model a range of
possible hIAPP oligomers — dimer, trimer, tetramer and hexamer — coordinated by a single
zinc ion (Methods). Examination of these simulation trajectories indicated differences in
structure and dynamics between hexamers and other oligomers. For instance, we noticed that the
structures of trimers and tetramers were more flexible, allowing the bound peptides to undergo
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structural rearrangements. However, the peptides forming a hexamer were heavily packed
against each other near the central His18 residues, restricting their conformational flexibility.
Residues 22-29 in hIAPP are believed to be amyloidogenic according to in vitro studies.”® The
same region was detected by the amyloid-prediction algorithm, Waltz,*' and our previous DMD
simulations of hIAPP dimerization also suggested that parallel association of hIAPP chains at
this region is important for hIAPP aggregation in silico.>* In our DMD simulations of zinc-
coordinated hIAPP oligomers, we also observed that these amyloidogenic sequences belonging
to different chains make frequent contacts with each another (e.g. representative structures of
tetramers and hexamers in Fig. 2A,B, where the amyloidogenic sequences are highlighted in
rainbow). Occasionally, parallel B-sheets were formed between the amyloidogenic sequences of
different chains, particularly in the cases of trimer and tetramer simulations. Next, we analyzed
the aggregation propensity of zinc-coordinated hIAPP oligomers with different MWs.

Aggregation propensity depends on the zinc coordination number. To ensure sufficient
sampling of zinc-coordinated oligomer structures, we performed ten independent DMD
simulations for each oligomer system where each monomer started from different initial position
and orientation (Methods). In all cases, equilibrium DMD simulations were performed at room
temperature (300K) and all independent DMD runs for a given oligomer were used for analysis.
For comparison, we also performed dimer simulations where each peptide was bound to one zinc
ion (hI2-Zn2, corresponding to high zinc/hIAPP ratio) and two peptides with no zinc bound (hl2,
corresponding to zero zinc concentration).

A high number of atomic contacts between the amyloidogenic segments from different
hIAPP chains translates to a high probability for these peptides to nucleate the formation of
amyloid aggregates. Therefore, we first estimated the aggregation propensity of an oligomer by
calculating the total number of atomic contacts formed between the amyloidogenic sequences
from different chains (Methods). The average number of amyloid contacts per chain, NC,, was
obtained by normalizing with the number of peptides in the oligomer. By averaging over
independent simulations, we computed the time-dependence of the NC, for different zinc-
coordinated oligomers (Fig. 3A, Fig. S5). At the beginning of the simulation, the NC, was
proportional to the zinc-coordination number with the hexamer having the highest value.
However, as simulations proceeded, an increase of the contact number was observed for dimers,
trimers and tetramers, but no apparent increase was observed in the case of hexamers. The
difference was due to the inability of hexamer-forming chains to undergo major structural
rearrangements.

We averaged over the second half of all trajectories to compute the average NC, as the
increasing order of the zinc:hIAPP ratio (Fig. 3B). The increase in the stoichiometric ratio
mimics the increase in relative concentration of zinc ion with respect to hIAPP. As the
zinc:hIAPP ratio increases, the average NC, value first increased, reached a maximum for the
tetramer and then decreased. When there was an excess of zinc ions and each hIAPP was bound
by one zinc ion, the average amyloidogenic contact number for simulations of two zinc-bound
hIAPP monomers (e.g. hI2-Zn2 system in Fig. 3) was close to zero, suggesting a very weak
association of two zinc-coordinated monomers. The possible cause for such a weak association
probability was the electrostatic repulsion between zinc ions bound to Hisl8, similar to the
reduced hIAPP aggregation at low pH where His18 is protonated."' For comparison, we also
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performed dimer simulations with protonated His18. The charge of a histidine in this case is +1e,
smaller than +2e of zinc ion bound to the same histidine. If reduced binding in hI2-Zn2 system
was actually caused by electrostatic repulsion between zinc ions, we expected the average
contact number of the protonated His18 simulations to be higher than 0.71 (denoted as hI2-Zn2
in Fig. 3B), but lower than 32.5 (denoted as hI2). Indeed, we obtained an intermediate value of
20.9 for the new system (denoted as hI*2 in Fig. 3B).

To directly quantify the inter-molecular B-sheet formation, we monitored the number of
inter-chain hydrogen bonds formed by the backbone atoms belonging to the amyloidogenic
region. Both the time-dependence (Fig. 3C, Fig. S6) and the time-averaged (Fig. 3D) inter-
molecular hydrogen bond numbers had a similar dependency on zinc:hIAPP ratio as the
amyloidogenic contact number, NC,. Notably, the average number of hydrogen bonds per chain
was small because the hydrogen bond formation required alignment of peptide chains, which
required more time than making contacts. In addition, inter-molecular B-sheets were not always
observed in all the independent simulations. In all cases, the number of inter-chain hydrogen
bonds averaged over all simulations started from zero and increased after a certain time,
analogous to the aggregation lag time observed experimentally.'*' Interestingly, the lag time for
inter-molecular hydrogen bond formation had a strong dependence on zinc:hIAPP stoichiometry
(Table 1). The hexamer had the shortest lag time and the tetramer and trimer had the
intermediate lag time, while the lag time for the dimer was the longest. In the case of the dimer,
the formed hydrogen bonds were not stable and have large fluctuations, consistent with high
conformational flexibility of the zinc-coordinated dimer. Noticeably, the dependence of
aggregation amount (Fig. 3B,D) and the lag time (Fig. 3C, Table 1) on zinc concentrations are
different. This difference is not surprising since the amount of aggregates is governed by their
thermo-stability while the lag time is a kinetics parameter controlled by the free energy barrier.

We also calculated overall secondary structure content of the oligomer system (Fig. S7).
Although the secondary structure contents had large fluctuations, the zinc-bound oligomers
(dimers, trimers, tetramers, and hexamers) had higher overall helical contents than those of the
zinc-bound hIAPP monomer, zinc-free hIAPP at neutral or low pH (with protonated histidines).
This observation was consistent with the increase of a-helixes in the oligomer intermediates
along the aggregation pathway’>* (although experiments were done in the absence of zinc).

The dependence of hIAPP aggregation on zinc concentration measured by the ThT assay.
To demonstrate the complex effects of zinc on hIAPP aggregation, we performed an amyloid
aggregation kinetics assay with varying concentrations of zinc using 10 uM hIAPP (Methods).
ThT is commonly used as a specific marker to recognize -sheets of amyloid aggregates due to
enhanced fluorescence upon binding. The fluorescence intensity quantifies the amount of
amyloid aggregates. Fitting the aggregation time-course data (Fig. 4A) with the empirical
sigmoidal function (Eq. 1 in Methods), we obtained the maximum fluorescence intensity (Fig.
4B), the elongation rate (Fig. 4C), and the aggregation lag time (Fig. 4D) as the function of zinc
concentration. The maximum fluorescence intensity measures the total amount of amyloid
aggregates. At low zinc concentrations (<50 uM; Fig. 4B), addition of zinc resulted in increased
aggregation. At higher zinc concentrations, zinc starts to inhibit aggregation. A plateau in zinc
concentration ranging from 7.5 to 15 uM was observed. At the plateau, the aggregation was 1.5-
fold greater than that in the absence of zinc (Fig. 4B). The maximal reduction of aggregation was
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observed at 750 uM to 15 mM zinc, which was 3.2-fold less than that at plateau. The amyloid
fibrils formation can be viewed as a two-step process in which the lag phase entails nucleation
followed by an elongation phase. Despite a weaker dependence on zinc concentration compared
to the maximum fluorescence intensity (i.e. the amount of aggregates; Fig. 4B), the elongation
rate showed a similar initial increase followed by subsequent reduction over the range of zinc
concentrations (Fig. 4C). Interestingly, despite the increased total aggregation amount and
enhanced elongation rate at low zinc concentrations, the initial lag time till the appearance of
aggregates was delayed (Fig. 4D).

Discussion

This combined computational and experimental study intended to uncover the controversial role
of zinc on hIAPP aggregation and T2D development. Our computational results are consistent
with experimentally observed dependence of hIAPP aggregation on zinc concentrations. At very
low zinc:hIAPP ratios, zinc-coordinated hIAPP oligomers are dominated by high MW (HMW)
species, such as hexamers. The increase of relative zinc concentration shifts the population
toward lower MW oligomers. Once there are excessive zinc ions, the dominant species become
the zinc-bound hIAPP monomers. Our computational study of hIAPP oligomers with different
MWs suggests an initial increase of aggregation amount followed by a decrease (Fig. 3A,B),
which is consistent with the experimentally observed dependence of ThT fluorescence intensity
on zinc concentration (Fig. 4B). At high zinc:hIAPP ratios, the concentration of the aggregating
species, i.e. zinc-bound hIAPP monomers, is determined by the peptide concentration. At low
zinc:hIAPP ratios, the concentration of the aggregating zinc-bound oligomers is governed by the
zinc concentration. Therefore, according to our model, the aggregation becomes more peptide-
concentration dependent at high zinc concentrations. Interestingly, a previous experimental study
with different concentrations of hIAPP demonstrated this differential peptide-concentration
dependence (see Fig. 2 in Ref.'*), in agreement with our model.

The lag times measured in simulations (Fig. 3C and Table 1) and in experiments (Fig.
4D) correspond to two different quantities. /n silico the lag time of hydrogen bond formation is
measured from the point of oligomer formation whereas in vitro the total lag time of aggregation,
including the time for oligomer formation, is measured. It is still intriguing that these two
quantities follow a similar overall trend with respect to the zinc:hIAPP ratio. It should also be
noted that at very high zinc concentration a weak recovery in the total aggregation amount with
increasing zinc concentration was reported previously,'*'” but such an increase was within error
bar in our experimental study (Fig. 4B). This recovery of aggregation is possibly due to
increased screening effect with added chloride ions, which results in reduced electrostatic
repulsion between the hIAPP-bound zinc ions. Therefore, without introducing a second zinc-
binding site that promotes aggregation,”” our model with one zinc-binding site can already
explain the complex dependence of hIAPP aggregation on a wide range of zinc concentrations.
Similar to its effect on hIAPP aggregation, zinc and other divalent metal ions (e.g. copper and
magnesium) also display complex effects on amyloid formation by other proteins such as
amyloid-p and a-synuclein.”>’ For instance, low concentration of zinc was found to increase the
amount of amyloid-f fibril and reduce the oligomer content, but did not significantly affect the
monomer concentration. Since both amyloid-f3 and a-synuclein have more than one zinc-binding
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residue, it is likely that zinc binding may affect the stabilities of monomers, oligomers and fibrils
differently. Further studies are required for a complete understanding of the impacts of divalent
ions on the aggregation of these amyloidogenic proteins at the molecular level.

Our results can help explain previous experimental observations with contradicting effect
of zinc on IAPP aggregation. The major differences between the Steiner’ and Ramamoorthy'*
studies were the concentrations of IAPP and the relative stoichiometry between zinc and IAPP.
The affinity between zinc and IAPP is of the order of ~uM.'*> With low concentrations of IAPP
(e.g. 5-10 uM in Ref'*), sufficient binding with the peptide requires a relatively high
concentration of zinc and thus a relatively high zinc:hIAPP stoichiometry. For example, in the
case of 5 uM hIAPP, the relatively high zinc:hIAPP stoichiometry probably allowed the
formation of zinc-bound hIAPP monomers only, which inhibits IAPP aggregation. With 10 uM,
it was possible to observe the initial promotion of aggregation due to the formation of higher-
order zinc-coordinated hIAPP oligomers. In the aggregation study with 250 uM hIAPP, the
authors were able to observe the concentration-dependent protein aggregation for a wide range of
zinc concentrations.

In addition to hIAPP and zinc inside B-cell granules, there are high concentrations of
other molecules, such as insulin and C-peptides.”® C-peptide is the co-product of insulin
synthesis, which connects A- and B-chains of insulin in the precursor protein, proinsulin. C-
peptide and insulin are secreted at equal molar concentrations. We hypothesize that inter-
molecular interactions among these granular molecules are important for the native inhibition of
hIAPP aggregation in vivo. For example, zinc is highly active and can bind all three granular
proteins, hIAPP,"*" insulin®*" and C-peptide.*’* Zinc is known to regulate the oligomer
equilibrium of insulin between zinc-free monomers and dimers, and zinc-coordinated hexamers.
The insulin hexamer is found to be insoluble and form crystals inside the granule. In a previous
computational study,** we showed that soluble insulin monomers and dimers could form inter-
molecular complexes with hIAPP and inhibit hIAPP self-association and aggregation by
competing for the same hIAPP sequence (e.g., the amyloidogenic sequence of residues 22-29).
Therefore, zinc deficiency shifts the equilibrium of insulin hexamers to monomers and dimmers
and inhibits hIAPP aggregation, which explains the recently reported protection from T2D for
the loss-of-function mutations of ZnTS8. In this work, our combined computational and
experimental study suggests that direct binding of zinc ions with hIAPP may contribute to the
zinc-dependent inhibition of hIAPP aggregation at the high zinc concentrations. Therefore, in the
case of mutations that only perturb the activity of ZnT8 where the base-line of zinc concentration
is high (e.g. W325R in ZnT8'%), an anti-correlation between zinc concentration and hIAPP
aggregation propensity is expected, which helps explain the observation of increased T2D risk
with activity-reducing mutations of ZnT8.

In summary, using atomistic DMD simulations combined with experimental validation,
our study uncovers the molecular mechanism for the complex role of direct zinc binding on
IAPP aggregation and T2D development (Fig 5). At low zinc concentrations with low
zinc:hIAPP stoichiometry ratios, zinc ion coordinates the formation of HMW oligomers of
hIAPP, which are aggregation-prone due to high local hIAPP concentration. As the
stoichiometry increases, each zinc ion can only bind to individual hIAPP. The zinc-bound hIAPP
monomer has a lower propensity to self-associate and aggregate due to strong electrostatic
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repulsion between the zinc ions bound to His18 (+2e). The mechanism is similar to the reduced
hIAPP aggregation at low pH, where the same histidine residue is protonated (+¢). At very high
zinc concentrations, the added salt increases the electrostatic screening effect, which reduces the
repletion between the zinc-coordinated hIAPP monomers and promotes aggregation. Our results
help explain the “seemingly contradicting” correlations between ZnT8 activity and T2D risk at
the population level. Our combined computational and experimental study suggests that it is
necessary to fully understand the complex role of zinc ions on hIAPP aggregation in vitro and in
vivo in order to design effective therapeutics, e.g. targeting ZnT8 with agonists or antagonists,
and demonstrates that computational studies may be of great help in such a process.
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Tables

Table 1. Kinetic parameters for the inter-peptide hydrogen bond formation in DMD
simulations. The average number of inter-peptide hydrogen bonds per chain as a function of
time (Fig. S6) is fitted using the sigmoidal function (Eq. 1). The fitted values for the parameters
— 1y, Lnax, k, and t;, — for different hIAPP-zinc oligomer systems are listed below. The lag time,
tiag, 1s calculated as #,,-2/k.

12 Iy Lax k (ns-l) ti (ns) tag
13 hI12-Zn 0.017 0.169 2.33 14.98 14.12
14 hI3-Zn 0.006 0.983 0.41 15.27 10.40
15 hl4-Zn 0.043 1.108 0.45 14.15 9.68
17 h16-Zn 0.160 0.832 1.94 7.18 6.15
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Figure Legends

Figure 1. Zinc-coordinated hIAPP monomer. Representative structures of hIAPPI-19
monomer (A) without and (B) with zinc-binding in cartoon representation. The highlighted
residue corresponds to His18, which binds to a zinc ion shown in sphere. Based on DMD
simulations at room temperature, 2D PMFs with respect to potential energy and RMSD with
respect to the initial NMR structure (PDB ID: 2L86) are computed for the (C) zinc-free and (D)
zinc-bound peptides.

Figure 2. Zinc-coordinated hIAPP oligomer. Representative structures of (A) tetramer and (B)
hexamer in carton representation are taken from DMD simulations at the room temperature. The
zinc ion is shown as blue sphere and the His18 residues as pink sticks. The amyloidogenic
sequences (residues 22-29) from each monomer are highlighted in rainbow colors.

Figure 3. Aggregation propensity of zinc-coordinated hIAPP oligomers derived from DMD
simulations. (A) The number of inter-chain amyloidogenic contact per chain (NC,) as a
function of simulation time, averaged over 10 independent DMD. The label index indicates the
molecular composition of the corresponding simulations. For example, hI2-Zn corresponds to
two zinc-coordinated hIAPP dimer. (B) The time-averaged amyloidogenic contact per chain is
computed for oligomers of different MWs. For comparison, the results for dimer simulations of
zinc-free hIAPP monomers (denoted as hl2), zinc-coordinated hIAPP monomers (hI2-Zn2), and
hIAPP monomers with protonated Hisl18 (hI*2) are also included. The schematic diagrams
illustrate the composition of molecules in each case. (C) The number of backbone hydrogen
bonds (H-bond) formed by the amyloidogenic residues per chain as the function of simulation
time, averaged over independent DMD simulations. The dashed lines denote the sigmoidal fit
using Eq. 1. (D) The average number of H-bonds per chain is calculated for different molecular
systems. For illustration purpose, a running average with a sliding window of 0.5 ns was used to
reduce noise in panels A and C. The corresponding raw data without running average are shown
in Figs. S6 and S7.

Figure 4. The dependence of hIAPP aggregation on zinc concentration in vitro using the
ThT assay. (A) The normalized ThT fluorescence intensity as the function of time. Experimental
measurements at different zinc concentrations and the corresponding sigmoidal fitting are shown
in different colors. Only a subset of measurements is presented here for illustration purposes.
Fitted with the empirical sigmoidal curve (Eq. 1), aggregation parameters including (B)
maximum intensity, (C) elongation rate, and (D) the lag time are calculated as functions of zinc
concentration in the linear-log plot. The shaded regions correspond to control experiments
without zinc, which otherwise cannot fit to the log scale. Dash line indicated the average value of
each parameter in the absence of zinc. Error bars represented the standard deviation of four
replicas of measurements at each zinc concentration.

Figure 5. The mechanistic scheme for the complex role of zinc on hIAPP aggregation. At
low Zn:hIAPP ratio with low ZnCl, concentration, a zinc ion shown as the dark green sphere
binds multiple hIAPP molecules and increase the probability for the amyloidogenic sequences to
form B-sheet rich aggregates. As the zinc concentration increases and there are excessive zinc
ions in solution, each zinc tends to only individual hIAPP and electrostatic repulsion between the
coordinated zinc ions inhibits aggregation. At very high concentrations, aggregation is recovered
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due to reduced electrostatic repulsion with increased screening effect at high salt concentration.
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Supplementary Tables

Table S1. Zinc-Imidazole bond parameters. The interaction parameters were obtained from
statistical analysis of zinc-histidine binding in PDB (Fig. S1). An infinite square-well potential
bound by dmin and dmax was used constrain bond lengths (Fig. S2). The values of d,;, and d
were obtained by fitting the highest peak in the histograms of Fig. S2. In the case of multiple
hIAPPs binding to a zinc ion, His-zinc-His angle was also maintained by applying additional
constraints between NE2 atoms of His residues. The NE2-NE2 ideal lengths were calculated
using the NE2-zinc coordination bond lengths and ideal tetrahedral (109.5°, for dimer, trimer and
tetramer hIAPP coordinated by zinc) or octahedral angles (90° and 180°, for hexamer hIAPP
coordinated by zinc).

max

Bond dmin(A) dmax (1&)
Zn-NE2 2.04 2.20
Zn-ND1 4.08 4.30
Zn-CD2 2.98 3.16
Zn-CE1 2.96 3.16
Zn-CG 4.12 4.28
NE2-NE2 (tetrahedral, 109.5°) 3.33 3.59
NE2-NE2 (octahedral, 90°) 2.89 3.11
NE2-NE2 (octahedral, 180°) 4.08 4.40
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Figure S1. Zn-His coordination bond lengths. The bond length distribution for the
coordination bond between zinc and histidine imidazole ring atoms. The distribution is obtained
using 9547 zinc containing structures in the PDB. Zinc can bind to either NE2 or ND1 atom of
imidazole, giving raise to two peaks. The zinc-NE2 binding seems to be more common as seen in
the peak values and hence only zinc-NE2 binding, with a coordination bond length of ~2.1 A,
was considered in simulations. Because of the rigid nature of coordination bond, the distance
with the other imidazole atoms also has specific values. We chose the distance corresponding to
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the highest peak in our model (Table S1).
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Figure S2. Modeling Zn-His coordination bond. (A) Schematic of the square-well potential
used to model coordination bonds between zinc ion and imidazole atoms. dmin and dmax values
obtained from Fig. S1 are listed in Table 1. (B) At the beginning of each simulation, a 10,000
steps long simulation is performed with a weak attractive potential between zinc and NE2 atoms
of His18. This step is necessary to bring the histidines close to zinc.
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Figure S3. The effect of zinc binding on hIAPP1-19. The distribution of RMSD values of
hIAPP1-19 with and without zinc binding. When zinc ion binds the His18 residues, a small shift
of RMSD curve to the right is observed, likely due to electrostatic repulsion between zinc ions

and two positively charged residues (Lys1 and Argl1).
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Figure S4. The effect of zinc binding on hIAPP1-37. The secondary structure contents of full-
length hIAPP monomers with (red) and without (black) a bound zinc ion. In the zinc-bound case,
a small increase of helical content and a decrease of coil content are observed. The error bars
represent standard error of measurements from ten independent simulations.
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Figure S5. Time dependent amyloid contact number. The amyloid contact number per chain

for different systems as a function of time for simulations of (A) hI2-Zn, (B) h13-Zn, (C) hl4-Zn,
and (D) hl6-Zn. The instantaneous contact number is averaged over 10 independent simulations.
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Figure S6. Time dependence of hydrogen bond number on time. The inter-chain backbone
hydrogen bond number is plotted as a function of time for simulations of (A) hI2-Zn, (B) hI3-Zn,
(C) hl4-Zn, and (D) hl6-Zn. The hydrogen bond number is averaged over 10 independent DMD
simulations. The red lines correspond to the sigmoidal fitting using Eq. 1. The corresponding
fitted values are listed in Table 1.
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Figure S7. Secondary structure contents of different zinc-coordinated hIAPP oligomers.
The total secondary structure contents (per chain) for different oligomers coordinated by zinc
ion. Unlike the contact number, or local hydrogen bonds, secondary structure contents show no
clear trend as a function of coordination number.



