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Abstract

Amyloid aggregation of amyloid-beta (Ap) and islet amyloid polypeptide (IAPP) is associated
with Alzheimer’s disease (AD) and type-2 diabetes (T2D), respectively. With T2D being the risk
factor for AD and the ability of IAPP to cross the blood-brain barrier, the co-aggregation of A
and IAPP has been explored to understand the cross-talk between the two diseases. Recent studies
demonstrated that soluble IAPP could significantly accelerate the aggregation of AB while pre-
formed amyloids of IAPP were poor “seeds” for AP aggregation. Here, we apply all-atom discrete
molecular dynamics simulations to investigate possible molecular mechanisms for the accelerated
co-aggregation of IAPP and AB42 comparing to Ap42 aggregation alone, which was confirmed by
the complementary thioflavin-T fluorescence assay. Our simulation results suggest that peptides in
the mixture tend to form heterodimers as the first step towards their co-aggregation. Strong inter-
peptide interactions with IAPP in the heterodimer shift the helical conformation of AB42 in its
amyloidogenic central hydrophobic core, residues 16-22 (AB16-22), to the extended conformation
ready to form B-sheets. Our study suggests that the unfolding of Ap16-22 helix contributes to the
aggregation free energy barrier and corresponds to the rate-limiting conformational change for
AP42 aggregation. Therefore, we propose that soluble IAPP promotes the aggregation of AB42 by
binding-induced conformational change of AB42 in its amyloidogenic core and thus reduced
aggregation free energy barrier.
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Introduction

Accumulating clinical and epidemiological research suggest that type-2 diabetes (T2D) and
Alzheimer’s disease (AD), two of the most common aging-associated diseases, are linked to
each other.1=® Both diseases have shared physiological processes, overlapping pathological
abnormalities, and a relatively frequent appearance of mixed pathologies with T2D being
found as a major risk factor for AD.5-11 A pathological hallmark common to both diseases is
amyloid aggregation, where aberrant aggregation of amyloid-p (Ap) and islet amyloid
polypeptide (IAPP) is implicated in AD and T2D, respectively.12-15 Both peptides can self-
assemble into amyloid fibrils6-18 and accumulate in human tissues as amyloid deposits.
Given experimental evidences of IAPP being able to cross the blood-brain barrier!® and
possibly expressed in sensory neurons,20 the cross- or co-aggregation of Ap and IAPP has
been explored to uncover the cross-talk between these two devastating diseases. 2

Amyloid aggregation is a nucleation-dependent process with an *“all-or-none” sigmoidal
kinetics, where an initial lag phase of nucleation is followed by rapid elongation and
saturation.22-24 While both AB and IAPP can form amyloid fibrils with similar characteristic
of cross-p structures, the two peptides have distinctively different aggregation rates.
Compared to Ap of the same concentration, |APP aggregates faster with significantly shorter
lag phases /n vitro. The lag phase can be shortened or eliminated by adding pre-formed
amyloids, namely the “seeding” effect. Experiments /in7 vitro have investigated the “cross-
seeding” interactions between AR and IAPP,25:26 and revealed that amyloid of either one of
the peptides can seed the aggregation of another, usually with a lower efficiency compared
to the “self-seeding”.2> With experimentally-derived structural models of both Ap and IAPP
fibrils,27-31 molecular dynamic (MD) simulations have provided useful molecular insights
into their cross-seeding interactions.!! In the absence of amyloid “seeds”, the aggregation of
AP can also be accelerated with non-aggregated IAPP. The mixture of soluble AB and IAPP
was found to have much shorter aggregation lag phase than Ap alone but slightly longer than
IAPP,32:33 although IAPP was also reported to delay the aggregation of AB.° Based on the
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observation that the mixture aggregated in a similar manner as the self-aggregation of typical
amyloidogenic peptides (e.g., in terms of aggregation kinetics, fibril morphology, and the
ability to disrupt membranes), it was postulated that Ap and IAPP form hetero-complexes
first and the complexes subsequently aggregate.32 Experiments using electrospray
ionization-ion mobility spectrometry-mass spectrometry (ESI-IMS-MS)-based method
confirmed the formation of AB/IAPP hetero-complex and hetero-fibrils.33 Conformational
changes upon the formation of hetero-complexes were also detected, but the molecular
details and mechanisms of A and IAPP co-aggregation remain unknown.

Here, we study the interactions between AB42 and IAPP, their formation of hetero-
complexes, and the corresponding structures and conformational dynamics upon binding in
order to understand their co-aggregation behaviors by combining atomistic discrete
molecular dynamics (DMD) simulations with complementary thioflavin-T fluorescence
assay (ThT). DMD is a special flavor of MD algorithm with high computational efficiency
and predictive power, which has been extensively used by our group and others to study
protein folding, protein dynamics, and amyloid aggregation.34-3¢ Our ThT assay first
confirmed the previously reported acceleration of amyloid aggregation of Ap/IAPP mixture
compared to AB alone.32:33 Using DMD simulations, we identified the AB-IAPP
heterodimer as the most populated hetero-complexes during the early stage of co-
aggregation when mixed at equimolar ratio /n silico. The residue-wise inter-peptide
interactions revealed by DMD simulations are consistent with experimentally identified hot-
spot regions for AB-IAPP binding.3” Our simulation results also suggested the helix
unfolding of AR amyloidogenic region (AB16-22, a.k.a. the central hydrophobic core) as the
major conformational change upon the formation of Ap-1APP heterodimer. The helical
conformation of AB16-22 was more stable in AB42 dimer simulations. Using an approach
proposed by the Wetzel group,22 analysis of Ap42 aggregation kinetics by the ThT assay
suggested that the rate-limiting step of Ap42 aggregation was conformational changes
taking place in approximately two peptides. Together with our computational results and
previous reports of AB42 oligomerization,38:3° we propose an aggregation mechanism that
the helix unfolding of AB16-22 corresponds to the major free energy barrier of Ap42
aggregation, which can take place in various Ap42 oligomers populated during the early
stage of aggregation. Upon mixing with 1APP, the formation of AB-1APP heterodimer
induces the helix unfolding of AB16-22, which subsequently reduces the aggregation free
energy barrier and accelerates the co-aggregation compared to AB42 alone. Our results offer
a potential molecular mechanism for the increased AD risk in T2D patients as observed in
clinical and epidemiological studies.

Results and Discussion

In vitro studies of Ap42 and IAPP self- and cross-aggregation

Given different experimental results in the literature on the rates of AB/IAPP co-aggregation
with respect to the self-aggregation of AB,>32:33 we first applied the ThT fluorescence assay
to study the self- and cross-aggregation of Ap42 and IAPP (Methods). Mixtures of soluble
AB42 and IAPP at equimolar ratio with different concentrations were tested (1.0, 2.0, 2.5,
3.0, 3.5, 4.0, and 5.0uM accordingly) and compared with control groups of individual
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peptides aggregating at the same concentrations. At least three repeats were done for each
molecular system at a given concentration. All samples were subjected to the same shaking
condition at 37°C to allow fast measurements of protein aggregation. Sigmoidal aggregation
kinetics was observed in all peptide systems (e.g., Fig. S1), and the corresponding lag time
and fibril elongation rate were obtained by fitting the data with an empirical sigmoidal
function (Fig. 1A,B). Our results were consistent with previous experimental reports that
IAPP is more aggregation prone than AB42 with shorter lag phases for all the tested
concentrations.*0:25 The lag time of the mixture was comparable to the IAPP alone and
significantly reduced compared to Ap42 alone, consistent with previous experimental
reports that mixing of Ap and IAPP retarded the rate of IAPP assembly while accelerated
the fibril formation by AB.32:33 Although experimental studies in Ref.32 focused on the AB/
IAPP co-aggregation in the presence of membrane, aggregations in the solution were also
observed. Similarly, IAPP had higher aggregation elongation rates than Ap at the same
concentrations and the mixture had the corresponding values in between (Fig. 1B).

Although the ThT assay could not distinguish whether the signals were from IAPP fibrils,
Abeta fibrils or the heterofibrils, the observation of peptide mixtures displaying single-
sigmoidal aggregation kinetics in our experiments and others®32:33 implied interactions
between IAPP and AB42 during their co-aggregation. If each type of peptides aggregated
independently, the aggregation kinetics of a peptide mixture should feature a simple
superposition of two sigmoidal aggregation curves. Indeed, recent mass spectrometry
experiments33 suggested the co-aggregation of the IAPP/Abeta hetero-complex and
demonstrated the formation of heterofibrils. However, the structure and dynamics of these
IAPP/Abeta hetero-complex is unknown.

Heterodimer formation is the first step towards the co-aggregation of Ap42 and IAPP

We next performed all-atom DMD simulations of multiple AB42 and IAPP at 1:1 ratio to
investigate the assembly dynamics of the peptide mixture. We studied two sets of molecular
systems with one containing two ABs and two IAPPs and another having four peptides of
each species, where the same peptide concentration was maintained (Methods). For the
smaller system, we performed 50 independent simulations with different initial inter-
molecular distances and orientations at 300K. Each simulation lasted 200ns and thus an
accumulative 10us simulation was obtained. For the larger system, 20 independent
simulations were performed with each lasted 100ns and a total of 2ps simulation time.

To capture the assembly dynamics, we calculated the number of atomic contacts between
various peptides and also monitored the formation of peptide clusters. A peptide belonged to
a cluster if it made contacts with at least one of the member peptides. When two Aps and
two 1APPs were mixed, the total number of contacts was dominated by the cross-species
interactions between AB42 and IAPP, while the binding between ABs and also between
IAPPs was significantly smaller (Fig. S2). The number of AB-IAPP contacts increased
rapidly in the early stage of simulations with obvious lag-time observed for both Ap-Ap and
IAPP-1APP interactions, suggesting an initial hetero-complexes formation between Ap and
IAPP in their mixture. For the peptide clustering analysis, we computed the time evolution
of various cluster species weighted by the number of peptides in a cluster (Fig. 2A). We
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observed the rapid formation of AB-IAPP heterodimer following a decrease of initial Ap42
and IAPP monomers. The heterodimer was the most populated species before they finally
associated into the hetero-hexamer. A similar association dynamics was also observed for
the larger system containing four ABs and four IAPPs (Fig. 2B). The heterodimer was also
the most populated species during the early assembly process, although other higher order
oligomers (such as two IAPPs bound to one or three ABs) were later observed before the
appearance of hetero-octamer.

Hence, our simulations suggested that when Ap42 and IAPP peptides were mixed at an
equimolar ratio, the cross-species interaction dominates over their self-associations during
their early assembly. The rapid formation of hetero-complexes could be explained by the
opposite net charges of the two peptides (i.e., the net charges of Ap and IAPP are —3e and
+2e, respectively) and the relatively long-range electrostatic interactions under the
physiological condition (the Debye length is ~10A). Our results also indicated that the
heterodimer of Ap42 and IAPP is the major intermediate species populated towards their co-
aggregation.

Computationally observed inter-peptide interactions for both cross- and self-association
of AB42 and IAPP are consistent with previous experiments

The hot-spot regions for both cross- and self-association of Ap42 and IAPP have been
investigated experimentally.3” For experimental validation of our simulations, we performed
DMD simulations of one Ap42 with one IAPP mixture (i.e., cross-association), along with
control simulations of two ABs and two IAPPs (i.e., self-association). For each molecular
system, we carried out 20 independent simulations at 300K with each run lasted for 600ns.
We used the last 300ns trajectories to compute the residue-wise binding frequency maps
(Fig. 3). From simulations of AB-IAPP cross-association, we identified several “hot regions”
with high binding frequencies, including residues 17-24 and 27-42 in Ap42, as well as
residues 8-18 and 22-28 in IAPP (Fig. 3A). The same regions were also important for the
self-association of Ap42 and IAPP (Fig. 3B,C). Shared features were observed between
cross- and self-associations. For instance, an “anti-parallel” binding pattern (i.e.,
perpendicular to the diagonal) due to interactions between C-terminal residues of A was
present in both AB-IAPP and AB-Ap contact frequency maps (Fig. 3A,B). Similar patterns
formed by the hot-spot residues of IAPP (e.g., 8-18 and 22-28) could also be found in both
AB-IAPP and IAPP-IAPP maps (Fig. 3A,C). Our observations agree very well with previous
experimental reports, in which the hot regions for cross- and self-associations were
determined as residues 19-22, 27-32, 35-40 in AB, and residues 8-18, 22-28 in IAPP.37
These similarities suggest a common binding mechanism in cross- and self-associations of
AB42 and IAPP, which may arise from their similarity in sequences.*1~43 Both AB42 and
IAPP are amyloidogenic with about 50% similarity in sequences, and the sequences with the
highest degree of similarity are 15-21, 26-32 in Ap42 and 10-16, 21-27 in IAPP (Fig. 3D),
all of which are within or close to the hot regions determined both experimentally and
computationally. Therefore, the regions important for both Ap42 and IAPP self-associations
also mediate their cross-association, and their cross- and self-associations could occur in a
competitive manner.
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Conformational changes of AB42 and IAPP heterodimer upon cross-association

We further studied the structural properties of the AB-IAPP heterodimer. For comparison,
we also performed simulations of AB42 and IAPP monomers and dimers, following the
same protocol - i.e., 20 independent simulations of 600ns at 300K, with each of which the
last 300ns trajectory was used to compute the secondary structure propensities (Fig. 4, Fig.
S3). For the Ap monomer, the amyloidogenic region (AB16-22) was partially helical, while
the N- and C-termini mostly adopted p-sheet conformation (Fig. 4A, B). To evaluate
whether the observed helical propensity in Ap16-22 depended on the starting conformation
(PDB ID: 1Z0Q%**) where the solution NMR structure solved in the water/
hexafluorosiopropanol mixture (70:30 volume ratio) contains partial helixes around the
amyloidogenic Ap16-22, we also performed similar simulations starting from the fully
extended conformation (Fig. S4). We found that AB16-22 rapidly adopted the partially
helical conformation and the helical propensities per residue were similar to simulations
starting from the helical structure. Our observation of the partially helical structure in
AB16-22 was also consistent with previous all-atom MD studies with different force fields.
4546 As for the IAPP monomer, we observed a stable helix in the N-terminus and the
amyloidogenic IAPP22-29 mostly unstructured with a weak helical propensity (Fig. 4C,D
and Fig. S3), consistent with a recent NMR study of isolated IAPP in solution.#” Compared
to monomers, both AB42 and IAPP homodimers showed an overall increase of a-helix (Fig.
4A,C), consistent with many experimental observations of the increased a-helical contents
during the early stage of amyloid aggregation of Ap and IAPP before the final conversion to
B-rich fibrils.48:49 Interestingly, the B-sheet content of AB16-22 in the homodimer was
smaller than that in the monomer (Fig. 4B), but the B-sheet content of IAPP22-29 in the
homodimer increased compared to the monomer (Fig. 4D). The differential propensities of
AP42 and IAPP amyloidogenic cores to form p-sheet structures upon self-association might
contribute to their different aggregation rates (Fig. 1A). In contrast, the heterodimer had the
B-sheet propensity increased while helix propensity decreased for both Ap and IAPP
compared to the monomers, especially in the corresponding amyloidogenic regions (e.g.,
AB16-22 and IAPP22-29 in Fig. 4). Especially, the B-sheet propensity of |APP22-29 was
significantly increased in the heterodimer compared to IAPP monomer and homodimer (Fig.
4D). Given the importance of these amyloidogenic regions in forming the cross-p
architecture in the mature amyloid fibrils,>0 the observed conformational changes from a-
helix to B-sheet in the heterodimer with respect to corresponding monomers and
homodimers supports the promoted co-aggregation observed in experiments. Because of the
relatively high helical propensities of AB16-22 and IAPP22-29 in monomers, homodimers
and possibly high-order oligomers and the fact that unfolding of these helixes likely
corresponds to the first step toward the formation of B-rich fibrils, we next focused our
analysis on the helix unfolding of corresponding amyloidogenic regions of Ap42 and IAPP
in DMD simulations to capture the early events co-aggregation.

Helix unfolding of AB16-22 is the major conformational change upon binding with IAPP in
the heterodimer

To better understand the conformational dynamics of Ap42 and IAPP upon association as
the heterodimer, we further analyzed the simulation trajectories of the monomers and the
heterodimer by focusing on their corresponding amyloidogenic regions. Following a similar
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approach in protein folding studies,®12 we monitored the folding and unfolding of helixes
in the amyloidogenic regions - i.e., AB16-22 and |APP22-29 (Methods). During simulations
of AB42 monomer, we could observe the dynamics of helix unfolding and refolding of the
amyloidogenic Ap16-22 (e.g., 22 unfolding and 9 refolding events), where the population of
the helical state was approximately 61% (Fig. S5). In the presence of IAPP, the number of
helix refolding events was drastically reduced (e.g., 18 unfolding and only 1 refolding
events) and the population of the helical state was reduced to ~57%. In terms of IAPP22-29,
the helix population was slightly changed from ~21% in monomer to ~20% in heterodimer,
and the helix unfolding/refolding dynamics in heterodimer were also slower but still
frequent (i.e., from 72/56 to 34/18). These observations indicated that the binding between
AB42 and IAPP in the heterodimer increased the free energy barriers of helix unfolding/
refolding of their corresponding amyloidogenic regions. For IAPP22-29, the barrier increase
did not change the equilibrium between helical and non-helical conformations, and the
frequent unfolding/refolding dynamics suggested that the computational observation was
significant. The conformation dynamics of AB16-22, on the other hand, was shifted towards
the non-helical state upon binding with IAPP. With the rare observation of helix refolding
events of AB16-22 suggesting a slow conformational dynamics, the conformational
equilibrium might not have been reached in our constant temperature simulations (e.g., up to
600ns in each independent simulation).

In order to better sample the conformational equilibrium of the heterodimer, we applied
replica exchange DMD (REXDMD) simulations, where parallel simulations at different
temperatures were performed with Monte-Carlo based periodic exchanges between replicas
of neighboring temperatures.53 Although the interpretation of kinetics might be challenging
compared to serial ones at constant temperatures, replica exchange simulations have been
widely applied for enhanced sampling of thermodynamic equilibrium by overcoming energy
barriers at high temperatures. We performed REXDMD simulations for AB42 monomer,
IAPP monomer, and the heterodimer (Methods). Each replica of simulations lasted 200ns,
and trajectories of the last 150ns were used in data analysis. Using the weighted histogram
analysis method (WHAM),>* we computed the specific heat (C,) as the function of
temperature (Fig. S6A). A peak in the C, plot usually corresponds to conformational
transitions around the temperature with the heights indicating the transition cooperativity. To
uncover the details of conformational transitions, we also computed the temperature
dependence of the number of inter-peptide contacts in the heterodimer (Fig. S6B) and
secondary structure contents of both Ap and IAPP in monomers and heterodimer
simulations (Fig. S6C,D). The weak C, peak of IAPP around ~305K corresponded to the
gradual and non-cooperative unfolding of helixes (Fig. S6D), while the peak of Ap ata
higher temperature (~325K) resulted from unfolding of both helices and strands (Fig. S6C).
Remarkably, the heterodimer displayed a high C, peak around ~322K mainly due to the
dissociation of a large number of inter-peptide contacts (Fig. S6B). Compared to the
monomers, the strong inter-peptide binding in the heterodimer significantly reduced the
helical content of Ap (mainly in the amyloidogenic region of Ap16-22) and increased its -
sheet content (Fig. S6C). For IAPP, AB binding did not significantly change the
conformational dynamics with only a slight increase of the p-sheet content (Fig. S6D).
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Therefore, our REXDMD simulations confirmed the IAPP-binding induced helix unfolding
of AR16-22 as observed in constant temperature simulations (Fig. 4, Fig. S5).

To better characterize the conformational change of AB16-22 upon IAPP binding, we further
computed the potential mean force (PMF, i.e., the effective free energy landscapes) of the
fragment with respect to the number of residues in helical content and the end-to-end
distance at 300K (Fig. 5, details see Methods). For both monomer and heterodimer, four
major basins could be observed, corresponding to helical, partially helical and non-helical
states with either compact or extended conformations (e.g., typical snapshot structures in
Fig. 5). The partially unfolded state corresponded to the intermediate of helix unfolding and
the saddles connecting basins denote the folding pathways. Compared to AB16-22 in the
monomer, the binding with IAPP rendered the non-helical basins deeper, the helical and
partially helical states shallower, and the saddle between the non-helical and the
intermediate states broadened. Therefore, our results suggested the binding with IAPP in the
heterodimer at 300K shifted the conformational equilibrium of Ap16-22 from helix towards
extended non-helical conformational states, ready to form p-sheets (e.g., the snapshots in
Fig. 5).

Potential roles of helix-unfolding of AB16-22 in AB42 self-aggregation and co-aggregation

with IAPP

Based on a nucleated polymerization mechanism, the Wetzel group proposed an aggregation
kinetics analysis approach to determine the critical number of monomers, 1% the
conformational changes of which are rate-limiting for aggregation.2223 Briefly, during the
initial growth phase before the rapid elongation, the increase of aggregation linearly depends
on the square of time, £, and the slope is the power function of peptide concentration with
the exponent index corresponding to 7%+2. Given the fast aggregation of IAPP and IAPP-AB
mixture and the resulting limited number of data points with high noise-to-signal ratio for
detailed analysis of the initial phases, we only applied the above analysis to the aggregation
of AB. We selected data corresponding to the initial phase of Ap aggregation, and estimated
the amount of aggregates based on the ThT fluorescence intensity signal (Methods). For
each concentration, we determined the slope with respect to # (e.g., Fig. 1C). Base on the
log-log plot of the slopes vs. concentrations (Fig. 1D), we obtained the exponent of ~3.5 and
thus the value of n*~1.5.

Many previous experiments have reported the observation of AP oligomers such as
pentamers and hexamers during the initial phase of amyloid aggregation.®® Here, our
aggregation kinetics analysis suggests that the rate-limiting step of Ap42 aggregation
requires the conformational changes of approximately 2 peptides, which can take place
within the initially formed A oligomers. Based on our simulation results, these rate-
limiting conformational changes correspond to the unfolding of a-helix in AB16-22. The
relatively slow aggregation of AB42 observed /n vitro might result from the stabilization of
the helical conformation in AB16-22 in the self-associated oligomers such as homodimers
(Fig. 4). Upon binding with 1APP in the mixture, the strong inter-peptide interactions shift
the conformational equilibrium of AB16-22 from helical to the extended conformation (Fig.
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5), which in turn reduce the aggregation free energy barrier as in the isolated Ap peptides
and thus shorten the aggregation lag time (Fig. 1).

Conclusion

Combining all-atom DMD simulations with the complementary ThT assay, we investigated
the molecular mechanism for the accelerated co-aggregation of Ap42 and IAPP mixture
compared to the self-aggregation of Ap alone. Our simulation results suggest that the
formation of AB-1APP heterodimer is the first step towards their co-aggregation due to
electrostatic attraction between the two peptides with opposite net charges. The
computationally determined residue-wise inter-peptide interactions between A and IAPP in
the heterodimer agree very well with previous experimental results of the hotspot regions for
their cross-association. Detailed analysis of our serial simulations at constant temperature
and replica exchange simulations at multiple temperatures revealed that the strong inter-
peptide interactions in the heterodimer of Ap and IAPP introduce the unfolding of helix in
the amyloidogenic region of AB16-22, which makes AP ready for aggregation. The helix of
AP16-22 was otherwise stabilized in the homodimer of AB42, consistent with the
experimentally observed accumulation of helical contents before the rapid conversion into 8-
rich aggregates.8:49

Our ThT experiments confirmed previous experimental reports that the lag phase of Ap and
IAPP co-aggregation is shorter than that of A alone but only slightly longer than IAPP. The
kinetics analysis based on the nucleated growth polymerization theory indicates that the
critical number of peptides, whose conformational change is the rate-limit step for
aggregation, is approximately 2. With experimental observations of various Ap42 oligomers
and the in-registered p-sheet structures of Ap16-22 in the core of Ap42 amyloid fibrils, our
combined computational and experimental studies suggest that the nucleation of
fibrillization corresponds to the helix unfolding of central hydrophobic cores (i.e., 16-22) of
approximately two peptides in these oligomers and the subsequent formation of inter-peptide
B-sheets in this region.%0 Therefore, the binding of IAPP with A in the mixture reduces the
free energy barrier for Ap aggregation - i.e., the helix unfolding of the central hydrophobic
core of Ap16-22, and thus promotes the co-aggregation with reduced lag time for
aggregation nucleation. With experimental evidences of IAPP being able to cross the blood-
brain barrier,1° the overproduction of IAPP in T2D, known as the hyperamylinemia, may
result into increased |APP concentration in the brain, which in turn promotes the formation
of toxic aggregates with Ap42 and increases the risk of AD. While further experimental
studies are necessary to validate our predicted co-aggregation mechanism of IAPP and AB42
and potential contribution to the cross-talk between AD and T2D, we hope our study will
stimulate further computational and experimental studies to unravel this intriguing
phenomenon with high biological and medical relevance.

Materials and Methods

Discrete molecular dynamics (DMD) simulations

DMD is a special approach of molecular dynamics, in which discrete step functions instead
of continuous potentials are used to model inter-atomic interactions.%® The step-function
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potentials are adapted from the continuous Medusa force field®’ to model inter-atomic
interactions. The non-bonded inter-atomic interactions include van der Waals (VDW),
solvation, hydrogen bond and electrostatic terms. The VDW parameters were adopted from
the CHARMM force field®8 and the EEF1 implicit solvent model®® was used to model the
solvation term. The hydrogen bond interactions were implicitly modeled with a reaction-like
approach.89 The Debye-Hiickel approximation is applied to model the screened electrostatic
interactions with the Debye length assigned ~10A. We used the Anderson’s thermostat to
maintain the temperature, which is fixed at 300K except for the replica exchange
simulations.1 To ensure sufficient sampling and avoid potential bias arise from starting
configurations, we perform multiple independent simulations for each molecular system
with different initial conditions, including randomized velocities, intermolecular distances
and orientations.

Simulation setup

In all simulations, we used the Ap42 (PDB ID: 1Z0Q) and IAPP (PDB ID: 2L86) structures
obtained from PDB to construct our systems. Counter ions CI~ and Na* were also
introduced into systems to achieve a neutral charge condition if necessary. For both Ap and
IAPP peptides, we maintained the peptide concentration same as that of a single peptide in a
cubic box with the dimension of 83A in all simulations. The periodic boundary condition
was used. In replica exchange simulations for Ap and IAPP monomers, five replicas were
running at 275, 295, 315, 335, and 355K respectively, while eight replicas running at 275,
290, 300, 310, 320, 330, 340, and 355K were performed to model the Ap-IAPP heterodimer.
The temperatures were chosen to ensure that the simulation exchange rates were between
30% to 70%. During the analysis of simulation trajectories, we used the DSSP program to
compute protein secondary structures, and the weighted histogram analysis method
(WHAM) to evaluate the temperature dependence of thermodynamic quantities.>4:62

Folding/Unfolding analysis

For the characterization of helix unfolding and refolding, we based on two criterions: a
helical to non-helical state conversion was considered if a structure contains at least five
helical residues inside amyloidogenic region converted into one contains no more than two
helical residues, and the conversion would be determined as valid and recorded only if the
new state could last for no less than 0.5ns simulation time. Non-helical to helical state
conversion was identified in a similar way. Structural percentage and the number of
conformational change were recorded according to all simulation trajectories.

Calculation of the potential mean force (PMF)

The two-dimensional PMF (or effective free energy) was computed according to

PMF = — KBT In P(Nhelical’ Dend —t0— end)’ (1)

ACS Chem Neurosci. Author manuscript; available in PMC 2019 May 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Geetal. Page 11

where Kgis the Boltzmann constant, 7 corresponds to the simulation temperature 300K, and
A Npeticah Deng-to-end) 15 the probability of finding a AB16-22 segment containing Nyeficas
helical residues, with an end-to-end distance of Dgpg.t0-engat the time.

Thioflavin-T Fluorescence Assay

To study the kinetics of AB42 and IAPP amyloid fibrils formation /n vitro, human -
Amyloid (1-42) and IAPP were purchased from GeneScript (RP10017) and Sigma-Aldrich
Co. LLC (D2162), respectively. The lyophilizaed powder of AB42 or IAPP were first
solubilized in 100% hexafluorosiopropanol (HFIP) (Sigma) at ~1mM and sonicated at 30%
power efficiency for 30s (Qsonica Q125) to break preformed aggregation. The concentration
was then determined spectrophotometrically using a calculated extinction coefficient at
280nm. All the water buffer used in ThT assay was applied to HisTrap Column to remove
trace amount bivalent ions and filtrated by 0.22 um filter. Considering the aggregation rate
for both IAPP and Abeta42, while mixing samples we always kept adding Abeta4?2 firstly
into buffer and immediately add IAPP prior to measurements. All dilution was made in
HFIP before the measurements, and the final concentration of HFIP were kept consistent by
adding equal volume of diluted Abeta42 and IAPP at various concentrations. The AB42 and
IAPP pre-treated in this way were then used to prepare serial dilution of single compound
samples or 1:1 mixtures of concentrations from 1 to 5uM or 1uM:1uM to 5uM:5uM in
100mM Tris-HCI (pH 7.5), 100mM NaCl, 200uM EDTA and 15uM thioflavin T (ThT). All
buffers were pass through HiTrap Chelating HP Column (GE Healthcare) to remove trace
amount of endogenous divalent cations. 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 440nm and reading the emission at 485nm at a constant temperature of 37°C
using BioTek Synergy H1 Hybrid Reader with continuous shaking at 425cpm between
measurements. All kinetic measurements were performed at least in triplicate. The
fluorescent ThT data with time data were fitted to an empirical equation to reproduce the
change of fluorescent intensity ThT upon binding to the amyloid fibrils (/;,2-/5), the
apparent rate constant for fibrillization (4), and the lag time (#,4=#,-2/K) to represent the
time of nucleation before detectable amyloid formation:

max IO

IO=I+———, (2
0 : —(t—to)k ()
+e

where /, lpand /4 are the reading, initial and maximum fluorescence values, fyis the time
required to reach half change of intensity.

Nucleation Kinetics

The details describing the nucleated growth polymerization mechanism could be found
elsewhere.?223 The important kinetics feature of the initial phase of aggregation we
examined here is the linear dependence of the aggregation content on the time square (£),
and the power-law dependence of the corresponding slope on the peptide concentration. The
exponent index corresponds to n*+2, where n*is the critical number of peptides whose
conformational changes are the rate-limiting step for aggregation nucleation. By fitting the
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ThT assay data with the sigmoidal equation (Eq. 2), we chose the initial phase with &<z,
and estimated the amount of aggregation by normalizing them based on concentration
conditions, p(/-/9)/ I 2% With p corresponding to the total peptide concentration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
In vitro studies of Ap-1APP cross- and self-association. Seven different concentrations from

1 to 5 uM were studied with each kinetic measurement performed at least in triplicate. The
concentration dependence of (A) the aggregation lag time and (B) fibril elongation rate for
AB-IAPP co-aggregation (blue), and the self-aggregation of Ap (black) and IAPP (red). (C)
For the aggregation of Ap, the amount of aggregates during the initial phase of aggregation
linearly depends on the square of time, £. (D) The log-log plot of the slops in panel C vs. the
peptide concentrations shows the power-law dependence. The linear fit in the log-log plot
results into an exponent index of ~3.54s.
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Figure 2.
The time evolution of peptide cluster species for Ap-IAPP mixtures with molecular ratios of

(A) 2:2 and (B) 4:4. The number of each species weighted by the number of peptides
forming the cluster was averaged over the number of independent simulations. For
simulations with 2:2 ratio, all possible cluster species were shown. In the case of 4:4 ratio,
only the six most-populated cluster species were shown.
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Identification of hot regions for inter-peptide interactions in both cross- and self-associations
of A and IAPP. Residue-wise contact frequency maps were computed for (A) A and IAPP
binding in heterodimer simulations, and self-association of (B) Ap and (C) IAPP in dimer
simulations. Histograms were also obtained to show the total contact frequency of each
residue. (D) Sequence fragments with the highest degree of similarity between A and IAPP
were highlighted in orange and blue, while the domains experimentally-identified to be
important for both their cross- and self-associations were highlighted in gray.
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The secondary structure propensity for each Ap and IAPP residue in monomer, heterodimer,
and homodimer. The ordered secondary structures of (A, C) helix propensity and (B, D) p-
sheet were shown while the less ordered coil and turn were shown in Fig. S2. All data were
averaged over the last half trajectories of 20 independent simulations, each of which lasted
600ns. Error bars denote the standard error of means (SEM).
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Figureb.
The conformational free energy landscape of the amyloidogenic Ap16-22 at 300K in

simulations of (A) the AB42 monomer and (B) the AB42-1APP heterodimer. Using the
WHAM analysis of the replica exchange simulation trajectories, the 2D PMF was computed
as the function of the number of helical residue and end-to-end distance. The basins
correspond to helical (a, a), partially helical intermediate (b, ), and non-helical (c, d and y,
8) states. AP peptides were shown as cartoon in cyan and IAPP in green. The amyloidogenic
region of Ap16-22 was highlighted in red.
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