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ABSTRACT

Mitochondrially-derived peptides (MDPs) such as humanin (HN) have shown a remarkable ability
to modulate neurological amyloids and apoptosis-associated proteins in cells and animal models.
Recently, we found that humanin-like peptides also inhibit amyloid formation outside of neural
environments in islet amyloid polypeptide (IAPP) fibrils and plaques, which are hallmarks of Type
IT Diabetes. However, the biochemical basis for regulating amyloids through endogenous MDPs
remains elusive. One hypothesis is that MDPs stabilize intermediate amyloid oligomers and
discourage the formation of insoluble fibrils. In order to test this hypothesis, we carried out
simulations and experiments to extract the dominant interactions between the S14G-HN mutant
(HNG) and a diverse set of IAPP structures. Replica-exchange molecular dynamics suggests that
MDPs cap the growth of amyloid oligomers. Simulations also indicate that HNG-IAPP
heterodimers are ten times more stable than IAPP homodimers, which explains the sub-
stoichiometric ability of HNG to inhibit amyloid growth. Despite this strong attraction, HNG does
not denature IAPP. Instead, HNG binds IAPP near the disordered NFGAIL motif, wedging itself
between amyloidogenic fragments. Shielding of NFGAIL-flanking fragments reduces the
formation of parallel IAPP -sheets and subsequent nucleation of mature amyloid fibrils. From
ThT spectroscopy and electron microscopy, we found that HNG does not deconstruct mature IAPP
fibrils and oligomers, consistent with the simulations and our proposed hypothesis. Taken together,
this work provides new mechanistic insight into how endogenous MDPs regulate pathological
amyloid growth at the molecular level and in highly substoichiometric quantities, which can be
exploited through peptidomimetics in Diabetes or Alzheimer’s Disease.
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INTRODUCTION

Nearly every eukaryotic cell relies on the mitochondria, a small granular organelle, to synthesize
the molecules necessary for intracellular energy transfer. The origins of modern mitochondria are
believed to originate from bacteria! that symbiotically merged with eukaryotic cells sometime
between one to two billion years ago, carrying with them a partially conserved genome that has
persisted in parallel alongside the nuclear genome.? The interiors of mitochondria are tightly
packed into cristae and encapsulated by dual phospholipid membranes, with an inner matrix rich
in enzymes, ribosomes, and proteins that are unique to the organelle. Some of these proteins are
dually coded in the mitochondrial and nuclear genomes,*> however mitochondrial proteins tend to
be optimized to function in confined spaces and may carry out unique functions outside their
natural environments.* It is thus unclear what roles mitochondrial peptides play in the cytosol, if
any, or if their functions are conserved from inside the tightly packed organelle to the relatively
expansive cellular interior.

While the mitochondrial genome was fully sequenced in 1981, it took twenty years for the first
novel mitochondrial peptides to be identified in 20016 from three independent studies focusing on
apoptosis signaling,” insulin-like growth factors in the context of aging,® and neurodegenerative
plaques associated with Alzheimer’s Disease.® The first peptide to be identified, humanin (HN),
was found in the 16s ribosomal subunit of the mitochondrial genome and is composed of either 21
or 24 amino acids when expressed in the mitochondria or cytosol, respectively (seq:
MAPRGFSCLLLLTSEIDLPVKRRA). Given the relatively small size of HN, its ability to
modulate a wide variety of physiological processes is remarkable, with pronounced effects on
yeast models,® rats,” mice,!” and humans.!! Furthermore, the potency of HN can be amplified
through a number of post-translational modifications, as observed in HN-S14G (or HNG, where
Serl4 is replaced by a glycine residue), which has consistently been shown to be neuro- and cyto-
protective in animal models.!?!3 However, the molecular mechanisms behind HN and HNG-
mediated cytoprotection are unclear, and are difficult to experimentally identify since regions of
the peptide are intrinsically disordered, aside from a characteristic a-helix found near the
hydrophobic center.

Recently, we reported that HNG also inhibits the fibrilization of islet amyloid polypeptide!* (or
IAPP, seq: KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY). IAPP is an intrinsically
disordered amyloid protein (IDP) that is co-expressed with insulin in pancreatic B-cells. During
the overexpression of insulin in Type II Diabetes, large amounts of IAPP are also released, leading
to the pathological accumulation of amyloid fibrils on B-cell surfaces that rupture protective
membranes'>!8 and encourage pancreatic dysfunction. Given that Type II Diabetes comprises 90%
of all Diabetes cases worldwide,! affecting over 350 million individuals, it is imperative to
understand how endogenous IDPs such as those found in the mitochondria can affect or even
regulate pathological amyloid precursors. In the case of IAPP, some have suggested that

pathological aggregation is nucleated by its disordered NFGAIL region,?*-2* which acts as a linker



between [-stranded regions. Others have argued that serine-rich flanking amino acids around
NFGAIL are the primary drivers of aggregation.?® In order to deduce the biochemical interactions
between pathological IAPP oligomers and HNG, we have integrated multiscale theoretical models
with experimental observations in order to provide a robust picture of humanin’s role in inhibiting
pathological amyloids from first principles. These methods allow us to test our working hypothesis
that HNG inhibits IAPP amyloid growth!# 2° through the capping of oligomeric amyloid seeds
using synergistic and systematic de-novo studies.

To better understand these molecular interactions, atomistic molecular dynamics (MD)
simulations were employed to investigate the folding and oligomerization of IAPP in the presence
of HNG. In particular, replica-exchange MD (REMD)?” was used to reveal the accessible
thermodynamic landscapes each protein inhabits in isolation and in the presence of one another.
A wide variety of degenerate protein structures occupying low-energy basins were extracted from
these ensembles in an effort to learn what secondary structures drive HNG-IAPP complexation.
Simulations were also able to differentiate monomeric, oligomeric, and fibrillar interactions in
order to provide multiscale models of HNG-IAPP assemblies. In order to characterize the strength
of adhesion between homo- and heterodimer structures, umbrella sampling simulations?® were
carried out and free energies of adhesion are reported. These results are all consistent with our
previous ThT spectroscopy, electron microscopy (EM), circular dichroism (CD), and electron
paramagnetic resonance (EPR) results,'* which corroborates the molecular observations reported
here. We also provide specific molecular pathways that drive MDP-mediated inhibition of IAPP
aggregation, supported by new experimental results on mature IAPP fibrils. Given the broad
efficacy of HNG in reducing pathological aggregation across a wide variety of amyloids,!* we
briefly discuss the versatility of MDPs in regulating misfolding and aggregation of generalized
amyloid proteins.? As a result, we believe that our results can inform MDP-inspired therapeutics
that target soluble amyloid pharmacophores rather than traditional compounds that seek to
destabilize and clear mature fibrils and plaques.



RESULTS

First, we will describe backbone conformations from each complex resulting from enhanced-
sampling MD simulations. REMD reveals a wide variety of monomeric, homodimeric,
heterodimeric, and trimeric protein conformations for HNG and IAPP mixtures, however the most
populous structures (ranked by their occupation times) are presented in Figure 1. As expected,
HNG monomers and dimers preserved their central a-helix while the remaining residues remain
disordered, however HNG tended to adopt compact globular morphologies both in isolation and
when oligomerized. Alternatively, while IAPP monomers remained largely disordered in bulk
solution (sometimes sampling partial B-strands), they adopted highly ordered p-strands and
hairpins when coupled to a neighboring IAPP or HNG monomer in both parallel and anti-parallel
geometries. This behavior is expected from IAPP, as it is an intrinsically disordered monomer that
is stabilized during oligomerization, where the formation of uniform p-sheets helps to seed further
aggregation.’*3* In heterodimer mixtures, each protein adopts a similar conformation to their
homodimeric state. However, HNG predominantly binds to the side of IAPP hairpins in
heterodimers and trimers, similar to where aggregating IAPP would attach. Interestingly in
heterotrimers, HNG is either wedged between IAPP hairpins or offsets and unzips IAPP dimers in
order to maximize hydrophobic contact with IAPP. Such interactions would assuredly affect the
growth and uniformity of higher order amyloid structures.

The relative time spent in these states are short compared to globular proteins, though these
fractions are consistent with other IDPs.?* 3>36 A useful way to visualize the interconversion
between states is to construct conformational free energy landscapes (or FELs) that highlight
protein ensembles as a function of multiple parameters. Two useful order parameters for
characterizing IDPs are the protein end-to-end distance (Ree) and the radius of gyration (Rg), which
can be coupled together to differentiate compact and extended IDP morphologies.?’ Here (Figure
S1), FELs reveal that both HNG and IAPP monomers easily interconvert between compact (small
Ree and Rg) and extended (large Ree and Rg) morphologies. However, when IAPP dimerizes its
preferred radius of gyration increases while its end-to-end-distance remains unchanged. These
shifts are a hallmark of B-hairpin formation, and also occur when IAPP binds to HNG. In contrast,
FELs for HNG do not significantly shift in the presence of IAPP, though its end-to-end distance
stabilizes in crowded environments to 2-3 nm. Overall, the FELs for HNG and IAPP are similar
before and after complexation occurs, suggesting that the two proteins do not significant denature
the backbones of their binding partners.

Heterodimer mixtures also do not exhibit new secondary structures compared to homodimers,
suggesting that HNG does not induce fundamentally new IAPP structures (Figure 2). However,
the introduction of additional HNG or IAPP is associated with a marginal increase in IAPP [3-
content. It is unclear from REMD whether HNG directly stabilizes IAPP monomers after binding
or simply binds to IAPP after it samples a transient 3-hairpin conformation. While the magnitude
of IAPP aggregation was significantly reduced in previous experiments with HNG present,'4 the



kinetic timescales of complexation were similar in ThT spectroscopy. If HNG immediately
stabilized monomeric IAPP, then the kinetic timescales of complexation should differ,*’° even
with substoichiometric amounts of HNG. Thus, it is more likely that HNG binds to IAPP only after
B-strands begin to stabilize, consistent with our hypothesis that HNG targets intermediate or
soluble IAPP oligomers. IAPP [-content continues to increase as additional IAPP or HNG are
added, while a-content (dominated primarily by the disulfide near the N-terminus) remains
minimal. IAPP also does not significantly shift the secondary structures of HNG (Figure S2),
however small HNG secondary structures become stabilized during crowding, especially the helix-
turn-bend motif. This is similar to existing NMR studies that show that HN is stabilized in the
presence of 30% tetrafluoroethylene.*

While HNG and IAPP did not significantly denature one another, HNG did modify the relative
orientation between IAPP monomers, which is shown in Figure 3. Consistent with the most
dominant protein states, thermodynamic FELs were extracted as a function of relative IAPP
orientation and separation. When HNG was absent, IAPP dimers were spaced about 1 nm apart
and tended to be arranged in parallel 3-strands. However, when HNG was introduced, [APP was
forced to adopt anti-parallel B-sheets that were much less stable than their parallel counterparts.
Some parallel IAPP states persisted, but in those cases IAPP was separated by 2 nm instead of 1
nm, which resulted in less stable complexes. Taken together with Figure 1, HNG effectively
separates, unzips, or offsets IAPP dimers from adopting their most energy-minimized
conformations, consistent with our previous data'* showing that HNG potently inhibits IAPP
aggregation.

In order to test if specific regions drive these interactions, we focus on both the HNG Gly14 residue
(mutated from serine) and the IAPP NFGAIL region, which has long been linked to pathological
aggregation in Type II Diabetes. 2%-3°-4! REMD simulations reveal that when IAPP oligomers form,
there is considerable association between NFGAIL regions (Figure S3, yellow). However, when
HNG is introduced, NFGAIL and its serine-rich flanking domains (SN-NFGAIL-SS) remain
separated by both direct (screening) and indirect (out-of-register) interactions, which have
pronounced effects on the oligomer’s geometry. Conversely, HNG Glyl4 contributes very
minimally towards folding and aggregation, despite its presence differentiating wt from mutant
IAPP. We hypothesize that the removal of the wildtype serine imparts additional conformational
flexibility to HNG, further allowing it to conform to hydrophobic IAPP interfaces.

Specific protein-protein interactions such as salt-bridge formation and backbone hydrogen
bonding also appears to modulate the types of HNG:IAPP mixtures that were formed (Figures S4
and S5). Each polar residue on IAPP is positively charged, so all dominant electrostatic
interactions between oppositely-charged side-chains stem from HNG. Intramolecular HNG salt
bridges tend to form between C-terminal Arg residues and nearby Asp or Glu. However, there are
few intermolecular salt bridges between HNG and IAPP interfaces in heterodimers and mixed
trimers. Instead, HNG:IAPP mixtures are stabilized by a combination of intra- and intermolecular



backbone hydrogen bonds (Figure S5), with TAPP monomers and dimers exhibiting 9-13
intramolecular bonds (0.25-0.35 bonds per residue) versus HNG monomers and dimers that exhibit
about 5 intramolecular bonds (0.20 bonds per residue). Some of the IAPP intramolecular hydrogen
bonds are converted into intermolecular bonds upon mixing, which maximizes protein
hydrophobicity for HNG on the side of IAPP B-hairpins. In trimers, HNG occupies one to two
externally-facing hydrogen bonds from IAPP, thus reducing the number of available sites for
subsequent IAPP to hydrogen bond to. This suggests that HNG binds most favorably to unbound
or metastable IAPP proteins while they adopt hairpin conformations, which supports the
hypothesis that HNG targets and screens interfacial IAPP proteins that seed aggregation.

In order to more explicitly investigate the adhesion between HNG and IAPP proteins, potentials
of mean force were extracted from umbrella sampling simulations*? to measure the free energy of
IAPP binding between dominant homodimers, heterodimers, and trimers. These results, plotted in
Figure 4, indicate that IAPP dimers are strongly bound by 7.5 + 2.6 kT of energy, and are stabilized
by interactions between complementary [-hairpins. Quite dramatically, however, mixed
HNG:IAPP heterodimers are stabilized by 100 + 3 kT (or nearly 10-13 times the binding affinity
of JAPP homodimers). The contrast between homodimer and heterodimer adhesion is striking, and
suggests a significant attraction between HNG and IAPP, even in the presence of multiple IAPP
proteins. It should be noted, however, that heterodimer adhesion profiles were measured between
a disordered HNG and a highly ordered IAPP hairpin, since this represents the most energetically
favorable heterodimer cluster identified in Figure 1. As indicated earlier, this data suggests that
HNG is strongly attracted to oligomeric IAPP, which we define as a free or loosely bound [3-
hairpin structure. Since few interactions from REMD were observed between disordered IAPP
monomers and HNG, interactions between natively disordered monomers are likely smaller or
non-existent, consistent with experiments.!* IAPP also adheres to HNG-IAPP dimers (in a trimeric
conformation) more strongly than to IAPP monomers (in a dimer conformation) at 10.6 + 2.5 kT,
which is due to the presence of bound HNG inside the attracting dimer. While 3-hairpin IAPP is
strongly attracted to HNG monomers, subsequent IAPP attachment becomes continually less
favorable due to screening of the internal HNG molecule. As a result, mixed trimers are more
energetically stable than IAPP dimers, though in larger oligomers, the adhesion strength should
approach that of the dimer, since HNG will eventually be screened entirely. These observations
further support the hypothesis that sub-stoichiometric HNG caps IAPP oligomers, as others have
postulated, and may function as a chaperonin.!4 26

Protein contact maps (Figure S6) were also used to identify interactions between non-polar amino
acids within ensembles, and to highlight associations between distinct regions of HNG and IAPP.
Since IAPP and HNG monomers are predominantly disordered, very few persistent intramolecular
contacts were identified in monomeric structures. However, homo- and heterodimer contact maps
revealed characteristic a-helical signatures in HNG and -stranded signatures in IAPP, consistent
with Figure 1. In terms of intermolecular contacts, IAPP homodimers (consisting of parallel and
anti-parallel B-hairpins) are distinct from those found in HNG-containing trimers, where there is



significantly less contact between IAPP termini. For mixed HNG:IAPP systems, there is persistent
contact between HNG-9LLLL1> (a bend-turn region) and IAPP-11RLA 13 or [APP-26I1LS2g (3-strand
regions). There is also contact between HNG-20VKR2, (a polar region) and IAPP-;3ANFis or
IAPP-25AIL27 (B-strand regions). Many of these IAPP regions include or flank the nLANFLV7
and 2NFGAIL,7 regions, lying at the interface between disordered and p-stranded backbones. The
IAPP-2SNNFGAILSS:o region, in particular, is strongly aggregation-prone®® and transitions IAPP
-strands into disordered linker loops, as can be seen in Figure 2.

In order to investigate the putative binding locations of HNG monomers to larger [APP fibrils, two
additional MD simulations were run on an HNG monomer and two distinct TAPP fibril geometries.
Each fibril structure contained ten monomers, and were based on previously reported structures
from EPR and NMR.>*% In these simulations, which lasted 100 ns, HNG quickly attaches to each
fibril exterior spanning multiple IAPP monomers, and remains bound for a majority of the
simulation (~30-100 ns). Interactions with each fibril structure, shown in Figure 5, confirm that
HNG associates with and binds to NFGAIL-flanking motifs. This suggests that HNG seeks to
maximize contact with as many NFGAIL-associated regions as possible and align its crowd-
stabilized (-bend with the IAPP [-strand region. Neither the HNG monomers nor IAPP fibrils
became denatured during their interaction, consistent with the REMD simulations reported earlier.
Similarly, conserved interactions between HNG and two distinct IAPP fibrils reduces the
likelihood that specific fibrillar geometries favor interactions with HNG, so long as the SS and SN
flanking regions around NFGAIL are solvent-exposed.

We also investigated whether HNG could deconstruct mature amyloid fibrils in experiments, in
addition to slowing or halting the nucleation of new IAPP fibers. Similar to our earlier
experiments,'* we confirmed that HNG potently inhibited the formation of insoluble IAPP fibrils
using electron microscopy and Thioflavin T (ThT) spectroscopy. We also found that HNG
counteracted the growth of new IAPP fibrils from preformed IAPP seeds.!* Using similar
conditions, we tested whether the addition of HNG reduces ThT fluorescence over time in IAPP
fibrils, indicating a loss of protein -content. As a positive control for fibril dissolution, we used 4
M guanidinium chloride, which is a potent protein denaturant capable of deconstructing amyloid
fibrils. As illustrated in Figure 6, the addition of HNG did not alter ThT fluorescence significantly
over 24 hours. In contrast, the addition of guanidinium quickly led to a decrease in ThT
fluorescence. This indicates that HNG does not appreciably dissolve IAPP fibrils. To better
visualize these fibrillar morphologies under each condition, we performed electron microscopy on
negatively stained samples. As shown in Figure 6, IAPP fibrils exhibit the typical, often bundled
morphology that remains unaffected by the addition of HNG. In contrast, the addition of
guanidinium reduces the prevalence of fibrils significantly while only few aggregates, often very
short, remain. These results indicate that HNG blocks the nucleation of IAPP aggregates but does
not dissolve them in any detectable amount.



DISCUSSION

Taken together, our observations corroborate the hypothesis that HNG targets oligomeric IAPP
and subsequently inhibits its ability to aggregate. Simulations suggest that HNG binding to
exposed NFGAIL motifs during IAPP oligomerization mediates this behavior through the offset
of TAPP hydrogen-bond networks that nucleate the formation of fibrils, consistent with our earlier
ThT, CD, and EPR experiments.'* Molecular models are also consistent with our observations of
sub-stoichiometric amounts of HNG inhibiting both primary (fiber-independent) and secondary
(fiber-dependent) IAPP aggregation from monomers and sonicated seeds. Given the substantial
effect of HNG in miniscule concentrations (three orders of magnitude below IAPP),'* a cap-and-
contain mechanism?® appears to be the most likely explanation for this behavior, especially in the
absence of a HNG-induced denaturing cascade. Other endogenous molecules, such as insulin, can
also block IAPP oligomerization in stoichiometric concentrations,* however the potency of HNG
in such small concentrations is unprecedented.

No significant denaturing of oligomeric IAPP was observed from HNG according to both
molecular models and experiments (Figures 1, 2, and 6). HNG was also not significantly denatured
in the presence of IAPP (Figure S2), however a number of transient secondary structures (helix-
turn-bend) became more stabilized in crowded dimeric and trimeric environments. This suggests,
perhaps, that the conformation of HNG may be more structured or stabilized in packed
mitochondrial environments. Moreover, the stabilization of a short B-bend in the 11LLTGE;s
region of HNG appears to mediate the association with IAPP in 3-stranded-to-disordered regions
such as 2sAILSS29, as was observed in residue contact maps in Figure S6. This data also suggests
that there may be reduced interactions between HNG and non-aggregating isoforms of IAPP such
as rat IAPP, which contains multiple B-breaking prolines near this region.***¢ As for other
secondary structures, HNG did not appear to modulate the c-helical propensities of IAPP (not
shown), which has been widely associated with its ability to permeabilize membranes.?”-47->

Accessible free energy landscapes of HNG ensembles (Figure S1) reveal that although the radius
of gyration remains at about 0.8-1.0 nm before and after binding to IAPP, the end-to-end distance
of HNG is widely outspread at 3.0 nm in trimers compared to 0.5-3.0 nm in monomers and dimers.
This is a result of HNG attempting to maximize contact with multiple NFGAIL regions on
individual TAPP monomers, thus extending itself as far as possible. As observed in other IDPs,?
the stabilized 3-stranded structures adopted by IAPP dimers, trimers, and fibrils represent a subset
of the states sampled by monomers in solution. Thus, IAPP aggregates do not inhabit
fundamentally new states from IAPP monomers, but rather a stabilized subset of monomeric states
that do not interconvert, consistent with the superposition of ensembles hypothesis.?® Similarly,
our use of protein end-to-end distances (Ree) and radii of gyration (Rg) as IDP order parameters
yield similar free energy landscapes to those plotted as functions of the protein RMSD,!
suggesting that these observations are not artifacts of our particular order parameters.



The reduction of parallel IAPP hairpins in the presence of HNG (Figure 3) also mirrors our earlier
observations with EPR.!* In addition, those experiments revealed that HNG likely binds to IAPP
oligomers,'* rather than to monomers, which we have largely confirmed using molecular models.
Figures 1 and 2 emphasize that monomeric IAPP is predominantly disordered, however
HNG:IAPP heterodimers only occur in simulations when IAPP samples a [-stranded
conformation, similar to its homodimeric and oligomeric state. It is unclear if soluble or pre-
fibrillar IAPP adopts a distinct secondary structure from monomers or fibrils, although there is
evidence that pre-fibrils remain disordered.’?> However, only a few energetically-unstable states
exist where HNG interacts with disordered IAPP monomers, making disordered IAPP interactions
unlikely. Instead, the most energetically-favorable states are between semi-f-stranded IAPP
structures (referred to here as oligomeric) and HNG. This behavior is similar to other amyloid
systems where membrane proteins and receptors only bind oligomeric amyloid complexes, but not
disordered monomers.>* Given that our umbrella sampling simulations (Figure 4) measured the
adhesion between the most favorable heterodimer states, the large adhesion energy we report
between HNG and IAPP (nearly 100 kT) represents the affinity between oligomeric IAPP and
monomeric HNG, not the affinity between disordered IAPP and HNG. Subsequently, when HNG
is bound to IAPP, additional IAPP bind to heterogeneous seeds with more affinity than to
homogeneous IAPP seeds, however these interactions are still an order of magnitude weaker than
between oligomeric IAPP and unscreened HNG monomers. While it cannot be ruled out from
simulations that HNG stabilizes monomeric IAPP from a disordered-to-ordered state, it is much
more likely that REMD captures the natural affinity between HNG and transiently-sampled IAPP
hairpins.

The association between HNG and the NFGAIL region of [APP is also reasonable given the well-
established association between NFGAIL and IAPP aggregation.??-2*46 Additionally, interactions
between HNG and the flanking regions directly following NFGAIL, which include a double serine
repeat (Figure S6), are key observations from this study. Both of these serines are converted to
prolines in non-aggregating rat IAPP,* and lie in the center of oligomeric IAPP B-strands in human
IAPP. As a result, they represent an attractive hotspot for the docking-and-locking of incoming
monomers, where HNG appears to cap and contain oligomers from recruiting additional IAPP.
These flanking regions do not appear to affect the ability of IAPP to permeabilize membranes,>*
however they do help regulate, along with NFGAIL, the ability of IAPP to potently aggregate.®
The strong attraction between HNG and IAPP-NFGAIL likely explains how mitochondrial
peptides such as humanin are able to disrupt IAPP dimers so effectively, thereby reducing
downstream aggregation. It is also interesting that the HNG isoform of humanin, despite being
more cyto- and neuroprotective than its wildtype counterpart,'>!3 exhibits very few interactions
between its unique S14G region and IAPP (Figure S3). This could suggest that the S14G mutation
in HNG imparts greater conformational freedom for the monomer to bind to transient oligomeric
[-sheets, rather than from direct interactions with the mutated residue. Currently, no systematic
studies have differentiated the conformational heterogenity between wildtype humanin and HNG,
however simulations comparing humanin isoforms are being actively pursued.



The adhesion of HNG to IAPP fibrils was also corroborated in MD using two independent
structures from solid-state NMR* and from our earlier EPR experiments.’* These structures
capture disparate fibrillar morphologies that incorporate interactions between nearest neighbors
and between more distant monomers. However, these fibrils and many others extracted through
electron microscopy>* >° share an externalized NFGAIL fragment that is solvent-exposed, and
which partially attracts HNG. This is due, in part, to the intrinsic disorder of the linker, which does
not easily stabilize in experiments. Given that flanking regions around NFGAIL are partially
buried in mature fibrils, they are likely indicators of an exposed and nucleation-prone IAPP
interface for which HNG is most attracted to. Thus, the interactions observed here between HNG
and TAPP fibrils, specifically near the NFGAILSS region of IAPP, is not expected to vary
significantly with the inclusion of other fibril models or structures. It is the outward display of
NFGAIL in oligomeric IAPP and the inner display of flanking amino acids that, taken together,
facilitates a strong attraction to HNG which subsequently neutralizes the reactive interface.

Finally, joint ThT and electron microscopy experiments indicate that while HNG disrupts the
primary and secondary nucleation of IAPP fibrils, it cannot deconstruct mature oligomers and
fibrils. Consistent with our molecular models, HNG can only screen the nucleating interfaces of
IAPP, whether they occur on the ends of fibrils or on the surface of NFGAIL-exposed surfaces.
These results highlight the sub-stoichiometric potency of disordered peptides and peptide
aptamers, especially in stabilizing environments such as the mitochondria where IDPs likely adopt
more structured conformations. The unique ability of IDPs to carry out disparate functions in
unique physiological environments suggests that they play a central role in the regulation of
pathological protein structures, and may facilitate more targeted approaches to differentiate soluble
amyloid oligomers from disordered monomers and classical amyloid fibrils.



CONCLUSIONS

In summary, this work highlights the fundamental biophysical interactions between the
mitochondrial peptide HNG (humanin S14G) and IAPP, showing that miniscule amounts of
mitochondrial IDPs can dramatically abrogate the formation of amyloid fibers. Molecular
simulations corroborate both past and present experiments, further describing an amyloid
inhibiting pathway that targets oligomeric IAPP through the aggregation-prone NFGAIL motif
and its flanking amino acids. Conversely, this pathway does not lead to the dissolution of mature
amyloid fibrils, though simulations indicate that HNG is capable of binding to mature IAPP fibrils.
Binding of HNG to oligomeric IAPP, defined here as unbound or loosely-bound 3-hairpins, caps
and subsequently offsets additional IAPP from binding in optimal parallel B-sheet geometries,
thereby destabilizing mature IAPP fibrils. These interactions are observed in heterodimers, trimers,
and in fibrils, where HNG maximizes contact with NFGAIL and its flanking neighbors. HNG and
IAPP do not significantly denature one another, however HNG becomes more structured in
crowded protein environments compared to its disordered monomeric state. Thermodynamic
ensembles reveal that HNG maximizes hydrophobic contact with IAPP through intermolecular
hydrogen bonds with the IAPP backbone, though some intermolecular salt-bridges persist. Taken
together, these results describe how endogenous IDPs can regulate pancreatic -cell amyloids,
which are a pathological hallmark of Type II Diabetes. These findings also highlight a number of
amino acid targets in soluble amyloids that nucleate the formation of insoluble fibrils and plaques,
thereby providing a biochemical target for mitigating the most cytotoxic amyloid species in
Diabetes and in related amyloid diseases.



MATERIALS AND METHODS

Theoretical Modeling. Atomistic molecular dynamics simulations were carried out using the
GROMACS 4.6.5 integrator.® The AMBER99sb-ILDN force fields 7 were utilized for modeling
humanin  S14G  (seq.  MAPRGFSCLLLLTGEIDLPVKRRA) and IAPP  (seq.
KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY), which were solvated with TIP3P
water molecules.”® The disulfide bond between the IAPP cysteine groups was maintained with a
rigid constraint that could not be broken during the simulations, while the single histidine residue
(with a hydrogen atom attached to the epsilon nitrogen) was neutralized. Newton’s equations of
motion were integrated over a 2 fs time step using a leapfrog algorithm. Short-range van der Waals
and Coulomb potentials were truncated at 1.2 nm, while longer-ranged electrostatics were
tabulated with Particle Mesh Ewald summation,> which reduces computation with Fast Fourier
Transforms. Cartesian periodic boundary conditions were implemented in all directions to
minimize the effects from unit-cell boundaries.

Protein Preparation in Simulations. Initial IAPP geometries were taken from previous studies,®
where multiple energy-minimized IAPP conformations were identified under the AMBERFF96
force field®! in an implicit solvent. These structures (which incorporated both a-helical and B-sheet
conformations) were hydrated with an explicit solvent for 20 ns and seeded both the monomeric
and dimeric replica-exchange ensembles. Humanin S14G (HNG) was constructed as a linear
peptide chain using Avogadro 1.1.1,%? and was allowed to partially fold for 20 ns before
introduction as a replica-exchange seed. Since HNG and IAPP exhibited a net charge, chloride
counter-ions were introduced to maintain charge neutrality. In each system, an NPT (constant
number of atoms, pressure, and temperature) ensemble was maintained at 300 K and 1 bar of
isotropic pressure using the weakly-coupled Berendsen barostat and thermostat,’® which resulted
in a box compressibility of 4.5E-5 bar! and box dimensions between 6-7 nm. Protein dimers and
trimers were constructed by randomly pairing permutations of monomeric proteins and confirming
that they remained dimerized or trimerized for at least 20 ns. For the protein trimer systems, two
IAPP proteins were combined with a single HNG protein, however we did not attempt to combine
two HNG proteins with a single IAPP protein due to limited computational resources.

Replica Exchange Molecular Dynamics. Replica-exchange molecular dynamics (REMD)
ensembles?’ were constructed from IAPP and HNG seed systems that were converted to NVT
(constant number of atoms, volume, and temperature) ensembles using the Nosé—Hoover
thermostat,* which couples an external heat bath to the system Hamiltonian in order to construct
a canonical thermodynamic ensemble. Protein chemical bonds were rigidly constrained with the
linear constraint solver (LINCS),% while water bonds were constrained using the SETTLE
algorithm,® which utilizes Lagrange multipliers to maintain holonomic constraints under a
symplectic integrator. In order to increase the number of protein states sampled under REMD,
replicas of the seed systems were duplicated and heated to temperatures ranging from 288 K to
500 K for monomers, and 288 K to 370 K for dimers and trimers. This yielded an ensemble
containing 63 replicas for monomer simulations and 48 replicas for dimer and trimer simulations,



such that the Markovian exchange rate between replicas was fixed at 25% (with exchanges
attempted every 3 ps). REMD simulations were run on average for 200 ns per replica, where the
first 100 ns were ignored, and the second 100 ns were analyzed and summarized in this study.
Combined, the replica-exchange component of this study represents over 64 us of total atomistic
computer simulation time, which was run using the XSEDE®’ platform on the Stampede2
supercomputer.

Computational Analysis. The GROMACS analysis tools g hbond, g traj, g gyration, and
g cluster were employed to calculate the number of intra- and inter-molecular peptide bonds,
protein end-to-end distances (Rec), protein radii of gyration (Rg), and for protein clustering at room
temperature. The high-temperature replicas were not analyzed in detail and were only used to
populate the room temperature trajectory with energy-minimized protein structures. O-H hydrogen
bonds were identified at distances at or below 2.5 A, with an O-H-N angle at or below 30 degrees.
The protein end-to-end distance — Rec — was measured from the N-terminal center of mass to the
C-terminal center of mass. Peptide clusters were tabulated using the Daura algorithm,®® which
groups protein backbones based on differences in their root mean square deviations (dsms < 2.0 A).
Protein secondary structures were calculated using the DSSP tool.®>7°

Potentials of Mean Force Simulations. Additional enhanced-sampling simulations were carried
out on the most stable IAPP homodimers, IAPP-HNG heterodimers, and 2IAPP-1HNG trimers
using Umbrella Sampling (US) simulations, all of which were re-normalized under the Weighted-
Histogram Analysis Method — or WHAM.?® Starting structures were chosen from the most
dominant clusters in Figure 1. Each US simulation pulled an IAPP monomer away from a bound
protein or protein cluster over a reaction coordinate spanning 3 nm, populated by 60 0.5 A
windows. The pull force on IAPP was maintained with a virtual spring (k = 1000 kJ/mol-nm?)
under an NVT ensemble and was used to sample the potential of mean force over 25 ns per bin.
Overall, this represents an additional 4.5 us of simulation time to ascertain the binding free energy
of IAPP to multiple structures.

Fibril Simulations. TAPP fibril structures were adapted from both our previous EPR studies®* and
from solid-state NMR by Tycko et al.* Fibrils were combined with a single HNG monomer placed
in bulk solution, and standard molecular dynamics simulations were run for 100 ns at room
temperature to evaluate potential HNG-IAPP binding sites. Protein force fields and
thermodynamic variables were identical to the REMD simulations, and analyses were conducted
only on the second half (50 ns) of the simulation.

Materials and Chemicals. Wild-type human ITAPP was purchased from Bachem America
(Torrance, CA). Humanin S14G (HNG) was purchased from Genscript (Piscataway, NJ). 8M
guanidinium chloride and thioflavin T were obtained from Sigma-Aldrich (Milwaukee, WI).

Peptide Handling and Storage. IAPP was dissolved in HFIP, aliquoted into tubes, flash frozen and
then lyophilized overnight. IAPP concentration was determined by UV absorbance at 280 nm in



8M guanidinium chloride using an extinction coefficient of 1405 M-'cm'!. Lyophilized IAPP
stocks were sealed in N2(g) and stored under vacuum until use. HNG was solubilized in water at
1 mg/ml, aliquoted into tubes, and then stored in -80 °C until use.

Thioflavin T Fluorescence Assay. Lyophilized IAPP was solubilized at 100 uM with 5% seed in
10 mM potassium phosphate buffer (pH 7.4) and allowed to fibrilize for at least 48 hours at room
temperature without agitation.

For the fibril stability tests, HNG or guanidium were added to appropriate reactions so that the
final IAPP and ThT concentrations were 12.5 uM and the fluorescence was measured for 24 hours.
The IAPP samples in each condition were taken from an identical batch of fibrils. Student t-test
was performed to compare ThT fluorescence endpoints.

ThT fluorescence was measured using an Eppendorf AF2200 plate reader. Samples were loaded
into falcon 96-well plates with a sample volume of 60 pL. The excitation wavelength was 440 nm
(bandwidth of 30 nm), while the emission wavelength was 480 nm (40 nm bandwidth).

Transmission Electron Microscopy. Samples were applied to formvar carbon film on copper mesh
grids for at least 10 minutes. The excess liquid was blotted away and then the sample was
negatively stained with 1% uranyl acetate for 3 minutes. Grids were imaged on a JEOL-1400
Transmission Electron Microscope operated at 100 kV.
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Figure 1. The most dominant protein clusters [A-C] for HNG (red) and IAPP (gray) mixtures
reveal that the proteins do not denature one another, but instead offset aggregation-prone
geometries. Residency times in each cluster are displayed below each representative snapshot,
while the IAPP disulfide bridge is explicitly shown in orange.
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Figure 2. Average IAPP secondary structures reveal a similar disordered-to-ordered transition
upon binding to either IAPP or HNG. Only the disordered linker at the center of IAPP remains
disordered, while the surrounding regions (including 220NFGAIL»7) gain significant 3-content.
Heterodimers exhibit similar secondary structures to homodimers, though there is a marginal
increase in IAPP -propensity when HNG is present.
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Figure 3. Relative IAPP orientation is potently affected by HNG monomers, as revealed by free
energy landscapes (FELs). Low-energy basins (in blue and green) reveal that [APP homodimers
prefer to populate closely-packed parallel conformations, however the introduction of HNG
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Figure 4 Potentials of mean force on IAPP when separated from an IAPP monomer (homodimer),
an HNG monomer (heterodimer), and an IAPP-HNG dimer (trimer). Umbrella sampling
simulations reveal that IAPP is ten times more adhesive to 3-stabilized HNG compared to other
IAPP. Similarly, IAPP adhesion in mixed trimers is greater than in homogeneous dimers due to
the presence of the embedded HNG protein.



Figure 5. Left: IAPP fibrils from NMR* (gray) bind HNG (red) to flanking regions near the
aggregation-prone NFGAIL region (yellow). Multiple simulation snapshots [A-C] suggest that
HNG splays across multiple NFGAIL motifs, likely capping subsequent fibril growth. Right:
HNG also binds to IAPP fibrils from EPR** near NFGAIL (orange) and its SS and SN flanking
regions (green), located towards the binding interface on the fibril edge.
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Figure 6. [A] HNG does not alter ThT fluorescence of pre-formed IAPP fibrils. ThT fluorescence
of 12.5 uM of pre-formed IAPP fibrils alone (horizontal lines) or in the presence of 12.5 uM HNG
(diagonal lines) or 4 M guanidinium chloride (dotted lines). While the addition of guanidinium
causes a pronounced reduction in ThT fluorescence, the addition of HNG did not cause any
noticeable ThT fluorescence changes. Fluorescence values were normalized to the starting value
of IAPP fibrils alone. Error bar represent the standard deviation across 3 wells for IAPP alone and
+HNG, and across 2 wells for +GCl (P-value = 0.015). [B] HNG does not dissolve IAPP fibrils
according to electron microscopy. Images of negatively stained samples were obtained for
untreated IAPP as well as samples treated with 12.5 uM HNG or 4 M guanidinium chloride.
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Figure S1. Free energy landscapes (FELs) from REMD reveal low-lying conformational basins
that stabilize energy-minimized protein states (in blue) as a function of the protein end-to-end
distance (Ree) and radius of gyration (R,). Mixing of HNG and IAPP proteins do not substantially
modify the conformational ensembles that each protein inhabits.
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Figure S2. Dominant secondary structures for HNG (left) and IAPP (right) in monomeric (top

heterodimeric (third row), and trimeric (bottom row) states.

3

row), homodimeric (second row)

in the presence of neighbors, however HNG secondary

IAPP 3-strands are immediately stabilized

structures are only moderately stabilized when the protein is bound to neighbors.
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Figure S3. The HNG Gly14 residue and the IAPP-NFGAIL group (highlighted in yellow) are
shown in the most dominant protein conformations. Gly14 (mutated from Ser14) does not appear
to significantly affect the resulting HNG (red) morphologies. However, the IAPP (gray) NFGAIL
region, which has been associated with pathological IAPP aggregation, is usually paired during
IAPP dimerization, but is separated upon insertion of HNG.
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Figure S4. Salt bridges and electrostatic interactions between charged amino acids are highlighted
for each of the dominant HNG (red) and IAPP (gray) protein clusters. While a large number of
intra- and inter-molecular salt bridges exist in HNG dimers, heterodimers and trimers are not
significantly stabilized by electrostatic interactions, but rather through hydrogen-bonding.
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Figure S5. REMD simulations reveal the distributions of intra- and inter-molecular hydrogen
bonds formed between protein backbones. IAPP monomers tend to exhibit more backbone
hydrogen bonds per residue (0.25) compared to HNG monomers (0.20). Upon dimerization, HNG
homodimers convert one backbone intramolecular hydrogen bond to an intermolecular backbone
hydrogen bond while IAPP homodimers gain two intermolecular and four intramolecular hydrogen
bonds. These trends are also observed in heterogeneous oligomers.
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Figure S6. Protein contact maps from REMD simulations. Monomers exhibit very little
intramolecular association, however intermolecular contact maps show close contact between
12LANFLV 7 and 22NFGAIL»7 regions in IAPP, representing a combination of parallel and anti-
parallel strands. Heterodimer contact maps reveal an association between HNG-oLLLL> and
IAPP-URLAB or IAPP-%ILSzg, and HNG-zoVKRzz and IAPP-13ANF15 or IAPP-25A1L27.
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