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ABSTRACT

ATP acts as a biological hydrotrope preventing protein aggregation. Here, we report a novel chimeric
peptide, ACC;.13Ks, with an unusual capacity to bind and incorporate ATP while self-assembling into
amyloid fibrils. The amino acid sequence combines highly amyloidogenic segment of insulin’s A-chain
(ACCi1.13) and octalysine (Ks). Fibrillization requires binding 2 ATP molecules per ACCi-13Ks monomer
and is not triggered by adenosine di- and monophosphates (ADP, AMP). Infrared and CD spectra and
AFM-based morphological analysis reveal tight and orderly entrapment of ATP within superstructural
hybrid peptide-ATP fibrils. The incorporation of ATP is an emergent property of ACCi.13Ks not observed
for ACCy.13 and Kg segments separately. We demonstrate how new functionalities (e.g. ATP storage)
emerge from synergistic coupling of amyloidogenic segments with non-amyloidogenic peptide ligands,

and suggest that ATP’s role in protein misfolding is more nuanced than previously assumed.




INTRODUCTION

Apart from its canonical function as ‘the energy currency of the cell’, ATP has recently been recognized
as an important hydrotrope preventing formation of protein aggregates.'?> Those include amyloid fibrils,
the highly ordered B-sheet-rich entities whose presence in vivo has been linked to various disorders e.g.
Alzheimer’s disease,>* as well as benign biological functions such as hormone storage.>® The idea that
amyloidogenic condensation of simple peptides played a role in the prebiotic world (the pre-RNA era)
has also been raised.”® Upon binding of ATP, local charge distribution and solvation of protein surfaces
may change significantly. This, in turn, explains the observed impact of ATP on proteinaceous liquid
droplets formed through liquid-liquid phase separation (LLPS),"*!%!! the ubiquitous phenomenon!'?
intimately involved both in proper cellular functions,'>'* and in disease.'>!%!” Elsewhere, the concept of
LLPS inspired an intellectually compelling idea of how compartmentalization could have been achieved
in early membraneless protocells.!31920.21.22 Although many amyloidogenic proteins are also prone to
LLPS?3242526.27 3 detailed mechanistic description of the relationship between transition pathways leading
to liquid droplets and amyloid fibrils remains elusive.?® Koga et al. have shown that at a close-to-neutral
pH the electrostatics-driven binding of ATP and polylysine triggers LLPS.?® This finding has made the
polylysine-ATP pair an attractive model for studies of liquid droplets also in the prebiotic context.’%3!
Except for a strongly alkaline environment,*?* polylysine is not amyloidogenic and this has sparked our
initial curiosity as to whether tethering an amyloidogenic peptide fragment to an oligo-lysine segment
could switch the ATP-induced transition pathway from LLPS to one leading to amyloid fibrils. This has
led us to report here for the first time an amyloid system in which stoichiometric incorporation of ATP is

the necessary condition of the fibrillar self-assembly.

RESULTS AND DISCUSSION



The disulfide-constrained N-terminal fragment of insulin’s A-chain encompassing the first 13 residues
(ACC1.13) 1s in the a-helical conformation while remaining an integral part of the intact hormone molecule

(Fig. 1a) but reveals its extremely amyloidogenic character when separated from it.3*3>
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Figure 1. Design and ATP-dependent fibrillization of ACCi.13Ks peptide. (a) The ACCi-13Ks amino
acid sequence consisting of the first 13 N-terminal residues of bovine insulin’s A-chain (PDB entry:
2A3G) extended at the C-end by additional 8 lysine residues. (b) De novo fibrillization kinetics of ACC;.
13Kg (0.15 mM, pH 6.5, 37 °C) probed by ThT fluorescence assay in the presence of ATP, ADP, AMP and
sodium phosphate at the indicated molar ratios to lysine residues. (c) Infrared spectrum of ACCi.13Ks-
ATP co-aggregate collected afterward overlaid with spectra of non-aggregated ACCi.13Ks and ATP. (d)
AFM amplitude image of ACCi.13Ks-ATP aggregate. Superimposed are cross-sections of selected
specimen. (e) Impact of repetitive washing of ACC;.13Ks-ATP amyloid with water on the relative intensity
of the 900 cm™' ATP infrared band.

When attached to certain moderately long non-amyloidogenic peptide chains ACCi.13 enforces

cooperative amyloidogenic self-assembly and adoption of the common parallel B-sheet structure.*¢

In this study, the amino acid sequence of ACC;.13 was extended at its C-end by an octalysine (Ks)
segment (Fig. 1a); the ACCi.13Ks peptide was obtained through solid phase synthesis (Supporting
Information - section A). At neutral pH, an ACCi.13Kg monomer has a net electric charge of +7 (+8 on the
Kg part and -1 on residue E4) which, in the absence of charge-compensating anions, rules out aggregation.
Thioflavin T (ThT) fluorescence-based kinetic assay was employed to examine ACC-13Kg fibrillization
in the presence of ATP, ADP, AMP and sodium phosphate at excess concentrations sufficient to
compensate, upon binding, for the peptide’s electric charge (Fig. 1b), see Supporting Information sections
B and C for details. Only when ATP was added, a pronounced increase in ThT emission intensity was
observed suggesting that formation of possibly amyloid-like aggregate is taking place. The process was
fast with negligible lag phase and was complete within 10 hours of incubation at 37 °C. According to the
IR spectra of precipitates collected at the end of the kinetic experiment (Fig. 1c) ATP-aggregated ACCi-
13Kg acquires parallel B-sheet structure: the amid I band’s contour, frequency, and bandwidth are very
similar to those of insulin amyloid fibrils.*® The splitting of the main spectral component (here at 1623
cm! / 1630 cm™) is also found in infrared spectra insulin fibrils. Fibrillar nature of the aggregate was
confirmed with atomic force microscopy (AFM), see Fig. 1d. Interestingly, single fibrillar specimen were
rare in samples left to co-aggregate for 24 hours. Instead, tightly packed superstructural arrangements

appear to dominate morphological landscape of mature ACCi.13Ks-ATP. Such morphological forms are
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reminiscent of the chiral insulin amyloid superstructures with strong chiroptical properties reported
earlier.’’® Some of the tiniest fibrils shown in Fig. 1d are 10 nm in diameter implying presence of
intertwined protofilaments. Thus we have carried out an additional time-lapse AFM analysis of gradually
forming ACC1.13Kg-ATP fibrils (Supporting Information - section D) which revealed sporadic short fibrils
approximately 4-5 nm in diameter present already after 10 minutes of incubation. This type of morphology
dominates the earliest stages of fibrillization, however samples collected after 2 hours of incubation
contain already the thicker superstructures which co-exist with relatively flat assemblies of tightly aligned
fibrils. These various amyloid forms share similarities with the aforementioned insulin amyloid
superstructures.’”-*® Subsequently, we have taken advantage of the fact that some of the vibrational bands
of ATP are not overlapped with the bands arising from the peptide backbone in order to confirm that the
precipitated ACC;i.13Kg amyloid does contain the nucleotide. We probed relative intensity of the band at
ca. 900 cm™! stemming from adenosine moiety scaled to the IR absorption intensity at 1660 cm™! (Fig. 1e).
Clearly, in contrast to sole ACCi.13Ks peptide, ACCi.13Ks-ATP amyloid exhibits pronounced and
persistent absorption at this frequency which is not affected by the following rounds of elution with water
and centrifuging. This, in turn, not only provides direct evidence that ATP is incorporated within the ACC-
13Kg amyloid, but also enables a straightforward verification of the molar peptide : nucleotide co-
aggregation ratio by UV-spectrophotometric measurements of the remaining ATP concentration in the
supernatant over co-aggregate. Arguably, the determined 1:2 ratio is intuitive given that at neutral pH ATP

exists predominantly in the form of ATP*~ anion with only a small fraction of ATP3~.3°

The strict stoichiometry of the ACC1.13Ks-ATP co-aggregation is also reflected in the titration
experiment reported in Fig. 2a. When the peptide is practically saturated with ATP (number of lysine
residues per ATP is 4:1 or less) the kinetic trajectories of ThT-fluorescence-monitored fibrillization are
similar and the final emission plateaus reach similar values reflecting comparable amounts of formed
amyloid. However, with the ratio increasing to 6:1 and beyond the fibrillization abruptly decelerates and
becomes ineffective. This observation is not surprising given that an ACCj.13Kg monomer binding a single
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ATP molecule retains relatively large (+3) net charge which prevents aggregation. On the other hand, the
fraction of peptide monomers binding 2 ATP units would be negligible due to both entropic and enthalpic

factors (the electrostatics favoring ATP binding to free peptide monomers).
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Figure 2. De novo fibrillization kinetics of ACCi.13Ks (a) and the constituent ACC;.13 and Ksg peptides
(b) in the presence of ATP. All peptides were dissolved at 0.15 mM concentration, pH 6.5, lysine res. :
ATP molar ratios are indicated. In experiments with ACCi.13 and Ks, the ATP conc. was 0.45 mM. Inset
in panel (b) shows infrared spectra of ACCi.13 fibrils formed in the presence and absence of ATP and
subsequently washed with 5-fold excess of water.



The control experiment summarized in Fig. 2b highlights the crucial synergistic action of both
ACC1.13 and Kg segments. On its own, free Ks peptide does not form fibrils in the presence of ATP while
the profoundly amyloidogenic ACCi.13 does fibrillate regardless of ATP presence. Remarkably, ATP
appears to accelerate ACCj.13 aggregation, however, the IR data collected afterwards shows no evidence
of ATP entrapment (inset in Fig. 2b). It was recently reported that fibrillization of tau protein (fragment

K18) is accelerated in the presence of ATP, however the nucleotide is not bound to the aggregate.*

In the case of hierarchically intertwined insulin amyloid whose morphology is similar to the one
reported here for the ACC.13Ks-ATP aggregate, the superstructural chirality manifests itself also in strong
chiroptical properties.*! Specifically, electronic transitions in amyloid-bound dyes such as ThT or Congo
red become active in corresponding circular dichroism (CD) spectra as a result of coupling of transition
moments facilitated by the orderly binding to the amyloid surface.’”-*® Hence, we sought to determine
whether a similar phenomenon involving electronic transitions in adenine moieties occurs upon formation
of ACC1.13Ks-ATP amyloid. Of the several CD-active electronic transitions in an unbound ATP monomer
(Fig 3a, right inset), only the one at 256 nm lies outside of the wavelength range overlapped with n-*

and n-n* electronic transitions of ACCi.13Ks amide chromophores.

The time-lapse CD spectra in Fig. 3a correspond to the progressing co-aggregation of ACCi.13Kg
and ATP. While interpretation of the spectral changes taking place in the short (< 250 nm) wavelength
range is complicated by the superposition of amide and adenine chromophore signals, analysis of the
unobscured band at 256 nm is more straightforward. There are three striking spectral changes in this
region taking place upon aggregation: [i] reversal of the CD sign, [ii] bathochromic shift to approximately
278 nm, and [iii] pronounced increase in the CD intensity (estimated as 25 times versus unbound ATP at
256 nm). These observations imply that the fibrillization process facilitates highly ordered chiral
arrangements of adenine moieties and, in turn, coupling of electronic transition moments required for the

induced CD signals to emerge.



That a tight alignment of adenine moieties into stacks is structurally compatible with the saturation
of coulombic interactions between triphosphates and charged lysine side chains required for the
stabilization of amyloid is, in fact, supported by molecular dynamics (MD) simulations of ATP docking
onto surface of pre-assembled ACCi.13Ks fibril (see Fig. 3b, and Supporting Information sections E and

F).
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Figure 3. Ordering of adenine moieties within ACCi.13Ks-ATP amyloid. (a) Time-lapse induced CD
spectra of gradually co-aggregating ACCi-13Kg (0.15 mM) and ATP (0.45 mM) at pH 6.5 and 37 °C. The
corresponding ThT emission intensity is indicated in the left inset. CD spectra of free monomeric ACCj-
13Kg and ATP are shown in the right inset. (b) Schematic visualization of the co-aggregation process
leading to the hybrid peptide-ATP amyloid fibrils. The oligolysine segments are decorated with stacked
adenine moieties of incorporated ATP molecules.

Although oligolysine peptides undergo the LLPS transition upon ATP binding we have not observed
liquid droplets in fresh or aged mixtures of ACC.13Ksg with either ATP, ADP or AMP. The fact that linking
of oligolysine to a potent amyloidogenic segment changes the thermodynamically plausible structural
phases and accessible transition pathways is not surprising. However, the observation that the hybrid
ACC.13Ks peptide selectively and stoichiometrically binds and incorporates ATP within the growing
amyloid fibril is significant. Based on this example, a versatile and intuitive design strategy (merger of
target-recognizing and amyloidogenic segments) toward fibrillar molecular carriers for small charged
molecules may be put forward. As has been demonstrated in this study, the binding strength in such
systems is amplified by repetitiveness and cooperativity afforded by the amyloidogenic self-assembly.*
In the case of ACCi-13Ks, the entrapment of ATP molecules emerges through the synergy of the properties
of both peptide segments. More importantly, this work highlights the possibility that the role ATP plays
in disease-associated misfolding of certain proteins may be more nuanced. RNA is recognized to bind and
trigger amyloidogenesis of proteins such as PrPC # and TDP-43.** However, this capacity appears not to
be restricted to oligonucleotides. The physiological concentrations of ATP are relatively high® and may
exceed by an order of magnitude those used to trigger ACCi.13Ks aggregation in our study. Hence ATP
could exercise influence analogous to RNA on certain proteins in which lysine-rich (or perhaps more

generally: basic) amino acid segments are in proximity to amyloidogenic fragments.

MATERIALS AND METHODS: see the Supporting Information
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Supporting Information

Detailed experimental procedures, additional time-lapse AFM data and in silico modelling of ATP binding

within ACC.13Ks-ATP complex amyloid.
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Table of Contents graphical abstract

The merger of insulin’s amyloidogenic segment and an octalysine stretch produces a chimeric
peptide with the ability to bind and incorporate stoichiometric amounts of ATP upon co-

aggregation and formation of amyloid fibrils.

oligo-Lys segment
(non-amyloidogenic, ATP-binding)

stoichiometric
ATP-incorporated
amyloid

insulin A-chain segment
(amyloidogenic, no ATP-binding)
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