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Metal ions have been implicated in several proteinopathies associated to degenerative and neuro-
degenerative diseases. While the molecular mechanisms for protein aggregation are still under
investigation, recent findings from Cryo-EM point out to polymorphisms in aggregates obtained from
patients, as compared to those formed in vitro, suggesting that several factors may impact aggregation
in vivo. One of these factors could be the direct binding of metal ions to the proteins engaged in
aggregate formation. In this opinion article, three case studies are discussed to address the question of
how metal ion binding to a peptide or protein may impact its conformation, folding, and aggregation,
and how this may be relevant in understanding the polymorphic nature of the aggregates related to
disease. Specifically, the impact of Cu?* ions in the amyloid aggregation of amyloid-B and amylin (or
IAPP- islet amyloid polypeptide) are discussed and then contrasted to the case of Cu®*-induced non-
amyloid aggregation of human lens y-crystallin proteins. For the intrinsically disordered peptides
amyloid-B and IAPP, the impact of Cu?* ion binding is highly dependent on the relative location of the
metal binding site and the hydrophobic regions involved in B-sheet folding and amyloid formation.
Further structural studies of how Cu®* binding impacts amyloid aggregation pathways and the molecular
structure of the final amyloid fibril, both, in vitro and in vivo, will certainly shed light into the molecular
origins of the polymorphisms observed in diseased tissue. Finally, contrasting these cases to that of
Cu?*-induced non-amyloid aggregation of y-crystallins, it is evident that, although the impact in
aggregation — and the nature of the aggregate — may differ in each system, at the molecular level there

Received 8th August 2023, is a competition between metal ion coordination and the stability of B-sheet structures. Considering the

Accepted 11th October 2023 importance of the B-sheet fold in biology, it is fundamental to understand the energetics and molecular
details behind such competition. This opinion article aims to highlight future research directions in the
field that can help tackle the important question of how metal ion binding may impact protein folding

and aggregation and how this relates to disease.

DOI: 10.1039/d3cb00145h

rsc.li/rsc-chembio

proteinopathies concern the brain; type 2 diabetes is associated
with accumulation in pancreas of amyloid aggregates formed

Introduction

Several degenerative and neurodegenerative diseases are asso-
ciated with protein aggregation and are collectively named as
proteinopathies." One of the most studied examples is Alzhei-
mer’s disease, which is characterized by the formation of
extracellular plaques composed of amyloid fibrils of the amy-
loid-p peptide and by the presence of neurofibrillary tangles
composed of tau protein aggregates.” Other neurodegenerative
proteinopathies include Parkinson’s disease, where its charac-
teristic Lewy bodies are formed of the a-synuclein protein;® and
prion diseases that are associated with formation of aggregates
of the scrapie isoform of the prion protein. But not all
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by amylin or human amyloid polypeptide (IAPP),> a peptide
hormone that is normally co-released with insulin.®® Table 1
lists the most common proteinopathies that are associated with
degenerative disorders. While most of them involve formation
of amyloid aggregates, some others do not: cataract disease is
thought to involve non-amyloid aggregation of human lens
crystallins, which figure among the most stable proteins in
the human body.°

Interestingly, in most cases the proteins involved in degen-
erative disorders are intrinsically disordered proteins (IDP),
as is the case of the amyloid-p peptide, tau, IAPP and o-
synuclein.’®** In some cases, the protein may have a structured
region and an IDP region, as is the case of the human prion
protein.” In contrast, for the case of cataract disease, the
crystallin proteins involved in aggregation display a stable
and well-defined structure, rich in B-sheet structure.®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The amyloid aggregation of these IDP proteins have been
extensively studied in the last decades, and a very general
mechanism has been proposed.’”” Amyloid aggregation is
thought to involve a conformational change in the monomer
that leads to a B-sheet rich structure and the formation of
oligomers, which in turn can grow into protofibrils. Protofibrils
can combine with other protofibrils and/or incorporate more
monomers to grow into amyloid fibrils, as shown in Fig. 1."
Alternatively, many recent studies point to the ability of these
proteins to undergo liquid-liquid phase separation (LLPS),
forming liquid droplets that can eventually lead to the for-
mation of amyloid fibrils (Fig. 1)."”

Although cytotoxicity was ascribed to amyloid fibrils, evidence
from the last decade suggests that oligomers are also toxic

Yanahi Posadas studied Pharmac-
eutical Industrial Chemistry at the
National School of Biological
Sciences (IPN) and did her Master
and PhD studies in Pharmacology
at Cinvestav, under the tutorship
of professors Liliana Quintanar
and Claudia Perez Cruz. During
her PhD studies, Yanahi Posadas
characterized the effect of amyloid-
f on copper coordination to the
prion protein, which is relevant
for Alzheimer’s disease. Currently,
she is doing her postdoctoral
research with Prof. José Segovia, at the Department of Physiology,
Biophysics and Neuroscience in Cinvestav, where she is studying the
coordination chemistry and interactions between copper, prion
protein and the N-methyl-p-aspartate receptor (NMDAR), as well as
copper binding to glucose regulatory hormones.

Yanahi Posadas

Carolina Sanchez-Lopez received
a bachelor’s degree in chemistry
from the Autonomous University
of the State of Mexico and did her
PhD in Chemistry at Cinvestav
with Prof. Liliana Quintanar,
studying metal-protein interac-
tions with the prion protein and
the IAPP peptide. In her postdoc-
toral research, she focused on
structural biology studies by
NMR with Prof. Andres Binolfi
at the Institute of Molecular and
Cell Biology of Rosario in Argen-
tina. Since 2023, she has been as a Visiting Professor at the Center
for Research in Aging in Cinvestav. Her research interests include
the metal coordination chemistry of hormones and peptides
involved in degenerative diseases.

Carolina Sanchez-Lopez

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Chemical Biology
species.>®** Particularly, for the case of amyloid-B, it has
been demonstrated that oligomers can activate toxic signal-
ing pathways.>**® Nonetheless, the importance of amyloid
fibrils and oligomeric species in the progression of neuro-
generative diseases is still under discussion. Unfortunately,
structural determination of oligomeric species has proven to
be quite challenging,®” preventing the elucidation of the
general mechanism shown in Fig. 1 at the molecular level.
In contrast, amyloid aggregates have been successfully char-
acterized by transmission electron microscopy TEM), and
most recently, their structural description at the molecular
level has been achieved by solid-state NMR, and Cryo-
Electron Microscopy (Cryo-EM) Fig. 1.>3%3%3% An interesting
finding from recent Cryo-EM studies is that amyloid fibrils
found in brains of AD patients display diverse morphologies
that contrast with those obtained from in vitro studies*®*!
among which there is also diversity due to different prepara-
tion methods;** suggesting that several factors may be
involved in the aggregation process and impact the final
morphology of amyloid aggregates in vivo. One of these
factors could be the direct binding of metal ions to the
proteins engaged in aggregate formation. The focus of this
opinion article is the question of how metal ion binding may
impact protein folding and aggregation and how this may be
relevant in understanding the diverse output observed in the
related degenerative and neurodegenerative diseases.

As summarized in Table 1, most proteinopathies are also asso-
ciated with the loss of essential metal ion homeostasis.'®*!2%23-30:43
In Alzheimer’s disease, copper is decreased in degenerated
tissue,**® increased in the serum,*”*® and accumulated in
amyloid plaques.**~>? Similarly, copper is elevated in serum of
diabetic patients and is raised in lenses with cataracts.”*%>3 In
contrast, in Parkinson’s disease a copper deficiency is reported
for substantia nigra,>* while copper levels do not change in
serum and cerebrospinal fluid (CSF).”> Interestingly, the
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Table 1 Proteinopathies and metal ions
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Protein
Protein® Disease aggregation Metal-protein interaction Associated functions
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His77 CJD Synaptic transmission
e [ Hisst JVY Neuronal Plasticity
e H@ermwisss Excitability
Lo IRV Neuritogenesis
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His 1763 2 Y 7n2* Neuroprotection
b;‘ v e _ ) His139
Amyloid-B (PDB:2Ifm) A!zhelmer s Monomer: Cu*, Cu", Fe**, zn>*
Hiss . disease o
. S Ce.rebral amy- Aggregates: Cu
N loid
\ ' angiopathy Amyloid Unknown
y
>
is13CrQ C
Mt e~ N
o-synuclein (PDB: 1XQ8) Uptake, storage, recycling
Micelle bound o-synuclein of neurotransmitter
vesicles
Parkinson’s .. Monomer: ca**, Ni**, Co*", Auxiliary chaperone in the
v \ - disease Y Fe*', Fe?", zn**, Mn**, Cu**, Cu® synapses
U swizy ) Maintenance of dopamine
Asprigg e D levels
Aspi2] Asn122
Huntingtin (PDB: 3104) Transcription
RNA splicing
Endocytosis
His98 . .
s8 Huntington’s . + Cell trafficking
His82, o7 . 2
m e 5 disease Amyloid Monomer: Cu Cellular homeostasis
s y
‘-
IAPP (PDB: 2L86) 2t 2k Related to glucose
Micelle bound IAPP Monomer: Cu™, Zn metabolism.
iste () Aggregates: Cu®* Regulation of food intake
Type 2 Amvloid and body weight
Diabetes mylol Renal filtration
Cataracts Non- Monomers/Aggregates: Cu”>’, ~ Maintaining transparency
amyloid  Cu’, Zn**, Hg*", Pb*", Cd** of the human lens.

% Residues involved in metal ion binding are highlighted on each protein. References: Prion protein,

Huntingtin,'® IAPP,>*?*” Crystallin.>***3°

proteins that aggregate in these degenerative diseases display
metal binding sites for some essential transition metal ions
(Table 1).'®°%7%° Metal binding to these proteins (Table 1) has
been associated with production of reactive oxygen species
(ROS) and oxidative damage;*"°> however, it might also have
a functional role.'® For example, extracellular Cu®>" binding to

976 | RSC Chem. Biol., 2023, 4, 974-985

18-20

amyloid-B,

1821724 4 synuclein,*

prion protein is thought to be functional for copper sensing
and transport,®® as well as part of a neuroprotective mechanism
that modulates the neuroreceptor NMDAR, important for
memory."®%* On the other hand, intracellular Cu'" binding to
a-synuclein may be important to stabilize the o-helix conforma-
tion of its N-terminal region,®® which would be important for its

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Proposed mechanisms for protein amyloid aggregation and biophysical techniques to study them. Techniques with non-atomistic resolution
include: thioflavin T (ThT) Fluorescence, TEM, dynamic light scattering (DLS) and turbidity assays. Techniques with atomistic resolution include: Cryo-EM and
solid-state NMR. Liquid—-liquid phase separation (LLPS) as an alternative mechanism for protein aggregation and its study by NMR and Differential
Interference Microscopy (DIC). Cryo-EM example of structure of prion fibrils (PDB: 6LNI) and solid-state NMR example of amyloid- fibrils (PDB: 5KK3).5152

interaction with membranes.®® Additionally, it has been proposed
that o-synuclein forms a ternary complex with the copper chaper-
one Atox1, protecting o-synuclein from aggregation.*® In contrast
to these examples, the functional role of copper and zinc binding
to the amyloid-p peptide (and the amyloid precursor protein —
APP) remains unknown, in spite of extensive studies of these
metal-peptide interactions in the past two decades.'®®” Whatever
is the functional role of these metal-protein interactions, it is clear
that in the context of the disease, they become aberrant to the
point that these essential metal ions end up accumulated in the
protein aggregates found in diseased tissue. A clear example of
this phenomenon is the accumulation of copper, iron and zinc in
amyloid plaques from AD brains.’>>" In order to understand this
phenomenon, it would be of value to gain insight into the impact
of metal ion binding in protein folding and aggregation. In this
opinion article, we will discuss three case studies to illustrate what
has been learned on copper binding and protein aggregation and
provide an outlook for future research directions in the field.
Specifically, the impact of Cu®* ions in the amyloid aggregation of
the amyloid-p and the amylin (or IAPP) peptides will be discussed
and then contrasted to the case of Cu®**-induced aggregation of
human lens y-crystallin proteins.

Copper and amyloid-f peptide aggregation

Amyloid-B is a peptide of 39-42 amino acids derived from the
amyloid precursor protein (APP)—a transmembrane protein

© 2023 The Author(s). Published by the Royal Society of Chemistry

highly expressed in neurons.®® Amyloid-p is produced upon
cleavage of APP by B-secretase at the extracellular domain and
the y-secretase complex at its transmembrane domain.”® The
N-terminal region of amyloid-f contains hydrophilic amino
acids that derive from the extracellular domain of APP, while
the C-terminal part of the peptide contains mainly hydrophobic
amino acids that were originally located at the transmembrane
region of APP (Fig. 2A)."® In aqueous environments, the N- and
C-terminal ends of amyloid-B are intrinsically disordered,
whereas residues from His13 to Asp23 adopt an o-helical
structure (Table 1)."* Amyloid-B binds Cu** and Cu'" using
the hydrophilic residues at its N-terminal region, while the
C-terminal hydrophobic residues are essential for p-sheet for-
mation, oligomerization and fibrillization (Fig. 2A)."*"*"* cu®*
ions bound to amyloid-f monomers display two coordination
modes at physiological pH: Mode I that involves the NH, group,
one oxygen atom, and two His residues (His6 and His13 or 14);
while in Mode 1II, a His residue is replaced by a deprotonated
amide from the peptide backbone.®” Even though several reports
support the formation of Mode I and Mode II, recent X-ray
absorption studies suggest that Cu®* bound to the amyloid-B
monomer forms a complex mixture made of more than two
species.”* The equilibrium between these species at physiological
pH and the aggregation propensity of amyloid-f are the major
challenges to determine the metal-binding affinity; dissociation
constants (Kyq) from 0.01 to 10 nM have been reported.””

RSC Chem. Biol., 2023, 4, 974-985 | 977
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Fig. 2 Amyloid-B peptide and its aggregation. (A) Amino acid sequence of human amyloid-p peptide, highlighting in red the hydrophobic region at C-
terminal. Residues in green are involved in metal ion coordination. (B) Proposed mechanism for amyloid-p aggregation and TEM images of fibrils in the
absence (up) or presence of copper ions (down). (C) Left: Cryo-EM amyloid- fibrils formed with the recombinant peptide (PDB: 5oqv). Right: Amyloid-

fibril purified from meningeal Alzheimer’s brain tissue (PDB: 6SHS). 404168

EPR studies show that amyloid-§ aggregates can form both, Mode
I and Mode 11, depending on the Cu®**:amyloid-f ratio,* being
Mode I the most abundant species at 1 : 1 ratio.>* Interestingly, the
redox potential suggests that Mode I, but not Mode II, can be
reduced by physiological relevant reducing agents and promote
ROS production.”® Amyloid-p reduces Cu®" to Cu” in the presence
of ascorbate, yielding a di-tyrosine dimer that might promote
fibril fragmentation in amyloid-p aggregates.>* Although spectro-
scopic features of Cu®>* bound to amyloid-p are similar between
monomers and aggregates, experimental results suggest that Cu®*
binding affinity of amyloid-B aggregates is two-fold higher than
that of the monomer.”” Additionally, N-truncated forms of amy-
loid-B found in amyloid plaques display even higher Cu** affinity
(Kq = 30 fM).7%7°

In the absence of metal ions, amyloid-p forms highly ordered
fibrils (Fig. 2B up), where its hydrophilic region and the amino
acids involved in Cu®'-coordination are embedded in a B-sheet
(Fig. 2C, left).*® The effect of Cu®>" in amyloid-p aggregation has
been extensively studied using different experimental approaches,
including ThT fluorescence. However, due to the ability of Cu®*
ions to quench ThT fluorescence, the effect of Cu®* on amyloid-B
aggregation should be studied by combining different biophysics

978 | RSC Chem. Biol., 2023, 4, 974-985

techniques. For instance, ThT studies indicate that Cu®" inhibits
amyloid-B aggregation, but studies by other biophysical techni-
ques show that Cu®>* ions do not delay, nor accelerate amyloid-
aggregation, but favors a different pathway that involves for-
mation of less ordered and inter-crossed fibrils (Fig. 2B down),*®
suggesting that Cu®* ions promote the formation of fibrils with a
distinct arrangement.****#%%! Unfortunately, there is no Cryo-EM
structure of amyloid-B fibrils grown in vitro in the presence of Cu”*
ions. However, it has been recently demonstrated that meningeal
fibrils accumulate more copper in comparison with parenchymal
fibrils,*>®* and a Cryo-EM structure of fibrils from meningeal
Alzheimer’s brain tissue has been reported.** These fibrils are
highly polymorphous in comparison with those formed with the
recombinant amyloid-B.***' Interestingly, in meningeal fibrils,
His 13 and His 14 (involved in Cu®*" binding) are not part of a
B-sheet, they are in a disordered loop between two B-sheets,
suggesting that there are other factors that could impact amy-
loid-B aggregation in vivo.”" Hence, one could hypothesize that
Cu** binding to amyloid-B aggregates, as those found in menin-
geal Alzheimer’s brain tissue, is the cause for the distinct
morphology where the copper binding residues are not engaged
in the B-sheet. Metal ion binding could certainly impede such

© 2023 The Author(s). Published by the Royal Society of Chemistry
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engagement and promote a different aggregation pathway that
leads to the formation of fibrils with a distinct morphology, as
observed in vitro. This picture would be consistent with the
copper accumulation observed in these amyloid-f aggregates
from meningeal Alzheimer’s brain tissue.

Overall, Cu® ions do not delay, nor accelerate the aggregation
of amyloid-, since the hydrophobic residues engaged in aggre-
gation are not part of the metal-binding site. However, Cu®"
binding could impact the maturation of the fibril and the
involvement of the hydrophilic region in the final B-sheet
structure of the aggregate, as illustrated in Fig. 2C. Although
the impact of Cu'" ions in aggregation is less studied, a recent
report suggests that they accelerate primary nucleation.®®
Further structural studies of how Cu®** and Cu'" binding to
amyloid-B impacts its aggregation pathways and the molecular
structure of the final amyloid fibril, both, in vitro and in vivo, will
certainly shed light into this problem and perhaps explain the
diverse morphology of amyloid aggregates in diseased brains.

Copper and IAPP amyloid aggregation

Amylin or islet amyloid polypeptide (IAPP) is a 37-amino acid
peptide that is co-secreted with insulin from the pancreatic -

A)

View Article Online

RSC Chemical Biology

cells. The formation of amyloid aggregates of IAPP is one of the
hallmarks of diabetes type 2. The impact of Cu®" and Zn>" ions
in the amyloid aggregation of IAPP has been studied in vitro,
finding that these metal ions inhibit or delay amyloid fibril
growth (Fig. 3).””®*"% His18 in human IAPP (hIAPP) is an
anchoring site for metal ion binding and it is located right in
the middle of the hydrophobic region of the peptide (Fig. 3A).

hIAPP is considered an intrinsically disordered peptide, as it
does not adopt a compact globular structure in its monomeric
form. However, IAPP does not possess a classic random coil
structure. Nuclear magnetic resonance (NMR) studies show
that monomeric IAPP forms a transient helical structure at
residues 5-20 at the N-terminal; while a more persistent helical
structure has been observed when hIAPP is associated to model
membranes, forming two alpha-helices at regions 5-17 and 20-27,
with a helix-kink-helix arrangement (see Table 1).23°! hIAPP is
highly amyloidogenic in vitro, and its ability to form amyloid
fibrils has been ascribed to the hydrophobic residues in the
region 20-29; although other fragments from the 10-19 region
also display amyloidogenic properties. Several structures for
hIAPP amyloid fibrils have been proposed, based on solid state
NMR, X-ray diffraction studies of microcrystals and Cryo-EM

'"KCNTATCATQR" 2LANFLVHSSNNFGAILSS?® 3*TNVGSNTY*’

B)

IAPP monomer

Free Energy

C)

Fig. 3

IAPP aggregation. (A) Amino acid sequence of human IAPP peptide,

=

@&~
Metal-bound

IAPP monomer

) ——

Metal-bound
amyloid fibrils

highlighting in red its hydrophobic region. His18, in green, is the site involved

in metal ion coordination. (B) Cartoons for free energy landscapes for metal-free hIAPP and Cu(ll)-bound hIAPP. TEM images of fibrils in absence (left)
and presence of metal ion (right). (C) Cryo-EM structures of fibrils of hIAPP derived from a synthetic peptide (PDB:7YKW, left) and fibrils seeded with

isolated aggregates from pancreas of diabetic patients (PDB: 7M61, right).
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(Fig. 3C).°>%°* The structural features of amyloid fibrils seeded
by patient-extracted fibrils (Fig. 3C, right) are distinct from those
of fibrils grown in vitro from the synthetic peptide (Fig. 3C, left);
suggesting that there are additional factors that impact amyloid
fibril morphology in vivo and in a pathological context. One of the
origins of this polymorphism could be the impact of metal ion
binding in the peptide aggregation.

Cu®** ion binding to hIAPP involves coordination to
His18%%°%” and deprotonated amides from the peptide backbone
that follows this residue in the sequence; the metal coordination
sphere is completed by the hydroxyl group or the backbone
carbonyl of Ser20.>® However, recent studies using hIAPP(1-19)
suggest that Cu®>" binds to His18 and the residues towards the N-
terminal domain;”” while coordination of the N-terminal amine
has also been proposed in studies using hIAPP(1-37).”® Moreover,
different Cu**-binding affinities of hIAPP have been reported, with
K4 values ranging from 11.2 nM to 2.2 uM.*”*° Despite the
controversy regarding Cu®* coordination to monomeric IAPP, there
is consensus that Cu®* ions bind to His18 and delay hIAPP amyloid
fibril formation, yielding less structured aggregates, as compared to
those formed in the absence of the metal ion (Fig. 3B). This is
consistent with Cu®" binding at the anchoring His18, which is
found in a B-hairpin of IAPP, affecting the pathway associated with
the formation of B-sheets and consequently disrupting fibril
formation.>”*® Moreover, electron paramagnetic resonance (EPR)

-
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- 5{}@3_
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free radical formation

View Article Online

Opinion

studies show that the resulting Cu®" species bound to hIAPP
aggregates formed in the presence of the metal ion is comple-
tely different from Cu®" bound to the monomeric peptide.
Likewise, direct Cu®*" binding to pre-formed hIAPP amyloid
fibrils display a distinct metal coordination than that observed
for the monomeric hIAPP.?” Hence, it is clear the structure of
hIAPP amyloid fibrils (Fig. 3C) cannot accommodate the metal
ion in the same coordination mode as the monomeric peptide.

A hallmark of copper binding to IAPP is the formation of
toxic oligomers that cause impairment of pancreatic B-cells
integrity.®”°>'%° These oligomers have a higher random coil
component than B-sheet.®” Indeed, it has been proposed that
Cu*" binding to hIAPP stabilizes different peptide conformations
that accommodate the preferred metal coordination in the
monomer, but that prevent or compete with the formation of
the B-sheet structure that is required for fibril growth. In other
words, the metal-stabilized conformers encounter a higher ener-
getic barrier for the conformational changes required to form
the amyloid structure (Fig. 3B). This is a direct competition
between metal coordination and B-sheet formation, since the
former requires a particular flexible conformation of the back-
bone amide groups in the vicinity of His18, which is not present
in the latter. In contrast to the case of amyloid-B peptide, Cu>*
binding impacts the amyloid aggregation of IAPP more drasti-
cally, since the metal binding site is located right in the

Non-amyloid aggregation
of y-crystallins

bt

Unfolding

Fig. 4 Non-amyloid aggregation of y-crystallins. Mechanisms of metal ion-induced aggregation: metal bridged species, metal ion reduction and free

radical formation, disulfide bridged species and unfolding. PDB: 1 HK0.26%7
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hydrophobic region that engages in the formation of the p-sheet
structure, and hence, impacts fibril growth significantly.

Copper and y-crystallin non-amyloid aggregation

Lens 7y-crystallins are among the more stable proteins in the
human body and are composed of a double Greek key B-sheet
fold structure (Fig. 4).° The formation of non-amyloid aggregates
of y-crystallins contribute to light-scattering in a lens with cataract
disease.’ UV damage, posttranslational modifications like trunca-
tions and deamidations, and oxidative damage related to late age
are thought to cause destabilization of y-crystallins and formation
of partially folded intermediates that are prone to non-amyloid
aggregation via a domain-swapping mechanism.'®" Recently, it
was discovered that essential metal ions, such as Cu*" and Zn*",
can also cause non-amyloid aggregation of human y-crystallins
in vitro.>”*%°*1%> Importantly, epidemiological studies implicate
metals as a potential etiological agent for cataract disease, while
cataractous lenses can contain higher levels of copper and zinc, as
compared to healthy lenses.”*%

While the mechanism of Zn**-induced aggregation involves
mostly the formation of metal-bridged species,”® the mechanism
for Cu-induced aggregation of y-crystallins is more complex and
it involves: metal-bridging, formation of disulfide-bridged
dimers and oligomers, protein unfolding, and Cu®** reduction
to Cu” at expense of protein oxidation (Fig. 4).°”'°* Altogether
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these events lead to the formation of large non-amyloid aggre-
gates of y-crystallins with copper ions. This is true at least for
human yD-, yC- and 7yS-crystallins, the more abundant lens
y-crystallins.

EPR and X-ray absorption spectroscopy (XAS) studies have
shown that these y-crystallins display at least two Cu®" binding
sites, while the proteins can reduce Cu®* to Cu” under aerobic
conditions and in the absence of a reducing agent. Cu®*
binding affinities of y-crystallins have been determined by
isothermal titration calorimetry and are best described with
K4 values in the micromolar to nanomolar range; while Cu*
binding constants have not been determined, they are estimated
to be in the femtomolar range to assure Cu®" reduction to Cu"
under aerobic conditions.”” XAS studies demonstrate the
presence of at least two Cu' binding sites in y-crystallins.
Putative copper binding sites in human yD-crystallin involve:
His22/Cys18 residues at the N-terminal, His84/His88 at the inter-
domain loop, and Cys108/Cys110 at the C-terminal domain.””*°

The unfolding event induced by Cu®* ions involves loss of
B-sheet structure at the N-terminal domain, and formation of
partially folded intermediates that are prone to aggregation
(Fig. 4).°7°° Cu® binding at the N-terminal domain (His22/Cys18)
or the interdomain loop (His84/88) may be causing destabilization
of one of the B-strands and subsequent unfolding as the metal ion
recruits ligands to complete its coordination sphere. In this sense,

A) Amyloid aggregation of intrinsically disordered peptides

Metal binding
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B-Amyloid
Peptide

Metal binding

+@

(Vo Wl

IAPP
peptide

Metal-bound
IAPP monomer

e '%‘2
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Metal promotes
different aggregation pathways

Metal-bound

amyloid fibrils Metal delays

amyloid aggregation

B) Non-amyloid aggregation of highly stable proteins
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@
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Fig. 5 Metal ion binding and its effect on the amyloid (A) and non-amyloid (B) aggregation.
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Cu*™-induced aggregation of y-crystallins involves an effect in -
sheet structure that can be compared to the case of copper and
IAPP: in the latter Cu®* binding prevents or competes with the
formation of B-sheet structure in an intrinsically disordered pep-
tide, while in the former Cu*>* binding causes destabilization of a -
sheet, causing local disorder and formation of partially unfolded
intermediates that are prone in aggregation (Fig. 5).

Concluding remarks

Three case studies of the impact of copper binding in peptide/
protein aggregation have been discussed. For the intrinsically
disordered peptides amyloid-p and IAPP, the impact of Cu®** ion
binding is highly dependent on the relative location of the metal
binding site and the hydrophobic regions involved in B-sheet
formation and amyloid aggregation (Fig. 5A). In the amyloid-f3
peptide, the Cu®" binding site is located at the hydrophilic
N-terminal region, and it does not interfere with B-sheet for-
mation, but it causes large oligomerization and results in inter-
crossed amyloid fibrils with distinct morphology. In contrast, in
hIAPP the metal binding site is located right in the middle of the
hydrophobic region engaged in B-sheet structure, hence Cu®*
binding competes directly with the formation of B-sheets and
inhibits fibril growth significantly; in fact, Cu** bound to hIAPP
aggregates displays a distinct coordination from that of the
monomeric peptide. Beyond the molecular details, the impact
of metal ion binding in the amyloid aggregation of amyloid-
and IAPP may be one of the factors that contribute to the
observed polymorphism of the aggregates observed in the
corresponding disease. To probe this hypothesis, further struc-
tural studies of aggregates grown in the presence of metal ion
in vitro and correlating studies of metal ion content and in vivo
aggregate structures associated to disease are required.

Finally, one can contrast the case of hIAPP with that of
metal-induced non-amyloid aggregation of structural lens v-
crystallins, in the sense that, what is at stake is a direct competi-
tion between Cu®" coordination and B-sheet structure. Copper-
induced aggregation of y-crystallins involves metal binding and
partial loss of -sheet folding at the N-terminal domain of a well-
structured protein. The metal ion must be anchoring at a site,
where the recruitment of a ligand to complete its preferred
coordination sphere may be tearing apart one of its B-sheets,
causing formation of partially folded species that are prone to
non-amyloid aggregation (Fig. 5B). On the other hand, Cu®'
coordination to the intrinsically disordered hIAPP peptide occurs
at its hydrophobic region, and it involves backbone ligands in a
way that it imposes conformations that are not compatible with
the formation of the B-sheet structure; the net result being that
Cu®" binding inhibits amyloid aggregation. Although the impact
in aggregation is quite the opposite, these two cases illustrate
nicely that the strength of metal ion coordination can compete
with the stability of B-sheet structures. Being this fold one of the
most important ones in protein folding that confers stability, and
also a key component for amyloid aggregation, one could argue
that the fact that metal ion coordination can destabilize and/or
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impede the formation of B-sheet structures in peptides and
proteins may have important implications for any biological
system that involves metal-protein interactions. Further biophy-
sical and chemical studies are required to understand the thermo-
dynamic and molecular details behind such competitions
between metal ion coordination and B-sheet structure stability.
Even though degenerative diseases share some characteristics,
such as loss of metal homeostasis and aggregation of metal-
binding proteins, there are no general rules. Each degenerative
disease has specific features: copper is accumulated in the serum
of diabetic'®® and Alzheimer’s patients*”*® but not in Parkin-
son’s;>® copper accelerates the aggregation of y-crystallin,’” inhi-
bits the aggregation of IAPP,”” and modifies the amyloid-B
aggregation pathway.®® Therefore, a general strategy targeting
copper in degenerative diseases is not feasible. For each disease,
the specific metal-binding properties of the proteins involved
should be considered, such as their metal-binding affinity, the
possible functional role of the interaction metal-protein, and the
effect of the metal ion in protein aggregation. In this context,
understanding the biophysical details of the impact of the metal
ion in protein aggregations is critical for designing specific
therapeutic strategies that target copper in degenerative diseases.
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