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Redox processes in Cu-binding proteins: the
“in-between” states in intrinsically disordered
peptidesf

Enrico Falcone (22" and Christelle Hureau (2 *©

We report on a concept that some of us first described a decade ago for pure electron transfer [V.
Balland, C. Hureau and J.-M. Savéant, Proc. Natl. Acad. Sci. U. S. A., 2010, 107, 17113]. In the present
viewpoint, based on more recent results, we refine and extend this “in-between state” concept to
explain the formation of reactive oxygen species by copper ions bound to the amyloid-B (AB) peptide
involved in Alzheimer's disease. In such intrinsically disordered peptides, the Cu coordination is versatile
due to the lack of stable folding and the presence of multiple possible binding anchors. Hence, the Cu()
and Cu(n) ions do impose their favoured sites, with Cu() bound in a linear fashion between two His
residues and Cu(i) in a square-based pyramid bound to Aspl amine and carbonyl groups and two His
residues in the equatorial plane. Hence a direct electron transfer is prevented and alternatively an in-
between state (IBS) mechanism applies, whose description and analysis with respect to other electron
transfer processes is the topic of the present viewpoint.

1. Introduction

In most organisms, copper (Cu) represents an essential redox
cofactor for electron-transfer proteins (e.g. plastocyanin,
azurin) and enzymes, most of which catalyse the activation of
dioxygen (e.g. cytochrome C oxidase, superoxide dismutase,

Christelle Hureau is the head of
the “Alzheimer, Amyloids and Bio-
Inorganic Chemistry (ALAMBIC,
https://hureaulab.wixsite.com/
equipeflcc)” group at the
Coordination Chemistry Lab in
Toulouse. She did her PhD in
Orsay  (France) on  the
coordination chemistry of Mn-
based structural models of the
water-oxidizing centre in the
Photosystem 1I and graduated
in 2003. Then she completed
three post-docs at the frontier
between chemistry, biochemistry and advanced spectroscopy
and electrochemistry. She is interested in the impact of metallic
ions in Alzheimer’s disease (AD) and other amyloid-related
diseases, in the design and study of new drug candidates
targeting copper ions, and of inorganic compounds able to tune
the self-assembly of the Ap peptide, involved in AD.

on  copper-amyloids

peptide-based

the same group,

Christelle Hureau

Chem. Soc. Rev,, 2023, 52, 6595-6600 | 6595


https://orcid.org/0000-0002-1944-3552
https://orcid.org/0000-0003-3339-0239
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cs00443k&domain=pdf&date_stamp=2023-09-12
https://doi.org/10.1039/d3cs00443k
https://doi.org/10.1039/d3cs00443k
https://hureaulab.wixsite.com/equipeflcc
https://hureaulab.wixsite.com/equipeflcc
https://rsc.li/chem-soc-rev
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cs00443k
https://pubs.rsc.org/en/journals/journal/CS
https://pubs.rsc.org/en/journals/journal/CS?issueid=CS052019

Open Access Article. Published on 13 September 2023. Downloaded on 4/3/2026 9:31:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Viewpoint

monooxygenases)."”> During the last decades, an increasing
interest arose for the interaction of Cu ions with intrinsically
disorder peptides/proteins (IDPs, i.e. proteins that are totally or
partially devoid of a well-defined three-dimensional structure
in their isolated state),® essentially because both Cu ions
and IDPs like amyloid-f (AP), a-synuclein (aSyn) and prion
protein (PrP) are involved in neurodegenerative diseases such
as Alzheimer’s (AD), Parkinson’s (PD) and prion diseases,
respectively.”” For instance, in AD, it is well established that
Cu is accumulated in the amyloid plaques,’ whose main con-
stituent is AP aggregates, i.e. monomeric AP that have self-
assembled. As Cu-IDP complexes are able to catalyse the
production of reactive oxygen species (ROS) in the presence
of dioxygen and a reducing agent, it has been reasonably
speculated that this reactivity contributes to the oxidative stress
observed in neurodegenerative diseases.®>'® More specifically,
the redox activity of the Cu-Ap complexes is responsible for the
production of ROS that contribute to the overall oxidative stress
observed in AD.®

In the last years, we and others have proposed, based on
various electrochemical, chemical and computational studies,
that ROS formation catalysed by Cu-AP proceeds through an
intricate and unprecedented mechanism involving a so-called
“in-between state” (IBS), whose coordination sphere and geo-
metry is between those of Cu(i) and Cu(u) bound to A.

In this viewpoint, we report on the concept of IBS with
respect to other ones applied for Cu sites in redox proteins and
bio-inspired models and conclude on the biological relevance
of the IBS.

2. Coordination and redox chemistry
of Cu: from natural enzymes to
synthetic mimics

The main oxidation states of Cu ions in biological systems are
Cu(r) and Cu(u). These redox states show very different coordi-
nation preferences. First, according to Pearson’s hard/soft
acid-base theory,'" Cu(1) is a soft acid whilst Cu(u) is an
intermediate one. Hence, Cu(i) prefers binding to soft sulphur
donors in proteins (cysteine and methionine), whereas Cu(u) to
intermediate or hard nitrogen ligands (histidine side chain,
amine and amidate). Besides, due to the d'® configuration,
Cu(1) has no ligand-field stabilization energy and hence it can
acquire quite a different set of coordination geometries, e.g.
linear, trigonal, tetrahedral (Td) depending on the coordination
number (2 to 4), which is mostly dictated by the valence shell
electron pair repulsion theory.'” In contrast, Cu(n) d° configu-
ration favours four strongly bound equatorial ligands and
potentially one or two weaker apical ligands, mainly leading
to square planar (SP) and square-based (bi)pyramidal (SBP)
coordination geometry in line with the Jahn-Teller distortion."?
Hence, since according to the Marcus theory the rate of electron
transfer depends on the reorganization energy associated with
the changes in metal-ligand bond length and angles,'* a very
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Fig. 1 Cu sites in blue copper protein (BCP), lytic polysaccharide mono-
oxygenases (LPMO), and amyloid-p (AB).

sluggish redox cycling would be expected for the Cu(u)/Cu()
redox couples.

Interestingly, Cu-proteins and enzymes, due to their 3D-
folding, tackle this issue by binding both redox states in a well-
defined high-energy, so-called entatic, site representing a com-
promise between the two redox sites, both in terms of ligand
types and coordination geometry.

In the Cu sites of blue copper proteins (BCPs), such as
plastocyanin and azurin, involved in an electron-transfer-only
process and where Cu cycles between Cu(r) and Cu(u) via an
outer-sphere electron transfer (with no substrate binding), a
combination of soft sulphur (Cys, Met) and intermediate nitro-
gen (His) ligands are found, constrained in a flattened tetra-
hedral or trigonal (bi)pyramidal (T(B)P) geometries by the
protein scaffold (Fig. 1, exemplified with TBP). These geome-
tries represent the best compromise between the Td and SP (or
SBP). Thus, BCPs achieve very efficient electron transfer by
minimizing the structural reorganization between the two
redox states.™

Likewise, Cu-enzymes, show well-defined Cu sites accom-
modating both Cu(i) and Cu(n) states with minimal ligand
reorganization. For instance, in the histidine brace motif,
found in lytic polysaccharide monooxygenases (LPMOs), a
couple of His residues bind both Cu(u) and Cu(i) in a T-shaped
geometry,"® with one or two additional water molecules binding
to Cu(u) state only (Fig. 1), a place that might be occupied by the
substrate (O, or H,0,) under working conditions."”*®

In bio-inspired enzyme mimics, the constraints imposed by
the 3D-folding of the proteins are missing, and copper redox
processes are slow and associated reactivity is low. To overcome
this issue, several strategies have been reported. A selection of
key examples is given here while the interested reader can refer
to ref. 19 for an extensive review. A straight example of an

This journal is © The Royal Society of Chemistry 2023
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“entatic-like” state is obtained with Cu complexes in which
two ligands impose a Cu(i)-like Td geometry due to steric
hindrance of the ligand preventing the formation of the
square-based Cu(u)-like geometries. This includes phenanthro-
line- and quinoline-based ligands (Fig. S1 and S2, ESIf).>°
Another example is the bispidine ligand family, which has
been developed to impose a constrained, ligand-controlled
coordination site for metal ions, including Cu() that lies in a
Cu(u)-like coordination (Fig. S3, ESIt). Supramolecular control
of the Cu coordination site was also proposed. The first
example is the use of calixarene ligands.>' Depending on their
exact chemical nature, they can favour a classical or an entatic-
like mechanism. In the former case, the Cu(u) is first reduced,
followed by a structural change to a Td geometry. In the latter
one, the structural change to a Td geometry is observed first,
promoted by the insertion of a nitrile-based solvent in the
calixarene cavity and is followed by the Cu(u) reduction
(Fig. S4, ESIT).>" A second example has been described with a
ligand and its glyco-derivative, where the added sugar moiety
induces long-range strains on the Cu centre thus increasing its
TBP character (versus SP) (Fig. S5, ESIT).>* The last illustration
is given by ligands built on de novo designed 3-helix bundles
peptide/protein that can create a site closer to those reported in
enzymes (i.e. with amino acids) and in which pre-folding versus
pre-organization concepts were illustrated.”® In the former
case, a tertiary structure, where the metal-chelating side chains
are present, is formed but the metal ion guides the ligand
coordination, while in the latter the ligands are well preposi-
tioned to directly host the metal ion.

3. Coordination and redox chemistry
of Cu in IDPs: the IBS concept

In contrast to folded proteins, IDPs are very flexible and hence
can easily adapt to the requirements of the redox-state-
dependent Cu coordination. In addition, more binding anchors
than necessary are present thus affording a great diversity in
the nature of the binding sites. Hence, unlike enzymes, they
bind Cu(u) and Cu(1) in sites with different geometry and
partially distinct ligands. As the archetypical example, Ap binds
Cu() via two His in a digonal geometry, whereas Cu(u) is bound
in a distorted SBP geometry, (Fig. 1). In particular, the main (i.e.
with the lowest energy and hence most populated) “resting
state” (RS) of Cu(u)-Ap at pH 7.4 is made of the N-terminal
amine nitrogen and the carbonyl oxygen from Asp1, the imida-
zole rings of His6, and of either His13 or His14 with about the
24 A water molecule or Asp1 side-chain can
bind apically. Other sites can exist, for instance with the His13
and His14, but not His6, bound. The exchange between the
possible sites involves the transient formation of higher energy
coordination species where for instance the three His can be
simultaneously bound to the Cu(u) in addition to the N and/or
O from Aspl. For Cu(1)-Ap, the main RS are composed of two
among the three possible His residues in a digonal fashion,
with the most populated His couple being His6-His13

same occurrence.
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(Fig. 1).>*>?° These RS states are in fast exchange and a state
where the three His are involved could be formed transiently as
well. Therefore, not only the geometry but also the ligands are
different between Cu(u) and Cu() resting states, suggesting that
a large reorganization would be required to switch between
those RS.

As discussed above, in order to have an entatic state very
prone to fast redox reactions, a protein scaffold is needed to
impose the same strained coordination of Cu in the two redox
states. As this is not possible for IDPs, the coordination sites of
the Cu(1) and Cu(u) in IDPs are driven by the oxidation state of
the metal centre and are thus very different. Nevertheless, some
of the Cu-IDP complexes were revealed to be quite competent to
do redox reactions. To explain such an unexpected trend, the
in-between state(s) (IBS) concept was introduced. Such IBS have
geometries in-between those of Cu(i) and Cu(u) and are acces-
sible due to the flexible nature of IDPs and the fast dynamics of
exchange between several energetically equivalent structures.
The importance of this flexibility in redox chemistry was
initially realized a decade ago, when Cu()- and Cu(u)-AB; 46
were characterized at room temperature by NMR, X-ray absorp-
tion and electrochemistry.>® A subsequent detailed electroche-
mical study on Cu-AP;.j6, proposed the electrochemical IBS
(eIBS, also called pre-organized state in this seminal report),
whose population was estimated to be about 0.1%, and which
can undergo electron transfer very rapidly (estimated redox
potential of 0.3 V vs. NHE).>” The concept of the (e)IBS is
schematized in Fig. 2, together with two extreme cases encoun-
tered in Cu(1)/Cu(u) redox processes. The case shown on the left
corresponds to Cu(r) and Cu(n) in their respective preferred
geometry (for instance, A = Td and B = SBP). Hence there is no
overlap between the two environments of Cu(i) and Cu(u)
complexes and to get the Cu(u), reduced into Cu(i)gp an EC
(Electrochemical-Chemical) mechanism is required, in which a
Cu(i), is first formed followed by rearrangement to Cu(1)g. The
transition state corresponds to Cu(i),. Vice-versa, to get the
Cu(1)g oxidized into Cu(i),, a EC mechanism is required where
the Cu(u)g is first formed followed by rearrangement to Cu(i),.
On the right, the entatic case is shown, where due to external
constrains the coordination sphere of both Cu(i) and Cu(u) are
very close; hence there is an important overlap in the confor-
mation diagram. The imposed constraints induce an energiza-
tion of the RS of Cu(u) and Cu(i) and no chemical reaction is
associated with the redox process.'®**?° In the middle, is the
IBS case: the RS are in fast equilibrium with the IBS in which
the redox processes occur. This corresponds to the overlap of
minor states (IBS) of higher energy co-present with the main
states (RS) of lower energy. The redox process thus occurs
according to a CEC (chemical-electrochemical-chemical)
mechanism. Beyond the entatic state, which is now textbook,
the ecstatic state’s principle was recently introduced. It can be
seen as the formation of a distribution of environments around
the Cu(1) and Cu(u) ions (without coordination bonds being
broken), large enough to have some overlay between the two
redox states that allow electron transfer to proceed (Fig. S6,
ESIT).*° In the ecstatic case, there is a unique set of binding
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Fig. 2 Different cases of Cu(1)/Cu(i) redox process in copper complexes. Three data are given: the population as a function of the conformation, the
energy as a function of a reaction coordinate and the chemical—electrochemical scheme describing the whole reaction and the corresponding energy
diagram. Subscripts A and B correspond to the preferred environment for Cu(l) and Cul(i), respectively. AB to a geometry intermediate between A and B,

RS to the resting state, IBS to the in-between state, and # to the transition state, E to electrochemical reaction and C to chemical reaction.

atoms, whose position (i.e. distance, angles) with respect to the
Cu centre can be significantly distributed. In contrast, in the
IBS case, several discrete coordination sets of similar energy are
formed through equilibria with the various RS in which coor-
dination bonds break and reform.

Besides these studies on an outer-sphere electrochemical
mechanism, the redox reactivity of Cu-Af was then investigated
with chemical substrates, mainly ascorbate as reductant and O,
or H,0, as oxidants, leading to the formation of O,*~ and H,0,,
or HO®, respectively (Fig. 3). The nature of the IBS site was
identified based on the assumption that only the IBS state(s)
are able to catalyze efficiently the production of ROS and that
the very reactive HO® attacks the nearest ligands of the IBS site.

AscH- Asc'-

Indeed, the oxidative damage by HO® was not in line with the
resting state of Cu(1), the species that forms HO®, as Asp1l was
also affected.*'”** This clearly indicated that it is not the resting
state of Cu(1) in AB to be accountable for the reaction with H,0,
(reaction v, Fig. 3). Further investigations were done with a
multitude of modified AR peptides. The rates of ascorbate
oxidation were measured with the rationale that by mutating
a potential ligand, if (i) the rate becomes slower, the mutated
ligand is involved in the IBS, (ii) the rate becomes faster, the
mutated ligand stabilizes a non-IBS state, and (iii) no effect is
observed, the mutated residue is not relevant for the IBS. This
led to the proposition of a so-called catalytic IBS (cIBS), to
distinguish it from the eIBS, implicating three peptide ligands:

AscH-  Asc'-

Cu'-L Cu'l-L L Cu'-L u-L cu'L
0 e——>  O;f-——> H,0, ————> HO- +HO
fi jii iv
a  m b) “ c d) e
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Fig. 3 Schematic mechanism of ROS production by Cu-Ap in the presence of ascorbate (AscH™) as a reducing agent (top) and proposed structures of
cIBS (bottom). The O, atom can belong to AscH™ ((a)-(c) for reaction i), O, ((a) and (d) for reaction ii), O,*~ ((e), for reaction jii), or H,O, ((b) and (d) for
reaction iv); in (e), S represents the substrate (e.g. ascorbate).
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N-terminus and carboxylate oxygen from Asp1 side chain and
one of the His (Fig. 3).*>** Interestingly, some of us recently
showed that the X-ray absorption spectroscopy spectra of a
species generated by X-ray induced photoreduction of Cu(u)-Af
followed by partial thermal relaxation were well reproduced
using such a model of the IBS.** These data represent the first
spectroscopic characterization of an IBS.

Overall, most experimental studies focused on the reaction
of Cu-AB with ascorbate and O,. It is likely that only the IBS of
the rate-determining step is accessible by measuring the rate of
ascorbate oxidation and thus it is still not yet clear from
experimental work if the same cIBSs is at play for O,*" and
H,O0, reduction as well as ascorbate oxidation, and whether the
ascorbate and/or O, are bound to the Cu in the cIBS. In other
words, we do not know yet whether the chemical mechanism
follows an inner- or outer-sphere electron transfer or, otherwise
stated, whether the eIBS is the same as the cIBS. In this regard,
theoretical studies addressed the nature of the cIBS for reaction
with ascorbate (i), O, (ii), O,* (iii) and H,0, (v).>*° For all
reactions an inner-sphere mechanism was proposed, i.e. bind-
ing of ascorbate, O,, O,*~ or H,0, to the Cu ion, and several
suited IBS resulted to be possible (Fig. 3). Interestingly, for
reactions i and ii, the propositions included the experimentally
suggested IBS (Fig. 3(a)). However, different IBS (Fig. 3(b) and
(d)) were suggested for reaction iv as the side-chain carboxyl
group from Asp1l implies a higher energy barrier towards H,O,
reduction.’” A penta-coordinated cIBS, where Cu is bound to
three peptide ligands and simultaneously to O,*~ and AscH (S
in Fig. 3e), has been recently suggested for reaction iii.>* There
is currently no experimental evidence about when the sub-
strates bind. It is possible that either the substrate binds to a
pre-formed IBS, or that the substrate binds in another state and
then the IBS is reached with the bound substrate, following an
induced-fit mechanism.

4. Conclusions and perspectives

To conclude, we gather some considerations about the exact
definition of the IBS with respect to other concepts. Our best
(and current) view of the IBS is one, or more likely several, high-
energy, low-populated, states where both the Cu(r) and Cu(u)
can highly efficiently make redox transfer due to a very low
energy gap between the two redox states (as in an entatic state).
Such IBS states can be reached due to the flexibility of the
peptide and fast ligand exchange around the Cu centre. How-
ever, in contrast to the entatic state, there are no constraints
applied by the biomolecular scaffold towards a unique opti-
mized environment. Instead, there are equilibria between
several environments, including those of the resting states,
and among the various possible environments some are fully
appropriate for electron transfer. Hence, it is highly possible
that a set of IBSs exists for the same reaction, and each IBS of
the set could be differently populated and yield different
reaction rates. In addition, the set of IBS for one reaction could
be different from the set for another one (Fig. 2).*° Although
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Cu(1) and Cu(u) have drastically different coordination spheres,
the ROS production is thus made possible due to the high
versatility of peptides as ligands (flexibility and multiple bind-
ing anchors and sites) and make Cu-IDP complexes a unique
redox system throughout the chemical and biological spaces.
Beyond the case of AP discussed here, other IDPs may share
this ability, such as truncated AP peptides also involved in AD,*"
the o-Syn involved in Parkinson’s and the PrP involved in Prion-
related diseases, despite thorough studies have not been
reported yet for these IDPs. This may also be true for non-
pathogenic IDPs such as the salivary histatins and the N-
terminal region of the human Cu transporter Ctrl. These
sequences possess two distinct Cu(r) and Cu(u) sites: the Cu()
is bound to a bis-His motif (and potential additional ligands)
while the Cu(u) is bound by an ATCUN (Amino-Terminal Cu
and Ni binding) motif (Fig. S7, ESIT).*>*® Nevertheless, the
formation of the rigid ATCUN site is anticipated to make the
access to the IBS more difficult than with A when starting from
the Cu(u) species, as reported for truncated AP peptides with
analoguous Cu(1) and Cu(u) sites.*’ With respect to AD, two
main consequences of the IBS mechanism can be foreseen.
Firstly, the constraints imposed in the AP aggregates can be
responsible for the lower ROS production ability of Cu bound to
AP aggregates versus Cu bound to monomer or small oligomers
of AB** by preventing the formation of the IBS states, although
the Cu binding domain remains flexible in most models of AB
fibrils. Secondly, the IBS mechanism points to species other
than the RS as therapeutic targets. Further approaches may
thus consider the possibility of precluding the formation of the
redox active IBS and/or promoting the formation of redox-inert
(and non-toxic by other ways) aggregates.
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