M) Checs tor upaates View Article Online
View Journal

INORGANIC
CHEMISTRY

FRONTIERS

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: A. Brison, G.
Pratviel and C. Hureau, Inorg. Chem. Front., 2026, DOI: 10.1039/D6Q100446F.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been accepted
for publication.

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the

|NORGAN|C Information for Authors.

CHEMISTRY Please note that technical editing may introduce minor changes to the
FRONTIERS text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors
rsclfontiers inorganic or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

CCS CHINESE

CHEMICAL ROYAL SOCIETY

P SOCIETY n OF CHEMISTRY rsc.li/frontiers-inorganic



http://rsc.li/frontiers-inorganic
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6qi00446f
https://pubs.rsc.org/en/journals/journal/QI
http://crossmark.crossref.org/dialog/?doi=10.1039/D6QI00446F&domain=pdf&date_stamp=2026-05-11

Page 1 of 29

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

Open Access Article. Published on 11 May 2026. Downloaded on 5/12/2026 1:06:25 AM.

(cc)

Inorganic Chemistry Frontiers

w Article Online

Biphasic modulation of AB(1-40) self-assembly by porphyrins: effects of /. corir

concentration and structural variation

Adéle Brison?, Geneviéve Pratviel®, Christelle Hureau'*

1 Univ Toulouse, CNRS, LCC, Toulouse, France

Corresponding author: christelle.hureau@Icc-toulouse.fr



mailto:christelle.hureau@lcc-toulouse.fr
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6qi00446f

Open Access Article. Published on 11 May 2026. Downloaded on 5/12/2026 1:06:25 AM.

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

(cc)

Inorganic Chemistry Frontiers

Page 2 of 29
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AB peptides self-assemble into senile plaques, a hallmark of Alzheimer’s disease (AD). The search for
compounds able to modulate peptide self-assembly still await molecular and structural insights. In the
present work, we have investigated a series of cationic porphyrins. By monitoring the kinetics of
peptide self-assembly by thioflavin T (ThT) fluorescence and by imaging the assemblies formed using
TEM and AFM, we observed : (i) first, some of them accelerate AB(1-40) self-assembly with an extent
that increases with the porphyrin concentration. For the others, a relapse of the kinetic rates is
observed above a concentration threshold (noted Cy) that is porphyrin-dependent. The biphasic
modulation thus observed has not been reported so far in case of porphyrins; (ii) second, the
porphyrins decrease the level of AB(1-40) fibrils formed as their concentration increases. The
interactions between the porphyrins and the AB(1-40) have been thoroughly characterized by UV-
visible, NMR, and fluorescence spectroscopies. The obtained data support a structure-dependent
model involving m-stacking, electrostatic and hydrophobic interactions, responsible for the different

effects of the porphyrins on the AB(1-40) self-assembly.

Introduction

Amyloid-related diseases, such as Alzheimer’s Disease (AD), Parkinson’s disease, Type-l|
diabetes, all rely on a common mechanism involving the self-assembly of a disease-specific intrinsically
disordered peptide.[*5! In the case of AD, the peptide at play is the Amyloid-B (AB). Its overproduction
and its accumulation as aggregates and fibrils in senile plaques is one of the hallmarks of AD. AB self-
assembly is currently regarded as a major contributor to the neuronal damage and memory
impairment observed in the AD brain.[6-10

AB is a 40-42 amino-acid residues peptide built on three main domains: (i) the N-terminal part
rich in histidine (His) and carboxylate-containing residues and where metal ions can bind,*% 121 (ji) the
regions involved in B-strand formation that gather the central hydrophobic core (CHC) and the C-
terminal part of the peptide, and (iii) the residues involved in the formation of a turn ( ).113
141 At pH 7.4, the AP peptide is anionic with a charge of about -2.7.

The process by which AB peptides self-assemble is very intricate and several species, such as
soluble oligomers, amorphous aggregates and proto-fibrils, are formed prior and/or in parallel to the
thermodynamically stable and B-sheet rich fibrils.!% 1> 161 Briefly, the self-assembly proceeds via a
nucleation-elongation supramolecular polymerization. It relies on the formation of nuclei that can
further elongate at their extremities. In addition, the pool of nuclei can be fueled by secondary
nucleation processes, mainly fragmentation and fibril-catalyzed nucleation ( ).[17-231

Association of several fibrils can also occur and lead to twisted fibrils.
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Scheme 1. (A) Sequence of the AB(1-40) peptide and regions of interest, (B) Self-assembly process of AB peptide.

Inhibition of AP self-assembly is considered as a therapeutic approach of interest that can be
obtained by employing well-designed molecules,'2*32 beyond immunotherapy.7-1% Such molecules are
aromatic-rich and/or charged compounds able to interact with aromatic, hydrophobic, charged
residues and/or metal-binding residues of the AB peptide. As a general trend, their mode of action
relies on the stabilization of the AR peptides under a monomeric form, thus preventing its self-
association. Porphyrins have been studied as modulators of the self-assembly of several amyloid-
forming peptides. They include AP peptide3-38] but also Tau protein involved in AD,B”! a-synuclein
involved in Parkinson’s disease,’3841 insulin,? %31 and amylin,*44¢! both being involved in Type-II
diabetes.

With respect to A, it has been reported that the stoichiometric ratio of the cationic porphyrin
meso-5,10,15,20-tetrakis(N-methylpyridinium-4-yl) porphyrin, H-TMPyP, inhibits the formation of

AB(1-42) oligomers and fibrils, induces the dismantling of preformed AP aggregates and alleviates

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

AB(1-42)-induced cytotoxicity on neuroblastoma SH-SY5Y cells.33l A neutral porphyrin were very

recently reported to have a moderate effect on AB self-assembly.[*! Finally, the anionic porphyrin,

Open Access Article. Published on 11 May 2026. Downloaded on 5/12/2026 1:06:25 AM.

meso-5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin, H,-TPPS, does not influence APB(1-42)

aggregation®¥ while it has some impact on the cationic amylin peptide.!

(cc)

The most typical and characterized example of a metalloporphyrin interacting with Ap peptide
is heme (iron(lll)-protoporphyrin 1X), which has been found to co-localize with A in senile plaques in
post-mortem AD brains and thus attracted much attention. Heme was early shown to modulate AB
aggregation.3 36 481 The best characterized interaction of heme with AP peptides is its coordination
with the His residues in a way reminiscent of the heme binding in peroxidase enzymes.*851 Zn-
porphyrins that can also interact with AB His residues have been shown to impact A} aggregation as
well.l52 53]

In the present work, we aim at enlarging the family of porphyrins able to interact with AB and
modulate its self-assembly propensity. Our goal is to release a structure-activity relationship (SAR) and
provide deeper insights into their modes of action. Hence, we have studied the effects of a series of

cationic porphyrins on the kinetics of AB(1-40) self-assembly and on the morphology of the formed

3
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fibrils using a combination of spectroscopic and microscopic imaging methods. We used A\%}iﬁ%ﬁ@%@ cle Online

it exhibits a more moderate and reproducible self-assembly trends than AB(1-42).5% 55 The porphyrin
series includes the commercially available H,-TMPyP and the still unexplored H,-MA, another cationic
porphyrin with longer arms. One negatively charged porphyrin (H,-TPPS) is used for comparison
purpose. We have also studied the influence of the insertion of two metal cations (Au(lll) and Cu(ll)) in
the center of the cationic porphyrins. In addition, we have probed the effect of porphyrin
concentration (id est, porphyrin/AB(1-40) ratio), a parameter that has not been explored so far. Our
data indicate that the TMPyP family interact with AB(1-40) peptide leading to an acceleration of the
peptide self-assembly and that the MA family induce a biphasic effect. In the latter case, the
acceleration is maximal for a given porphyrin concentration that is dependent on the exact nature of
the porphyrin. For all the cationic porphyrins studied, the prevention of fibrils formation is observed
and increased with the porphyrins’ concentration. The deduced SAR shows that (i) interactions
between porphyrins and the AP peptide are mainly electrostatic and ni-stacking forces, while the size
of porphyrin also matters; (ii) two sites of interaction co-exist and (iii) the stronger the interactions of

the porphyrins with the first site are, the higher the increase of the self-assembly rate is.

Experimental Section

Chemicals and reagents

All the solutions were prepared in ultrapure water. HEPES buffer
(2- [4- (2- hydroxyethyl)piperazin- 1- yl]ethanesulfonic acid sodium salt) and
ethylenediaminetetraacetic acid (EDTA) were bought from Sigma-Aldrich. ThioflavinT (ThT) was
bought from Acros Organics. Anionic porphyrin meso-tetra(4-sulfonatophenyl)porphyrin
dihydrochloride (H,-TPPS) was purchased from Frontier Scientific. Cationic porphyrins were prepared
as previously reported (H-TMPyP and H,-MA,58 Au-MAE7! and Cu-MAR8]), Stock solutions of
porphyrins (1 mM) and ThT (250 pM) in water were stored at -20°C. AP(1-40) (sequence
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV) was purchased from GeneCust (Dudelange,
Luxembourg) with a purity grade > 95%. It was purified by FPLC (Fast Protein Liquid Chromatography,
size exclusion) according to a previously reported protocol,’*® ¢ to obtain a monomeric fraction of
AB(1-40) prior its use in self-assembly experiments. The peptide concentration was measured by UV-

vis absorption of tyrosine (one residue per peptide, Tyr10) at basic pH (293360 = 2400 M1 cm™1).[61]

100446F
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Kinetic measurements of AB(1-40) self-assembly by ThT and porphyrin fluorescence DOI: 10.1039/D6QI00446F

Fluorescence experiments were recorded on a FLUOstar OPTIMA BMG LABTECH at 37 °C with black

384-well plate (Greiner BioOne). ThT was excited at 440 nm and the fluorescence emission was
recorded at 490 nm. The gain was 1400. Fluorescence was measured at fixed intervals of 10 min
preceded by a given period of stirring (15 s at 200 rpm in double orbital mode). The samples were
prepared by mixing appropriate volumes of stock solutions of 500 mM HEPES buffer pH 7.4 (containing
100 nM of EDTA), 1 mM porphyrin in water, 250 uM ThT in water and 40 uM AB(1-40) peptide in water
and about 20% of FPLC eluant (NaCl 150 mM, NaOH 15mM). Final concentrations were: 100 mM HEPES
buffer, 20 nM EDTA, 1 to 40 uM porphyrin (see text or figures’ captions), 20 uM AB(1-40) peptide and
10 uM ThT in a final volume of 50 uL per well. In addition to the measurement of ThT fluorescence
during the process of peptide self-assembly, the fluorescence of selected porphyrins was also
monitored (excitation at 410 nm and emission at 640 nm, using dedicated filters) every 10 min with a
gain value between 1400 and 2700.

Evaluation of kinetic parameters of AB assembly.

The ThT fluorescence increase can be considered, in general, as a sigmoidal curve described by the

. Frax—F . —
equation: F(t) = Fo + —=*—"—= F; + ——_———where F is the initial ThT fluorescence value,
14e K ty2) 1+e *C11/2)

AF is the ThT fluorescence increase (Fqx — Fo ), k is the growth rate, and ty; is the time at which
the ThT fluorescence increase equals half of its maximal value. To compare all curves, a custom routine

was developed to straightforwardly evaluate the key parameters.[® ThT curves were first normalized.

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

The inflexion point, t1,, was determined as the time at which F(t) = F, + AZ—F . An apparent growth

rate, later noted for matter of simplicity k;;/, was estimated by calculating the slope at t = t;,; ask
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= 4 (Feo% —Fa0%

- - ), where Fggg, and Fuge, equals 60% and 40% of the maximal ThT fluorescence
60% L40%

(cc)

increase, respectively, and tgge, and t4g0, are the times at which these fluorescence values occur. The
2 factor arises from the fact that the slope at the inflection point (¢t = t1) for a sigmoid equation S(t)
2

k

= ;) is equal to §'(t1/2) =

1+e_k<t_t%
The self-assembly of AB(1-40) was studied using several different batches to ensure that the effects
seen were not batch-dependent. At least 2 independent experiments with 6 replicates for each
condition were performed. Data from one experiment are shown in the full text, other ones can be
found in the Supporting Information. To compare the parameters from one experiment to another,

normalization with respect to the AB(1-40) self-assembly in absence of porphyrins (from the very same
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experiment) consisted in dividing the measured mean value of a given parameter by th%gp?g[\og(/gs}%%

of the same parameter for the AB(1-40) only.

Transmission electron microscopy (TEM).

After 3 days of self-assembly in 384-well plates (see previous paragraph for details), samples were
prepared for electron microscopy by using the conventional negative staining procedure. An aliquot
(10 pL) of each sample was absorbed on Formvar-carbon coated grids for 1 min, blotted, and negatively
stained with uranyl acetate (1%) for 1 min. Grids were examined with a TEM (Jeol JEM-1400, JEOL Inc,
Pea- body, MA, USA) at 80 kV. Images were acquired by using a digital camera (Gatan Orius, Gatan Inc,
Pleasanton, CA, USA) at different magnifications 3000 (2 um), 6000 (1 um), 12000 (0.5 um scale), and
20000 (100 nm scale).

Atomic force microscopy (AFM)

After 3 days of self-assembly in 384-well plates (see previous paragraph for details), samples were
prepared for atomic force microscopy by using a conventional procedure.l62 Briefly, a drop of sample
(10 pL) was deposited on a freshly cleaved mica and left for 1 h to adsorb on the substrate. It was then
washed with deionized water (50 L) to remove the salt and dried with pressurized air before imaging.
The AFM pictures were taken in air with a Smart SPM-1000 microscope (AISTNT, Novato, USA)
equipped with a 100 uM scanner. Si cantilevers (NanoWorld, Swizerland) with an elastic modulus of =
42 N.m* were used. All images were acquired as 512 x 512-pixel images at a typical scan rate of 0.2
kHz with a vertical tip oscillation frequency of 250-350 kHz. Representative images of each sample
were obtained by scanning at least 3 different locations.

UV-visible measurements

Spectra measurements were recorded on an Clariostar fluorimeter in 384 plaques in the very same
conditions as ThT experiments at the beginning and the end of the self-assembly process. Porphyrins
were put in 100 mM HEPES buffer pH 7.4, 20 nM of EDTA in the absence of peptide or in the presence
of 20 uM AB(1-40) at 37 °C.

'H-1D-NMR

All spectra were recorded on a Bruker Ascend 600 spectrometer equipped with a 5 mm triple
resonance inverse Z-gradient probe (TBI *H, 3P, BB). Chemical shifts for 'H were relative to TMS
(Tetramethylsilane) using *H (residual) chemical shifts of the solvent as a secondary standard. Peptide
concentration was 200 uM in 10 mM HEPES-d1s buffer pH 7.4, 10% D,0. Porphyrins were dissolved in
H,O at 1 mM concentration and appropriate aliquots were added to the test tube so that the final
molar ratio varied from 1% to 20% of porphyrin. The 'H-NMR spectra were acquired at 298K using the

Bruker pulse program ‘zgesp’ featuring a water-suppression sequence and the following parameters:

Page 6 of 29
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and 1-s relaxation delay).

Results and discussion

The porphyrins used in the present study are shown in . They are charged and thus
soluble in water. The non-metallated porphyrin scaffold bears four charges, located at different
positions on the meso-substituents. Our study introduces H-MA, a novel porphyrin that has not been
investigated in the context of amyloid formation. Structurally, H,-MA features four identical arms, and
is derived from the commercially available and previously studied H,-TMPyP ( ) and has
been originally synthesized for interacting with the minor groove of DNA.[56 831 H,-MA has been chosen
to explore the influence of arm length and aromatic interactions while maintaining the same charge
as H,-TMPyP. The extended aromatic system in H,-MA enhances m-stacking interactions and electron
delocalization, potentially amplifying its effect on AB self-assembly. Its positive charge is farther from
the tetrapyrrole scaffold compared to the reference H,-TMPyP since the meso-substituents are bulkier
than the pyridinium groups of H,-TMPyP. Furthermore, the electron richness of the porphyrin core is
higher than that of H,-TMPyP due to the remoteness of the pyridinium groups. Au(lll) counterparts of
the H,-TMPyP and H,-MA as well as the Cu(ll)-MA were also included in the study. While Fe-,[36 38 32,
45,46, 641 7 134,47, 531 gnd Mn-porphyrins!34 46 64,651 haye been studied in the context of amyloid-forming
peptide self-assembly, Cu-B* 431 and Au- porphyrins have received less attention in the literature. This
highlights an opportunity to further exploration of these metalloporphyrin’s in modulating AB self-

assembly.

The commercially available anionic porphyrin, H-TPPS, bearing four negative charges, was

included in the series of the tested compounds for comparison purpose ( ).
o
=
A ©
R — 401 forM=2H",Cu! B R 7 4Na®
5C1° for M = Au'"
R R R R
R R
— @ — o O@
R= | N— Hy-TMPyP W Hy-MA R = {—@s\:o Hy-TPPS

Scheme 2. (A) Structures of the cationic porphyrins, M = 2 H* stands for the non-metalled porphyrins and (B) structure of the
anionic porphyrin.
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1- Influence of the porphyrins on the fibrillation of AB(1-40) peptide . 10_1039/%&‘00446'[

The self-assembly of AB(1-40) was monitored by a standard approach using thioflavin T (ThT)®®
671 fluorescence and TEM and AFM imaging at the end of the self-assembly. 2 to 4 independent
experiments were performed for each porphyrin (see for the numbering of the various
experiments and the porphyrins included). The experiments were performed in 384-wells plates at
37 °C, with 20 uM peptide concentration. The concentration of porphyrin varied from 0.1 uM to 40
UM depending on the tested porphyrin. All the ThT fluorescence kinetic curves exhibit a typical sigmoid
appearance ( and S2), characterized by an initial lag phase corresponding to nucleation, a
growth phase linked to elongation and secondary nucleation processes, and a final stationary phase.
Three key kinetic parameters describing the self-assembly process will be discussed in the following:
the difference between the initial and final fluorescence intensities, AF; the time at which the
fluorescence intensity has increased of AF/2, t1/;; and the slope at ty,, ki1/2. Comparison of the influence
of porphyrins on these kinetic parameters is shown in (see for the additional
self-assembly experiments). The obtained results highlight the good reproducibility of the trends
observed between independent experiments. Besides, TEM and AFM images of the formed assemblies
recorded at the end of the fluorescence experiments give insights on their morphology and size. They
are are shown in and for the additional self-assembly experiments

First, the negatively-charged porphyrin H-TPPS was tested at various concentrations (from 2
UM to 40 uM). Self-assembly parameters are virtually identical ( and ), except for the
maximum of ThT fluorescence intensity for which a slight decrease is observed. TEM images indicate
that the twisted structure build on 3-4 fibrils is conserved even at 10 uM concentration in porphyrin
(compare and with and ). Hence, H,-TPPS neither affect the kinetics of

AB(1-40) self-assembly nor change the structure of the fibrils, indicating that it does not modify

significantly AB(1-40) peptide self-assembly in line with reported data on AB(1-42).134
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Figure 1. Self-assembly of AB(1-40) peptide (20 uM) in the presence of various concentrations of porphyrins in 100 mM HEPES
buffer pH 7.4, at 37 °C. ThT fluorescence kinetic curves in presence of (A) H,-TPPS (from experiment N°2), (B) H.-TMPyP and
(C) H-MA (from experiment N°1). Black: AB(1-40) peptide, light blue, red, grey, green, dark blue, violet and brown in
presence of 0.5, 1, 2, 5, 10, 20 and 40 uM of porphyrin, respectively. Six replicates are shown to illustrate the reproducibility.
Corresponding TEM images, at two different magnifications, of the fibrils morphologies obtained after 3 days: (D) 20 uM
AB(1-40) and in the presence of (E) 10 uM H-TPPS, (F) 1 uM Ha-TMPyP, (G) 10 uM H-TMPyP, (H) 1 uM H-MA.

In contrast to what was observed in the presence of H,-TPPS, significant changes are observed

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

on the AB(1-40) self-assembly curves in the presence of cationic porphyrins (Figure 1.B, 1.C and S2).

Their addition leads to a significant acceleration of the AB(1-40) self-assembly that depends on the

Open Access Article. Published on 11 May 2026. Downloaded on 5/12/2026 1:06:25 AM.

porphyrin nature and concentration as reflected by the corresponding decrease of the ty/; (Figure 2.A

and Figures S4.A-S5.A). In the case of H,-TMPyP, the t1/; decreases with a monotonic concentration-

(cc)

dependence with a maximal acceleration effect observed at the highest tested concentration (Figures
2.Aand Figure S4.A). In the case of H,-MA, the t1/; decreases until the porphyrin concentration reaches
a concentration of 2 uM and re-increases at higher concentrations (Figure 2.A and Figure S5.A). The
concentration corresponding to the maximal acceleration is noted Cy. The accelerating effect of both
porphyrins can be compared at 1 pM. The AB(1-40) self-assembly was extremely rapid in presence of
H,-MA, the ti/; being 10 times shorter than that of the control (normalized ti, = 0.1, Figure 2.A and
S5.A), in contrast to H,-TMPyP with a normalized ti; = 0.7 (Figure 2.A and S4.A). Similar porphyrin-
dependent trends are observed for the slope k:1/2 of the growth phase. Indeed, H,-TMPyP induced a
weak and monotonic increase of the ki, and H,-MA a much steeper increase, maximal at 2 uM, Figures

2.B and S4-5.B. A monotonic versus a biphasic variation are thus detected on both the ti2 and k2
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upon addition of H,-TMPyP and H,-MA, respectively. This indicates that the porphyrin'50r|1_al %%S?/D@ cle Online

concentration-dependent effect not only concern the nucleation step but also the growth phase of the

AB(1-40) self-assembly.

Besides, as shown in and (and ), a decrease of the maximum
fluorescence intensity (Fmax) With the increase of the porphyrins’ concentration is observed. It can have
several origins: (i) the porphyrins absorb at A = 440 nm at which ThT is excited. Hence, they can induce
a significant inner-filter effect (IFE, that limits the level of absorbed light to excite ThT). The extent of
the IFE is dependent on the molar extinction coefficient (¢) of each porphyrin (see ) and of
their concentration. IFE follows the equation 10-@bs*lPorehl) where abs is a constant value that combine
the ¢ value and the pathlength. For a given porphyrin, the decrease observed in the ThT fluorescence
doesn’t correspond to this law. In addition, the ThT fluorescence decrease doesn’t correspond to the
respective € values of the added porphyrins. More precisely, the effect observed is H,-MA > Ho-TMPyP
> H,-TPPS although the € value (H.-TMPyP > H,-MA > H,-TPPS). In addition, porphyrins undergo a
hypochromic effect during interaction with AB(1-40) and AB(1-40) self-assembly (Figure 3, vide infra)
which is stronger for H,-MA versus the other two porphyrins. Altogether, this indicates that IFE is not
predominant in the case of H,-MA; (ii) the porphyrins induce the decrease of the number of fibrils
formed and/or a change in their morphology, with the formation of AB(1-40) fibrils less responsive to
ThT; (iii) the porphyrins and ThT compete for the same binding site into the fibrils. It is likely that the
three effects occur. The extent to which they contribute to the observed decrease of the ThT
fluorescence is extremely difficult to assess quantitatively. Hence to evaluate the effect of cationic
porphyrins on the formation of AB(1-40) fibrils, both on the level of fibrils formation and/or the

morphology, the AB(1-40) self-assembly media were recovered after four days at 37 °C and were

analyzed by microscopic imaging (TEM and AFM). The TEM image of the AB(1-40) control shows the

classic long twisted assembly based on 3-4 fibrils of AB ( and ).1681 |n the presence
of H,-TMPyP at 1 uM and 10 uM ( and , respectively), and H-MA 1 uM (
and ) thinner assemblies (some of them build on 2 fibrils) are observed with no clear

differences between images. In the media containing 10 uM H»-MA no fibrils were found neither on
the TEM grids (not shown) nor on the AFM chips although they were searched with the greatest care.
AFM was also performed at the intermediate concentration of 5 UM to grasp some species with lower
molecular weights for H>-TMPyP or H,-MA and the obtained pictures show the presence of numerous
fibrils in presence of H,-TMPyP whereas very few fibrils were observed for H-MA ( ).

In summary, the cationic porphyrins are able to influence AB(1-40) self-assembly by changing
its rate and by preventing the formation of fibrils in a concentration-dependent manner. We observe

two effects. For H,-TMPyP, a monotonic acceleration of the AB(1-40) self-assembly is observed

10
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(decrease in ty, Figures 2.A and S4.A) and the morphology of the fibrils is altered as thinBSF Ib%l!g/vgg C“goaj‘gﬁ
detected by TEM at 1 and 10 uM (Figure 1.F, 1.G, S6.C and S6.D). For H,-MA, the kinetic effect follows
a bell-shape curve (Figures 2.A and S5.A), with a maximal acceleration of the AB(1-40) self-assembly
observed at Cy ~ 2 uM. Thinner fibrils were observed by TEM at 1 uM (Figure 1.H and Figure S6.E) and

no fibrils were observed at 10 uM.
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Figure 2. Kinetic parameters describing the concentration-dependent effect of porphyrins on AB(1-40) self-assembly. (A)
Normalized t1/2; (B) Normalized k12 and (C) Normalized AF (Normalization is based on the parameters of the peptide alone,
see Experimental Section for details). Red H,-TMPyP, green H,-MA, and black H-TPPS. Cy corresponds to the concentration
where the accelerating effect of the porphyrins is maximum. Data from Figure 1.

2- Interactions of non-metallated porphyrins with monomeric and self-assembled AB(1-40)

UV-vis spectroscopy

To probe the interaction between the porphyrin and AB, UV-vis absorption spectra of
porphyrins were recorded in absence or presence of monomeric and self-assembled AB(1-40) (Figure
3). The spectra of all the porphyrins don’t change in the presence of the monomeric AB(1-40).

The UV-vis spectra of the anionic porphyrin, H-TPPS, did not significantly change during the
self-assembly of AB(1-40) (Amax = 415 nm) (Figure 3.A). In contrast, the spectra recorded at the end of
AB(1-40) self-assembly in presence of 2 uM of the other porphyrins show a shifted Soret absorbance
peak for H-TMPyP, from 423 to 432 nm (AA =9 nm) (Figure 3.B) and for H,-MA, from 418 to 424 nm
(AN =6 nm) (Figure 3.C). These bathochromic shifts together with the associated hypochromic effect
is a typical signature of the porphyrin macrocycle undergoing m-stacking interactions with its

environment.[62 70]

11
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Figure 3. UV-visible spectra of 2 uM porphyrin with (red) or without AB(1-40) (blue), before (plain lines) and at the end of the
AB(1-40) self-assembly (dotted lines). (A) H2-TPPS, (B) H2-TMPyP, (C) H,-MA, ). [AB(1-40)] = 20 uM, [hepes] = 100mM, pH 7.4,
T=37°Cand €=1cm.

Fluorescence

We then take advantage of the intrinsic fluorescence of non-metallated porphyrins7+73 to
kinetically monitor APB(1-40) self-assembly. The changes induced by the peptide self-assembly on the
fluorescence was followed at Aex = 410 nm and Aem = 640 nm (Figures 4.A, S8-5S9). The fluorescence of
the porphyrin decreases along a sigmoidal curve reminiscent of what is observed for ThT. However a
shorter ty; is measured, indicating that the events probed precede the formation of the well-organized
B-sheet-rich fibrils detected by ThT fluorescence (Figures 4.A, S8-S9). The difference between the two
characteristic times is noted Aty (Figure 4.A). The extent of the decrease in porphyrin fluorescence is
about 15% for H,-TMPyP and 65% for H,-MA while the Aty is about 0.3 h for H,-MA and null for Hz-
TMPyP (Figures 4.B and S8-9, Table S3) at 5 uM. This may witness the extent of the hydrophobic
interaction between the porphyrins and the species formed prior AB(1-40) fibrils (later noted nuclei).
For H,-MA, but not H,-TMPyP that has a too weak fluorescence (Figure S8.A), a concentration—
dependent study (between 1 to 10 uM) was also performed (Figure SS9 and Table S4). Two trends can
be observed: (i) the decrease in the porphyrin fluorescence intensity is virtually independent of the
porphyrin concentration (Table S4) and (ii) the Aty/; decreases when the porphyrin concentration
increases (Figure 4.B). This indicates that the various equilibria at play in the AB(1-40) self-assembly
are differently altered by the porphyrin concentration, with higher concentrations of porphyrin
favoring higher molecular weight species. In brief, the gradual change in the fluorescence of the
porphyrins during fibrillation indicates that they interact with the peptide under a specific environment
that is not yet AB(1-40) fibrils. The decrease of porphyrin fluorescence may be linked to interaction
with AB(1-40) intermediate-size assemblies able to provide an hydrophobic environment as those

encountered during intercalation between DNA base pairs.[7
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Figure 4. A) Kinetic curves of AB(1-40) self-assembly (20 uM) in the presence of H,-MA (black circles in panel B) at 5 uM
recorded at Aem = 640 (excitation at A=410 nm). Brownish lines correspond to the fluorescence of the porphyrin versus that
of ThT in blue lines. Lines are replicates from one experiment and B) Difference between the t1/; detected by the fluorescence
of porphyrin (brownish dotted line in Panel A) and ThT (blue dotted line in Panel A) as function of porphyrin concentration.
Black circles: H.-MA at different concentrations and blue square: Ho-TMPyP at 5 uM.

NMR

The NMR spectra of AB(1-40) were recorded in the presence of 0.1 equiv. of H,-TPPS, H,-
TMPyP and H,-MA (Figure 5, see Figures S10-13 for other spectral domains and stoichiometry).
Attribution of key residues were performed according to literature.[’478 |n the 7.50 — 7.70 ppm region
five singlets corresponding to the three He protons of His6, His13 and His14 and to two amide NH
protons (the first one is from Val40 NH, the second one is not attributed) are detected. The signals

between 6.95 and 7.25 ppm are attributed to Phe4, Phe19 and Phe20 residues. Tyr10 aromatic protons

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

appear as two doublets at 6 = 6.65 and 6.92 ppm. Finally, three singlets at 8 = 6.77, 6.78 and 6.86 ppm

corresponding to the three H5 of His6, His13 and His14 of AB(1-40), in addition to two non-attributed

Open Access Article. Published on 11 May 2026. Downloaded on 5/12/2026 1:06:25 AM.

amide NH protons, are detected. Upon addition of porphyrins, a shift of all aromatic peaks is observed

(cc)

that is linked to m-stacking interaction between the tetrapyrrolic ring of the porphyrin and the aromatic
residues. A stronger shift is detected for the H,-MA > H,-TMPyP > H,-TPPS thus mirroring a stronger
interaction between H,-MA and the peptide. Similar trends are observed on the HB (Figure S11), and
on the -Me group of Met35 (Figure S12), Vall2 and Val18 (Figure S13). This indicates a preferential
binding of the porphyrins to the hydrophobic core of the peptide (Scheme 1.A). For the three
porphyrins, the aromatic His peaks are less shifted than the Phe and Tyr ones. This may be linked to
the partly protonated state of the His at pH 7.4 disfavoring the interaction with the cationic porphyrins.
NMR confirms the trend previously observed by UV-vis and fluorescence with respect to the strength

of the interaction between the porphyrins and the AB(1-40).
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Figure 5. 'H-NMR spectra of selected aromatic regions of AB(1-40) 200 puM, pH 7.4 in 10 mM of d8-HEPES buffer (10% D,0).
control (black trace) and in the presence of 0.1 equiv. (red trace) of added porphyrin (A) H-TPPS, (B) H.-TMPyP and (C) H,-
MA. Signals marked * stand for non-attributed NH amide protons.

3- Influence of the metallated porphyrins on the fibrillation of AB(1-40) peptide

To go further and aiming at having other probes of the interaction with AB(1-40), we used
Cu(ll) and Au(lll) derivatives of the cationic porphyrins. Such metalation keeps the flat shape of the
porphyrin as no apical ligation occurs,!7? 89 but changes the charge (in the case of Au(lll)) and lowers

the electron density of the ligand aromatic system thus increasing the mt-stacking properties.[8% 821

The effect of pentacationic Au(lll)-MA, Au(lll)-TMPyP, and tetracationic Cu(ll)-MA porphyrins
(Scheme 2) was tested on the self-assembly of AB(1-40) (Figure S14). In the case of Au-TMPyP, the
monotonic accelerating effect is stronger than the one detected for the H,-TMPyP (Figure S15.A). In
the case of Au-MA, a concentration-dependence similar to that of H,-MA is observed (Figures 6.A-B
and S2.C-D) where the threshold value (Cy) is obtained for a lower porphyrin concentration (1 uM for
Au-MA versus 2 uM for H-MA (Figures 7.A and S17.A). In the case of Cu-MA (Figure 6.C and S2.E),
effects similar to H,-MA are observed. For the three metalated porphyrins, the evolution of the
maximal ThT fluorescence values is similar than for the apo-counterpart (Figures 7.C and S17-518.C).
Among the three possible origins of the observed ThT fluorescence decrease, as described previously,
the inner-filter effect may not contribute significantly as the molar extinction coefficient values of the
metalated porphyrins are weaker than the free base porphyrins (Figure S16 and Table S2).

TEM pictures were taken after the self-assembly of AB(1-40) in presence of 1 uM of metallated
porphyrin (Figure 6.F-G and S7.F-G). All the porphyrins do induce a change in AB(1-40) fibrils
morphology but to a different extent: Cu-MA has the same effect as H,-MA (compare Figure 6.G with

Figure 6.E), the fibrils formed in presence of Au-MA are longer and larger and exhibit well-resolved
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twists and nodes, although they were less numerous (Figure 6.F). At 10 uM of metallateg&olmgyé

ticle Online

A100446F

no fibrils were detected on the TEM grids. AFM was performed at 5 uM and spherical and toroidal

objects of about 20-40 nm and 30-100 nm were detected for Cu-MA and Au-MA, respectively (Figure

S19). Hence, the TEM and AFM imaging indicate that the diminution of ThT fluorescence in case of Cu-

MA and Au-MA is mainly linked to the formation of non-fibrillar species.
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Figure 6. Self-assembly of AB(1-40) peptide (20 uM) in the presence of various concentrations of porphyrins in 100 mM HEPES
buffer pH 7.4, at 37 °C. ThT fluorescence kinetic curves in presence of (A) H-MA (from experiment N°3), (B) Au-MA (from
experiment N°3) and (C) Cu-MA (from experiment N°3). Black: AB(1-40) peptide, light blue, red, orange, grey, green and blue
in presence of 0.5, 1, 1.5, 2, 5, 10 uM of porphyrin, respectively. Note that the fluorescence intensity has the same scale for
all the graphs. Six replicates are shown to illustrate the reproducibility. Corresponding TEM images, at two magnifications, of
the fibrils morphologies obtained after 3 days: (D) 20 uM AB(1-40) and in the presence of (E) 10 uM H2-MA, (F) 1 uM Au-MA,

(G) 1 uM Cu-MA.
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Figure 7. Kinetic parameters describing the concentration-dependent effect of porphyrins on AB(1-40) self-assembly. (A)

Normalized t12; (B) Normalized k12 and (C) Normalized AF (Normalization is based on the parameters of the peptide alone,

see Experimental Section for details). Red Au-MA, green H,-MA, and blue Cu-MA. Cy corresponds to the concentration where
the accelerating effect of the porphyrins is maximum. Data from Figure 6.

In brief, the Cu(ll)-MA porphyrin has a similar effect on AB(1-40) self-assembly than the H,-
MA. This is in line with the two compounds having the same number of charges. In contrast, the Au(lll)-
MA increased the capacity of the porphyrin to change the kinetics of AB(1-40) self-assembly compared
to the non-metallated counterpart. This is due to an extra positive charge and a stronger n-stacking

capacity, both properties being anticipated to enhance the interaction with AB(1-40).

4- Interactions of metallated porphyrins with the monomeric and self-assembled AB(1-40)

The interactions of the metalated porphyrin were then probed by UV-vis and by 'H NMR
(Figure 8) with the aim to relate them to the impact of the porphyrins on AB(1-40) self-assembly. In
UV-vis, the trend observed is a bathochromic shift where Au-MA > Cu-MA ~ H,-MA, in line with the
effect observed on APB(1-40) self-assembly. In NMR, the modifications induced on the peptide
spectrum depends on the porphyrin at play. In case of the diamagnetic Au-MA (Figure 8.E), shift of key
residues’ peaks reminiscent to what was observed previously for H,-MA is detected but to a greater
extent (Figure 8.D). Indeed, 10 % of Au-MA induces a higher shielding (A3 ~0.06 — 0.1 ppm) of Phe and
Tyr aromatic protons and also a stronger broadening keeping the His residues weakly affected (Figure
8.E). In the aliphatic region, the induced shift of specific peaks (HB of Phe20, His6, His13, His14, Tyr10,
Ala (Figures S21, 22.A & B), Hy of Val12 & 18, (Figure S23.A & B) is also stronger for Au-MA versus Ha-
MA. The addition of the paramagnetic Cu-MA porphyrin leads to broadening effects rather than shifts
for the diamagnetic porphyrins previously described.’® When added at 2% molar ratio (Figure 8.F),
the protons (HS, He) of the His were not significantly affected, yet the intensity of the Tyr (He, H)
protons decreased. With 10% of Cu-MA, the signals of the Phe aromatic residues broadened, the Tyr
signals vanished with the His signals remaining less affected (Figure S20.C). Given the fact that Cu(ll)
doesn’t bind the Tyr of the AP peptide,®* it is unlikely that Cu(ll) inside a porphyrin scaffold does.
Hence, the interactions are mainly wt-stacking /hydrophobic. For the three Phe residues (Phe4, Phel9,

Phe20), as their signals superimpose, it is difficult to identify whether one or two are most affected

16
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than the other(s). In the aliphatic region, strong broadening is also observed on Hp OEHF%%Q/“E@’ 'C“(‘)fom‘gg
(Figure S21.C), of Leul7/34 and Hy of Val 12 and 18, and the Me group of Met (Figures 522.C and
523.C). For the three porphyrins, the same residues are affected, mostly lying in the CHC. Au-MA had
a greater effect than H,-MA in line with a stronger interaction by nt-stacking and the higher modulation

of the AB(1-40) self-assembly.
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Figure 8. UV-visible spectra of 2 uM porphyrin with (red) or without AB(1-40) (blue), before (plain lines) and at the end of the
AB(1-40) self-assembly (dotted lines). (A) H-MA, (B) Au-MA, (C) Cu-MA. [AB(1-40)] = 20 uM, [Hepes] = 100mM, pH 7.4, T=
37 °Cand £ =1 cm. 'H-NMR spectra of selected aromatic regions of AB(1-40) 200 uM, pH 7.4 in 10 mM of d8-HEPES buffer
(10% D20). control (black trace) and in the presence of 0.02 equiv. (green trace) or 0.1 equiv. (red trace) of added porphyrin
(D) H2-MA, (E) Au-TMPyP and (F) Cu-MA. Signals marked * stand for non-attributed NH amide protons.
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5- Possible mechanism(s) at play Do 10 1 e Online

In the present study that has scrutinized the effects of a family of porphyrins on the A3(1-40)
self-assembly, as well as the interactions between the porphyrins and the peptide, several trends were
observed that are reminded and discussed below.

(1) The effect of the porphyrins on the AB(1-40) self-assembly depends on the chemical nature
of the porphyrins, which can be gathered into three families. The anionic H,-TPPS porphyrin has
virtually no impact on AB(1-40) self-assembly. The H-TMPyP and Au-TMPyP exert an accelerating
effect that monotonically increases with the porphyrin concentration (up to the concentration values
studied). Finally, the H,-MA, Cu-MA and Au-MA that induce a biphasic trend, for which the accelerating
effect reaches a maximum at a given concentration (Cy that generally lies in the 1-2 uM range or,
otherwise stated, 0.05-0.1 equiv. per AB(1-40) peptide). We propose that the three types of effects
observed (no effect, monotonic and biphasic fastening of the assembly) are linked to the strength of
the interactions of the porphyrins with the AB(1-40) peptide, either in its monomeric form as probed
by NMR and UV-Vis ( and 8) or once self-assembled as probed by fluorescence and UV-Vis
( and 8).

(2) The anionic porphyrin weakly interacts with the AB(1-40) peptide that is globally negatively
charged at neutral pH (overall charge = -2.7) and that possesses a unique cationic residue (Lys16) at
the edge of the CHC versus two anionic residues in the middle of the CHC ( ). The cationic
porphyrins have effects that depend on the length of the cationic arms, with H,-MA exhibiting stronger
effects than H-TMPyP on AB(1-40) self-assembly ( ).

(3) Cu-MA porphyrin shows similar accelerating effect of AB(1-40) self-assembly than the
parent H-MA; a stronger effect is observed for Au-MA in line with a higher hydrophobicity of the

aromatic ring and higher number of positive charges.

We propose that the cationic porphyrins interact in the CHC of the AB(1-40) peptide and that
two main forces are important:

(i) the hydrophobicity (H,-TMPyP < H,-MA ~ Cu-MA < Au-MA) and the resulting stacking
interactions with the aromatic residues (Phe 19 & 20) and hydrophobic interactions with Val12 and
Vall8, and Leul7 as probed by NMR ( , 8, and );

(ii) the electrostatic interactions with anionic residues (mainly Glu22, Asp23) that is expected
to increase with the accessibility of the porphyrin cationic arms (H,-TMPyP < H,-MA). The stronger
these interactions are, the stronger the effects on the kinetics of AB(1-40) self-assembly and on the

prevention of fibrils formation ( ).
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Scheme 3 summarizes the proposed main site of interactions of each porphyrin V\ng }51&)?% ’éﬁ‘é&lﬁ‘gﬁ
40) peptides; the possible second site of interactions is shown in Scheme S1. We used the rough
diameter of the porphyrin to estimate the porphyrin / peptide ratio.3! According to a very simplified

estimation, about 4 and 5 peptides should be required to host H-TMPyP and H,-MA, respectively.

Scheme 3. Representation of the interactions of the porphyrin with AB(1-40) peptide. A) H.-TMPyP, B) MA family. Drawings
based on 5 AB(1-40) using alphafold3).18] Interacting amino acids are shown in pink.

Further, to explain the changes induced by the porphyrins on the AB(1-40) self-assembly, we
propose a simplified mechanism shown in Scheme 4 for the MA family where 6 equilibria are at play.
The interactions of the AB(1-40) peptide and the porphyrins lead to nuclei, the formation of which is
faster and/or more favored than in absence of porphyrin (Scheme 1.B versus Scheme 4, Eq. 1). This
may be due to the fact that the porphyrins help several peptides to be gathered and/or to be oriented
in a way more favorable for the self-assembly. As a reminder, several peptides are required to host

one porphyrin, with ratio values that depend on the size of the porphyrin (Scheme 3). Then, two

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

elongation paths may co-exist: (i) the first one where AB(1-40) is added at the extremities of the

nucleus. Because the nuclei are different from those obtained in absence of porphyrins, they may be

Open Access Article. Published on 11 May 2026. Downloaded on 5/12/2026 1:06:25 AM.

more prone to elongate (Eq. 2); (ii) the second one (Eq.3) where the addition of AB(1-40) at the

extremities is promoted by the presence of the porphyrins. Eq. 2 and 3 contribute to the faster

(cc)

elongation rate observed in presence of cationic porphyrins (Figures 6 and S2) up to about the Cy
concentration. Note that the interaction of the cationic porphyrins with assemblies of 4 to 5 peptides
probed by the decrease of their intrinsic fluorescence and that precedes the formation of ThT-
responsive fibrils may correspond to the formation of nuclei (Eg. 1). In addition, the higher the
porphyrin concentration is, the shorter the time difference between the formation of nuclei and of
ThT-responsive fibrils is (Figure 4). Considering that porphyrin fluorescence probes the formation of
nuclei, such a concentration dependent trend may indicate that Eq. 3 (dependent on porphyrin
concentration) contributes more to the whole assembly process than Eq. 2. (independent of porphyrin
concentration). Porphyrins interaction with formed fibrils can also occur (Eq. 4). Note that, in this case,
we cannot rule out that they substitute ThT in its binding site (as will be described later on for H,-

TMPyP). Eq. 1to 4 are responsible for the shorter t;; observed in the presence of porphyrins compared
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to the apo AB(1-40) although modifications of secondary nucleation processes may also %Fifgg@;%%gg&j‘gﬁ

23 Last, Eq. 5 and 6 correspond to the filling of a second lower-affinity site in the nuclei that may
correspond to the ThT binding sitel®M87] (Eq. 5) and to the further formation of off-pathways
aggregates not detected by TEM and responsible for the ThT fluorescence loss (Eq. 6). The bulkiness
of the MA family porphyrins prevent the formation of the cross-p sheet structure of the fibrils.[28 82
Indeed, they are expected to insert into the groove made by hydrophobic residues involved in the
inter-strand formation perpendicular to the axis fibrils.®® As the distance between two strands is 11
A, this does not leave enough space for MA insertion without disrupting the inter-strand peptide
interaction (Scheme S2). The threshold value for which the concentration of porphyrin leads to the
maximal fastening effect mainly corresponds to the balance between two factors: (i) the fastening
effect previously described (Eq.1 — 4), higher for Au-MA versus H,-MA and Cu-MA and (ii) the

formation of off-pathways aggregates (Eg. 5 and 6).

+ .
—
—_—
Eq. 1 fibrils

monomer . "
intermediate

omers

+ mon:
+
Eq. 3

o |-

Eq. 6

fibrils

I Porphyrin
[Tt

Scheme 4. Simplified mechanism to explain the effect of the MA family porphyrins on AB(1-40) self-assembly. Red rectangle
= porphyrin and yellow rectangle = ThT.

For the H,-TMPyP and Au-TMPyP (scheme S3), the preference for binding to site 1 (Eq. 1, and
thus Eq. 2 —4) versus site 2 (Eq. 5) is weaker than for the MA porphyrins, in line with a weaker fastening
of AB(1-40) self-assembly. In addition, Eq. 5 can exist without leading to off-pathway aggregates
because the H,-TMPyP is smaller and can insert between the strands leading to 2 H,-TMPyP per 4
peptides into the fibrils (Scheme S2) as shown by the detection in TEM and AFM of fibrils even for
10uM of H,-TMPyP (Figures 1-6, S6, S7, S19). In this case, the decrease observed in the maximal ThT
intensity can be explained by the removal of the ThT out of its interaction site that corresponds to the

second site of the porphyrin (Scheme 52).[°U
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6 ~Concluding remarks ——

In the present article, we report on the concentration-dependent effect of a wide series of
porphyrins on the AB(1-40) self-assembly. We propose a structure-activity relationship (SAR), in which
the nature of porphyrin (charge, size and metal ions inserted) is key for the modulation of the AB(1-
40) self-assembly. The various interactions are of different extents, with electrostatic forces being
more important than hydrophobic and/or m-stacking ones (no effect of the anionic porphyrins in
contrast to the cationic porphyrins). The size of the porphyrin is also crucial. In the case of the H,-
TMPyP, the fibrils can host two porphyrins per four peptides into two different binding sites. In the
case of the bulkier MA porphyrins, only the first site is filled with a porphyrin: peptides ratio that
cannot exceed 1:5 based on geometrical constraints while the filling of the second site leads to the
formation of off-pathways aggregates. Fastening of the self-assembly is due to the preferential binding
of the porphyrins into the first site where they gather and/or structure several peptides, more favored
for MA compared to H,-TMPyP. No coordination interaction was observed for the chosen metalated
porphyrins, in line with the absence of apical binding site. Metalation of the porphyrins with Au(lll), in
contrast to with Cu(ll), induces a stronger accelerating effects of the AB(1-40) self-assembly, due to
higher charge and hydrophobicity.

Most studies related to modulation of amyloid-forming assembly have focused on porphyrins
at a single molar equivalent, thus overlooking concentration dependent behaviours.35 37, 38, 41, 43-46, 53,
64, 65, 92, 931 When concentration studies were conducted a slowdown in kinetics, accompanied by

inhibition of the self-assembly has been reported.3% 42471 |n contrast, we have evidenced here that the

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

ratio between the porphyrin and the peptides is a crucial parameter to guide the modulatory effect on

the AB(1-40) self-assembly. At low ratio (< 0.1 equiv. porphyrin versus peptide) a fastening effect is

Open Access Article. Published on 11 May 2026. Downloaded on 5/12/2026 1:06:25 AM.

observed and at higher ratio the inhibition of fibril formation is detected for the MA series. We thus

(cc)

pointed out that beyond the nature of the modulator, the ratio with respect to the targeted peptide
has also to be tightly controlled. Beyond porphyrins, only a few studies report the dependence of the
AB(1-40)/AB(1-42) self-assembly as a function of a large range of modulators concentrations,®*% and
a unique other case of a biphasic trend was described.[*

In light of the results found in the present article, the interaction of heme with AP that
attracted much attention might be revisited. Heme has been found to co-localize with AP plaques in
the cerebral cortex of post-mortem AD brains and was early shown to inhibit Ap aggregation.> 37, 38l
The best characterized interaction of heme with AP peptides so far is its coordination with the His
residues,*® 59 which has not been detected here since Cu(ll) and Au(lll)-substituted porphyrins have
no apical ligation site. From studies with mutated AB(1-40), residues Phel9 and Phe20 were both

shown to be involved in the interaction of heme with AB(1-40),5¢ as also detected here. However
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rather than a 1:1 (Heme:AB(1-40)) species as currently described,3 50 97-1001  gne rggyl&%gg%g jgoaj‘gﬁ
different interaction ratios in line with our concentration-dependent study.

Last but not least, the quest for A assembly modulators, beyond the insights it can bring into
a better understanding of the A} assembly itself, is justified by the still needed therapeutic options to
control the deleterious assembly process. Here we have identified molecular important features and
provided a coherent mechanism of action evidencing that not only the chemical nature of the
modulator but also its ratio versus peptide matters. Among the key factors at play, the importance of
the overall charge of the peptide versus the porphyrin is currently being confirmed by the study on
positively charged peptides. It would be of high interest to confirm the importance of the overall

charge of the peptide versus the porphyrin by the study on positively charged peptides as well as to

decipher the role of apical ligation as anticipated based on the interaction of Heme with ApB.
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