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A B S T R A C T

Gelsolin amyloidosis (Agel) is a hereditary systemic disorder caused by point mutations in the gelsolin (GSN) 
gene that promote aberrant proteolytic processing and deposition of amyloidogenic fragments. The most prev-
alent variant, D187N, destabilizes the G2 domain of the protein and exposes a cleavage site, ultimately gener-
ating fragments containing the GSN amyloidogenic core. Targeting this sequence represents a promising 
therapeutic strategy.

Here, we report a comprehensive structural and mechanistic characterization of LB6, a rationally designed 
peptidomimetic inhibitor of gelsolin aggregation, together with selected analogues. Biophysical, computational, 
and structure-activity relationship analyses reveal that LB6 populates a dynamic ensemble of conformations 
whose flexibility is critical for activity. LB6 and its reverse-sequence analogue MC35 effectively inhibit fibril 
formation and promote remodelling of pre-formed aggregates of the pathogenic G2 domain, carrying D187N 
mutation (G2 D187N ). Mechanistic studies indicate that these compounds interfere with early events of G2 D187N 
aggregation and counteract the toxicity of aggregated G2 D187N in vivo in C. elegans. Collectively, our results 
identify conformational adaptability as an important determinant of inhibitory potency and establish LB6 as a 
promising lead scaffold for the development of therapeutic agents targeting AGel.

1. Introduction

Gelsolin amyloidosis (AGel) refers to a hereditary amyloidosis with 
worldwide distribution caused by mutations in the gelsolin GSN gene 
[1–13]. Patients experience a slow, progressive neurological deteriora-
tion characterized by corneal lattice dystrophy, cutis laxa, and sensory 
polyneuropathy, ultimately affecting nearly all organs [14,15]. This 
decline results from the accumulation of amyloidogenic gelsolin (GSN) 
fragments in multiple tissues. GSN is a calcium-dependent regulator of 
actin filament dynamics, composed of six homologous domains, G1 to 
G6 [16–20]. AGel is caused by single-point substitutions in two main 
regions of the protein: the first close to the calcium-binding site in the

second domain (G2-linked) and the second spot at the interface between 
G4 and G5 domains [1,11,21,22]. The first identified and most common 
mutation, D187N/Y [8], triggers the deposition of amyloid fibrils in the 
walls of blood vessels and perineural sheaths, affecting nearly all organs 
[14]. The aggregation mechanism is initiated by the destabilization of 
the G2 domain, triggered by the substitution of residue D187, which is 
part of the G2 calcium-binding site, with either N or Y. This mutation 
impairs Ca 2+ -binding and consequently disrupts key interactions with 
partner residues within the G2 core. As a result, a furin cleavage site that 
would normally remain buried within the stable domain core is exposed 
and available for cleavage during secretion in the trans-Golgi environ-
ment [23–26]. The cleavage in the second domain releases a 68 kDa
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fragment that is further processed in the extracellular matrix by metal-
loproteases, producing 8- and 5-kDa amyloidogenic fragments, A 173 - 
M 243 and A 173 -R 225 , respectively. Both fragments contain the amyloi-
dogenic core 182-SFNNGDCFILD-192 (GAC 182–192 ).

Full-length GSN, in the wild-type (WT) form and in the G2 variants, 
shows a weak propensity to aggregate under physiological conditions. In 
contrast, the isolated G2 domain, which is around thirty residues longer 
than the 8-kDa fragment, shows a strong tendency to aggregate [27]. G2 
fibrillogenesis follows a typical sigmoidal kinetic curve that can be fitted 
with quantitative models to elucidate the underlying aggregation 
mechanism. Like other known amyloidogenic proteins, the β-sheet-rich 
structures formed by G2 form toxic oligomeric intermediates that act as 
nuclei for protofibril and fibril formation [28–31]. The characterization 
of this process is essential for understanding disease pathogenesis and 
developing anti-aggregation therapies.

To date, no pharmacological treatments are available for AGel. Pa-
tients rely on invasive and short-term interventions, such as the surgical 
excision of amyloid deposits. However, multiple strategies are currently 
being explored to improve patient outcomes and quality of life. The 
various approaches mainly target the stabilization of the G2 domain 
rescuing mutant GSN misfolding or inhibiting the aggregation process 
by using nanobodies and Fab antibodies [24,32–37]. Small molecules, 
such as non-selective polyphenols, phospholipids, peptidomimetics, and 
other repurposed drugs, are under investigation to counteract fibril 
aggregation and toxicity [27,38–42]. In this context, we have recently 
designed a set of peptidomimetics to inhibit aggregation of the GSN D187N 
variant [27], designed based on the three-dimensional native structure 
of G2 D187N . They contain a portion of GAC 182–192 and a flanking β-strand 
194-GNNIHQWCGSN-204 (FS1 194–204 ), linked by an unnatural 
piperidine-pyrrolidine amino acid [43]. Among the synthesized com-
pounds, LB6 was the most promising in terms of solubility and anti-
aggregating activity, showing a strong effect on both GAC 182–192 itself 
and the entire G2 D187N domain.

Here we report the structural characterization of LB6 peptide and its 
activity on G2 D187N domain aggregation. Both experimental and 
computational studies demonstrated that LB6 exists as an ensemble of 
rapidly interconverting conformations, and this conformational flexi-
bility may be essential for its biological activity. Structure-activity 
relationship studies indicated that the specific amino acid sequence, 
and the presence of all structural components are also determinants for 
LB6's activities. Overall, LB6 and its reversed-sequence analogue, MC35, 
are able to interfere with early aggregation events and to affect the 
morphology of pre-formed fibrils. The nematode C. elegans was then 
employed to investigate whether the properties of the two peptides 
translate into a protective effect in vivo. This nematode is a well-
established biosensor for the toxicity of misfolded proteins, including 
GSN [27]. LB6 and MC35 reduced the toxicity associated with pre-
formed G2 D187N fibrils and their remodelling. These findings indicate 
that LB6 could serve as a scaffold for developing new therapeutic agents 
targeting AGel.

2. Results

2.1. The lead molecule - LB6 - populates a dynamic ensemble of 
conformations

The conformational behaviour of the LB6 peptidomimetic was 
investigated through a combination of solution-state NMR spectroscopy 
and all-atom molecular dynamics (AA-MD) simulations.

LB6 NMR spectra were first acquired in the absence of any reducing 
agent, to assess the potential formation of an intra-peptide disulphide 
bridge between the two Cysteines located in the two peptide arms. The 
absence of short-range inter-strand NOEs in NOESY/ROESY spectra 
excluded the presence of an intramolecular Cys188-Cys201 disulfide 
bridge and the spectra recorded under oxidizing conditions were 
perfectly superimposable to those recorded in the presence of

dithiothreitol (DTT) over 24 h, which is the timescale of the G2 D187N 
aggregation experiments (see Supplementary Fig. S1). Only traces of 
sulfenic acid were obtained under harsh oxidizing conditions (see Sup-
plementary Table S1), further supporting that the formation of a disul-
fide is unfavoured.

Residue level NMR investigation highlighted the presence of two distinct 
patterns of resonances for many residues located in both peptide arms, 
including I190, L191, H198, W200, C201, and S203, as illustrated in Fig. 1A, 
C. These duplicated signals indicate the presence of two conformational states 
in slow exchange on the millisecond timescale, most likely corresponding to 
alternate orientations of the piperidine linker. Complete chemical-shift as-
signments for residues G186–D187–C188–F189–I190–L191 and 
H198–Q199–W200–C201–G202–S203–N204 were obtained for both states 
(Supplementary Fig. S2 and Table S2). Secondary structure analysis from Hα 
and Cα chemical shifts (Fig. 1B, D) revealed predominantly random-coil 
behaviour, with only two transiently structured segments: a D187–I190 turn 
supported by an D187Hβ–I190γCH2 NOE, and a C201–S203 turn indicated by 
positive ΔδCα at G202–S203. The translational diffusion coefficient, measured 
form DOSY experiment, further confirms the intrinsically disordered, low-
compactness nature of LB6 (Supplementary Fig. S3).

A complementary computational exploration of the conformations 
accessible to LB6 in aqueous solution, performed with all-atom molec-
ular dynamics (AA-MD), supports the disordered structural landscape 
highlighted by NMR experiments. In particular, five independent rep-
licas of well-tempered metadynamics (WT-metaD) [44] of 1 μs each 
were collected using the peptide's radius of gyration and a putative 
hydrogen bond network derived from a hypothetical β-hairpin config-
uration [44–46] as Collective Variables (CVs). The resulting free energy 
surfaces (FESs) have been averaged, allowing to recover the conforma-
tional landscape reported in Fig. 1E-F. The global minimum corresponds 
to conformations lacking β-hairpin-like hydrogen bonds. The radius of 
gyration can vary from 0.6 nm (compact conformation I) to 1.1 nm 

(open conformation II). A secondary minimum is found with just one 
internal hydrogen bond (conformation III). Interestingly, the FES surface 
recovered with the enhanced sampling approach (i.e., WT-metaD) is 
coherent with the conformational clusters obtained from an equilibrium 

simulation of 500 ns, as reported in Supplementary Fig. S4.
Consistent with the transient ordering at the level of D187–I190 and 

C201–S203 regions, revealed by NMR, secondary structure analysis of 
AA-MD data with DSSP algorithm [47], suggested that those regions 
populate locally ordered conformations which are relatively conserved 
across LB6 conformations belonging to the two main basins (Supple-
mentary Result 1 and Fig. S5). Overall, the experimental and MD data 
converge to show that LB6 behaves as a highly flexible, dynamic pep-
tidomimetic with only local, transient structural elements, an intrinsic 
property that may contribute to its ability to interact with misfolded 
G2 D187N intermediates.

2.2. Nucleation drives G2 D187N aggregation as revealed by concentration 
and seeding effects

Before gaining insight into the mechanisms of action of LB6, as a 
promising inhibitor of GSN aggregation, we focused on the isolated G2 
domain [24,48], carrying the pathogenic D187N mutation (G2 D187N ). 
G2 D187N also better recapitulates the fragments observed in AGel pa-
tients than the previously used GAC. To this end, aggregation of 5–25 μM 

G2 D187N was monitored at 37 ◦ C, pH 5.0, and under shaking conditions 
using ThT as an amyloid reporter dye. G2 D187N aggregation followed a 
typical sigmoidal behaviour (Fig. 2A), with a relatively long lag phase. 
To better quantify the aggregation, the data were fit with the logistic 
function which describes general sigmoidal kinetics. From this equation, 
we extrapolated the amplitude of aggregation (A), which reflects the 
amount of β-sheet–rich amyloid fibrils, the length of the lag phase (t_lag), 
and τ, the midpoint of the growth phase (i.e., how fast the combination 
of elongation and secondary nucleation occurs). A linear dependence on 
the natural logarithm (ln) of the G2 D187N concentration was observed for
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all parameters (Fig. 2B/C, Table 1), though to varying degrees. These 
results indicate that increasing monomer G2 D187N concentration signif-
icantly accelerates nuclei formation (t_lag slope = − 1.4 h ± 0.1), while 
having only a modest effect on fibril growth, (τ slope = − 0.4 h ± 0.1), 
ultimately producing a larger amount of amyloids (Amplitude slope 
1998 ± 218).

The D187N mutation increases the domain's conformational flexi-
bility, yet G2 D187N is a metastable, structured module that requires

partial unfolding to expose aggregation-prone regions. The rate of this 
misfolding event may contribute to the onset of aggregation. To gain 
insights into the early events of aggregation, static ThT kinetic mea-
surements of 15 μM G2 D187N were performed in the presence of 0%, 10% 

(1.5 μM) and 40% (6 μM) sonicated preformed fibrils (Fig. 2D). As ex-
pected, the introduction of preformed fibrils mainly accelerated the 
onset of fibril growth. The reductions in the lag phase of ~35% and ~ 

50% observed with the addition of 10% and 40% seeds, respectively,

Fig. 1. NMR and AA-MD conformational analysis of LB6. A) Selected spectral region of LB6 1 H – 1 H TOCSY, the two patterns of signals are shown for specific 
residues. B) Residues showing two distinct conformations are shown in red on the peptide sequence. LB6 Secondary structure propensity: per residue Hα (C) and Cα 
(D) chemical shift analysis is reported. The differences between the chemical shift values determined experimentally for LB6 and the random coil are plotted as light 
grey bars. Dark bars are reported when two separated Hα/Cα are observed for a single residue. Empty bars show the secondary chemical shift values measured for G2 
gelsolin domain (BMRB 4794). The shaded rectangles in C and D highlight significant variations. E) Average Free Energy Surface of LB6 in aqueous environment 
computed with WT-metaD. Black rectangles indicate CV-boundaries of the conformational basins. F) Representative poses of LB6 extracted from the highlighted 
regions in the FES. Conformations with no interchain hydrogen bond are represented by I (compact state) and II (open state). A secondary basin is represented by III, 
with one internal interchain hydrogen bond. For clarity, backbone atoms of the peptide chains have been coloured in light blue, while the synthetic linker moiety is 
represented in grey.
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indicated that t_lag is likely influenced by the rate of primary nucleation 
rather than misfolding of G2 D187N (Table 1). Yet, the persistence of a 
measurable lag phase even at 40% seeding (strong seeding) suggests that 
additional kinetic processes, such as elongation or secondary nucleation, 
also influence the aggregation kinetics [49]. These kinetic parameters 
constitute the basis for the subsequent studies on the effect of LB6 on 
G2 D187N aggregation, described in the following section.

2.3. LB6 slows down aggregation by inhibiting early aggregation events

The antiaggregating potential of LB6 on G2 D187N was investigated 
using different experimental approaches. First, ThT aggregation kinetics 
of 25 μM G2 D187N were monitored at 37 ◦ C, pH 5, and shaking condi-
tions, in the absence and presence of increasing LB6 concentration 
(0.1:1, 1:1, 10:1 LB6-to-G2 D187N molar ratio). As shown in Fig. 3A, LB6 
significantly alters the aggregation process in a concentration-
dependent manner. The effect was already appreciable at a sub-
stoichiometric inhibitor concentration, and aggregation was almost 
abolished at a 10:1 molar ratio. Visual inspection of the curve highlights 
a delay in the lag phase, but to better understand which process LB6 may 
affect, we analysed the curves using the logistic function. Quantitative 
analysis focused on the t_lag and τ (Fig. 3B and Supplementary Table S3). 
Amplitude (A) is generally considered not to be such a robust parameter. 
Fibril polymorphism and ligands may alter interactions with ThT and its 
signal, and an LB6 analogue later characterized serves as a notable 
example.

Fig. 2. Kinetics of G2 D187N aggregation in the absence and presence of pre-formed fibrils. A) Aggregation kinetics of 5–25 μM G2 D187N at 37 ◦ C, pH 5.0, and under 
shaking conditions were followed by monitoring the ThT fluorescence intensity. Data are the mean ± SEM of n ≥ 3 technical replicates and are representative of at 
least 3 independent experiments. B) Values of t_lag, τ, and C) Amplitude, resulting from the fitting with the logistic function, are interpolated by linear regression. 
Data are the mean ± SD (n = 5). D) Aggregation kinetics of 15 μM G2 D187N at 37 ◦ C, pH 5.0, performed without shaking, in the absence (0%) and in the presence of 
10% and 40% of sonicated preformed fibrils (seeds).

Table 1
Kinetic parameters of G2 D187N aggregation in the absence and presence of pre-
formed fibrils. Values of t_lag (h), τ (h), and Amplitude (a.u.) calculated by 
fitting with a logistic equation the ThT values from aggregation kinetics of 5–25 
μM G2 D187N at 37 ◦ C, pH 5.0, monitored under shaking conditions. Values of 
t_lag (h), τ (h), and Amplitude (a.u.) were also calculated from aggregation ki-
netics of 15 μM G2 D187N at 37 ◦ C, pH 5.0, monitored without shaking, in the 
absence (0%) and in the presence of 10% and 40% of sonicated preformed fibrils 
(seeds). Data are means ± SD from the fitting (n ≥ 3).

G2 D187N
(μM)

Shaking Seeds
(%)

t_lag (h) τ (h) Amplitude (a. 
u.)

5 ✓ 0 9.1 ± 0.5 1.2 ± 0.3 705.6 ± 168.5
10 ✓ 0 7.8 ± 0.8 1.1 ± 0.1 1512.1 ± 120.2
12 ✓ 0 7.6 ± 0.5 1.2 ± 0.3 1997.7 ± 224.9
15 ✓ 0 7.5 ± 0.9 0.9 ± 0.1 2487.2 ± 328.1
17 ✓ 0 7.3 ± 0.5 0.8 ± 0.1 2771.3 ± 305.6
20 ✓ 0 7.0 ± 1.1 0.7 ± 0.1 3082.4 ± 247.1
25 ✓ 0 6.8 ± 0.8 0.7 ± 0.1 4047.3 ± 635.7
15 – 0 9.3 ± 0.9 0.3 ± 0.02 2452.0 ± 84.3
15 – 10 6.0 ± 0.5 0.2 ± 0.02 3534.6 ± 361.2
15 – 40 4.6 ± 0.3 0.3 ± 0.05 3218.0 ± 574.5

t_lag correspond to the time of growth onset; τ evaluate the rate of fibril growth; 
Amplitude (a.u.) is calculated by the difference between the fluorescence in-
tensity of the plateau and the baseline.
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Both t_lag and τ showed a nearly linear dependence on the ln of LB6 
concentration (Fig. 3B). However, the t_lag slope, equal to 1.2 h ± 0.2, 
was much higher compared to the slope of τ (0.03 h ± 0.02), and the 
increase of the parameter at the lowest concentration of inhibitor tested 
equal to +48% and 0%, respectively. These data suggest that LB6 had 
only a minor impact on elongation and/or secondary nucleation. 
Contrarily, there was a significant delay in the onset of fibril growth with 
a strong concentration-dependence. We showed that lag phase corre-
lates with primary nucleation or other early aggregation events, but a 
similar delay could also result from stabilization of the native state, a 
mechanism of GSN aggregation inhibition we already described for the 
nanobody Nb11 [24].

To exclude a chaperone-like activity of LB6, we analysed its impact 
on the secondary structure and thermal stability of G2 D187N at pH 5. The 
structural stability of 15 μM G2 D187N in the absence and presence of LB6 
(1:1 molar ratio) was studied by monitoring Far-UV CD signals at 218 
nm as a function of temperature. The analysis of the curves using the 
software BestSel (https://bestsel.elte.hu/index.php) showed that the 
apparent melting temperature of G2 D187N was 31.7 ± 0.9 ◦ C (compared 
to 46.5 ◦ C previously measured at pH 7.4 [23,24,48]), which remained 
unchanged in the presence of 15 μM LB6. Indeed, the curves for G2 D187N 
alone and in the presence of LB6 fully overlapped (Fig. 3C), indicating 
that the peptidomimetic did not affect the protein's thermal stability. 
Likewise, the CD spectra showed no significant differences between

G2 D187N with and without LB6, both of which displayed an intense 
minimum centred around 210 nm (Fig. 3D), indicating no detectable 
LB6-induced alterations in the secondary structure of G2 D187N . These 
observations excluded any stabilizing or destabilizing effect of LB6 on
G2 D187N .

2.4. Both structural and sequence determinants contribute to LB6 
inhibitory activity

To further dissect the contribution of the LB6 structural determinants 
to its activity, we synthesized its isolated components, i.e. the 
piperidine-pyrrolidine scaffold, the amyloidogenic sequence 
GAC 184–191 , the flanking FS1 194–204 sequence. Furthermore, we designed 
two other analogues: MC35, containing the two peptide arms in inverted 
position, and MC45, containing the alternative flanking sequence 
(FS2 160–166 ) flanking GAC in the native structure of G2 (Fig. 4A-B). 

The piperidine-pyrrolidine scaffold was synthesized through a 
multicomponent reaction as in [50], while the flanking sequences FS1, 
FS2, and the peptidomimetics MC35 and MC45 were synthesized using 
solid-phase peptide synthesis (SPPS) [27]. To investigate the confor-
mational propensities of all compounds, their CD spectra were recorded 
at a concentration of 100 μM in water and at pH 5 (Fig. 4C and Sup-
porting Fig. S6). Owing to its poor water solubility, GAC was not ana-
lysed. Spectra of LB6 in water and in buffer showed the absence of a

Fig. 3. Effect of LB6 on the aggregation, thermal stability, and secondary structure of G2 D187N . A) ThT aggregation curves of 25 μM G2 D187N , monitored at 37 ◦ C and 
pH 5, in the absence and presence of different LB6 concentrations (0.1:1, 1:1, 10:1 LB6-to-G2 D187N molar ratio). Data are the mean ± SEM of n ≥ 3 technical 
replicates from at least 3 independent experiments. B) Values of the t_lag and τ resulting from the fitting with the logistic function and interpolated by linear 
regression. Data are the mean ± SD (n = 5). C) Thermal denaturation of 15 μM G2 D187N , at pH 5, in the absence and presence of 15 μM LB6 (1:1 molar ratio), 
analysed by CD spectroscopy. D) Representative CD spectra, recorded at 10 ◦ C, of 15 μM G2 D187N , at pH 5, in the absence and presence of 15 μM LB6 (1:1 
molar ratio).
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positive band at 190 nm and a negative band at 200 nm, indicating a 
lack of preferred conformation. On the other hand, a negative Cotton 
effect at 230 nm, and a shoulder at 215 nm, both typical of a β-structure, 
were also observed. Dichroweb analysis (Table 2) [51] confirmed the 
conformational freedom of LB6 described by NMR and MD, with a 53% 

of random population. The two flanking sequences, FS1 and FS2, were 
mostly unstructured, as evidenced by the minima below 200 nm. The 
two peptidomimetics, MC35 and MC45, on the other hand, showed a 
trend similar to LB6. Of relevance, MC45 showed a more intense nega-
tive peak at 230 nm, probably due to π-π interactions of the Phe rings 
present in the two peptide arms, suggesting the presence of a β-hairpin 
structure. This observation was confirmed by the Dichroweb confor-
mational analysis reported in Table 2. MC45, indeed, showed a similar 
β-turn content together with a higher β-sheet percentage compared to 
the analogs (Table 2), diagnostic of a β-hairpin structure contribution. 

Computational exploration of the conformational landscape for 
MC35 and MC45 was performed using the same simulation protocol as 
for LB6. The average FES obtained from five independent replicas of WT-
metaD is reported in Fig. 4D for MC35. The behaviour of MC35 is 
comparable to LB6, with a high preference for conformations with no 
internal hydrogen bonds between the two strands of the putative 
β-hairpin (Fig. 4E). A secondary minimum was found for conformations 
that transiently form one hydrogen bond. Results for MC45 are reported 
in Fig. 4F, G. Interestingly, while the large basin describing unstructured 
conformations remains relevant, MC45 shows a higher degree of inter-
nal structuring. A well-defined minimum is found for structures with one 
internal interchain hydrogen bond. In addition, the β-hairpin-like 
conformation (conformation IV in Fig. 4G) was visited in three out of 
five WT-metaD simulations, resulting in a secondary but significant 
minimum in the final averaged FES. A comparison of the FES landscape 
predicted with WT-metaD with conformational clusters obtained from 

equilibrium AA-MD simulations is reported in Supplementary Fig. S4. 
For MC35, the two methodologies yield converged results. In contrast, 
for MC45, the poses observed over 500 ns of unbiased AA-MD populate 
only one of the possible basins (e.g., the internally uncoordinated one), 
highlighting the importance of enhanced-sampling simulations to effi-
ciently obtain a more comprehensive description of the conformational 
landscape.

The effects of the peptidomimetics and the single moieties on the 
aggregation kinetics of 25 μM G2 D187N were investigated using the same 
inhibitor-to-G2 D187N molar ratios (0.1:1, 1:1, and 1:10) employed for the 
experiments with LB6 (Fig. 5). GAC triggered G2 D187N aggregation in a 
concentration-dependent manner, as evidenced by an earlier onset and a 
higher fluorescence plateau with ThT fluorescence more pronounced at 
the highest concentration (Supplementary Table S3). Being the amy-
loidogenic core of the G2 domain, GAC appears to have a strong pro-
pensity to self-aggregate (Supplementary Fig. S7). The two isolated 
flanking sequences, FS1 and FS2, and the scaffold did not significantly 
affect the aggregation of G2 D187N at both molar ratios. These results are 
consistent with their structural role within LB6, where they act as an

inert barrier that prevents interactions between the aggregating amy-
loidogenic sequences.

We then tested the effect of MC35, the reverse-sequence peptido-
mimetic, designed to assess the directionality of the interaction and the 
importance of conformational flexibility for inhibitory activity. In the 
ThT fluorescence assays, MC35 displayed a dual concentration-
dependent behaviour. At 0.1:1 molar ratio, it slowed G2 D187N aggrega-
tion, with a lag phase comparable to that observed with LB6 (Supple-
mentary Table S3), while at a 1:1 molar ratio, it triggered G2 D187N 
aggregation (Fig. 5). When tested at the highest concentration, we 
observed already at time 0, a high fluorescent signal that remained 
almost constant for up to 18 h (Fig. 5), which could be ascribed to either 
a strong self-aggregating propensity of MC35 at a higher concentration 
or an interaction with ThT. These hypotheses were partially confirmed 
by the fact that MC35 tested alone (Supplementary Fig. S7) exhibited 
significant ThT fluorescence since time 0, suggesting the presence of pre-
formed aggregates. This behaviour was also confirmed by dynamic light 
scattering experiments, where MC35 showed a great tendency to 
aggregate (data not shown). The last tested peptidomimetic, MC45, 
contains the GAC sequence and the alternative flanking sequence, FS2. 
This compound, at both the tested concentrations, did not display clear 
aggregation-inhibitory activity on G2 D187N aggregation.

The near absence of antiaggregating activity by the isolated moieties 
and by MC45, together with the ability of MC35 to exert an inhibitory 
effect on G2 D187N aggregation similar to that of LB6, suggests that the 
inhibitory activity of LB6 peptidomimetic, is related to the correct 
orientation of the component and the crucial presence of the correct FS1 
flanking sequence.

GSN aggregation occurs in the extracellular space, under oxidative 
conditions [52,53]. Since G2 D187N , LB6, and MC35 contain cysteines, 
analysis in the presence of a reducing agent may help shed light on the 
mechanism of action of peptidomimetics, such as by excluding the for-
mation of covalent adducts. To this end, the far-UV CD spectra and 
temperature denaturation ramp, as well as the aggregation kinetics of 
G2 D187N , with or without the peptidomimetics, were analysed in the 
presence of DTT (Supplementary Result 2 and Fig. S8). The reducing 
agent did not affect the structure of potential inhibitors that do not ac-
quire G2 D187N (de)stabilizing properties. In addition, their inhibitory 
effect on G2 D187N aggregation was comparable to that exerted in the 
absence of DTT, ultimately excluding that the formation of inter- or 
intra-molecular and intra-species disulfides may contribute to their anti-
aggregating activity.

2.5. LB6 and MC35 modify fibril morphology and promote structural 
remodelling

The possible impact of LB6 and MC35 on the morphology of G2 D187N 
fibrils was investigated. To this end, 100 μM G2 D187N was incubated for 
15 h in the absence or presence of LB6 or MC35, at 0.1:1 and 1.1 molar 
ratios, and the samples were analysed by transmission electron micro-
scopy (TEM).

The first anti-aggregating effect observed was a reduction of fibril 
clusters in low-magnification images (Supplementary Fig. S9A), then 
confirmed at higher magnifications (Fig. 6A), where fewer and shorter 
fibrils were present, which also appeared less structurally organized. 

Although fibrils are considered less toxic than soluble oligomers, 
they can accumulate and interact with cell membranes, thereby exac-
erbating cellular damage. They can also dissociate into smaller, more

Fig. 4. Design and characterization of the peptidomimetics. A) Schematic structure of LB6, the analogues MC35 and MC45, the peptidic moieties, and the Scaffold 
[50]. B) The design of LB6 and its analogues was inspired by the conformation and localization of the gelsolin amyloidogenic core (GAC) in the native structure of the 
protein (pdb id 6QW3), [74]. A significant stretch of GAC 182–192 adopts a β-strand conformation and interacts with two flanking strands, FS1 194–204 (purple) and 
FS2 160–166 (blue). C) Representative CD spectra recorded for LB6, MC35, MC45, and the flanking regions FS1 and FS2 suspended in water at 100 μM. AA-MD 
characterization of D) MC35 and F) MC45 computed with WT-metaD. Black rectangles indicate CV-boundaries of the conformational basins. Representative 
poses of E) MC35 and G) MC45 extracted from the highlighted regions in the FES.

Table 2
Secondary structure content of peptidomimetics computed with Dichroweb from 

the CD spectra presented in Fig. 4C.

Compound Helix (%) β-Sheet (%) β-Turn (%) Random (%)

LB6 16 13 17 54
MC35 18 12 16 54
MC45 14 24 17 45
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toxic species [28,29,54,55]. For this reason, an effective antiaggregating 
compound should not only prevent fibril formation but also prevent 
existing fibrils from acting as reservoirs of toxic oligomers. To this end, 
we investigated the ability of LB6 and MC35 to act as disaggregating 
compounds on mature fibrils, by incubating them for 16 h with G2 D187N 
preformed fibrils at 0.1:1 and 1:1 molar ratios. Although the ThT assays 
did not reveal any changes in fluorescence upon the compounds' addi-
tion (Supplementary Fig. S10), negative-stain TEM images showed a 
comparable effect for LB6 (at both 0.1:1 and 1:1 molar ratios) and MC35 
at the higher concentration tested (1:1 molar ratio), with fewer and less 
compact fibril clusters (Supplementary Fig. S9B), a reduction in fibril 
abundance and length, and alterations in fibril morphology (Fig. 6B). 
The remodelling activity of MC35 at the lowest concentration was, 
however, less pronounced than that of LB6. These results indicate that 
LB6 and MC35 interfere with mature fibrils, allowing the formation of 
smaller aggregated assemblies.

2.6. LB6 and MC35 counteracted the toxicity of G2 D187N fibrils in 
C. elegans

Two different C. elegans-based experimental approaches were used to 
investigate whether the ability of the peptidomimetics to inhibit the 
aggregation of G2 D187N and to target its pre-formed fibrils, modifying 
their morphology, can translate into an in vivo protective effect.

To test the ability to protect as anti-aggregating compounds, thus 
reducing the formation of toxic protein assemblies, LB6 or MC35 were 
co-incubated with monomeric 100 μM G2 D187N at 0.1:1 and 1.1 molar 
ratios for 16 h. The samples were then diluted 10-fold with 5 mM 

phosphate-buffered saline (PBS), pH 7.4, to administer 10 μM G2 D187N to 
worms (50 worms/50 μl). PBS was administered alone as a negative 
control. Twenty-four hours after administration, pharyngeal activity 
was evaluated as a readout of toxicity. As shown in Fig. 7A, adminis-
tration of G2 D187N alone significantly reduced the pharyngeal function 
of worms by about 17% compared to controls. This toxicity was similarly 
reduced when G2 D187N was co-incubated with peptidomimetics, with

pharyngeal function of ~87% and ~ 92% in worms administered LB6 
and MC35 at a 0.1:1 or 1:1 molar ratio, respectively. LB6 and MC35, 
tested at concentrations corresponding to those used when added at the 
0.1:1 and 1:1 molar ratios to 10 μM G2 D187N , i.e., 1 and 10 μM, did not 
exert any toxic effect on the pharyngeal function of worms (Supple-
mentary Fig. S11).

We also tested whether the peptidomimetics can interact with pre-
formed fibrils, reducing their toxicity. To this end, mature fibrils were 
obtained by incubating 100 μM monomeric G2 D187 for 16 h as previously 
described, and then LB6 and MC35 were added for 16 h at 0.1:1 and 1:1 
molar ratios. Samples, diluted tenfold, were then administered to 
worms, and the pharyngeal function was scored 24 h later. Pre-formed 
fibrils reduced pharyngeal contraction by ~17%, similarly to what 
was observed in the previous experimental condition (Fig. 7B). The 
addition of LB6 and MC35 to pre-formed G2 D187N fibrils significantly 
protected worms from pharyngeal dysfunction by increasing it from 

83% to 90% and 94% at 0.1:1 and 1:1 molar ratios, respectively. These 
findings indicate that the smaller aggregates generated by incubating 
pre-formed fibrils with peptidomimetics are not toxic for worms.

3. Discussion

AGel is not necessarily a fatal condition; however, it is associated 
with lifelong morbidity that significantly affects patients' quality of life, 
that of their caregivers, and a burden for all society [14,15]. The pro-
gressive deposition of pathological amyloid fibrils, caused by single-
point mutations in the GSN gene, leads to a range of debilitating man-
ifestations, including neuropathy, ophthalmologic complications, and 
cutaneous or systemic involvement, that progressively worsen over 
time. At present, only symptomatic relief can be achieved through 
repeated surgical procedures or other invasive therapeutic in-
terventions. Consequently, the development of pharmacological thera-
pies preventing or slowing down amyloid fibril formation, or enhancing 
clearance of deposited aggregates, is of critical importance. The most 
common AGel variant is D187Y/N, which ultimately leads to the

Fig. 5. Effect of single moieties and peptidomimetics on the aggregation of G2 D187N . ThT fluorescence assays showing the aggregation of 25 μM G2 D187N over time in 
the absence and presence of increasing concentrations of GAC, FS1, FS2, Scaffold, MC35, and MC45. Each data point is the mean ± SD (n = 5).
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aggregation of two small GSN fragments of 5 and 8 kDa generated 
through aberrant proteolytic cleavage of the mutant protein, spanning 
almost the entire G2 domain. Based on the known GSN amylogenic 
sequence GAC present in the second domain, our group designed three 
peptidomimetics that interact with the GAC amyloidogenic sequence 
and interfere with its aggregation [27]. However, GAC aggregation is 
too fast and does not follow the typical sigmoidal aggregation profile, 
making it difficult to obtain information on the length of the lag phase, 
on the rate (slope) of the process, and on the plateau, where the process 
approaches equilibrium, all of which are crucial to elucidate the 
mechanism driving G2 aggregation.

In this study, we used G2 D187N and showed that primary nucleation 
likely plays a major role in G2 aggregation, and an ideal inhibitor should 
target this step to prevent, or at least significantly slow down, the for-
mation of soluble oligomers, considered the most toxic species. In its 
antiaggregating activity, LB6 slows G2 D187N aggregation by inhibiting

primary nucleation, and/or other early aggregation events, at sub-
stochiometric concentrations, as shown by the elongated lag phase, 
and almost abolishes aggregation at higher concentrations. The anti-
aggregating activity was further validated by excluding any stabilizing 
effect of the native state. Indeed, we observed no impact of the com-
pounds on the protein's CD spectrum or thermal stability. Same studies, 
together with ThT assays, in the presence of reducing agents also 
exclude the formation of covalent adducts between the peptidomimetics 
and the protein.

LB6 harbours on one arm a portion of the G2 amyloidogenic 
sequence (GAC 182–192 ), on the other, one of the two sequences flanking 
GAC 182–192 in the same β-sheet (FS1 194–204 ) linked by an unnatural 
amino acid scaffold. MD simulations, CD, and NMR structural charac-
terization of LB6 showed a disordered structure of the peptidomimetic 
under physiological conditions. This high conformational flexibility is 
driven by the conformational freedom of the scaffold's piperidine-

Fig. 6. Morphology remodelling effect of LB6 and MC35 on G2 D187N fibers. A) Representative TEM images of monomeric 100 μM G2 D187N incubated for 16 h in the 
absence (G2 D187N ) or presence of LB6 or MC35, at 0.1:1 and 1:1 molar ratios. Scale bars: left column = 2 μm; right column = 500 nm. B) Representative TEM images 
of G2 D187N preformed fibrils incubated for 16 h in the absence or presence of LB6 or MC35 at 0.1:1 and 1:1 molar ratios. Scale bars: left column = 2 μm; right column
= 500 nm.
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pyrrolidine rings. No intramolecular disulfide bridge formation was 
observed in the timescale monitored for the aggregation process. It can 
be speculated that LB6 flexibility is crucial for interacting with transient 
and polymorphic species, such as early oligomers.

Beyond its flexibility, the entire LB6 chemical structure is also crucial 
for its inhibitory activity; the isolated moieties have no inhibitory ac-
tivity, and substitution of the flanking sequence with FS2 in MC45 
peptide abolished its activity at any tested concentration. MC45 was also 
characterized by the presence of a β-hairpin conformation, further 
supporting that conformational flexibility could be an important deter-
minant of biological activity, together with the flanking-sequence amino 
acid composition. This last assumption was also reinforced by the 
characterization of MC35, the reversed analogue, which slows down 
G2 D187N aggregation at low concentration, similarly to LB6. However, 
higher concentration of MC35 seemed to favour either G2 D187N aggre-
gation or the self-aggregation of the peptidomimetic. To resolve this 
ambiguity, aggregation in the presence of LB6 and MC35 was analysed 
using negative-stain TEM. TEM images showed that LB6, and to a lesser 
extent MC35, counteract fibrils formation in a concentration-dependent 
manner and affect the morphology of the aggregates.

More importantly, assays on C. elegans showed that both analogues 
protected from the toxicity associated with G2 D187N aggregation. This 
represents an important finding, as it is consistent with the ability of 
these compounds to reduce the formation of soluble toxic species sup-
porting the in vitro kinetic results. In vivo studies also suggested that 
MC35 is as potent as LB6 in its inhibitory activity, but solubility and self-
aggregation issues limit the enthusiasm for the former.

Mature fibrils of GSN, although not primarily responsible for path-
ogenicity, are a reservoir of toxic species [28,29,54,55]. Thus, we 
evaluated also the ability of LB6 and MC35 to target pre-formed fibrils 
by adding them at the plateau phase of G2 D187N aggregation. TEM im-
ages revealed a concentration-dependent ability to remodel mature fi-
brils, with LB6 exhibiting greater activity than MC35. We then 
demonstrated that the effect of LB6 and MC35 on G2 D187N fibrils did not 
result in the formation of toxic species but conferred protection to

worms from fibril-induced toxicity.
While G2 D187N represents a widely used model system to study gel-

solin aggregation, it does not fully recapitulate the fragments found in 
patients, which derive from proteolytic processing. In addition, aggre-
gation assays were performed under mildly acidic conditions and rela-
tively high protein concentrations to ensure experimental 
reproducibility. Therefore, further studies will be required to assess the 
activity of these compounds under more biologically relevant conditions 
and on disease-relevant fragments. In conclusion, our data showed that 
LB6 and, to a lesser extent, MC35 effectively inhibit G2 D187N aggregation 
and promote remodelling of pre-formed fibrils without generating toxic 
species. These findings highlight the potential of LB6 as a promising 
scaffold for therapeutic development. However, preclinical studies will 
be necessary to evaluate the protective effect of LB6 in disease-relevant 
animal models of AGel., In addition, further investigation of these 
compounds should assess potential drawbacks, such as their instability 
and pharmacological properties.

4. Materials and methods

4.1. Expression and purification of G2 D187N

The isolated G2 domain of the GSN protein carrying the D187N 
substitution (G2 D187N ) was produced as described by Bonì et al. [56]. 
More details, the sequence and purification protocol can be found in the 
Supplementary methods. G2 D187N was concentrated to 15 mg/ml in a 20 
mM Hepes pH 7.4, containing 100 mM NaCl and 1 mM CaCl 2, and was 
stored at − 20 ◦ C.

4.2. ThT assays

Aggregation kinetics were monitored using a Thioflavin-T (ThT) 
fluorescence assay, which exploits the increase of ThT fluorescence upon 
binding to β-sheet–enriched structures [57]. G2 D187N was diluted with 
200 mM sodium acetate buffer, pH 5.0, containing 100 mM NaCl, to a

Fig. 7. Toxic effect of G2 D187N fibrils in C. elegans and the protective effect of the peptidomimetics tested at early and late stages of aggregation. A) Monomeric 
G2 D187N (100 μM) was incubated for 16 h under aggregating conditions in the absence (G2 D187N ) and presence of LB6 and MC35 at 0.1:1 and 1.1 molar ratios. The 
samples were then diluted 10-fold with 5 mM phosphate-buffered saline (Vehicle), pH 7.4, to administer 10 μM G2 D187N to worms (50 worms/50 μl). B) Monomeric 
G2 D187N (100 μM) was incubated for 16 h under aggregating conditions. Fibrils were then incubated for an additional 16 h with LB6 and MC35 at 0.1:1 and 1.1 molar 
ratios. The samples were then diluted 10-fold with 5 mM phosphate-buffered saline (Vehicle), pH 7.4, to administer 10 μM G2 D187N to worms (50 worms/50 μl). In 
both experiments, vehicle alone was administered as a negative control. Twenty-four hours after the administration, the contraction number of the terminal bulb of 
the pharynx was scored over a 1-min interval (pumps/min). Data are the mean ± SEM of the percentage of vehicle-treated worms (N = 30) from 3 independent 
experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 according to one-way ANOVA and Bonferroni post hoc test.
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final concentration of 25 μM for the ThT experiments and 100 μM for 
TEM analyses and C. elegans experiments. Aggregation experiments 
were performed at pH 5.0 to facilitate aggregation kinetics within 
experimentally accessible timescales, in line with previous studies on 
gelsolin domains and other amyloidogenic proteins [27]. The solutions 
were distributed in 96-well low-binding microplates (Corning 3881, 
Corning Inc. Life Sciences, Acton, MA) (75 μl/well), and the test com-
pounds were added at 0.1:1, 1:1, and 10:1 molar ratios. Then, 20 μM ThT 
was added, and the samples were incubated at 37 ◦ C under continuous 
orbital shaking. ThT fluorescence intensity was recorded at excitation 
wavelength = 448 nm, and emission = 485 nm, every 5 min for 18 h 
using an Infinite 200 PRO M Plex microplate reader (Tecan). At least 
three independent experiments, each with five replicates, were per-
formed. Seeds of G2 D187N were prepared by aggregation of 25 μM 

G2 D187N under the same conditions. After 16 h, when the ThT value 
reached the plateau, the aggregation mixture was sonicated at room 

temperature for 5 min in an Ultrasonic Bath (VWR). Data from repre-
sentative experiments were averaged and presented with associated SD 
without any background correction or normalization.

To better quantify the aggregation, the data were fit with the logistic 
function reported below, which describes general sigmoidal kinetics and 
has been already used to model amyloid aggregation [58].

F(t) = F(0) + A 
/( 

1 + e ( − ( t− t half )/ τ ) 
)

where t is time and F(t) the fluorescence intensity at time t, A the 
amplitude, t_half the half time of total growth and τ the midpoint of the 
growth phase, which estimates its steepness. Thus, the length of the lag 
phase t_lag = t_half-2τ. For the fitting of the data, their processing and 
normalization we wrote a jupyter notebook that can be found here htt 
ps://github.com/LoicGirois/ThT-aggregation-assay-analysis, the 
downloadable file contains all details of the equation and parameters.

4.3. Chemical synthesis of peptides, the scaffold and peptidomimetics

The piperidine-pyrrolidine scaffold was synthesized through a 
multicomponent cycloaddition reaction (Fig. 8) [50]. The hydrolysed 
product 1 (0.16 mmol, 0.060 g, 1 eq) was dissolved in CH 2 Cl 2 (0.16 mM) 
and reacted with Ac 2 O (1.44 mmol, 0.1 ml, 9 eq). The pH was measured 
and set at pH = 8 using N,-Diisopropylethylamine (DIEA) (0.48 mmol, 
0.174 ml, 3 eq). The reaction was monitored using thin layer chroma-
tography (CH 2 Cl 2 : MeOH/ 9:1 + 1% AcOH). After 6 h, no progression 
was noticed so the crude product was purified using flash column 
chromatography. The scaffold was isolated with a 65% yield. The pure 
product was characterized by 1 H and 13 C NMR (see Supplementary 
Fig. S18–20).

Microwave-assisted automated SPPS was performed using the well-
established Fmoc/tBu protection group strategy [59] on a Rink amide 
resin with a loading capacity of 0.55 mmol/g with a Liberty Blue syn-
thesizer using a scale of 0.1 mmol. The amino acids concentration was 
equal to 0.2 M in DMF. DIC and Oxyma were used as coupling reagents 
(respectively 0.5 and 1 M in DMF) while for the deprotection 20%

piperidine in DMF was used. Couplings were performed at 75 ◦ C using 
170 W for 15 s and then at 90 ◦ C using 40 W for 110 s. While the 
deprotection was performed at 75 ◦ C using 155 W for 15 s and then at 
90 ◦ C using 50 W for 50 s.

The coupling of the scaffold was performed manually on the resin 
using HOBt/HBTU/DIEA (1.5/1.5/3 eq) as coupling reagents [27]. The 
cleavage was then performed using 3 ml of cleavage cocktail for each 
peptide (trifluoroacetic acid/thioanisole/2,2-(Ethylenedioxy)dieth-
anethiol; 90:7:3) for 3 h at room temperatures. After the cleavage, the 
peptides were precipitated from ice-cold diethyl ether and recovered by 
centrifugation at 4 ◦ C. Three diethyl ether washes/centrifugation cycles 
were carried out to efficiently remove the scavengers. Peptides were 
purified using an Kinetex C-18 column from Phenomenex (5 μm, 250 × 

21.2 mm) by RP-HPLC using different methods but usually using a 
gradient elution of 20–70% solvent B (solvent A: water/trifluoroacetic 
acid 100:0.1; solvent B: acetonitrile/trifluoroacetic acid 100:0.1) over 
20 min at a flow rate of 20 ml/min. The purified peptides were freeze-
dried and stored at − 18 ◦ C under N 2 . Afterwards, they were analysed 
using analytical HPLC (20% B for 3 min; 20–70% B over 20 min) and ESI 
mass spectrometry (Table 3 and Supplementary Fig. S12–17).

4.4. NMR analysis

NMR experiments were performed on a Bruker NEO equipped with a 
Prodigy cryoprobe operating at 600 MHz. All NMR experiments were 
acquired at 288 K. LB6 samples for NMR analysis were prepared in 
phosphate buffer 200 mM pH 5.0, NaCl 100 mM, 5% (v/v) D 2 O for 
frequency lock purpose, and LB6 300 μM, as estimated from 1 D 1 H NMR 
spectrum intensity. Two-dimensional 1 H – 1 H TOCSY (mixing 80 ms), 
ROESY (mixing 250 ms) and NOESY (mixing 100 ms) experiments were 
performed employing standard Bruker library pulse sequences for LB6 
resonances assignment. Matrices of 2048 (t2) by 400 points (t1) were 
collected. Water suppression was achieved using excitation sculpting 
with gradients.

For Cα assignment, a 2D 1H – 13C HSQC at natural abundance was 
acquired (matrix of 1024 × 256 points in t2 and t1, respectively).

For NMR data recorded in the presence of a reducing agent, DTT was 
added in excess relative to the two cysteines. It is worth mentioning that, 
within the first 24 h, NMR spectra obtained in the presence of DTT are 
identical to those recorded in the absence of DTT (Supplementary 
Fig. S1).

TOCSY, ROESY, and NOESY spectra were assigned using Sparky 
[60]. 1 H-DOSY spectrum was acquired with stimulated echo pulse 
sequence, and matrix of 2048 (t2) by 80 points (t1) was collected. The z-
axis gradient strength varied linearly from 2% to 98% of its maximum 

value (65.7 G cm − 1), the gradient pulse duration was 4.0 ms, and the 
time-period between the two gradient pulses was optimized to 50 ms. 
The relaxation delay D1 was set to 1 s. Water was suppressed using 3–9-
19 pulse sequence with gradients. All spectra were manually phased and 
baseline corrected using TOPSPIN 4.3.0 (Bruker, Karlsruhe, Germany). 
Self-diffusion coefficients (D) were derived by fitting the NMR data to 
Stejskal and Tanner equation [61]. The measured D value was fitted 
with the empirical formula derived from Dudas and coworkers [62] and 
here reported: logD(IDP) = − 0.507logMW – 8.169, giving an estimated 
molecular weight of 2100 Da, consistent with LB6 MW of 1942 Da.

4.5. Molecular dynamic simulations

Simulation parameters and initial structures for LB6, MC35 and 
MC45 have been obtained with the LEAP tool in the Amber23 program 

suite [63]. The forcefield Amber FF14SB [64] has been employed for the 
natural residues, while the GAFF force field [65] has been used for the 
synthetic linker. TIP3P water molecules have been added to guarantee a 
solvation layer of 1.4 nm and chloride anions have been included to 
neutralize the system's charge. Each solvated peptide has been energy-
minimized with the steepest descent algorithm. A 1 ns NVTFig. 8. Structure and synthesis of the Scaffold.

M. Bollati et al. International Journal of Biological Macromolecules 375 (2026) 153423 

11 

https://github.com/LoicGirois/ThT-aggregation-assay-analysis
https://github.com/LoicGirois/ThT-aggregation-assay-analysis


equilibration has been performed with the v-rescale thermostat [66] at 
300 K, followed by a 1 ns NPT equilibration with the Berendsen barostat. 
A production simulation for equilibrium AA-MD of 500 ns has been 
collected in the NPT ensemble with the Parrinello Rahman barostat 
[67]. A cluster analysis of the production simulation has been performed 
with gmx cluster tool using the gromos method [68] and a cutoff of 3 Å 
using Cα as target selection for removal of roto-translation and 
clustering.

To fully explore the conformational landscape accessible to the 
peptides, WT-MetaD simulations have been performed starting from the 
NPT-equilibrated simulation box. The radius of gyration of the peptides 
and their internal hydrogen bond network have been chosen as collec-
tive variables. In particular, the internal H-bond network has been 
defined based on the hypothetical β-hairpin configuration using the 
CONTACTMAP CV available in PLUMED and a rational switching 
function (r 0 = 0.35 nm, d 0 = 0.25 nm, n = 6). Bias potential has been 
deposited every 1 ps, with initial strength of 2.0 kJ/mol and a biasfactor
= 10. For each peptide, five independent WT-metaD simulations of 1 μs 
each have been collected and the resulting free energy surfaces have 
been averaged to a single profile.

For the characterization of local ordering of LB6, DSSP (Kabsch & 
Sander, 1983) analysis was performed with GROMACS. Simulation 
frames belonging to the two main conformational basins were analysed 
and the DSSP pattern strings corresponding to D187-I190 and C201-
S203 has been isolated. Since the simulated structures have been ob-
tained from different WT-metaD simulations, a reweighting procedure 
has been applied to account for non-uniform sampling. Each simulated 
conformation has been projected on the final averaged FES and the 
corresponding free energy F i has been used to compute a weight w i =

e− 
F i

(k B T) , where k B is the Boltzmann constant and T the simulation tem-
perature. The probability of a DSSP pattern ss has been estimated as

P(ss) = 

∑ 
i∈ss 

w i∑ 
i 
w i
.

Simulations have been performed with GROMACS-2023.5 [69,70] 
patched with PLUMED-2.9.0 [71]. Input scripts and configuration files 
for all systems are publicly available on https://doi.org/10.5281/zeno 
do.19880178.

4.6. Circular dichroism spectroscopy

The peptides and peptidomimetics conformation was determined by

CD experiments (100 μM in HPLC plus water) on a Jasco J-820 spec-
tropolarimeter with a 0.1 cm quartz cuvette. The spectra were recorded 
from 190 to 250 nm with a 0.2 nm step and 2 s collection time per step, 
taking four averages and using a sensitivity of 100 mdeg and a scanning 
speed of 50 nm/min. The spectrum of the solvent was subtracted to 
eliminate interference from cell, solvent and optical equipment. The CD 
spectra were plotted as mean residue ellipticity θ (degree * cm 2 * 
dmol − 1 ) versus wavelength λ (nm). Noise reduction was obtained using a 
Fourier transform filter program.

Thermal stability and CD spectra of G2 D187N were measured in Jasco 
J-1100 spectropolarimeter equipped with a peltier unit with a 0.1 cm 

quartz cuvette. 15 μM G2 D187N in 200 mM sodium acetate buffer at pH 
5.0 and 100 mM NaCl were evaluated in the presence or absence of LB6 
at a molar ratio of 1:1 and with or without 2 mM DTT as previously 
reported [72]. Briefly, the loss of protein secondary structures was 
monitored following circular dichroism at 218 nm during a 10 to 99 ◦ C 
temperature ramp (1 ◦ C/min). Gelsolin G2 thermal denaturation is only 
partially reversible; therefore, the midpoint of the transition is referred 
to as an apparent melting temperature and should not be interpreted as a 
strictly thermodynamic quantity. CD spectra between 250 and 190 nm 

of the samples were registered before and after the unfolding ramp [73].

4.7. Transmission electron microscopy

Samples were prepared under the same conditions used for the ThT 
fluorescence assay, employing a final G2 D187N concentration of 100 μM. 
LB6 and MC35 were added at 1:1 and 0.1:1 molar ratios at the start of 
the aggregation experiments for the anti-aggregation analyses, and after 
overnight aggregation for disaggregation assessment. 10 l of each sam-
ple were deposited on copper grids for 20 min and washed three times 
with distilled water. After absorbing the excess of the water with 
Whatman filter paper, the grids were negatively stained with 1.5% 

uranyl acetate. Images were then obtained with an energy filter trans-
mission electron microscope (EFTEM, ZEISS LIBRA® 120, Carl Zeiss S.p. 
A., Milano, Italy) coupled with an yttrium aluminium garnet (YAG) 
scintillator slow-scan CCD camera (Sharp eye, TRS, Milano, Italy).

4.8. C. elegans studies

Bristol N2 UK wild-type worms were obtained from Caenorhabditis 
Genetics Center (CGC, University of Minnesota, Minneapolis, USA). 
Worms were grown at 20 ◦ C on solid Nematode Growth Medium (NGM)

Table 3
Structure, purity and quantity of LB6, its analogues and the structural moieties.

Sequence MW calculated MW found Purity (%) Mass (mg)

LB6 1942,22 1941,829 >99 25

MC35 1942,22 1941,82 >99 30

MC45 1745,14 1745,89 98 17

GAC NH 2 -LIFCDGN-CONH 2 779,91 780,72 98 12
FS1 NH 2 -HQWCGSN-CONH 2 829,89 831,07 99 30
FS2 NH 2 -QRLFQVK-CONH 2 917,13 918,01 95 35
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seeded with E. coli OP50 (CGC). Before the experiments, worms were 
synchronized by egg-laying and cultured for 72 h at 20 ◦ C on NGM plates 
spread with OP50 E. coli (CGC) as food. Worms were then collected by 
washing the plates with 1 ml M9 buffer (0.3% potassium dihydrogen 
phosphate, 0.6% sodium phosphate dibasic, 0.5% sodium chloride, and
1 M magnesium sulphate). Samples were prepared under the same 
conditions used for the ThT fluorescence assay to investigate the anti-
aggregation and disaggregation effects of MC35 and LB6 on the aggre-
gation of the G2 D187N domain. Worms were treated with 10 μM of 
G2 D187N alone or together with LB6 and MC35 at the molar ratio 1:1 and 
0.1:1. Control worms were treated with LB6 and MC35 alone at the same 
concentration. Samples were diluted in 10 mM phosphate-buffered sa-
line, pH 7.4, and administered to C. elegans (50 worms/50 l) as already 
described [24]. After 2 h of incubation on orbital shaker, worms were 
transferred to fresh NGM plates seeded with OP50 E. coli and incubated 
at 20 ◦ C. The pharyngeal activity was determined after 24 h by scoring 
the number of times the terminal bulb of the pharynx contracted over a
1 min interval (pumps/min).

4.9. Statistical analyses

Synchronized worms obtained by egg-laying were randomly 
distributed onto NGM plates containing the different treatments to avoid 
allocation bias. For each experiment, worms were transferred to plates 
in comparable numbers across groups. All the evaluations were per-
formed blind to the treatment groups. The data were analysed using 
GraphPad Prism 10.2 software (CA, USA) by one-way ANOVA and 
Bonferroni's post hoc test. A p-value <0.05 was considered significant.
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B. Drnovšek-Olup, M. Bollati, K. Vogelnik, A. Hočevar, A. Gornik, V. Pfeifer,
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