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A B S T R A C T

Dynorphin A is a highly cationic neuropeptide that exhibits membrane activity beyond its canonical opioid re
ceptor signaling. Here, we investigate how sequence variants of Dynorphin A associated with spinocerebellar 
ataxia type 23 modulate membrane disruption and aggregation behavior. Using computational electrophysiology 
simulations combined with liposome leakage and fluorescence-based aggregation assays, we show that Dynor
phin A variants interact with lipid bilayers primarily via electrostatic recruitment, followed by mutation- 
dependent insertion and transient pore formation. Anionic lipids promote bilayer disruption, while cholesterol 
attenuates peptide activity in a variant-specific manner. Although Dynorphin A variants do not spontaneously 
form ordered aggregates, they markedly alter amyloid-β co-assembly by enhancing hydrophobic surface exposure 
without proportionally increasing fibrillization. These results demonstrate that subtle sequence changes fine-tune 
the balance between membrane perturbation and amorphous co-aggregation, and highlight electrostatic mem
brane recruitment as a key determinant of DynA bioactivity.

1. Introduction

Dynorphins are among the most positively charged peptides in the 
human body [1] and constitute a major family of endogenous opioid 
peptides. They are derived from the prodynorphin (PDYN) precursor 
[2], which undergoes proteolytic processing at basic residues to 
generate Big Dynorphin (BigDyn, 32 residues) and, subsequently, 
Dynorphin A (DynA, residues 1–17) and Dynorphin B (DynB, residues 
20–32) following cleavage at the K–R hinge region [3,4]. Dynorphins act 
primarily as agonists of κ-opioid receptors (KOR) and, to a lesser extent, 
μ-opioid receptors (MOR), contributing to analgesia, stress responses, 
and addiction-related behaviors [5].

In addition to their canonical receptor-mediated activity, DynA dis
plays a second, non-classical mode of action involving direct in
teractions with lipid membranes. Multiple studies have shown that 
DynA can disrupt membrane integrity independently of opioid receptor 
activation[6–10]. These membrane-active properties have been impli
cated in neurological disorders, including Spinocerebellar Ataxia Type 

23 (SCA23) [11,12]. Mutations in the PDYN gene associated with SCA23 
specifically alter the DynA sequence [8,13,14], giving rise to four clin
ically relevant variants: wild-type DynA (WT), a leucine-to-serine sub
stitution at position 5 (L5S), an arginine-to-tryptophan substitution at 
position 6 (R6W), and an arginine-to-cysteine substitution at position 9 
(R9C).

Previous work has demonstrated that DynA behaves as a cell- 
penetrating peptide (CPP), capable of translocating across plasma 
membranes in a lipid composition–dependent manner [7,9]. In anionic 
membranes, DynA and BigDyn induce calcium leakage and membrane 
permeabilization, whereas in neutral membranes DynA can form ion 
channel–like pores or undergo direct translocation [8,10,15]. Clinical 
variants display differential behavior: R6W and R9C show increased 
membrane insertion, pore stability, resistance to proteolytic degrada
tion, and neurotoxicity compared to WT [13,14,16]. In contrast, the L5S 
variant exhibits enhanced degradation and reduced 
membrane-disruptive activity experimentally, despite computational 
predictions suggesting strong CPP-like behavior [14,16,17].
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This discrepancy between computational and experimental obser
vations highlights the challenges of correlating peptide–membrane in
teractions across timescales, concentrations, and model systems. To 
address this gap, we combine Computational Electrophysiology 
(CompEL) [18], which enables the study of larger peptide–lipid ratios 
and membrane perturbation under transmembrane potential, with in 
vitro liposome leakage and aggregation assays. Using this integrated 
approach, we investigate how membrane composition and sequence 
variation modulate DynA WT and variant behavior, aiming to establish 
generalizable principles of peptide–membrane interaction and 
aggregation.

2. Material and methods

2.1. Computational electrophysiology

CompEL has been used for the computational study of DynA WT and 
its clinical variants membrane disruption following the same protocol 
previously used our lab [18]. In brief, double-bilayer systems were 
generated with CHARMM-GUI [19–21] to accommodate periodic 
boundary conditions. A transmembrane potential (ΔQ = 16) was 
applied by asymmetric placement of K+ and Cl− ions, followed by 
adjustment to 150 mM KCl and solvation with TIP3P water. DynA 
structures were taken from prior work [17], and eight identical peptides 
were placed in the inner aqueous compartment (protein:lipid ratio 
1:32).

Systems were energy-minimized, briefly equilibrated, and simulated 
for 500 ns in three independent replicas (~20 μs total) using GROMACS 
with CompEL ion control and the CHARMM36 m force field [22] 
[23–30]. Three membrane compositions were examined (Table S1): 
POPC, POPC:PG (7:3), and POPC:PG:CHOL (6:3:1). Trajectories were 
analyzed in a Jupyter Notebook [31] using GROMACS tools and Mat
plotlib [32] and structures were visualized in VMD [33].

2.2. Peptides and sample preparation

Peptides used in this work are shown in Table 1. DynA variants were 
purchased from Pepmic (China) and Aβ1-42 was from JPT (Germany). 
The peptide concentration was determined by weight or spectrophoto
metrically by absorbance at 280 nm. DynA variants were dissolved in 
10 mM NaPi buffer, pH 7.4, at a stock concentration of 250 μM. Aβ1-42 
was prepared at pH 11 (dissolved with 20 mM NaOH to 220 μM, and 
brought to pH 7.2 prior to kinetic experiments. Liposome leakage 
experiements were performed at 5 μM and 10 μM peptide concentration 
for P:L 1:20 and 1:10, respectively.

2.3. Liposome leakage

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC, Affyme
trix, California, USA), 1-Palmitoyl-2-Oleyol-sn-Glycerol-3-[Phosho-rac- 
(1-glycerol)] (PG, Avanti, Alabama, USA), and cholesterol (Chol, 
Sigma-Aldrich, Missouri, USA) were dissolved in CHCl3/Methanol (2:1 
v/v) solvent to obtain the following mixtures and molar ratios; POPC, 
POPC:PG, 7:3, and POPC:PG:Chol, 6:3:1. Liposomes were prepared as 
described previously [34,35]. Briefly, lipid films were prepared by ro
tary evaporation, hydrated in 10 mM phosphate buffer (pH 7.2) 

containing 2 mM HPTS, and extruded through polycarbonate mem
branes (400–100 nm). Vesicle size was confirmed by DLS. 
Non-encapsulated HPTS was removed by size-exclusion chromatog
raphy, and liposomes were adjusted to 100 μM lipid with 5 mM DPX. 
HPTS fluorescence (λ_exc 420 nm, λ_em 520 nm) was monitored over 
time following peptide addition (5 or 10 μM). Complete leakage was 
determined by adding 5 mM Triton X-100, and membrane per
meabilization was quantified as the decrease in relative fluorescence.

2.4. Aggregation and hydrophobic surface exposure kinetics

Amyloid assembly and hydrophobic surface exposure were assessed 
by fluorescence assays using Thioflavin T (ThT; Sigma-Aldrich, Cat. No. 
T3516) and 4,4′-Dianilino-1,1′-binaphthyl-5,5′-disulfonic acid dipotas
sium salt (Bis-ANS; Tocris Bioscience, Cat. No. 4434), respectively. ThT 
aggregation assays were performed as previously described [36]. 
Briefly, Aβ1–42 (10 μM) was incubated alone or with DynA variants at 
1:1 and 1:2 M ratios (DynA 10–20 μM) in the presence of 40 μM ThT 
(λ_exc 440 nm, λ_em 520 nm). Hydrophobic surface exposure was 
monitored using Bis-ANS (10 μM; λ_exc 380 nm, λ_em 520 nm) under 
otherwise comparable conditions. All measurements were carried out at 
37 ◦C without shaking using a microplate reader.

For analysis, all raw fluorescence intensities were background- 
corrected and zero-leveled relative to a probe-only blank (Fblank), rep
resenting the intensity of ThT or Bis-ANS in buffer alone: 

Fnorm2=
Fnorm1 − F0Aβ
FmaxAβ − F0Aβ 

Samples containing DynA variants in the absence of were expressed 
as signal fold-change according to this initial normalization. To enable 
the analytical comparison of the aggregation amplitude (A) as a fold- 
change relative to the control, a second normalization step was 
applied to all samples containing Aβ1-42: 

Fnorm2=
Fnorm1 − F0Aβ
FmaxAβ − F0Aβ 

In this step, and represent the initial and maximum fluorescence 
intensities of the control, respectively, scaling the signal from 0 to 1. The 
resulting kinetic traces were analyzed using nonlinear regression with a 
four-parameter sigmoidal Boltzmann equation: 

F(t)=
A

1 + exp[rmax × (τ − t)]

This model allowed for the determination of the plateau amplitude 
(A), the apparent maximum growth rate (rmax), and the aggregation half- 
time (τ). All reported values represent the mean and standard error 
(SEM) from at least three independent experiments.

2.5. Data availability

Simulation and analysis files are uploaded at:
https://github.com/APMlab-memb/CompEL_DynAs.git.
Due to file size limitations, simulation trajectories will be shared 

upon request.

Table 1 
Sequence and physico-chemical properties of the peptides used in this research.

Peptide Primary sequence MW Charge GRAVY Index

Aβ1-42 DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA 4,514.1 − 3 0.20
DynA WT YGGFLRRIRPKLKWDNQ 2147.51 +4 − 1.2
DynA L5S YGGFSRRIRPKLKWDNQ 2121.43 +4 − 1.5
DynA R6W YGGFLWRIRPKLKWDNQ 2177.54 +3 − 1.05
DynA R9C YGGFLRRICPKLKWDNQ 2094.46 +3 − 0.85
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3. Results

DynA clinical variants (P:L 1:32) have been simulated in POPC; 
POPC:PG (7:3), and POPC:PG:CHOL (6:3:1) symmetric bilayer compo
sitions, in the presence of a transmembrane potential. After 500 ns 
(Fig. 1A), peptides mostly partition in the bilayer, but there are discrete 
events (Fig. 1B) of peptide insertion and peptide translocation. There
after, conformational behavior and secondary structure conversions 
(Fig. 1C) and specific residue-medaited peptide-lipid interactions 
(Fig. 1D), for all clinical variants in each lipid bilayer, were respectively 
assessed and characterized.

Across all three membrane compositions (Fig. 1A and B), interfacial 
partitioning dominates for all DynA variants. Insertion occurs with less 
frequency, but higher in POPC, lower in POPC:PG, and hindered in 
POPC:PG:CHOL. R9C seems to show variant-specific enrichment for 
insertion in POPC:PG Translocation is rare, but happens for L5S in POPC 
and for R9C in POPC and POPC:PG, respectively. Secondary structure 
plots (Fig. 1C) show largely uniform coil/unstructured species across all 
conditions, confirming DynA remains predominantly unstructured 
throughout simulations. Sporadic streaks of transient helical or turn 
structures appear mainly in the N-terminal region and are most visible in 
POPC:PG (e.g., L5S shows a notable hairpins structure during membrane 
insertion events) and POPC:PG:CHOL conditions. These transient 
structured episodes correlate with membrane-inserted states and are 
absent or minimal in pure POPC, suggesting that anionic lipids (PG) 
promote brief secondary structure formation upon deeper membrane 
engagement. Regarding the peptide-lipid contacts, Fig. 1D reveals a 
clear N-terminal contact signature. In POPC, DynA interacts strongly 
with the upper leaflet regardless of the variant, and the N-terminal 
contact signature spans residues 1-14, mediated by both hydrophobic 
and positively charged residues. In POPC:PG this N-terminal contact 
signature is restricted to the residues 1-7, and the positively charged 
residues become more relevant than hydrophobic ones, especially for 
R6W and R9C where the loss of the Arg is compensated by the neigh
boring positively charged residues (Fig. 1D). In POPC:PG:CHOL, contact 
frequencies are globally reduced (shift toward blue), indicating 

cholesterol dampens membrane association. Variants (L5S, R6W, R9C) 
show modestly altered contact profiles at the mutated positions relative 
to WT, but the N-terminal anchor is preserved across variants.

Transient and stable pores are formed during the simulations 
(Fig. 1A). Pore dimensions extracted from MD simulations (Table S2) 
reveal a strong membrane composition-dependent effect on DynA- 
induced bilayer disruption. In POPC, all variants produced compa
rably large pores (18-23 Å) well above the control (15 Å), consistent 
with the permissive nature of a pure PC bilayer. Introduction of PG 
dramatically reduced baseline pore size (control: 0.2 Å), yet R6W and 
R9C selectively rescued pore formation (5.4 and 7.3 Å, respectively), 
while WT and L5S remained near control levels, mirroring the insertion 
events and transient secondary structure observed for these variants in 
POPC:PG simulations (Fig. 1C). In the cholesterol-containing mem
brane, the response diverged further, where WT and R9C sustained 
moderate pore sizes (in the 5 Å range), whereas R6W and L5S were 
strongly suppressed (<2 Å), indicating that cholesterol selectively neu
tralizes the pore-forming capacity of specific variants. Together, these 
data demonstrate that DynA-mediated pore formation is governed by 
membrane association, but it is also peptide sequence dependent, that is 
differentially modulated by anionic lipids and cholesterol.

To validate the in silico membrane perturbation activity of DynA and 
its clinical variants variants, we performed fluorescence quenching- 
based leakage assays using LUVs. Normalized fluorescence was moni
tored over time, where a decrease in signal represents the leakage and 
subsequent quenching of the encapsulated HPTS by DPX upon peptide 
addition at approximately 5 min. In neutral POPC bilayers, all peptides 
behaved similarly at both 1:20 (Fig. 2A) and 1:10 (Fig. 2B) peptide-to- 
lipid (P:L) ratios, with a ca. <20% leakage. In these conditions, 
normalized fluorescence remained above 0.8 until the addition of Triton 
X-100 at 75 min, which induced total vesicle permeabilization. The 
introduction of PG significantly sensitized the membranes to peptide- 
induced disruption (Fig. 2C and D. At a 1:20 ratio (Fig. 2C), moderate 
leakage was initiated by all peptides (>20%). This effect was markedly 
amplified at a 1:10 ratio (Fig. 2D), where the R6W and R9C show more 
rapid and extensive leakage (>50%), with fluorescence dropping up to 

Fig. 1. Membrane interaction behavior of DynA variants across lipid compositions. (A) Representative snapshots from molecular dynamics simulations. 
Peptides are shown in cartoon representation, and lipids are rendered as surfaces/lines colored by species. (B) Quantification and classification of peptide-bilayer 
interaction events observed over simulation trajectories. (C) Average secondary structure changes in the partitioning and insertion events for DynA variants 
across CompEL trajectories for each variant in different lipid environment. (D) Heat map showing residue-level contact frequency (mean %) between DynA variants 
and lipid bilayers. Rows correspond to residues, and columns represent peptide variants in different lipid models.
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~0.4 within 60 min (Table S3).
The inclusion of cholesterol in the membrane (POPC:PG:Chol) 

modulated the disruptive capacity of the peptides, highlighting differ
ences between the WT, L5S (leakage <20%, Fig. 2E) and the R6W and 
R9C variants at 1:20 ratio (leakage >20%, Fig. 2E). At the 1:10 the 
differences between the WT and L5S subgroup are exacerbated in 
respect to the R6W and R9C subgroup (leakage >20%, Fig. 2E), where 
both the variants affecting positive residues show larger leakage effects 
up to ~0.45 (Fig. 2F), but with the extent of leakage slightly attenuated 
compared to the cholesterol-free system (Fig. 2D). A common activity 
hierarchy across all active conditions was consistently observed as DynA 
R6W > DynA R9C > DynA L5S ≈ DynA WT. L5S and WT displayed soft 
leakage profiles in most panels, regardless of the lipid composition and 
the P:L ratio of choice (Table S3).

The membrane perturbartion exerted by DynA and the clinical var
iants, show that purely zwitterionic membranes (POPC) resist disrup
tion, but the introdcution of electrostatic attraction (PG) seems to be 
required as a primary anchor before hydrophobic deeper insertion can 
occur.

The CompEL simulation and membrane leakage assays establish that 
DynA variants disrupt lipid bilayers assuming non-aggregated peptide 
conditions. Having defined this membrane-active regime, we next 
examined whether these variants exhibit aggregation-related behaviors 

in solution, either intrinsically or through interactions with aggregation- 
prone peptides, by analyzing ordered assembly and hydrophobic surface 
exposure using fluorescence-based aggregation assays.

Ordered assembly and hydrophobic surface exposure were moni
tored using Thioflavin T (ThT) and Bis-ANS fluorescence, respectively 
(Fig. 3). Kinetic parameters were obtained by sigmoidal fitting, yielding 
the amplitude (A), apparent rate constant (rmax), and half-time (τ) for 
each condition (Table S4). DynA variants alone showed negligible ThT 
signal (Fig. 3A), indicating the absence of spontaneous ordered aggre
gation. Aβ1-42 alone displayed a sigmoidal aggregation profile (Fig. 3B) 
with A = 0.9 ± 0.0 and τ = 284.3 ± 5.7 min.

Addition of DynA WT at a 1:2 M ratio reduced the final ThT plateau 
(A = 0.7 ± 0.0) and shortened the half-time (τ = 166.6 ± 4.0 min), 
indicating modulation of fibril accumulation. The DynA L5S variant 
strongly altered Aβ1-42 aggregation behavior (Fig. 3C). At a 1:2 ratio, L5S 
increased the ThT amplitude to A = 4.0 ± 0.4 and accelerated kinetics 
(τ = 10.0 ± 14.8 min). The R6W and R9C variants retained sigmoidal 
kinetics comparable to Aβ1-42 alone (Fig. 3D and E). R6W (1:2) yielded 
A = 1.0 ± 0.0, while R9C (1:2) showed a moderate increase in amplitude 
(A = 1.3 ± 0.0) with τ = 232.7 ± 10.6 min.

Bis-ANS assays revealed distinct hydrophobic co-aggregation 
behavior (Fig. 3F–J). DynA WT alone showed a slightly decreasing 
signal. L5S and R6W alone exhibited rapid fluorescence decay. R9C 

Fig. 2. Liposome leakage assay monitoring membrane permeabilization by DynA variants. Normalized fluorescence intensity is shown over time for the 
liposome models incubated with DynA peptides at peptide:lipid molar ratios of 1:20 and 1:10. The vertical green drop at ~80 min in every panel represents the 
addition of detergent (Triton X-100) to fully disrupt all liposomes and establish the baseline fluorescence for normalization. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.)
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alone displayed a sigmoidal increase, consistent with hydrophobic self- 
assembly. In the presence of Aβ1-42, DynA WT produced low hydro
phobic exposure (Fig. 3G), with A = 5.2 ± 0.2 at a 1:1 ratio and insuf
ficient signal for fitting at 1:2. Clinical variants induced pronounced 
hydrophobic species. L5S (1:2) reached a Bis-ANS amplitude of 
28.2 ± 1.9, compared to 1.2 ± 0.1 for Aβ1-42 alone, corresponding to a 
~24-fold increase (Fig. 3H). The half-time was τ = 90.3 ± 6.9 min, later 
than the ThT transition. R6W and R9C at 1:2 reached amplitudes of 
11.2 ± 0.2 and 11.9 ± 0.1, with delayed half-times of 479.7 ± 6.1 min 
and 444.9 ± 5.0 min, respectively (Fig. 3I and J).

Across all conditions, ThT amplitudes remained within a narrow 
range (A ≈ 0.7–4.0), while Bis-ANS amplitudes varied widely for the 
mutant variants (A ≈ 11.2–28.2). This indicates dissociation between 
ordered fibril formation and hydrophobic surface exposure, consistent 
with the accumulation of non-fibrillar, hydrophobic co-aggregates.

4. Discussion

This study examines how sequence variations in Dynorphin A 
(DynA), including the wild-type peptide and the SCA23-associated 
variants L5S, R6W, and R9C, influence peptide structure, membrane 
interaction, and aggregation behavior under controlled biophysical 
conditions [11,13]. By combining CompEL simulations with membrane 
leakage and fluorescence-based aggregation assays, we analyze general 
principles governing how short, highly cationic peptides interact with 
lipid bilayers and aggregation-prone partners such as amyloid-β (Aβ) 
[14,37]. While these variants are clinically observed in SCA23, the 
present work focuses on fundamental peptide–membrane and pepti
de–peptide interactions rather than on disease mechanisms.

DynA displays pronounced conformational plasticity, adopting an N- 
terminal α-helical structure upon membrane association, consistent with 
previous structural studies [14,15]. The L5S, R6W, and R9C sub
stitutions reduce this membrane-induced helicity, demonstrating that 
single-residue changes can substantially disrupt local secondary struc
ture in membrane-mimetic environments [14,35]. These findings un
derscore the sensitivity of amphipathic helices to sequence 
perturbations and highlight how residue chemistry modulates 
membrane-facing conformations.

At submicellar concentrations, DynA and its variants form aggre
gated species that retain predominantly α-helical character, in contrast 
to the β-sheet–rich assemblies typical of many amyloid-forming peptides 
[38]. Membrane leakage assays revealed a consistent hierarchy of 

bilayer perturbation (R6W > R9C > WT > L5S), reflecting the combined 
contributions of electrostatic membrane recruitment and 
mutation-dependent insertion depth [13]. CompEL simulations support 
an accumulation-dependent interaction mode in compositionally com
plex membranes, leading to transient proteolipidic defects rather than 
stable pore formation, in agreement with established models for 
amphipathic, cationic peptides [8,10,39].

The greatest divergence between simulation and experiment was 
observed for the L5S variant. Although computational models predicted 
strong membrane association, experimental leakage was minimal [13,
35]. This highlights the importance of peptide stability and solution 
behavior, as L5S is more rapidly degraded than other variants, reducing 
its effective membrane engagement [14].

Co-aggregation experiments with Aβ1–42 further illustrate how 
DynA variants influence aggregation behavior. Thioflavin T assays 
showed limited effects on ordered fibril kinetics, consistent with previ
ous observations [37]. In contrast, Bis-ANS measurements revealed 
substantial increases in hydrophobic surface exposure, particularly for 
L5S, indicating the formation of non-fibrillar, amorphous co-assemblies. 
This uncoupling of ordered assembly from hydrophobic exposure re
inforces the view that aggregation pathways can be redirected without 
enhancing fibrillization.

Overall, this work delineates how specific sequence features of 
DynA-derived peptides govern secondary structure stability, membrane 
interaction modes, and aggregation behavior. The results provide a 
biophysical framework for understanding how modest sequence per
turbations modulate peptide association with lipid bilayers and influ
ence aggregation pathways during co-assembly, offering general 
insights applicable to amphipathic, membrane-active peptides and 
aggregation-prone systems more broadly [14,37].
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phospholipid vesicles caused by dynorphin neuropeptides, Biochim. Biophys. Acta 
Biomembr. 1778 (2008) 1267–1273, https://doi.org/10.1016/j. 
bbamem.2008.02.003.

[10] L.M. Alvero-Gonzalez, D. Aurora Perini, M. Queralt-Martín, A. Perálvarez-Marín, 
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