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a b s t r a c t

Prion diseases are fatal neurodegenerative diseases that can cause severe dementia. The misfolding and

accumulation of the prion peptide (PrP)106–126 is crucial, and this process is closely relevant to biologi-

cal membranes. However, how PrP106–126 aggregation is affected by the molecular chirality of phospho-

lipid membrane is unknown. Thus, in this study, a pair of l- and d-aspartic acid (Asp)-modified 1,2-

dipalmitoyl-sn–glycero-3-phosphoethanolamine (DPPE) were synthesized to construct chiral liposomes.

We discover that l-Asp-DPPE liposomes strongly inhibit the oligomerization and amyloidogenesis of

PrP106–126, whether acting on monomers or oligomers, which rescues cytotoxicity induced by PrP106–126. By

comparison, d-Asp-DPPE liposomes inhibit peptide oligomerization only at a high concentration and can-

not prevent amyloidogenesis when acting on oligomers, which lead to pronounced cytotoxicity. Apoptosis

experiment, dynamic change of intracellular Ca2+ (iCa
2+) and Ca2+ release from endoplasmic reticulum

(ER), reactive oxygen species (ROS) production, adsorption dynamics and affinity tests, and fluorescent

imaging clearly disclose that molecular chirality of the liposomes dominates conformational transition

of PrP106–126 from random coil to β-sheet, binding and adsorption of the monomers and oligomers, and

subsequent fibrillation process, resulting in distinct inhibition effect in Ca2+ overload and release, ROS

production and cell apoptosis. This work is the first to report that interfacial molecular chirality is a

potentially crucial influence on the fibrillation process of PrP106–126 and its cell responses, whereas the

convergence of chiral amino acids and liposomes can be considered potential inhibitors in prion diseases.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Prions are infamous proteins that are devoid of nucleic acids

that can cause infectious and rapidly progressive neurodegen-

erative diseases, such as Creutzfeldt–Jakob disease, Gerstmann–

Sträussler–Scheinker syndrome and fatal familial insomnia in

humans; bovine spongiform encephalopathy in cattle; and chronic

wasting disease in deer and elk [1]. Despite the relatively low

transmission frequency of prion diseases, they have been the

subject of much attention due to their long silent incubation

period and high fatality rate, which pose an unpredictable risk to

disease control and public health [2]. Importantly, scholars have

intensively studied prion diseases because prion-like mechanisms

might also apply to many other neurodegenerative diseases, such
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as tauopathies, Huntington disease, Alzheimer’s disease, Parkinson

disease, and amyotrophic lateral sclerosis [3–6].

The main feature of prion diseases is the accumulation of PrPSc

(scrapie isoform of the prion protein) in the brain, which has

more β-sheet content relative to the normal cellular form of PrPC.

PrPSc exhibits strong aggregation propensities and contributes to

neurotoxicity [1,7,8]. PrPSc neurotoxicity has been reported to be

closely associated with Ca2+ dyshomeostasis [9,10] and mitochon-

drial malfunction (Fig. 1a) [11,12]. Among the many forms of prion

peptides, PrP106–126 (KTNMKHMAGAAAAGAVVGGLG) is recognized

as a main domain involved in conformation conversion and as be-

ing highly aggregated into amyloid fibers, generating neurotoxicity

both in vivo [13] and in vitro [14,15]. Therefore, approaches that

inhibit the aggregation of PrP106–126 would be responsible for the

treatment of prion diseases.

The pathophysiology of prion diseases appears to lie in a mis-

folding process from caveolae-like domains [16]. Because cave-

olae are enriched in lipids such as sphingolipids, it is highly

https://doi.org/10.1016/j.cclet.2022.03.055
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Fig. 1. Remarkable influence of phospholipid membrane on prion fibrillation and

its damage to mitochondria. (a) PrPC misfolds to PrPSc on the cell membrane and

aggregates into oligomers and long fibrils. On the one hand, PrPSc can affect the N-

methyl-d-aspartate (NMDA) receptor channel, which is permeable to Ca2+; on the

other hand, PrPSc can be internalized by the cell membrane and accumulate in the

endoplasmic reticulum (ER), leading to perturbation in Ca2+ homeostasis. Ca2+ ac-

cumulation into the mitochondria results in ROS production, decreased of ATP pro-

duction and the release of cytochrome c, all of which are closely associated with

cell apoptosis and death. (b) Graphic illustration of effect of molecular chirality of

l- and d-Asp-DPPE/DPPC liposomes on PrP misfolding.

necessary to study the interaction of PrP106–126 with biological

membranes, especially the phospholipid membrane in prion dis-

eases. Studies have shown that PrPC binds to membranes that

contain negatively charge to become β-sheet rich structures [17–

19]. However, how the chirality of phospholipid membrane af-

fects prion diseases has been rarely investigated. In general, nat-

ural phospholipid molecules exhibit a strong preference for their

l-enantiomers, and the cell membranes are covered with numer-

ous chiral biomolecules, such as amino acids, peptides, proteins,

and polysaccharides. These chiral biomolecules are either embed-

ded into the phospholipid bilayers or modified on the tip of the

phospholipid molecules. Importantly, amino acid chirality has been

recognized as a main driving force in determining the orientation

of side chains, folding of the peptide backbone, specific binding

with guests through stereoselective hydrogen bonding interactions,

and even the bio-function of proteins [20,21]. Therefore, examin-

ing the effect of chiral amino acid modified phospholipids on the

misfolding and aggregation of PrP106–126 is crucial (Fig. 1b).

In this study, chiral aspartic acid (Asp) was selected to mod-

ify DPPE phospholipid because Asp-plays crucial roles in neuroen-

docrine systems, meanwhile Asp-is an amino acid with two car-

boxylic acid group, the β-carboxylic acid was attached to the

head amine of DPPE through condensation reaction, which re-

Scheme 1. Synthetic route of l-Asp-DPPE, reaction conditions: (1)

EDC/HOBT/DMAP, solvent: chloroform, 50 °C, 24h; (2) piperidine and chloro-

form (v/v=1:4), r.t., 1 h; (3) TFA/Tis/H2O (v/v/v=95:2.5:2.5), r.t., 1 h. d-Asp-DPPE

was synthesized according to the same method except Fmoc-d-Asp(OtBu)-OH was

used.

mained a pair of carboxylic acid and amine capable of guaran-

teeing amphiphilicity of the Asp-modified phospholipid. Specifi-

cally, a pair of l- and d-Asp–modified 1,2-dipalmitoyl-sn–glycero-

3-phosphoethanol-amine (abbreviated to l/d-Asp-DPPE, Scheme 1)

with satisfactory mirror symmetry were synthesized in our lab-

oratory [22]. l/d-Asp-DPPE was first used to construct liposomes

to investigate the effect of liposomes chirality on the PrP106–126
aggregation. l- or d-Asp-DPPE was allowed to mix with an

equivalent amount of 1,2-dipalmitoyl-sn–glycero-3-phosphocholine

(DPPC) to construct liposomes with a uniform particle size of

100nm through a classical extrusion method. When the self-

assembled l- or d-Asp-DPPE/DPPC liposomes were incubated with

PrP106–126, remarkable chiral discrimination was detected in in-

hibiting PrP106–126 oligomerization and fibrillation, which then led

to a clear difference in Ca2+ homeostasis and ROS production in

mouse neuroblastoma (N2a) cells (a typical cell line for neurode-

generative diseases). The detailed mechanism underlying how ag-

gregation was inhibited was analyzed using adsorption dynamics,

affinity evaluation and fluorescence co-localization, indicating that

the binding capacity of PrP106–126 on the l-Asp-DPPE phospho-

lipid surface was substantially higher than that on the d-surface

whether within or without the cellular milieu, which caused l-

Asp-DPPE liposomes to perform better than d-Asp-DPPE liposomes

in inhibiting PrP106–126 fibrillation and in rescuing fibrillation-

induced cytotoxicity.

This study provides a novel insight into the crucial fibrillation

process of prion protein from the perspective of molecular chi-

rality. Specifically, we report that chiral liposomes exhibit promise

and excellent biocompatibility in the treatment of prion diseases.

Importantly, we propose a reasonable explanation for the differ-

ences in cellular responses to prion peptide and chiral liposomes

by dynamically detecting of both iCa
2+ and ER-Ca2+. This bridges

the large gap between the properties of material interface and cel-

lular behaviors, thus aiding the development of therapeutic strate-

gies for neurodegenerative diseases.

l- and d-Asp-DPPE with satisfactory mirror symmetry were

shown in Fig. 2a. A lipid extrusion apparatus [23] (Fig. S1a in Sup-

porting information) was used to obtain l- or d-Asp-DPPE/DPPC

liposomes (abbreviated as l- or d-Asp-liposomes unless other-

wise indicated) with a narrow size distribution of approximately

100nm, which was confirmed by dynamic light scattering (Fig. 2b)

and atomic force microscopy (AFM, Fig. 2c). Notably, DPPC was in-

troduced for mixing with l- or d-Asp-DPPE to improve the stability

of the liposomes. Furthermore, the CD spectra revealed that l- and

d-Asp-liposomes had favorable mirror symmetry and their chirali-

ties were mainly derived from l- or d-Asp (Fig. S1b in Supporting

information).

On the other hand, after 120h incubation at 37 °C, PrP106–126
(Synpeptide Co., Ltd; final concentration was 100 mmol/L in
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Fig. 2. Characterization of liposomes, fibrils of PrP106–126, and influence of molecular chirality of l- or d-Asp-DPPE liposomes on fibrillation of PrP106–126 monomers and

oligomers. (a) Chemical structures of l- and d-Asp-DPPE. (b) Size distribution of l- and d-Asp-liposomes analyzed by dynamic laser scattering. (c) Three-dimensional AFM

image of prepared liposomes. (d) AFM image obtained after incubation of PrP106–126 monomers at 37 °C for 120h. Inset shows time dependence of CD spectra of PrP106–126,

verifying the conformational transition of the peptide from a random coil to β-sheet state. (e–j) ThT-monitoring kinetic curves of PrP106–126 fibrillation at 37 °C. Black lines:

PrP106–126 (e–g) monomers or (h–j) oligomers alone; blue or red lines: PrP106–126 monomers or oligomers incubated with l- (blue) or d- (red) Asp-liposomes. PrP106–126

concentrations were 100 μmol/L, and the l- or d-Asp-liposomes concentrations were (e, h) 0.1, (f, i) 0.3 and (g, j) 0.5mg/mL, respectively. The test solutions were 150mmol/L

NaCl. The error bars represent standard deviations from the mean of at least three independent experiments.

150mmol/L NaCl) could aggregate into many long β-sheet-rich fib-

rils, as observed by AFM (Fig. 2d). The CD spectra indicated the

conformational transition of PrP106–126 during this long fibrillation

process [24], where PrP106–126 changed from being in a random

coil state to a having β-sheet structure (Fig. 2d inset). The fib-

rillation process of PrP106–126 could be divided into two phases,

namely a nucleation phase in which monomers misfold and aggre-

gate to oligomers and an elongation phase to allow the growth of

the oligomers to long fibers [25]. The oligomers of the peptide are

suggested to be the major toxic form involved in protein confor-

mational diseases and have attracted increasing attention in recent

years [26,27].

Therefore, the effects of l- or d-Asp-liposomes on the fibril-

lation processes of the monomers and oligomers of PrP106–126,

respectively, were investigated. First, the influence of l- or d-

Asp-liposomes addition in the nucleation phase of PrP106–126 was

evaluated, the fibrillation kinetics were monitored using a stan-

dard thioflavine-T (ThT) binding fluorescence assay [28]. In this

experiment, l- or d-Asp-liposomes with different concentrations

(final concentration was 0.1, 0.3, or 0.5mg/mL) were added to the

PrP106–126 monomers solution (final concentration was 100 μmol/L

in 150mmol/L NaCl) at the beginning of incubation at 37 °C,
respectively. According to the dynamic growth curve, as shown

by black lines in Figs. 2e-g, PrP106–126 began to aggregate at 30h

and completed fibrillation after 120h. As for the addition of l-

Asp-liposomes, the aggregation of PrP106–126 was remarkably sup-

pressed (Figs. 2e-g, blue lines), even though a low concentration of

l-Asp-liposomes (0.1mg/mL) was used. By contrast, only the high

concentration of d-Asp-liposomes (0.5mg/mL) could suppress the

PrP106–126 fibrillation, where a decrease in d-Asp-liposomes dosage

contributed the most to reducing the inhibitory effect.

Subsequently, we investigated the influence of l- or d-Asp-

liposomes on the fibrillation of PrP106–126 oligomers. Before this

experiment, PrP106–126 monomers were incubated at 37 °C for

48h to enable the formation of PrP106–126 oligomers, which were

featured with few short fibers observed by transmission electron

microscope (Fig. S2 in Supporting information). As shown by the

black lines in Figs. 2h-j, oligomerized PrP106–126 alone completely

fiberized after 80h. The addition of l-Asp-liposomes remarkably

inhibited the aggregation of PrP106–126 oligomers and displayed

a dosage-dependent inhibitory effect. A high concentration of

l-Asp-liposomes (0.5mg/mL) completely suppressed the growth of

PrP106–126 oligomers. However, the inhibitory effects were substan-

tially weaker when l-Asp-liposomes with low concentrations (0.1

and 0.3mg/mL were used, which are indicated by clear inflection

points at 18h in the growth curves (Figs. 2h and i, blue lines).

The inflection points revealed that there might be a competition

between the peptide fibrillation and the inhibitory effect induced

by l-Asp-liposomes with low concentrations. In sharp contrast to

this, the addition of d-Asp-liposomes (0.1 and 0.3mg/mL) did not

influence the fibrillation of the PrP106–126 oligomers and only the

addition of a high concentration of d-Asp-liposomes (0.5mg/mL)

could slightly inhibit this process (Fig. 2j, red line). These results

clearly indicated that l-Asp-liposomes remarkably prevented

PrP106–126 fibrillation by acting on either monomers or oligomers.

Conversely, d-Asp-liposomes slightly inhibited the fibrillation

of PrP106–126 monomers. The inhibitory effect depended on the

liposome concentrations, and d-Asp-liposomes barely influenced

the fibrillation of PrP106–126 oligomers.

Frist, the effect of l- or d-Asp-liposomes on PrP106–126-induced

cytotoxicity and apoptosis was investigated by using N2a cells. As

shown in Fig. S3 (Supporting information), CCK-8 results demon-

strated that both l- and d-Asp-liposomes had satisfactory biocom-

patibility with no toxicity to N2a cells and l-Asp-liposomes were

more effective in preventing fiber formation and in reducing the

cytotoxicity of PrP106–126 aggregation relative to d-Asp-liposomes.

Meanwhile, flow cytometry experiment also indicated that l- and

d-Asp-liposomes significantly differed in rescuing cells from the

cell apoptosis caused by PrP106–126 fibrillation (Fig. S4 in Support-

ing information). Ca2+ is closely related to the process of neuro-
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Fig. 3. Cytoplasmic Ca2+ monitor. Fluorescence images of the distribution of cytoplasmic Ca2+ in a single N2a cell. In the first row, images were collected at (a) 30, (b) 35

and (c) 40min after PrP106–126 oligomers (100 μmol/L) were added to the cells. In the second and third rows, images were collected at (e, i) 35, (f, j) 40 and (g, k) 45min

after a mixture of PrP106–126 with (e-g) l- or (i-k) d-Asp-liposomes was added to the cells. Color bar represents the YPet to ECFP ratio, with cool and warm colors indicating

low and high concentrations of iCa
2+ , respectively. In the rightmost column, time-dependent YPet to ECFP ratios to show the change of the iCa

2+ concentration in response

to the addition of (d) PrP106–126 oligomers, mixture of PrP106–126 with (h) l- or (l) d-Asp-liposomes. Error bars represent standard deviations from the mean of at least three

independent experiments. Scale bar: 20 μm.

chemical signaling [29]. PrP106–126 are involved in the neuronal loss

that occurs in prion diseases, partially due to calcium dyshome-

ostasis [30], and calcium dyshomeostasis may be an early symptom

of most neurodegenerative diseases. To investigate why a chiral

difference was present in the rescue of PrP106–126-induced apop-

tosis, we monitored the concentration of cytoplasmic Ca2+ pro-

duced. To do so, we used a high sensitivity fluorescence resonance

energy transfer (FRET)-based Cyto-Ca2+ biosensor to measure the

cytoplasmic Ca2+ at the level of a single cell. The construction of

the FRET-based Ca2+ biosensor (i.e., ECFP-CaM-M13-EYFP) was de-

scribed in a previous study [31]. Differently, EYFP was replaced by

a recently developed YFP variant YPet [32]. Fig. S5 (Supporting in-

formation) illustrates the activation mechanism of the FRET Cyto-

Ca2+ biosensor. The fluorescent intensity ratio of YPet to ECFP rep-

resents the concentration of Ca2+ production in cells; the calcula-

tion method is detailed in Supplementary Part. Initially, the FRET

Cyto-Ca2+ biosensor was transfected into the N2a cells by using

transfection reagent, per the manufacturer’s instructions. The N2a

cells treated with PBS were used as a control, in which no evi-

dent change in the concentration of iCa
2+ was detected (Fig. S6

in Supporting information). Subsequently, we added 100 μmol/L of

PrP106–126 oligomers to the cell culture medium to study its effect

on Ca2+ homeostasis. As shown in Figs. 3a-c, after experiencing a

steady phase for 30min, the iCa
2+ level began to increase and sus-

tained for 30min; this was indicated by a greater quantity of red

dots appearing in the cell images (Figs. 3b and c), reflecting an in-

crease in the YPet/ECFP ratio from 1.0 to 1.2 (Fig. 3d). This result

indicated that PrP106–126 oligomers could cause iCa
2+ overload.

Subsequently, l- or d-Asp-liposomes (0.3mg/mL) were co-

incubated with PrP106–126 for 48h, and we then added the mix-

ture to the N2a cells to study its effect on the calcium homeostasis.

When the mixture of l-Asp-liposomes with PrP106–126 was added,

the Cyto-Ca2+ biosensor detected no excess iCa
2+ (Figs. 3e-g). The

fluorescent ratio of YPet/ECFP (Fig. 3h) exhibited the same trend

as the control sample treated by PBS at the same time. By con-

trast, when the mixture of d-Asp-liposomes with PrP106–126 was

added, the concentration of iCa
2+ increased at 35min as indicated

by the numerous red dots in the cell image (Figs. 3i-k). The fluores-

cent ratio of YPet/ECFP increased from 35min, peaked (at 1.18) at

40min, and then sustained for 20min (Fig. 3l). These results clearly

demonstrated that l- and d-Asp-liposomes exhibit remarkable dif-

ference in rescuing PrP106–126-induced calcium dyshomeostasis.

The accumulation of PrPSc in ER can lead to perturbations in

the calcium homeostasis of the ER and then lead to iCa
2+ over-

load. The chiral difference was further investigated in the res-

cue of PrP106–126 aggregation-induced perturbations of ER-Ca2+. In
this study, N2a cells that were transfected with an ER-Ca2+ FRET

biosensor [33] were pretreated with PrP106–126 oligomers, mixture

of l- or d-Asp-liposomes with PrP106–126 (incubated at 37 °C for

48h extracellular) for 30min. As shown in Figs. 4a-c, the oligomers

of PrP106–126 caused an obvious release of Ca2+ from the ER, re-

flecting as a gradual decrease of the fluorescent ratio of YPet/ECFP

from 1.0 to 0.75 (Fig. 4d, red line). When l-Asp-liposomes and

PrP106–126 were added to the N2a cells, the fluorescent ratio of

YPet/ECFP only decreased to 0.87, (Fig. 4d, blue line). By contrast,

this ratio decreased to 0.69 upon the addition of the mixture of

d-Asp-liposomes with PrP106–126 (Fig. 4d, pink line). This result

further evinced the chiral discrimination between l- and d-Asp-

liposomes in terms of the ER-Ca2+.
After iCa

2+ level increases, mitochondria can rapidly take up

iCa
2+ to prevent Ca2+ overload into the cytosol. However, exces-

sive Ca2+ taken up by mitochondria can lead to mitochondrial mal-

function, such an excessive reactive oxygen species (ROS) genera-

tion, which plays a central role in the pathophysiology of neurode-

generative diseases (Fig. 1a) [12,34]. To monitor ROS production

in N2a cells, we conducted a dichlorofluorescein diacetate (DCFH-

DA) assay [35]. First, the liposomes (0.3mg/mL) were incubated

at 37 °C for 48h before being added to the N2a cells. l- and d-

Asp-liposomes did not significantly differ in the production of cel-

lular ROS after 1.5 h (Fig. 4e) and 8h (Fig. 4f) application, which

was comparable with the ROS results for cells treated with PBS.

In sharp contrast to this, when 100 μmol/L of PrP106–126 oligomers

were added to the N2a cells, sharp increases of ROS production

were observed after 1.5 h (53% increase, Fig. 4e) and 8h (114% in-

crease, Fig. 4f). The extracellular incubation of PrP106–126 with l-

Asp-liposomes at 37 °C for 48h could remarkably reduce ROS pro-

duction after being added to the cells for 1.5 h (Fig. 4e) and 8h

(Fig. 4f), all of which maintained at the normal level comparable to

the N2a cells treated with PBS alone. By comparison, the inhibitory

effect of d-Asp-liposomes on PrP106–126-induced ROS production

4
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Fig. 4. Chiral discrimination monitored by ER-Ca2+ and ROS production. MATLAB-processed images displaying the ER-Ca2+ concentration in a single N2a cell with additions

of PrP106–126 oligomers (100 μmol/L). Images were collected at (a) 0, (b) 10 and (c) 30min, respectively. (d) Time-dependent YPet to ECFP ratio showing the change of

ER-Ca2+ concentration in response to additions of PBS (blank), PrP106–126 oligomers (red), and a mixture of PrP106–126 with l- (blue) or d-Asp-liposomes (pink). Comparison

of intracellular ROS changes of N2a cells incubated with l- or d-Asp-liposomes (0.3mg/mL), PrP106–126 oligomers (100 μmol/L), or with both PrP106–126 and l- or d-Asp-

liposomes for (e) 1.5 and (f) 8 h at 37 °C. (g) Comparison of intracellular ROS changes in N2a cells coincubated with l- or d-Asp-liposomes (0.3mg/mL), PrP106–126 monomers

(100 μmol/L), or with both PrP106–126 monomers and l- or d-Asp-liposomes for 48h at 37 °C. For solution-based assays, the error bars represent standard deviations from the

mean of at least three independent experiments. ∗P < 0.05, ∗∗P < 0.01, indicating a significant difference. Scale bar: 20 μm.

Fig. 5. Adsorption dynamics and binding affinity tests of PrP106–126 monomers or oligomers with l- or d-Asp-liposomes. (a) Dynamic adsorption curves of l- (black) and

d-Asp-liposomes (red, 1mg/mL) ruptured and self-assembled on the thiolated gold surface of QCM sensors (Inset of a). Dynamic curves of PrP106–126 (b) monomers or

(c) oligomers adsorbed on the l- (black) or d-Asp-phospholipid (red) self-assembled surface, obtained from the QCM tests. Concentrations of PrP106–126 are 100 μmol/L in

150mmol/L NaCl. Sensorgrams of PrP106–126 (d, e) monomers or (g, h) oligomers binding to (d, g) l- or (e, h) d-Asp-phospholipid self-assembled surface. Concentrations are

1.56, 3.12, 6.25, 12.5, 25, 50, 100 and 200 μmol/L for PrP106–126 monomers and 1.56, 3.12, 6.25, 12.5, 25, 50 and 100 μmol/L for PrP106–126 oligomers. PrP106–126 concentration

dependent SPR responses and fitted curves for calculating KD for the binding of peptide (f) monomers or (i) oligomers with the l- or d-Asp-phospholipid surface by using a

steady-state method. KD of PrP106–126 oligomers binding to the l-Asp-phospholipid surface was obtained using the dynamics analysis method, which is not shown in directly

given by the Biacore analysis software (i).

5
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(Figs. 4e and f, black columns) was substantially weaker under the

same condition. The chiral difference of liposomes in PrP106–126-

induced ROS production was also obvious when the mixtures were

added to the cells at the beginning of incubation and then co-

cultured at 37 °C for 48h (Fig. 4g). These results demonstrated the

significant difference between l- and d-Asp-liposomes in suppress-

ing PrP106–126-induced ROS production, which further indicated a

significant discrepancy in cell apoptosis and cytotoxicity.

To provide direct evidence for the interactions between chiral

liposomes and the PrP106–126 monomers or oligomers, tests on ad-

sorption dynamics and binding affinity were performed. First, a

quartz crystal microbalance (QCM) [36] was used to record the

adsorption dynamics of PrP106–126 monomers or oligomers on l-

or d-Asp-phospholipid monolayers, which were prepared from the

burst and self-assembly of the liposomes on a hydrophobic 1-

octadecy-lmercaptan monolayer immobilized on a gold surface of

the QCM sensor (Fig. 5a, inset) [37]. Fig. 5a presents the dy-

namic self-assembly process of l- and d-Asp-liposomes on the

sensor surface, and the changes in adsorption induced frequency

(�F: 10Hz) were nearly identical, corresponding to an adsorp-

tion quantity of 57ng/cm2 according to the Sauerbrey equation.

Subsequently, a solution of PrP106–126 monomers or oligomers

(100 μmol/L in 150mmol/L NaCl) was pumped into the system,

to evaluate the adsorption capacity of the peptide on the l- or

d-Asp-phospholipid surface. PrP106–126 monomers were found to

have stronger adsorption on the l-Asp-phospholipid surface (�F:

13.80Hz, �m: 81.42ng/cm2, Fig. 5b) than that on the d-surface

(�F: 6.03Hz, �m: 35.6 ng/cm2). Similarly, PrP106–126 oligomers dis-

played higher adsorption quantities on the l-Asp-phospholipid sur-

face (�F: 11.40Hz; �m: 67.3 ng/cm2, Fig. 5c) than that on the d-

surface (�F: 1.93Hz, �m: 11.4 ng/cm2).

Furthermore, the binding affinity between the PrP106–126
monomers or oligomers and the l- or d-Asp-liposomes was mea-

sured using surface plasmon resonance (SPR) [38]. Phospholipid

monolayer modification of the SPR sensor was conducted per the

same method as that for the QCM adsorption test. A series of

PrP106–126 monomer solutions with different concentrations were

successively pumped into the SPR chip that was modified with

the l- or d-Asp-liposomes, and the response units were recorded

(Figs. 5d and e). We used a steady-state method [39,40] to analyze

the relationship between SPR responses and the concentration of

PrP106–126 monomers, where a smaller equilibrium dissociation

Fig. 6. Binding mode studies. (a) Stacking model of multiple steric zipper PrP106–126 forming amyloid fibrils. Copied with permission [42]. Copyright 2011, Springer. (b)

Flexible ligand docking model of l-Asp-DPPE with PrP106–126, obtained from Autodock software. The face represents the donor and acceptor of hydrogen bonding interaction

for AGAAAAGA. (c) 1H NMR spectra of AGAA, PEA l-Asp, and mixtures of AGAA with 0.5, 1.0, 1.5 and 2.0 equiv. amounts of PEA l-Asp-in DMSO-d6 at 20 °C. 1H-1H NMR

spectra of AGAA (d), AGAA mixed with equimolar PEA l- (e) or d-Asp (f) in DMSO-d6 at 20 °C. AGAA concentration was 20mmol/L in the NMR tests. Possible interaction

model of AGAA with (g) l- or (h) d-Asp, calculated from quantum chemistry calculations (Gaussian, density functional theory at 6–311 g level). Green dashed lines represent

hydrogen bonds.
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constant (KD) corresponded to a stronger binding affinity between

the peptide and liposomes. The fitting results revealed that the KD

of the PrP106–126 monomers with the l-Asp-phospholipid surface

was 124 μmol/L, which was smaller than that with the d-Asp-

phospholipid surface (KD: 165 μmol/L; Fig. 5f). Control experiment

indicated that the PrP106–126 adsorption–induced SPR response

change was negligible on DPPE/DPPC phospholipid surface (Fig.

S7 in Supporting information), corresponding to a weak affinity

between them. Shown in Fig. 5g, for the PrP106–126 oligomers

with the l-Asp-phospholipid surface, the KD (1.59 μmol/L) was

obtained by using a dynamic analysis method, due to the observed

dissociation curves drifted downward slowly with time, which

represents a stronger combination pattern compared with that

in the steady-state method [40]. With regard to the binding of

PrP106–126 oligomers with the d-Asp-phospholipid surface, a KD of

67.9 μmol/L was obtained by the steady-state method (Figs. 5h and

i). The substantially lower KD value suggested that the PrP106–126
oligomers had a higher binding affinity with the l-Asp-liposomes

than that with the d-Asp-liposomes.

Microscale thermophoresis (MST) [41] was also used to mea-

sure the binding affinity between PrP106–126 and l- or d-Asp-

liposomes in situ. Different from the QCM and SPR tests, which re-

quire the construction of the phospholipid monolayers, MST can

provide direct affinity data in solution and is particularly suit-

able for macromolecular system like liposomes. The MST time

traces of rhodamine B–labeled PrP106–126 toward different concen-

trations of l- or d-Asp-liposomes were shown in Fig. S8 in Sup-

porting information, which also revealed that PrP106–126 monomers

had a stronger binding affinity with the l-Asp-liposomes (KD:

135 μmol/L), than that with the d-Asp-liposomes (KD: 298

μmol/L).

In this section, we posited a possible molecular-level expla-

nation for chiral discrimination. Many experimental studies have

shown that a hydrophobic region AGAAAAGA of PrP106–126 plays

an important role in the conformational conversion from PrPC to

PrPSc. Fig. 6a presents a typical packing model of the steric zipper

AGAAAAGA forming amyloid fibrils [42]. Flexible molecular dock-

ing indicated that l-Asp-DPPE preferred to bind with the AGAA

of PrP106–126 (Fig. 6b), which contributed to an ideal target for

the molecular interaction. The binding pattern of d-Asp-DPPE with

PrP106–126 is shown in Fig. S9a in Supporting information. A hy-

drogen nuclear magnetic resonance (1H NMR) titration experiment

indicated that AGAA can form strong hydrogen bonding interac-

tions with phenylethanamine-protected l-Asp (abbreviated to PEA

l-Asp, which mimics the chiral head group of l-Asp-DPPE; Fig. S9b

in Supporting information) and that most amide protons of both

AGAA and PEA l-Asp-occurred clear down-field shifts as shown in

Fig. 6c. By contrast, the changes in chemical shift were smaller

when the complexation of AGAA and PEA d-Asp-was analyzed

(Fig. S9c in Supporting information). Two dimensional 1H–1H NMR

spectra (Figs. 6d-f) further confirmed the chemical attribution of

each H proton and validated the aforementioned chiral discrimina-

tion. Quantum chemistry calculations further disclosed that AGAA

could form three sets of hydrogen bonds with l-Asp, and the bond

lengths were substantially shorter than those of AGAA with d-Asp

(Figs. 6g and h). These data indicated that the binding affinity of

AGAA with l-Asp-was larger than that with its d-enantiomers. This

further led to a stronger binding and adsorption of PrP106–126 on

the surface of l-Asp-liposomes, resulting in the remarkable inhibi-

tion of PrP106–126 fibrillation.

Although the aforementioned affinity tests verified the extra-

cellular interactions between the chiral liposomes and PrP106–126,

whether the interaction was maintained in the intracellular mi-

lieu was unclear. Thus, laser scanning confocal microscopy (LSCM)

was used to monitor the interactions between chiral liposomes

and PrP106–126 in N2a cells. l- and d-Asp-liposomes were loaded

Fig. 7. LCSM images of N2a cells incubated with PrP106–126 monomers (a-c),

PrP106–126 monomers with l- (d-f) or d- (g-i) Asp-liposomes (0.3mg/mL) for 48h.

(a, d, g) Images excited by a 559nm laser to show the distribution of PrP106–126,

(b, e, h) images excited by 488nm laser to show the distribution of mitochondria

or l- or d-Asp-liposomes, (c, f, i) merged LCSM images and optical images. Typical

cell morphology is indicated by the white dashed line, whereas the overlapping re-

gions between PrP106–126 and mitochondria or liposomes are indicated by white ar-

rows. PrP106–126 monomers contain 70 μmol/L PrP106–126 and 30 μmol/L rhodamine

B-labeled PrP106–126. The fluorescence tests were performed in triplicate for repro-

ducibility. Scale bar: 20 μm.

with calcein (l- or d-Asp-liposomescalcein) [43,44] and PrP106–126
was labeled with rhodamine B (PrPRB). First, the l- or d-Asp-

liposomescalein (0.3mg/mL) were cocultured with the N2a cells for

48h. Figs. S10a, b, d, and e in Supporting information present the

distributions of the l- and d-Asp-liposomescalcein (green) and the

mitochondria (red), respectively. The overlap of these LSCM fig-

ures (Figs. S10c and f in Supporting information) clearly demon-

strated that l- or d-Asp-liposomes could be internalized by N2a

cells, partly might fusion with the membrane of cell, and locate

in the mitochondria, indicating the satisfactory biocompatibility of

the chiral liposomes. By contrast, obvious cytotoxicity of PrP106–126
monomers (70 μmol/L PrP106–126 +30 μmol/L PrP106–126RB) was ob-

served when the peptide was incubated with the N2a cells for 48h

(Figs. 7a-c). PrP106–126 could clearly penetrate into the cells and lo-

cate in the mitochondria, as indicated by the white arrows in Fig.

7c, and remarkable mitochondria swelling occurred in most cells,

which is a typical characteristic of apoptotic cells [45,46].

When l- or d-Asp-liposomescalcein (0.3mg/mL) and PrP106–126
monomers (70 μmol/L PrP106–126 +30 μmol/L PrP106–126RB) were

cocultured with the N2a cells for 48h, remarkable differences

in cell morphology were detected. When l-Asp-liposomes were

added, most cells maintained good morphology with a long neurite

(Figs. 7d-f). By comparison, when d-Asp-liposomes were added,

half of the cells retracted and become round, which indicated that

these cells were in the early apoptotic stage (Figs. 7g-i). Impor-

tantly, both PrP106–126 and l- or d-Asp-liposomescalcein were lo-

cated in the mitochondria. Moreover, the Pearson’s correlation co-

efficient (PCC) values described the extent of colocalization be-

tween PrP106–126 and the chiral liposomes [47]. The PCC value of

l-Asp-liposomes toward PrP106–126 was 0.53, which was twice than

7



C. Wang, X. Wang, D. Wang et al. Chinese Chemical Letters 34 (2023) 107332

that of d-Asp-liposomes (PCC=0.25; Fig. S11 in Supporting infor-

mation), indicating that a greater quantity of PrP106–126 was colo-

cated with l-Asp-liposomes than that with the d-Asp-liposomes.

Strong interactions between PrP106–126 and l-Asp-liposomes inhib-

ited the peptide fibrillation, which substantially reduced the mito-

chondrial damage and finally rescued the cells from death.

PrP peptides are abundant in the cell membrane. The under-

standing of these peptides with a phospholipid membrane is cru-

cial for elucidating the pathological progression of prion diseases.

In the present study, we designed a pair of chiral amino acid–

modified phospholipids, which exhibited a remarkable difference

in molecular chirality when inhibiting PrP peptide aggregation and

rescuing fibrillation-induced cytotoxicity. Unlike conventional stud-

ies that have focused on the physical or chemical properties of

the phospholipid surface, including hydrophilicity or hydrophobic-

ity [48] or electrical charge [49], this study revealed that the chi-

rality of amino acid–modified phospholipids, as natural substrates

for the PrP fibrillation, is a potential factor in the development of

prion diseases, which provided a novel perspective to understand

the crucial PrP fibrillation process from the interfacial molecular

chirality [50,51].

Importantly, phospholipids have excellent and convincible bio-

compatibility, and the satisfactory inhibitory effect of our chiral li-

posomes for the early prevention and treatment of prion diseases

clearly indicate that the combination of phospholipids with chiral

molecules, such as amino acids, oligopeptides and other inhibitors

[52–58], might be a feasible route for developing potential drugs

for the early prevention and treatment of various diseases. Fur-

thermore, this study established a clear and direct relationship be-

tween interfacial molecular chirality and cellular behavior through

the analysis of Ca2+ homeostasis.
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