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Abstract
Nearly 95% of Alzheimer’s disease (AD) occurs sporadically without genetic linkage. Aging, hypertension, high cholesterol content, and 
diabetes are known nongenomic risk factors of AD. Aggregation of Aβ peptides is an initial event of AD pathogenesis. Aβ peptides are 
catabolic products of a type I membrane protein called amyloid precursor protein (APP). Aβ40 is the major product, whereas the 2- 
residue-longer version, Aβ42, induces amyloid plaque formation in the AD brain. Since cholesterol content is one risk factor for 
sporadic AD, we aimed to explore whether cholesterol in the membrane affects the structure of the APP transmembrane region, 
thereby modulating the γ-secretase cutting behavior. Here, we synthesized several peptides containing the APP transmembrane 
region (sequence 693–726, corresponding to the Aβ22–55 sequence) with one or two Cys mutations for spin labeling. We performed 
three electron spin resonance experiments to examine the structural changes of the peptides in liposomes composed of dioleoyl 
phosphatidylcholine and different cholesterol content. Our results show that cholesterol increases membrane thickness by 10% and 
peptide length accordingly. We identified that the di-glycine region of Aβ36–40 (sequence VGGVV) exhibits the most profound change in 
response to cholesterol compared with other segments, explaining how the presence of cholesterol affects the γ-secretase cutting site. 
This study provides spectroscopic evidence showing how cholesterol modulates the structure of the APP transmembrane region in a 
lipid bilayer.

Keywords: cholesterol, Alzheimer’s disease, amyloid precursor protein, Aβ, transmembrane helix, electron spin resonance 
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Significance Statement

Cholesterol content is one risk factor for sporadic Alzheimer’s disease (AD). The Aβ42/Aβ40 ratio is determined by the cutting reaction 
of γ-secretase on the transmembrane helix of amyloid precursor protein (APP) and affects the AD onset age. Here, we used electron 
spin resonance spectroscopy to examine changes in the local structure of the APP transmembrane region in response to cholesterol 
content in the dioleoyl phosphatidylcholine vesicles. We found that cholesterol increased the length of the APP transmembrane helix 
and, most importantly, affected the helical backbone orientation of the di-Gly region above the Aβ40 cutting site. The new information 
provides an improved understanding of the cholesterol-sensitive region in the APP transmembrane helix.
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Introduction
According to the World Health Organization (https://www.who.int/ 
health-topics/dementia#tab=tab_2), around 50 million people 
worldwide have dementia, a number that is expected to rise to 
over 100 million in 2050, being a healthcare burden and substan-
tially impacting society. About 60–70% of dementia patients are di-
agnosed with Alzheimer’s disease (AD). Despite the efforts of >100 
years, AD is incurable and irreversible. Delaying AD onset for 

5 years can result in a 41% lower prevalence and 40% lower cost 

by 2050 (1). Current strategies for AD prevention include the iden-

tification of risk factors and early detection of pathophysiological 

hallmarks, so that the risk of acquiring AD could be reduced by nu-

tritional counseling, lifestyle changes, and early treatment. The de-

position of senile plaques in the patient’s brain is the initial event in 

AD progression. The main components in the senile plaques are 

amyloid-beta (Aβ) peptides, including Aβ40 of the major 

https://orcid.org/0000-0002-9313-6075
https://orcid.org/0000-0002-2101-8918
mailto:pyc@gate.sinica.edu.tw
mailto:ywchiang@mx.nthu.edu.tw
https://www.who.int/health-topics/dementia#tab=tab_2
https://www.who.int/health-topics/dementia#tab=tab_2
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1093/pnasnexus/pgad162


2 | PNAS Nexus, 2023, Vol. 2, No. 5

component and Aβ42 of the more toxic component, which are the 
catabolic products of amyloid precursor protein (APP) by 
β-secretase and γ-secretase. The ratio of Aβ42/Aβ40 is correlated 
to the patients’ onset age (2). The early-onset patients have genetic 
mutations in APP or secretases. On the other hand, late-onset AD is 
sporadic, and the apolipoprotein E (apoE) ϵ4 allele has been identi-
fied as the biggest genetic risk factor for sporadic AD (3, 4).

The brain is the most cholesterol-rich organ in the body. The 
central nervous system contains ∼25% of total cholesterol (5). 
Apolipoprotein E is critical for cholesterol metabolism in the brain 
and transports cholesterol and other lipids between neurons and 
glial cells (6, 7). The principal site of Aβ production in the cell is the 
cholesterol-rich membrane areas (lipid rafts) (8, 9). Rabbits fed a 
2% cholesterol diet showed extracellular Aβ amyloid deposits in 
the cortex, and the accumulation amount was correlated with 
the feeding duration (10). Hypercholesterolemic mice increased 
β-amyloid load, especially Aβ42 (11). In contrast, Aβ accumulation 
was reduced in AD transgenic mice treated with cholesterol- 
lowering drugs (12, 13). Several epidemiology studies have impli-
cated an elevated serum cholesterol level (specifically, a low- 
density lipoprotein cholesterol level) as a risk factor for AD (14– 
17). Patients receiving lovastatin or pravastatin (HMG-CoA reduc-
tase inhibitors that decrease cholesterol production) had a lower 
prevalence of probable AD (18). It is controversial whether choles-
terol could affect Aβ production via its effect on γ-secretase. Using 
the in vitro assays, some studies have claimed that γ-secretase ac-
tivity is cholesterol-dependent (9, 19, 20), while some studies did 
not find the correlation (21). To sum up, excessive cholesterol ac-
cumulation in the brain is a risk factor for dementia (22) and is re-
lated to several AD-associated pathologies (23, 24).

Cholesterol in the membrane plays an important role in Aβ pro-
duction and aggregation. Still, very few studies have explored 
whether the structure of the APP membrane-spanning region is af-
fected by the induction of cholesterol. There are two groups study-
ing the structure of the APP transmembrane region in micelles 
using NMR spectroscopy. Nadezhdin et al. incorporated an isotope- 
labeled APP686–726 fragment (corresponding to Aβ15–55) in dodecyl 
phosphocholine (DPC) micelles (25). They found two perpendicular 
α-helices formed in DPC micelles. The shorter helix, corresponding 
to Aβ16–23, lies in the region of hydrated polar DPC groups. The lon-
ger helix, corresponding to the membrane-spanning region Aβ29–52, 
transpierces the hydrophobic part of the micelles. By adding cho-
lesteryl hemisuccinate to the micelles, only residues of Gly-25, 
Ser-26, Gly-29, Ile-32, and Gly-33 had a significant change in the 
chemical shift of the amide proton. Another study by Barrett 
et al. incorporated an APP catabolic fragment called C99 into the 
myristoyl phosphatidylglycerol micelles (26). They reported that 
the structure of the transmembrane region (Aβ29–52) is a curved 
α-helix in which the two adjacent glycine residues, Gly-37 and 
Gly-38, form a G-G kink in the apex of the curvature. Substituting 
residues Gly-29, Ile-32, Gly-33, and Val-40 by Ala affected choles-
terol binding. These two studies used different APP fragments 
and lipids. They yielded different structural results, but both found 
cholesterol binding at the GXXXG motif.

In this study, we were interested in studying whether choles-
terol could affect the transmembrane region of APP by means of 
electron spin resonance (ESR) spectroscopy. The experimental 
protocol is shown in Fig. 1. Briefly, we synthesized cysteine var-
iants of peptides containing the sequence of the APP 
membrane-spanning region. The peptides were embedded in lip-
osomes composed of dioleoyl phosphatidylcholine (DOPC) and 
different amounts of cholesterol. Three different ESR experiments 
were then performed to identify cholesterol-induced structural 

changes in the transmembrane peptides. The ESR experiments 
performed included continuous-wave ESR (CW-ESR), double elec-
tron–electron resonance (DEER), and electron spin echo envelope 
modulation (ESEEM).

Results and discussion
Cholesterol promotes an extended helical model 
in the APP transmembrane region
The two ends of the APP transmembrane region are fixed to the 
lipid bilayer border by positively charged Lys-28 at the 
N-terminus and Lys-53, Lys-54, and Lys-55 at the C-terminus. 
Due to the hydrophobic nature of the lipid bilayer, there are 
many hydrophobic residues in the APP transmembrane region. 
However, it is worth noting that four glycine residues (Gly-29, 
Gly-33, Gly-37, and Gly-38) are in the transmembrane region’s 
upper part. Glycine is known as a “helix breaker.” Moreover, 
Nadezhdin et al. have reported that this Gly-rich region happens 
to be the cholesterol-binding site (25). Here, we chose Gly-29 and 
Ile-47 to be spin-labeling sites, because the 29–47 region covers 
the whole membrane-spanning region of the Aβ peptides and 
the γ-secretase cutting site. This region contains five helical turns, 
and the estimated spin–spin distance is ∼2.7 nm and within the 
detection range of DEER ESR spectroscopy (1.5–6 nm).

We synthesized a peptide named KKWK-Aβ22–55-G29C/I47C, 
which contains the “KKWK” sequence for increasing peptide 
solubility and for peptide quantification. The Gly-29 and Ile-47 
of Aβ22–55 were mutated to Cys (Fig. 2a) to prepare the double- 
labeled peptide encoded as 29/47R1. The 29/47R1 was embedded 
in DOPC liposomes containing 0, 10, and 15% (w/w) cholesterol. 
Their circular dichroism (CD) spectra confirmed that the peptides 
adopt an α-helical structure in the liposomes (Fig. S1). The orien-
tated CD (OCD) spectra proved that these peptides were inserted 
into the lipid bilayers (Fig. S2). Hutchison et al. have reported 
that the C99 protein (the C-terminal catabolic product of APP after 
β-secretase cleavage) embedded in the sphingomyelin and 
cholesterol-rich DMPC-based bicelles formed a mixture of mono-
mer, dimer, and trimer (27). Song et al. showed that dimerization 
and cholesterol binding is a competitive process (28). To ensure 
our peptides are monomeric in the liposomes, the CW-ESR spectra 
of single-labeled peptides in the liposomes composed of different 
peptide: lipid ratios were recorded. No peak broadening was found 
in the liposome of 1:300 (peptide:lipid) mixing ratio, suggesting 
that our peptides do not associate under this condition.

Using DEER spectroscopy, the distance distribution of the 29/ 
47R1 in the DOPC liposome without cholesterol displayed one pri-
mary population at 2.5 nm (Fig. 2b and c). The distances corre-
sponding to the 29/47R1 in 10 and 15% cholesterol liposomes 
shifted clearly to longer distances (2.7–2.8 nm), indicating that 
the presence of cholesterol affects the local structure and pro-
motes an increase in the helix length. The structure of the APP 
membrane-spanning region is more similar to the simulated dis-
tance distribution based on the 2LLM model, as opposed to the 
2LP1 model, suggesting that there is no bending in the middle of 
our transmembrane helix in the DOPC lipid bilayer. The all-atom 
molecular dynamic simulation data done by Lemmin et al. also 
supported the straight helix model (29).

Changes in local segments of the peptide 
revealed by CW-ESR
The DEER data suggested that the content of cholesterol affected 
the helical structure. Furthermore, we used CW-ESR to explore 
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which segment was affected by cholesterol. We selected Aβ29–36, 
Aβ29–40, and Aβ40–47 as our target segments (Fig. 3a). The interspin 
distances predicted from the model (PDB ID: 2LLM) in the double- 
labeled peptides 29/36R1, 29/40R1, and 40/47R1 (Fig. 3b) were 1.3, 
1.6, and 1.4 nm, respectively. The CW-ESR spectra corresponding 
to the double- (red line) and single-labeled (blue line) peptides 
were recorded. The experimental spectra are presented in the nor-
malized absorption mode to emphasize the changes in linewidth 
broadening (highlighted by dotted boxes in Fig. 3c) with labeling 
sites. The CW-ESR is sensitive to interspin distances <2 nm. The 
shorter the interspin distances, the greater the linewidth broaden-
ing in the double-labeled spectrum (denoted by D), as compared 
with the sum of the single-labeled spectra (denoted by S). Our re-
sults (Fig. 3c) show that the extent of the linewidth broadening 
was in this order: 29/36R1 > 40/47R1 > 29/40R1.

Figure 3d shows the interspin distance distributions extracted 
from the CW-ESR spectra using the Tikhonov-based method 
(30). The average distances and the FWHM values are ∼1.21 ± 0.1 
(29/36R1), 1.36 ± 0.1 (40/47R1), and 1.65 ± 0.3 (29/40R1) nm, con-
sistent with the trend of linewidth broadening obtained from 
the visual inspection of the experimental spectra (Fig. 3c). A com-
parison of the ESR-derived distances and the predictions from the 
NMR model (indicated by red dash lines in Fig. 3d) revealed that 
the presence of cholesterol primarily causes a change in segment 

29/40R1. Little change was observed for the 29/36R1 and 40/47R1 
in response to cholesterol. Moreover, in Fig. 3d, 29/40R1 had in-
creased peak width upon cholesterol addition, whereas 29/36R1 
did not, suggesting that the 36–40 segment is the source of in-
creased structural flexibility. Taken together, the data suggest 
that cholesterol exerts the most profound influence on the 36– 
40 segment. The 36–40 segment may be somewhat rotated or 
twisted in response to cholesterol.

ESEEM to verify the local difference in the  
Gly37–Gly38 region
The Aβ36–40 region contains two consecutive Gly residues (Gly37– 
Gly38). Without the restraint of the side chain, Gly could provide 
high flexibility to the conformer of the polypeptide chain. To iden-
tify cholesterol-induced changes in the helical structure of the 
APP peptide by means of the pulse ESEEM technique, we prepared 
variants of the peptide by fixing 2H-labeled Val (d8) at position 36 
(i) and varying the MTSSL spin label at two different positions (i + 3 
and i + 4). The two peptides are denoted by V36d8-V39R1 and 
V36d8-V40R1 (Fig. 4a). The three-pulse ESEEM technique was uti-
lized to detect the weakly coupled interactions between the 2H 
atoms on the Val side chain and the MTSSL nitroxide probe, fol-
lowing the previously established ESEEM-based strategy for 

Fig. 1. The experimental protocol to study the cholesterol-induced difference in the transmembrane region of APP by ESR.
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distinguishing between the structures of α-helix and 310-helix (31). 
We performed the ESEEM measurements on the two samples in 
DOPC liposomes containing different contents of cholesterol at 
0, 10, and 15%. The time-domain ESEEM data (Fig. 4b) of the i + 4 
(V36d8-V40R1) samples exhibit a distinct damped oscillation com-
pared with the data of the i + 3 (V36d8-V39R1) samples. The dis-
tinct difference in the time-domain ESEEM data indicates that 
the distances between the side chains of the i and i + 4 positions 
are within the ESEEM sensitivity range (∼0.8 nm), while the distan-
ces between i and i + 3 are outside the detection limit.

After Fourier transforming the time-domain data, we observed 
that a distinct 2H Larmor frequency (∼2.2 MHz) appears only in the 
frequency-domain ESEEM data for i + 4 (Fig. 4c). The peaks for 10 
and 15% cholesterol are similar in intensity (1.60 and 1.42, re-
spectively), which are ∼1.5 times the peak intensity for 0% choles-
terol. The greater peak intensity was strong evidence that the side 
chains of the i and i + 4 positions pointed toward the same side of 
the helix in 10 and 15% cholesterol; they were closer in proximity 
compared with that in 0% cholesterol. Our data suggest that the 
presence of cholesterol twists the local region containing V36 
and V40, and promotes consistency in the orientation of the two 
residues, as the distance between V36R1 and V40R1 in 10% choles-
terol was the shortest among all studied. In addition, the data sup-
port that Aβ36–40 forms an α-helical structure rather than a 
310-helix in the DOPC bilayer.

Previous NMR studies have reported two different structural 
models of APP peptides in micelles (Fig. 4d); their PDB codes are 
2LP1 and 2LLM, where the former is characterized by a kink and 
is highly curved compared with the latter. As illustrated, the side 
chains of i and i + 3 point toward the same side in 2LP1, whereas 
the side chains of i and i + 4 are aligned along the same side in 
2LLM. Our ESEEM results indicate that, in a DOPC lipid environ-
ment, the APP peptide forms an α-helix structure similar to 2LLM, 
and the helix is twisted in the presence of cholesterol (Fig. 4e).

Barrett et al. have studied the distance between Gly-29 and 
Leu-52 in the POPG/POPC liposomes using DEER spectroscopy 

(26). They found that replacing Gly-37 or Gly-38 with Leu reduced 
the structural flexibility of the transmembrane helix of C99. This 
finding provides a good explanation for our results. We found 
that when the two ends of the APP transmembrane region are 
fixed to the membrane borders by Lys-28 and Lys-53, the di-Gly re-
gion provides structural flexibility upon cholesterol-induced 
membrane thickening.

Thickness of the DOPC lipid bilayer with or 
without cholesterol
Gallová et al. reported that cholesterol addition did not change the 
lipid thickness of the DOPC bilayer in unilamellar vesicles but in-
creased the thickness of the dilauroyl phosphatidylcholine bilayer 
from 4.058 to 4.62 nm by the small-angle neutron scattering tech-
nique (32). The membrane thickening effect of cholesterol in 
multilayered lipids has been reported previously (33). In this 
study, we used lamellar X-ray diffraction (LXD) to examine the lip-
id thickness in the DOPC multilayers, with or without cholesterol. 
The obtained LXD diffraction patterns are shown in Fig. S3, and 
the repeating distances (D) in the lipid multilayers were calculated 
from the angle of the diffraction peaks. Figure 5 shows the trans- 
bilayer electron density profiles of different lipid multilayers. The 
distance between the two maximums indicated by vertical bars in 
this figure is the bilayer thickness, which is also called the 
phosphate-to-phosphate (ptp) distance. The thickness of the 
water layer (Dw) between the lipid bilayers was calculated by de-
ducting the bilayer thickness from the repeating distances in the 
lipid multilayers.

The LXD results are summarized in Table 1. The thicknesses of 
the DOPC and DOPC+ 15% cholesterol bilayers were 3.68 and 
4.09 nm, respectively. Cholesterol increased the membrane thick-
ness by 0.4 nm. The bilayers of the DOPC+ 15% cholesterol with 
and without peptide maintained the same thickness of 4.09 nm, 
suggesting that peptide insertion does not increase the membrane 
thickness. Our DEER and CW-ESR showed that the peptide length 

Fig. 2. The DEER measurements on the 29/47R1. a) Peptide sequence and spin-labeling sites. The arrows mark the γ-secretase cutting sites for producing 
Aβ40 (left arrow) and Aβ42 (right arrow). The membrane region is marked. b) Dipolar time evolution data from the DEER measurements of the 29/47R1 in 
the DOPC liposomes, containing 0, 10, and 15% (w/w) cholesterol. c) Interspin distance distributions of the 29/47R1 extracted from the DEER data. The 
shading around the lines represents uncertainty bounds. The distance distributions predicted from the structure models reported by Nadezhdin et al. 
(PDB: 2LLM) and Barrett et al. (PDB: 2LP1) are displayed by bar plots (25, 26).
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increased as the membrane thickness increased, and that the 
change mainly occurred in the Gly-rich segment above the 
γ-secretase cutting sites. On the other hand, the water layer thick-
ness of DOPC+ 15% cholesterol with peptide is 1.67 nm, which is 
larger than that without peptide (1.40 nm). Because the 
N-terminus of our peptide contains 10 residues that were not in 
the membrane-spanning region, the increased Dw thickness 
might have resulted from this membrane-exposed polypeptide 
chain.

Conclusion
In this study, we employed three ESR experiments to investigate 
how cholesterol affects the structure of the membrane-spanning 
region of the APP. We found that the peptide containing the se-
quence corresponding to this region adopts a straight α-helical 
structure in DOPC liposomes. However, when cholesterol was 
added to the liposomes, the lipid thickness increased, and the 
backbone of the di-Gly region was twisted, causing the helix 
length to increase. Notably, the di-Gly region is located above 
the Aβ40 cutting site, so changing the side-chain orientation could 
impact the choice of the γ-secretase cutting site.

Materials and methods
Peptide synthesis
All mutated APP transmembrane helix series were synthesized by 
solid-phase peptide synthesis on a PS3 peptide synthesizer 
(Protein Technologies, Inc., AZ, USA) following a modified protocol 
in the literatures (34, 35). The Fmoc-Lys(Boc)-Wang resin 
(0.1 mmol) was used as the solid support. Thirty percent of piperi-
dine in dimethylformamide (DMF, v/v) was used to remove the 
protecting Fmoc group. The activation solution (4.45% 
N-methylmorpholine [NMM], 25% DMSO in DMF, v/v) was used 
to dissolve 0.6 mmol of Fmoc-protected amino acid and equal mo-
lar O-(benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexa-
fluorophosphate in the amino acid vial. Then, the mixture was 
injected into the reaction vessel for 3 or 6 h to complete one syn-
thesis cycle. After the peptide synthesis was completed, 10 mL of 
cleavage cocktail (trifluoroacetic acid/water/ethanedithiol 95/2.5/ 
2.5% v/v/v) was reacted with the resin by stirring at room tem-
perature for 2 h to deprotect the side chains and cleave the pep-
tide from the resin. The resin was then removed by filtration, 
and the peptide in the filtrate was precipitated by adding 10 vol-
umes of ice-cold methyl t-butyl ether (MTBE). The precipitate 
was collected by centrifugation at 3,000 g for 15 min at 4°C, 

Fig. 3. The CW-ESR results. a) Sequences and spin-labeling sites of the peptides used. The arrows mark the γ-secretase cutting sites for producing 
Aβ40 (left arrow) and Aβ42 (right arrow). The membrane region is marked. b) Average interspin distances predicted from the 2LLM model using the 
mtsslWizard program. c) The CW-ESR spectra displayed in the normalized absorption mode. They are samples of 29/36R1, 29/40R1, and 40/47R1 
embedded in DOPC liposomes containing 0, 10, and 15% cholesterol. d) Interspin distance distributions extracted from the CW-ESR spectra. The dashed 
lines correspond with the predicted distances, as shown in b.
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washed twice with ice-cold MTBE, and dried under vacuum to ob-
tain the crude peptide.

MTSSL labeling of peptides and purification
The crude peptide was dissolved in DMSO and quantified by 
absorbance at 280 nm. Then, the (1-oxyl-2,2,5,5-tetramethyl- 
3-pyrroline-3-methyl)methanethiol-sulfonate (MTSSL; Enzo Life 
Sciences, Taiwan) stock solution (126 mM in DMSO) and activa-
tion solution (4.45% NMM, 25% DMSO in DMF, v/v) were mixed 
with the peptide (molar ratio of peptide:MTSSL:NMM = 1:3:5). 

Fig. 4. The ESEEM results of V36d8-V39R1 and V36d8-V40R1. a) Sequences and spin-labeling sites of the peptides used. The membrane region is marked. 
b) Time-domain ESEEM spectra of the peptides with a deuterated Val at position i, a nitroxide spin-labeled at i + 4 (V36d8-V40R1, blue), and i + 3 
(V36d8-V39R1, red) samples at 0, 10, and 15% cholesterol. c) Fourier-transformed ESEEM spectra. A distinct 2H Larmor frequency (∼2.2 MHz) appears in 
the i + 4 samples. d) Previously reported structural models of the APP peptide in micelles. Their PDB codes are noted. e) The surmised illustration of the 
relative orientation of Val-36 and Val-40 in the presence of different cholesterol concentrations.

Fig. 5. The electron density profiles of DOPC, DOPC+ 15% cholesterol, and 
DOPC+ 15% cholesterol + peptide at 98.5% relative humidity and 30°C. 
The profiles were not normalized and were displaced for clarity. The short 
vertical bars indicate the positions of the peaks. The distance between the 
vertical bars is the ptp distance.

Table 1. Structural parameters of lipid bilayers determined by 
LXD at 98.5% relative humidity and 30°C.

Sample D (nm) ptp (nm) Dw (nm)

DOPC 5.17 3.68 1.49
DOPC+ 15% cholesterol 5.49 4.09 1.40
DOPC+ 5% cholesterol + peptide 5.76 4.09 1.67

The repeating distance (D) was calculated from the angle of the diffraction 
peaks in Fig. S3 by Bragg’s law. The ptp distance, defined as bilayer thickness, 
was extracted from the electron density pattern. The thickness of the water 
layer (Dw) between bilayers was obtained as follows: D = ptp + Dw.

http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad162#supplementary-data
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The reaction was conducted in the dark at room temperature for 
2.5 h, after which the solvent was removed by lyophilization.

The labeled peptide was dissolved in 20% trifluoroethanol. The 
premature peptides and unreacted MTSSL were removed using 
the 3,000 Dalton Ultra Centrifugal Filter (Merck, Taiwan) at 
2,500 g for 45 min at 4°C. Next, the concentrated solution was ap-
plied to a PD-10 column (GE, USA) to collect the purified peptide. 
The purified peptide was lyophilized and stored at −30°C. The 
quality of the peptide was checked using MALDI-TOF mass 
spectroscopy.

Liposome preparation
The DOPC (Avanti) and the cholesterol (Sigma-Aldrich) were dis-
solved in a freshly premixed mixture of hexafluoroisopropanol 
(HFIP) and chloroform (3:1, v/v) to the concentrations of 10  and 
5 mg/mL, respectively. The labeled peptide was also dissolved in 
the same solvent cocktail. Then, 50 nmol peptide and 
15,000 nmol lipids were mixed (P/L ratio, 1:300) by vortex, then 
the solvent was evaporated using an N2 purge with a gentle vortex. 
The lipid film formed layer by layer on the wall of an Eppendorf 
tube. The tube was placed in a vacuum chamber overnight.

About 750 μL of phosphate buffer (10 mM PB, 50 mM NaCl, pH 7) 
was added to the lipid film and mixed mildly using a rotary device 
(Intelli mixer, ELMI, Latvia) at 10 rpm for 20 min. Then, the solu-
tion was alternatively placed in a 50°C water bath and liquid nitro-
gen for five freeze-thaw cycles (5 min each). Finally, the solution 
was extruded through a polycarbonate filter (with a 200-nm 
pore size) using the Avanti Mini-Extruder (Avanti Polar Lipids, 
USA) to prepare the liposomes. The liposomes were stored in a 
4°C fridge. For ESR measurement, glycerol was added to the lipo-
somes to a final concentration of 20%.

CD spectroscopy
The embedded peptide in the liposomes was diluted five times 
with phosphate buffer (10 mM PB, 50 mM NaCl, pH 7). Two hun-
dred microliters of the sample were put into a quartz cuvette 
with a path length of 1 mm, and the spectra were recorded two 
times, from 195 to 260 nm, with a scanning speed of 50 nm/min 
on a J-815 CD spectrometer (JASCO, Japan). The bandwidth was 
set to 1 nm, and the step resolution was 0.5 nm.

OCD spectroscopy
The KKWK-Aβ22–55 was mixed with DOPC, with and without chol-
esterol (peptide/lipid molar ratio, 1:10), in HFIP/chloroform (3/1). 
The final peptide concentration was 100 μM. Four microliters of 
the mixed sample were dropped into a sample chamber whose de-
sign was described in the literature (36). Multiple layers of lipids 
were formed after solvent volatilization. Ten microliters of water 
were added to the rim of the sample chamber to retain humidity. 
The OCD spectrum was recorded three times on a J-815 CD spec-
trometer (JASCO, Japan) from 195 to 250 nm with a scanning speed 
of 50 nm/min and a step resolution of 0.5 nm.

Pulsed ESR (DEER and ESEEM)
The pulsed EPR experiments were conducted at 80 K using a 
Bruker ELEXSYS E580-400 CW/pulsed spectrometer, with a 
split-ring resonator (EN4118X-MS3) and a helium gas flow system 
(4118CF and 411A). A liposome sample of ∼40 μL, containing 20% 
glycerol, was transferred into a 3-mm EPR quartz tube sealed 
with parafilm. All samples were frozen quickly by liquid nitrogen 
before being inserted into the sample cavity, which was precooled 
to the desired temperature of 80 K (37, 38).

The DEER experiments were performed using the typical four- 
pulse constant-time DEER sequence as previously described (39). 
The interspin distance distribution was determined using time- 
domain analysis by Tikhonov regularization based on the 
L-curve method (40), followed by a data refinement process, using 
the maximum entropy method to obtain the nonnegative prob-
ability density (41, 42). Error estimates of the DEER distance distri-
butions were calculated from all trials of the background 
correction parameters in the Tikhonov regularization analysis.

Three-pulse electron spin echo envelope modulation (ESEEM) 
measurements were performed with a π/2-τ-π/2-T-π/2-τ-echo 
pulse sequence using four-step-phase cycling (43). The pulse 
length of the π/2 pulses was set to 16 ns and the interpulse delay 
τ was 200 ns, which corresponds with a proton blind spot to sup-
press the proton modulations (31, 44, 45). The second interpulse 
delay, T, was set by an initial value of 386 ns, incremented by 
8 ns with 512 data points, with the magnetic field strength fixed 
at 3,360 G. The integration gate length was 60 ns. All ESEEM data 
were collected at a microwave frequency of ∼9.425 GHz.

Continuous-wave ESR
For the CW-ESR measurement, ∼200 μL of the sample, which con-
tained 20% glycerol, was transferred into a 4-mm EPR quartz tube. 
The CW-ESR spectra were recorded in a Bruker ELEXSYS 580, 
equipped with an X-band microwave bridge and ER 4122 SHQE 
resonator, and an ER 4131 VT unit for temperature control. The 
spectra were recorded at 200 K with a microwave frequency of 
∼9.43 GHz, microwave power of 1.5 mW, modulation frequency 
of 100 kHz, modulation amplitude of 1 G, and scan width of 
200 G and 1,024 data points.

Lamellar X-ray diffraction
The LXD measurements were carried out at the Taiwan Light 
Source beamline BL13A1, equipped with an X-ray diffractometer 
and Bicron detector of the National Synchrotron Radiation 
Research Center, Taiwan. The oriented multilayer sample used 
in the LXD measurement was a stack of parallel hydrated lipid bi-
layers on a solid substrate. The preparation of such oriented sam-
ples followed the method described in previous studies (46, 47). 
One milligram of lipid sample was premixed and dissolved in 
20 μL of HFIP/chloroform mixture (3/1). For the samples contain-
ing peptide, the molar ratio of peptide to lipid was 1:20. Ten micro-
liters of the sample were spread onto a cleaned silicon wafer 
surface of 22 mm × 14 mm (L × W ). After the solvents evaporated 
and the sample dried, the sample was vacuumed to remove the re-
sidual solvents and then slowly hydrated at high relative humidity 
until it appeared transparent.

The oriented samples were loaded into a temperature- 
humidity controlled chamber for LXD measurements. The tem-
perature was set at 30°C. In addition to the measurement at 
98.5% relative humidity (RH), the measurements were performed 
at lower humidity levels for the determining phase. A precise RH 
reading for these lower levels of humidity was not necessary be-
cause the phase determination via the swelling method may use 
the repeat distances as the variables (48, 49). The equilibrium of 
the sample at each humidity level was ensured by an agreement 
of two subsequently analyzed diffraction patterns. The data re-
duction of LXD was described previously (47, 50). Briefly, it started 
with a background removal of diffraction patterns in Fig. S3, fol-
lowed by absorption and diffraction volume corrections. 
Subsequently, the integrated areas of diffraction peaks in Fig. S3
were corrected for polarization and Lorentz factors (48). The 

http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad162#supplementary-data
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magnitude of the scattering amplitude was the square root of the 
integrated intensity. The phases were determined by the swelling 
method (Fig. S4) (48, 49). With their phases determined, the scat-
tering amplitudes were Fourier-transformed to obtain the relative 
trans-bilayer electron density profiles in Fig. 5. Instead of normal-
ization to the absolute scale, the profiles gave the correct ptp dis-
tances, which are independent of the normalization (51).
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