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C99 is the immediate precursor for amyloid beta (Aβ) and therefore is a central intermediate
in the pathway that is believed to result in Alzheimer’s disease (AD). It has been suggested
that cholesterol is associated with C99, but the dynamic details of how cholesterol affects
C99 assembly and the Aβ formation remain unclear. To investigate this question, we
employed coarse-grained and all-atom molecular dynamics simulations to study the effect
of cholesterol and membrane composition on C99 dimerization. We found that although
the existence of cholesterol delays C99 dimerization, there is no direct competition
between C99 dimerization and cholesterol association. In contrast, the existence of
cholesterol makes the C99 dimer more stable, which presents a cholesterol binding
C99 dimer model. Cholesterol and membrane composition change the dimerization rate
and conformation distribution of C99, which will subsequently influence the production of
Aβ. Our results provide insights into the potential influence of the physiological environment
on the C99 dimerization, which will help us understand Aβ formation and AD’s etiology.
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INTRODUCTION

The aggregation of amyloid beta (Aβ) in the brain is the main cause of Alzheimer’s disease (AD). Aβ
accumulation leads to a series of pathological changes, including neuronal death and amyloid plaque,
which are pathologically characterized within the gray matter of an AD patient’s brain (Seubert et al.,
1992; Iwatsubo et al., 1994; Kirkitadze et al., 2002; Walsh et al., 2002).

Aβ is cleaved by γ-secretase from the C99 domain of the amyloid precursor protein (C99), which
is generated upon the cleavage of amyloid precursor protein by ß-secretase. Although great efforts
have beenmade on the biophysical chemistry of Aβ, there are few studies on C99. Among the handful
of articles, controversy has already arisen over whether and how it binds cholesterol, whether and
how it dimerizes, and how these events relate to each other and to the γ-cleavage to release Aβ. Recent
studies have also shown that C99 but not Aβ is a key contributor to early intraneuronal lesions in the
triple-transgenic mouse hippocampus (Lauritzen et al., 2012); C99 but not Aβ is associated with the
selective death of vulnerable neurons in AD. (Pulina et al., 2019) These findings highlight the
importance of C99 in the pathogenesis of AD. (Pulina et al., 2019)

Early evidence has shown that elevated levels of cholesterol (CHOL) promote the amyloidogenic
pathway, increasing Aβ production and inhibiting the competing nonamyloidogenic cleavage
pathway (Bodovitz and Klein, 1996; Simons et al., 1998; Fassbender et al., 2001; Kojro et al.,
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2001; Refolo et al., 2001; Runz et al., 2002; Wahrle et al., 2002;
Grimm et al., 2008; Guardia-Laguarta et al., 2009; Fonseca et al.,
2010). In addition, studies found that 5–20 mol% cholesterol 2- to
4-fold enhances the rates of production of both Aβ40 and Aβ42
(Osenkowski et al., 2008). For the first time, Barrett et al. (2012)
confirmed the association between C99 and cholesterol and
proposed a cholesterol binding C99 model, where cholesterol
forms a 1:1 binary complex with monomeric C99 at the repeat
GxxxG motif. This finding hints at a significant functional effect
of cholesterol on the C99 process and raises a hot debate on the
relevance of C99 dimer in the γ-cleavage of C99.

Song et al. (2013) suggested that there is a competition
between C99 homodimerization and the C99 cholesterol
binding, since their binding interfaces both center on the
G700xxxG704xxxG708 glycine–zipper motif and adjacent Gly709.
They also suggested that cholesterol binding to C99 complex is
more highly populated than C99 homodimers under most
physiological conditions. However, increasing evidence
suggests that C99 has multiple dimeric conformations, which
are stabilized by different motifs (Munter et al., 2007; Gorman
et al., 2008; Miyashita et al., 2009; Sato et al., 2009; Wang et al.,
2011; Nadezhdin et al., 2012; Pester et al., 2013; Chen et al., 2014;
Laura et al., 2014). Laura et al. found that C99 exists at least three
configurations predominantly characterized by right-handed
coiled coils including G-IN, G-SIDE, and GOUT (Laura et al.,
2014). Our previous study found that C99 dimer exists six
conformations regulated using the Helix switch (Li et al.,
2019). In particular, instead of a 1:1 complex, we found that
cholesterol molecules dynamically bind to the multiple sites of
C99, whose binding affinity (Li et al., 2017) does not seem to be
the ability to compete directly with C99 dimer (Li et al., 2019).
Therefore, it raises the question of how dynamic cholesterol
binding to multiple sites of C99 competes with
C99 dimerization, which assembles into multiple dimeric
conformations. In addition, studies have corroborated the view
that C99 homodimerization is related to γ-cleavage
(Scheuermann et al., 2001; Munter et al., 2007; Kienlen-
Campard et al., 2008; Khalifa et al., 2010); disulfide-linked
C99 homodimers have been shown to be cleaved to generate
disulfide-bonded amyloid-β dimers (Scheuermann et al., 2001).
These results challenge Song’s conclusion.

The contradiction above calls for further investigation of the
effect of cholesterol on C99 dimerization, which is critical for our
cognition of Aβ formation and the AD etiology since it will have a
functional consequence on C99 dimerization and γ-cleavage. To
answer these questions, a multiscale computational approach
combining coarse-grained (CG) and all-atom (AA) simulations
was employed to simulate two C99 monomers (PDB structure
2LLM) in POPC:POPG:CHOL = 3:1:1 and DPPC:CHOL = 4:
1 bilayers with or without mol 20% cholesterol (to match the
optimal concentration in Song’s experiments). (Song et al., 2013).
CG simulations were performed for 3 μs using the MARTINI
2.2 force field (Marrink et al., 2007; Monticelli et al., 2008;
Marrink et al., 2009; Jong et al., 2012) to assess the longtime
dynamics of the protein and lipid conformation ensemble,
whereas AA simulation was performed for 3 μs using
CHARMM36 force field (Huang and MacKerell, 2013) to

obtain more accurate forecasts for the association between
C99 and cholesterol.

Models and Methodology
The experimentally derived NMR structure 2LLM (Nadezhdin
et al., 2012) (C9915-55) was employed as the initial structure of the
C99 monomer. The protein sequence of C9915-55 is
696GSNKGAIIGLMVGGVVIATVIVITLVMLKKK726, and
G700-L723 is the transmembrane (TM) domain (TMD) of C99.

CG Model Simulations
The Martinize.py script was used to create protein topology
information, and the CG simulations were performed under
MARTINI v2.2 force field (Monticelli et al., 2008; Jong et al.,
2012). The insane.py script was employed to build the POPC:
POPG = 3:1 and DPPC bilayer systems (size = 8*8 nm2), with or
without mol 20% cholesterol levels (where mol% cholesterol =
100[moles cholesterol/(moles lipids + moles cholesterol)]). Two
spatially segregated monomers were then placed in the pre-
equilibrated lipid systems. The CG bilayer system consisted of
two C99 monomers; 240 DPPC or POPC:POPG (3:1) lipids, with
or without 60 cholesterol molecules; 3863 water particles; and
6 Cl− or 54 NA+ ions to neutralize the DPPC and POPC: POPG
(3:1) lipid systems, respectively.

All CG systems experienced the following three steps: energy
minimization, NVT and NPT equilibration, and the molecular
dynamics balance. The energy of each system was repeatedly
minimized followed by a 3 ns position-restrained simulation for
better packing of the lipid molecules around the TM helices; 20 ×
3 μs CG simulations were performed on each system in
consideration of sample stability.

The temperature was set to 310 K using the V-rescale coupling
method with a coupling constant of 1 ps. The pressure was set to
1 bar using a semiisotropic coupling for bilayer with the
Berendsen algorithm. An integration time step of 20 fs was
used in all simulations. Nonbonded interactions were
truncated using shift functions (between 0.9 and 1.2 nm for
Lennard–Jones interactions and between 0 and 1.2 nm for
electrostatics) (Marrink et al., 2007; Jong et al., 2012).

Restraint Coarse-Grained Simulations
To explore a possible cholesterol binding model of C99,
restrained simulations of selected representative C99 dimeric
conformation, which was obtained from our previous study,
were performed in DPPC: CHOL = 4: 1 bilayer at 310 K,
where the position of protein atoms was limited by the
harmonic potential with the force constant of 1000 kJ
mol−1nm−2 on each atom of the whole protein in the X, Y,
and Z directions. During the simulations, the protein is almost
stationary with tiny harmonic vibration of the side chains. The
other physiological conditions and simulation parameters of the
protein restrained simulations are the same as the above CG
model simulations.

All-Atom Model Simulations
The AA model was constructed by the CHARMM-GUI
Membrane Builder (Jo et al., 2009). The system is composed
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of C99 fragment (Gly696-Lys726), 240 DPPC molecules,
60 cholesterol molecules, 9756 water molecules, and 29 K+

and 35 Cl− ions (0.15 M). Protein and lipids were presented
using the CHARMM36 force field (Huang and MacKerell, 2013),
and the TIP3P model (Jorgensen et al., 1983) was used for water.
Two C99 monomers or representative C99 dimeric
conformations (by converting CG to AA) were employed as
the initial configuration. AA simulation system experienced
the following three steps: energy minimization, NVT and NPT
equilibration, and molecular dynamics simulation. The
temperature was maintained at 310 K using the Nose–Hoover
weak coupling algorithm (Hoover, 1985) with a coupling
constant of 1 ps−1. The pressure was set to 1 bar using the
Parrinello−Rahman barostat methodology (Parrinello and
Rahman, 1998). The particle mesh Ewald algorithm (Darden
et al., 1993) was applied in full electrostatics with a Fourier grid
spacing of 0.12 nm. The van der Waals interactions were treated
with a force-based switching function, with a switching range of
1.0–1.2 nm. All the covalent bonds that included hydrogen were
restrained using the LINCS method (Hess et al., 2008). Periodic
boundary conditions were employed in all three directions, and
2 fs integration time steps were used in AA simulations.

Binding Energy Calculation
g_mmpbsa (Baker et al., 2001; Kumari et al., 2014) was used to
evaluate binding energies as well as to estimate the energy
contribution of each residue to the binding energy. The
binding energy is calculated based on the equation: ΔGbind =
ΔEMM + ΔGpsolv + ΔGnpsolv − TΔS. ΔEMM is the sum of van der
Waals and electrostatic interactions. The entropy contribution
(TΔS) is not calculated in the g_mmpbsa, and since the C99 is a
transmembrane protein, we did not calculate the solvation
energy. Therefore, this binding energy is the relative binding
energy rather than the absolute binding energy (Vashisht et al.,
2016). All energy components for the binding complex were

averaged by 20 calculations from the production trajectory, where
the complex is relatively stable.

The simulations were performed and analyzed using the
GROMACS (v4.6.3) (Hess et al., 2008), (Van Der Spoel et al.,
2005) Images were generated using VMD. (Humphrey et al.,
1996). Detailed simulations are summarized in Supplementary
Table S1. Note: The words “POPG” in legends refer to “POPC:
POPG bilayer.”

RESULTS AND DISCUSSION

Cholesterol Delays C99 Dimerization
All simulation replicas were observed to undergo a spontaneous
conversion from two separated C99 monomers to a stable dimer
that subsequently never disassociates. However, the speed of
C99 dimerization differs with the change in membrane
composition (Figure 1). The average dimerization time of
C99 in 20% cholesterol (759 ns in POPG, 910 in DPPC) is
significantly higher than that without cholesterol (453 ns in
POPG, 404 ns in DPPC) (Figure 1). These results show that
cholesterol delays the dimerization of C99.

Song et al., (Song et al., 2013) performed experiments around
room temperature of 298 K in POPC:POPG bilayer with 20%
cholesterol and observed that the presence of cholesterol results
in an increase in the proportion of C99 monomers relative to
C99 dimers. They therefore proposed that there is a competition
between C99 homodimerization and C99 cholesterol binding,
and the complex of cholesterol binding to C99 is more highly
popular than C99 homodimers under most physiological
conditions. However, CG simulations show that
C99 monomers dimerize naturally in cholesterol environment
in all replicas (Figure 1). In addition, we performed a 3 μs AA
simulation of C99 monomers with 20% cholesterol, where the
initial two separated C99 monomers are preset with one
cholesterol molecule bound to its GxxxG motif (this structure
is obtained from our previous work) to mimic the 1:1 complex of
C99 cholesterol. During the simulation, the two cholesterol
molecules left the GxxxG motif site successively, and
C99 monomers form a dimer finally (Supplementary Figure
S1). Computational results suggest that there is no direct
competition between cholesterol association and
C99 dimerization.

Song’s inference is based on the previous knowledge that 1)
both C99 dimer binding interface and C99 cholesterol binding
interface center on the GxxxG motif and that 2) cholesterol
strongly binds to the GxxxG motif of C99, which is derived
under experimental condition pH = 4.5. However, Straub et al.
have suggested that the binding stability of cholesterol at the
GxxxG motif critically depends on the protonation states of
Glu693 and Asp694, which therefore is sensitive to pH. Under
neutral pH conditions, the strong binding of cholesterol at the
GxxxG motif will be deprived (Panahi et al., 2016). Our previous
study further revealed that cholesterol molecules dynamically
instead of strongly bind to the multiple sites of C99 (Li et al.,
2017). In addition, recent studies have corroborated the view that
C99 dimer exists multiple conformations regulated by different

FIGURE 1 | Average dimerization time of C99 dimer in POPC:POPG
bilayer and DPPC bilayer with (orange) or without (blue) 20% cholesterol, from
the average of 20 samples. The values are labeled in the corresponding areas.
The dimerization time of C99 dimer was calculated based on the center
of mass (COM) distance between the C99 monomers. When the COM
distance between the two C99 TMDs (transmembrane domains) maintains a
level below 1 nm continuously, we judge that the C99monomers form a stable
dimer.
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interfaces. This means that the C99 dimer binding interface and
the C99 cholesterol binding interface do not necessarily
overlap. Song’s experimental results can be interpreted by our
computational observation that cholesterol delays
C99 dimerization, which may be caused by 1) the cholesterol
interaction with C99 or/and 2) the effect of cholesterol on the
microenvironment of the membrane. A high concentration of
cholesterol would reduce the fluidity of the membrane and
increase the rigidity of the membrane, thus slowing down the
molecular movement and C99 dimerization, leading to an
increase in the proportion of C99 monomers relative to
C99 dimers on the macro level. Since C99 assembles into a
variety of dimer conformations and has multiple cholesterol
dynamic binding sites, a dynamic multisite cholesterol binding
model of C99 dimer is more reasonable, as shown in Figure 2.

Cholesterol Binding Model of C99 Dimer
To explore the possible cholesterol association with C99 dimer,
we carried out the restraint simulations of different C99 dimeric
conformations respectively, where the C99 dimer was restrained
while other molecules normally move. In the simulations,
C99 dimer performed as a flower with multiple bees of
cholesterol molecules dynamically circling around, binding to,

and flying away from time to time. The flip-flop of cholesterol
molecules over the upper and lower layers occurs occasionally.
According to the density statistics of cholesterol, six different
cholesterol isosurfaces were statistically drawn out based on the
selected representative C99 dimeric conformations. As shown in
Figure 2, there is dense cholesterol aggregation around each
C99 dimeric conformation. These diverse cholesterol binding
models verify the existence of multiple cholesterol binding sites of
C99 and suggest coexistence rather than a competition
relationship between C99 dimer and the cholesterol binding.
As revealed in our previous studies that cholesterol molecules
dynamically bind to the multiple sites of C99, and C99 dimer
exists six conformations regulated using Helix switch. Therefore,
once C99 forms a certain dimeric conformation, cholesterol
would bind to else available sites of C99 dimer, forming a
model of cholesterol surrounding C99 dimer (Figure 2). The
association between C99 dimer and cholesterol will promote the
partition of C99 dimer into raft-like membrane domains where
C99 is more likely to encounter ß- and γ-secretase (β- and γ-
secretase preferentially associate with the lipid raft) and less likely
to come across α-secretase. In addition, such dynamic cholesterol
binding allows cholesterol molecules to move away and will not
be a steric hindrance during the processing of γ-cleavage of C99.

FIGURE 2 |Cholesterol isosurfaces based on the restrain simulations of the representative C99 dimeric conformations, which were derived from our previous study
(Li et al., 2019). Gly residues are shown in red beads; Ala residues are shown in blue beads; cholesterol isosurfaces are shown on green surface.
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Existence of Cholesterol Makes C99 Dimer
More Stable
To assess the effect of cholesterol on the stability of C99 dimer, we
performed the 3 μs CG simulations starting from representative
C99 dimeric conformations (GIN, GSIDE1, GOUT, GW2, GD1,
and GN2), which were derived from our previous study (Li et al.,
2019). It was observed in all replicas that C99 dimer never
disassociates throughout simulations no matter with or
without cholesterol (Figure 3A). This indicates the stability of

C99 dimer in the above environments. Taking GIN as an
example, we find GIN in cholesterol is more stable than that
without cholesterol, and the presence of cholesterol postpones the
time of GIN changing to other conformations (Figure 3B). When
without cholesterol, GIN quickly shifts to other conformations in
~0.2 μs, whereas in cholesterol environment, C99 dimer keeps
GIN conformation until ~2.5 μs. As a result, GIN conformation
(G19−G19 ≈ 0.5, Ω ≈ −21°) is more highly distributed in
cholesterol environment than that without cholesterol

FIGURE 3 | (A)COM distance between C99monomers as a function of time. (B)COM distance between the two specified residues G19 and G19′ as a function of
time. (C) Conformation distributions for C99 homodimer were projected onto the two parameters of Ω and G−G. Ω is the interhelix dihedral angle of C99 dimer; G−G is
the distance between G19 and G19′. The data are from the simulations initiated with GIN conformation with (bottom) or without cholesterol (top). The colored scale on
the right defines the relative population.

FIGURE 4 | The conformation distributions for C99 homodimer from the simulations starting with six representative conformations in DPPC bilayer were projected
onto the two parameters ofΩ and G−G. The top panel is the distribution of C99 dimer when without cholesterol, whereas the bottom panel is the distribution when with
20% cholesterol. The representative structures are labeled in the corresponding regions.
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environment (Figure 3C). This phenomenon is consistently
observed in the simulations starting with the representative
dimeric conformations (GIN, GSIDE1, GOUT, GW2, GD1,
and GN2). The population of the initial C99 dimeric
conformation in cholesterol environment is denser than that
in no cholesterol environment (Figure 4). Furthermore, we
calculated the MM energy of GW2 from the AA simulations
when with and without cholesterol. The energy analysis shows
that GW2 has amore favorable binding energy in cholesterol than
that without cholesterol (Supplementary Figure S2). These
results suggest that the existence of cholesterol makes
C99 dimer more stable and delays the mutual transformation
of C99 dimeric conformations.

C99 Dimeric Conformation Distribution is
Affected by Membrane Composition
To compare the C99 dimer ensemble in different conditions, we
calculated the dihedral angle of C99 dimer. The statistical results
show that C99 dimer strongly favors a right-handed helical
packing with a dihedral angle of ≈−25° to −30° (Figure 5),
which matches the previous studies. In addition, there are two
kinds of helical packings of ≈−5° and ≈20° in the structural

ensemble. Statistical results show that the helical packings of
≈−5° and ≈20° are more popular in cholesterol than that in no
cholesterol environment and are more popular in DPPC bilayer
than that in POPC:POPG bilayer (Figure 5). These results
indicate that membrane composition changes the distribution
of C99 dimeric conformations.

To further investigate the effect of membrane composition on
the C99 dimerization, we characterize the distribution of
C99 dimer by the two feature vectors. Statistical results show
that GW2 is the predominant conformation both in POPC:POPG
and DPPC bilayers whether with or without cholesterol
(Figure 6). The membrane components show a selectivity
toward C99 dimer. Compared with DPPC bilayer, there are no
GD1 and GN2, and GIN takes a very low proportion in POPC:
POPG bilayer, which presents a more compact energy landscape.
This difference may be caused by the charged membrane
composition. Studies have shown that proteins interact with
the charged membrane (Lorenz et al., 2008; Brehmer et al.,
2012; Yanez Arteta et al., 2014), our previous study has also
shown that C99 monomer closely interacts with the charged
POPG lipids (Li et al., 2019). TM helixes are sensitive to lipid
properties such as the hydrophobic thickness and head group
charge, and they adopt different packing to adapt to the lipids

FIGURE 5 | Normalization of the frequency of the dihedral angle of C99 dimer. (A) In POPC:POPG bilayer without cholesterol. (B) In DPPC bilayer without
cholesterol. (C) In POPC:POPG bilayer with 20% cholesterol. (D) In DPPC bilayer with 20% cholesterol.
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(Sapay et al., 2010), which therefore changes the C99 dimeric
conformation distribution. On the other hand, the presence of
cholesterol enriches the conformation assembly. As shown in
Figures 3 and 4, cholesterol makes C99 dimer more stable and
delays the mutual transformation of C99 dimeric conformations,
which results in a more equitable distribution of each
conformation and makes the energy landscapes between the
two bilayers closer (Figure 6).

ASSOCIATION BETWEEN
C99 DIMERIZATION AND AMYLOID-BETA

At least six types of Aβ peptides have been found so far, varying in
length from 38 to 43 residues (Czirr et al., 2008). The longer Aβ
(particularly the Aβ42 and Aβ43) are highly prone to
oligomerization because of their stronger hydrophobic affinity.
Soluble Aβ protein has been identified as the dark hand behind
AD pathology (Bernstein et al., 2009; Bucciantini et al., 2002;

Butterfield and Lashuel, 2010; Glabe, 2008; Klein et al., 2001).
Recent studies have further identified its real form, the dimer of
Aβ (Zott et al., 2019a). Aβ dimers undermine neuronal function
by interfering with the reuptake of extracellular glutamate
(Shankar et al., 2008; Zott et al., 2019b; Selkoe, 2019).

On the other hand, studies have proposed that
C99 homodimerization is directly related to γ-cleavage and Aβ
formation (Scheuermann et al., 2001; Munter et al., 2007; Kienlen-
Campard et al., 2008; Khalifa et al., 2010). The disulfide-linked
C99 homodimers have been shown to be cleaved to generate
disulfide-bonded Aβ dimers (Scheuermann et al., 2001). This
leads to the question of whether different C99 dimeric
conformations produce different Aβ peptides or even Aβ dimers
via γ-cleavage. In our previous research, we identified six
conformation types of the C99 dimer and discussed that
different C99 dimeric conformations with differential exposures
ofγ-cleavage sites and insertion depths may modulate the γ-
cleavage of C99, leading to different Aβ levels (cleavage of GIN
may produce Aβ42 and cleavage of GOUTmay produce Aβ40). In

FIGURE 6 | The distributions for C99 homodimer were projected onto the order parameters ofΩ and G−G, using the data collected after C99 forms a dimer. (A) In
POPC:POPG bilayer without cholesterol. (B) In DPPC bilayer without cholesterol. (C) In POPC:POPG bilayer with 20% cholesterol. (D) In DPPC bilayer with 20%
cholesterol.
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this study, we find that cholesterol and membrane composition
influence the C99 dimerization rate and C99 dimeric conformation
distribution. Cholesterol partitioning has been shown to occur with
relevance to the affinity of cholesterol for different phospholipids
(Halling et al., 2008). Therefore, the dynamic details of how
cholesterol affects C99 assembly will be firstly determined by
the membrane composition and how it subsequently influences
the C99 dimerization and the γ-cleavage of C99, leading to a
different production of Aβ.

Overall, our results present a detailed description of
C99 dimerization in different physiological environments,
which helps us understand AD’s etiology. Nevertheless, we
recognize that our results are limited by the current simulation
conditions (physiological environments, force field, and crystal
structure), especially in the context that CG simulations are
highly dependent on the definition of secondary structure, and
only segmental crystal structures of C99 are available. Therefore,
our simulations attempt to reveal but cannot fully describe the
effect of cholesterol on C99 dimerization. These computational
clues await further experimental examination.

CONCLUSIONS

We investigated the effect of membrane composition on
C99 dimerization, which influences C99 dimerization speed
and the conformation distribution of C99 dimer, thus
subsequently changing the level of Aβ or even Aβ dimer.
Although the existence of cholesterol delays C99 dimerization,
there is no direct competition between C99 dimerization and
cholesterol association. By contrast, cholesterol makes C99 dimer
more stable, presenting a cholesterol binding C99 dimer model.
Membrane composition shows a selectivity toward C99 dimeric
conformations. Compared with DPPC bilayer, a more compact
energy landscape was observed in POPC:POPG bilayer. The
presence of cholesterol enriches the conformation assembly,
leading the energy landscapes between the two bilayers closer.
Our results provide insights into the potential influence of the
physiological environment on the C99 dimerization and new

clues to understanding the mechanism of Aβ production and the
pathogenesis of AD.
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