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ABSTRACT: Alzheimer’s f-amyloid (Af) peptides can self-organize into amyloid pores that may
induce acute neurotoxic effects in brain cells. Membrane cholesterol, which regulates Af production
and oligomerization, plays a key role in this process. Although several data suggested that cholesterol
could bind to Af peptides, the molecular mechanisms underlying cholesterol/Af interactions are
mostly unknown. On the basis of docking studies, we identified the linear fragment 22—35 of Af as a
potential cholesterol-binding domain. This domain consists of an atypical concatenation of polar/
apolar amino acid residues that was not previously found in cholesterol-binding motifs. Using the
Langmuir film balance technique, we showed that synthetic peptides A$17—40 and A$22—35, but
not Af1—16, could efficiently penetrate into cholesterol monolayers. The interaction between
Ap22-35 and cholesterol was fully saturable and lipid-specific. Single-point mutations of Val-24 and
Lys-28 in A$22—35 prevented cholesterol binding, whereas mutations at residues 29, 33, and 34 had
little to no effect. These data were consistent with the in silico identification of Val-24 and Lys-28 as
critical residues for cholesterol binding. We conclude that the linear fragment 22—35 of Af is a
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functional cholesterol-binding domain that could promote the insertion of f-amyloid peptides or amyloid pore formation in

cholesterol-rich membrane domains.
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A- ccording to the amyloid hypothesis, f-amyloid (Ap)
peptides released upon proteolytic cleavage of the amyloid

f A4 protein (also referred to as the amyloid precursor protein,
APP) are the toxic elements causing Alzheimer's disease.' Yet
the molecular and cellular mechanisms associated with the
neuronal toxicity of A remain elusive.” Several distinct Af
peptides with various lengths have been shown to accumulate
in the brain of Alzheimer's disease patients, forming amyloid
fibrils and deposits.”* These amyloid fibrils have long been
considered as the major cause of toxicity, but smaller species
such as ion channel-forming oligomers might also be harmful
for neurons.®

Membrane lipids, especially sphingolipids and cholesterol,
control the proteolytic cleavage of APP, which is thought to
occur in lipid rafts.’ Consistently, a direct association of APP
with cholesterol” and gangliosides® has been demonstrated.
Interestingly, recent insightful studies have shown that APP has
a flexible transmembrane domain that can interact with
cholesterol.” In particular, it has been suggested that
membrane-buried motifs enriched in glycine residues play a
critical role in the interaction of APP with cholesterol. Despite
this significant breakthrough, little is known about the
molecular mechanisms underlying the interaction of cholesterol
with Af peptides. This is an important gap since (i) AfS
peptides are considered as major neurotoxic molecular species
of Alzheimer’s disease, (ii) high cholesterol is one of the most
important risk factors for Alzheimer’s disease, and (iii) AfS
peptides can interact with cholesterol.'® In the present study,
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we have first used a docking approach'' that has led us to
identify the linear fragment 22—3S of Af1—40 as a potential
binding site for cholesterol. Then, we have validated these in
silico data by studying the interaction of a collection of wild-
type fragments and mutant A peptides with cholesterol
monolayers. Although the cholesterol-binding domain of Ap
contains some of the amino acid residues previously shown to
play a role in APP—cholesterol interactions,"* our data showed
that distinct molecular mechanisms control the binding of
cholesterol to APP and to Af peptides. This point is carefully
discussed, as well as the potential impact of cholesterol on the
insertion and oligomerization process of Af that lead to the
formation of neurotoxic amyloid pores in the plasma membrane
of brain cells.

B RESULTS

Membrane Topology of APP and Af Release. The
amyloid 3 A4 protein (referred to as amyloid precursor protein,
APP) is a membrane protein synthesized as a single chain
containing 770 amino acid residues. The first 17 residues
correspond to the signal sequence. The protein encompasses a
single transmembrane (TM) domain (fragment 700—723), one
large extracellular domain (fragment 18—699), and a shorter
cytoplasmic domain (fragment 724—770) (Figure 1). APP can
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Figure 1. Membrane topology of APP and location of Af} peptides. The amyloid f§ A4 protein (APP) is a transmembrane protein containing only
one membrane spanning domain (transmembrane domain, TM). The N-terminal domain is extracellular, and the C-terminal domain is cytoplasmic
(segment 1—17 corresponds to the signal peptide). The TM domain (700—723) is enriched in glycine, isoleucine, and valine residues. The segment
of APP corresponding to the amyloid f peptides (Af_4 and Af,_,,) is indicated by a red frame in the APP chain. These peptides are generated
from the proteolytic cleavage of APP by f-secretase (site 671—672) and y-secretase (sites 711—712 and 713—714, respectively, for Af;_,, and
ApP\_4)- An important feature of Aff peptides is that they contain the N-terminal part of the initial TM domain of APP (12 or 14 amino acid
residues) linked to a 28 amino acid segment belonging to the extracellular domain of APP (fragment 671—699).

Figure 2. Molecular modeling simulations of cholesterol-Af interactions. A high energy complex between Af1—40 and cholesterol was obtained by
molecular dynamics simulations as explained in the Methods section. The micellar structure of AB1—40 was derived from the 1BA4 PDB entry."
After geometry optimization with the Polak—Ribiere algorithm, A1—40 was manually merged with cholesterol in various initial orientations.
Molecular dynamics simulations were then performed for 10 ps. This allowed us to obtain a complex displaying an excellent geometric
complementarity between Af and cholesterol. This complex is shown in a tube representation, with cholesterol in yellow (A, D), and in molecular
surface models (B, C, E, F). A remarkable feature of the model is the position of the side chain of Lys-28, which surrounds cholesterol in an arm-like
configuration. This is particularly visible in panels B and C. The methylene groups of the lysine side chain interacts with the isooctyl chain of
cholesterol through van der Waals interactions, leaving the &-NH;* group available for interacting with a polar environment (which could be either
water molecules or negatively charged membrane lipids, for example, gangliosides). Several other van der Waals interactions involve amino acid
residues in the 20—35 region of Af (see Table 1 for a quantitative energetic analysis of this complex).

be cleaved into as many as 14 distinct chains, of which two cleavage of APP by the f- and y-secretase at specific sites: after
correspond to the B-amyloid proteins Af1—40 and AS1—42. Met-672 for f-secretase and after Val-711 (Af1—40) or Ala-
These amyloid peptides (Af) are generated from proteolytic 713 (AB1—42) for y-secretase. It is important to note that Met-
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672 is located in the extracellular domain of APP, whereas Val-
711 and Ala-713 belong to the TM domain (Figure 1). This
means that Af1—40 and AB1—42 share the same N-terminal
domain and that this domain originally belonged to the
extracellular part of APP. Moreover, the C-terminal domains of
Ap1—40 and Af1—42 contain a series of apolar amino acid
residues that come from the TM domain of APP. Recent NMR
data have shown that in a membrane-like micellar environment,
the TM domain of APP adopts a flexible a-helix structure.’
However, secondary structure predictions suggest that neither
the membrane-bound domain of APP nor the Af peptides are
intrinsically predetermined to form an a-helix (see Supporting
Information for a detailed analysis of the secondary structure of
APP and Ap). Thus, other factors such as the polarity of the
environment or the presence of membrane lipids could control
the balance between unfolded, a, and f structures. Indeed, the
structure of Aff1—40 has been determined by NMR analysis of
the peptide mixed with detergent micelles."> This structure
contains an extended hydrophobic a-helical motif formed by
residues 15—36 with a hinge at residues 25—27. In this case, the
membrane helps the peptide to adopt a three-dimensional
structure differing from the totally disordered conformations
characteristic of the peptide in water solution.'>'* We used this
“membrane-constrained” structure of Af as a starting point for
our docking studies.

Molecular Dynamics Simulations of Cholesterol—Apg
Interactions. Cholesterol was merged with the micellar form
of AP1—40 in various locations and orientations. The geometry
optimization algorithm was applied for each starting condition,
after which molecular dynamics simulations were conducted for
iterative periods of 10 ps until a stable complex was obtained.
The best fit obtained with this method is shown in Figure 2.
The cholesterol-binding site of Af was identified as a linear
domain encompassing amino acids 20—35 of AS1—40 (ie,
APP693—706): **FAEDVGSNKGAIIGLM¥. This domain of
Ap forms a relatively planar surface (Figure 2D), which allows
an interaction with the smooth face of cholesterol, that is, the
face.”'" In this complex, the OH group of cholesterol is at a
distance of 3.64 A of the peptidic NH group of Glu-22. The
complex is stabilized by numerous van der Waals interactions
involving Ala-21, Val-24, Gly-25, Ile-31, Ile-32, and Met-35
(Table 1, Figure 2A,D). Moreover, the methylene groups of
Lys-28 are very close to the isooctyl chain of cholesterol,
allowing the establishment of several van der Waals contacts.
The specific interaction between cholesterol and Lys-28 is
illustrated with the surface models shown in Figure 2B,C,E,F).
It is clearly visible that the side chain of Lys-28 wraps around
the isooctyl tail of cholesterol in a protective fashion, leaving its
charged e-NH;" group available for potential interactions with
polar groups (either water molecules outside the membrane or
other Af peptides inside). Overall, the apolar part of
cholesterol occupies an apolar surface delineated by residues
20-3S in the structure of Ap. Interestingly, this linear domain
of Af contains several amino acid residues that have been
involved in cholesterol binding to the transmembrane domain
of APP, on the basis of nuclear magnetic resonance studies.”'?
The contribution of these amino acid residues to APP—
cholesterol interactions is summarized in Table 1. In our
docking study, the total energy of interaction between
cholesterol and Af1—40 could be estimated to —76.9 kJ-mol ™.

Physicochemical Studies of Af—Cholesterol Interac-
tions. In order to evaluate the reliability of our docking study,
we analyzed the interaction of a collection of synthetic Af

Table 1. Energetics of Interaction of Cholesterol with Af
and APP

amino acid cholesterol C99 in LMPG/ C99 in DMPC/
residue in APP AG® cholesterol analogue cholesterol
and in A (kJ-mol™") micelles® (%) micelles? (%)
Val-689 (AB-18) 10
Phe-690 (Af- 20 12
19)
Phe-691 (AB- ~0.525 6 30
20)
Ala-692 (Ap-21) —7.620 25
Glu-693 (Ap- —5.754 50
22)
Asp-694 (Ap- —2.034
23)
Val-695 (AB24)  —16.097 12
Gly-696 (AB-25) —7.387 100 25
Ser-697 (AB-26) 65 25
Asn-698 (Ap- 40
27)
Lys-699 (AB-28)  —18.894 50 2
Gly-700 (A-29) 25 90
Ala-701 (AfB-30) 12 20
Tle-702 (AfS-31) —9.663 20
1le-703 (AB-32) —3.649 4
Gly-704 (AB-33) 100
Leu-705 (Ap-
34)
Met-706 (AB- ~5.302 16 18
35)
Val-707 (AB-36)
Gly-708 (Af-37) 25
Gly-709 (A-38) 18
Val-710 (Af-39) 50
Val-711 (Af-40) 9

“APP is numbered from 1 to 770 and A from 1 to 40. To facilitate
the conversion between both numbering systems, the correspondence
of each APP amino acid residue in Af is indicated in parentheses.
bEnergy of interaction as determined by molecular docking in the
present study. “Calculated from the data of Beel et al,'* the numbers
indicate the percentage of chemical shift relative to the maximal
chemical shift value taken as 100% (Gly-625 in this case). 4 Calculated
from the data of Barrett et al,” with the 100% corresponding to the
chemical shift of Gly-704. C99 is the 99-residue transmembrane C-
terminal domain of APP liberated by J-secretase cleavage. LMPG,
lyso-myristoylphosphatidylglycerol; DMPC, dimyristoyl-phosphatidyl-
choline.

peptides with cholesterol using the Langmuir film balance
technique.'® The peptides used were AB1—11, AB1—16, ABS—
16, Ap17—40, AB20-3S, and AB22—3S. As shown in Figure
3A, the interaction was very eflicient with the peptides
containing the predicted cholesterol-binding domain (..
AP17—40, AB20—-3S, and AB22—35) and weak with peptide
fragments outside this domain (ie, AS1—11, Af1—16, ABS—
16). In these experiments, cholesterol was spread on the surface
of a water meniscus, and after equilibration of the monolayer,
the synthetic peptide was injected in the subphase at a final
concentration of 10 #M. The interaction of each Af peptide
with cholesterol was quantified by measuring in real-time the
changes of the surface pressure of the monolayer. This is
illustrated in the kinetic experiment of Figure 3B, where Af22—
35 induced a rapid surface pressure increase of the cholesterol
monolayer, indicating an efficient insertion of the peptide
between cholesterol molecules. Interestingly, Af22—35 ap-
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Figure 3. Identification of Af22—35 as a lipid-specific cholesterol-
binding motif. (A) Structure—activity study of Af—cholesterol
interactions. The indicated synthetic Af fragment was injected
underneath a monolayer of cholesterol prepared at an initial surface
pressure 7, of 15 mN-m™". After reaching equilibrium, the maximal
surface pressure increase was recorded. The data are expressed as the
mean =+ SD (n = 3). (B) Kinetics studies of Af22—35 interaction with
monolayers of cholesterol (O), POPC (M), sphingomyelin (O), or
GM1 (A). The data show the real-time changes of surface pressure
following injection of 10 uM Af322—3S beneath each lipid monolayer
prepared at an initial surface pressure of 20 mN-m™’. Each curve is
representative of three separate experiments (SD < 10%).

peared to be as efficient as the larger peptides A17—40 and
AP20—-35 for cholesterol binding. Thus, this minimal
cholesterol-binding peptide was used for further physichochem-
ical characterization of Affi—cholesterol interactions.

One important issue was to assess the biochemical specificity
of AP22—-35 for cholesterol. Therefore, we studied the
interaction of Af22—35 with various lipid monolayers. We
observed that in marked contrast with cholesterol, the peptide
did not significantly interact with monolayers of sphingomyelin
(SM) or ganglioside GM1. However, A22—35 could interact
with a monolayer of palmitoyl-oleoyl-phosphatidylcholine
(POPC), although after a significant lag phase (Figure 3B).
Moreover, the maximal surface pressure increase (Ar,,,) was
reached after 1 h of incubation with POPC monolayer, whereas
at this time it still increased for cholesterol. Overall these data
indicated that A22—35 has a high affinity for cholesterol, a
moderate affinity for POPC, and no affinity at all for SM and
GMI1. Moreover, when various concentrations of Af22—35
were added underneath the cholesterol monolayer, a dose-
dependent response was recorded, which further demonstrated
the specificity of the peptide for cholesterol (Figure 4A). The
half-saturation was obtained for 1 yuM of Af22—35. Finally, in
order to measure the avidity of Af22—3S for cholesterol,
experiments were performed with cholesterol monolayers
prepared at various values of the surface pressure (initial
surface pressure, 7;). The data are expressed as Az, = f(;)
curves. As shown in Figure 4B, the values of Az, gradually
decreased as 7, increased, which demonstrates the specificity of
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Figure 4. Physicochemical parameters of A$22—3S interaction with
cholesterol monolayers. (A) Interaction of A22—35 added at different
concentrations underneath a cholesterol monolayer. In each case, the
surface pressure increase was determined after 30 min of interaction.
(B) Specificity of cholesterol—Af22—35 interaction. Cholesterol
monolayers were prepared at various values (initial surface pressure
range 10—34 mN-m™"). After equilibration of the monolayer, AB1—16
(@) or AB22—35 (M) were added in the subphase at a final
concentration of 10 yM. The maximal surface pressure increase
(A7) was measured after reaching equilibrium. The critical pressure
of insertion was extrapolated as the value of the initial surface pressure
at Az, = 0.

the interaction. These experiments also allowed us to determine
the critical pressure of insertion (z.) of the protein for the
monolayer as the extrapolated value of 7; at Az, = 0. It
represents the surface pressure of the monolayer above which
no further interaction occurs, because the lipids are too densely
packed. The value of 7. was estimated at 41 mN-m™", which is
above the threshold value of 30 mN-m ™' measured in vivo for a
real plasma membrane.'® For the sake of comparison, we
analyzed under similar conditions the interaction of Af1—16
with cholesterol, a g)eptide previously shown to bind to selected
glycosphingolipids. 7 In this case, Arx,, remained constant
whatever the value of #; was (Figure 4B). This behavior
indicates that A1—16 can loosely bind to the surface of the
cholesterol monolayer, without inserting between cholesterol
molecules. Overall these data indicated that Af22—3S is able to
efficiently penetrate a cholesterol monolayer. Thus, this short
linear fragment of Af can be considered as a functional
cholesterol-binding domain.

Mutations in Af22-35 Affect Cholesterol Recogni-
tion. According to our docking studies, two amino acid
residues appeared to have a critical role in the interaction of
Ap22—-35 with cholesterol: Val-24 and Lys-28, which
contribute, respectively, 23.4% and 27.5% of the total energy
of interaction (—68.8 kJ-mol™' for AS22—35). Thus, we
evaluated the impact of single-point substitutions at these key
positions. When the synthetic mutant peptides Af22—35/
Val24Gly, Ap22—35/Lys28Gly, or Af22—35/Lys28Arg were
injected underneath cholesterol monolayers (7; of 20 mN-m™'),

dx.doi.org/10.1021/cn300203a | ACS Chem. Neurosci. 2013, 4, 509—517
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only minor increases of the surface pressure were recorded
compared with the wild-type Af22—3S peptide (Figure SA).
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Figure S. Effect of single-point and double mutations on the insertion
of Af22—3S within cholesterol monolayers. (A) Cholesterol
monolayers (7; = 20 mN-m™) were incubated with wild-type (M),
Val24Gly (A), Lys28Gly (A), Lys28Arg (V), or Gly29Ala (O)
Ap22-35 peptides (10 uM), and the surface pressure increases were
recorded as a function of time. Each curve is representative of three
separate experiments (SD < 10%). (B) Cholesterol monolayers were
prepared at various 7; values (initial surface pressure range 10—34
mN-m™). After equilibration of the monolayer, wild-type (H),
Val24Gly (A), Lys28Gly (A), Lys28Arg (V), Gly29Ala (O), or
Gly33Ala/Leu34Ala (O) Ap22—3S peptides were added in the
subphase at a final concentration of 10 yM. The maximal surface
pressure increase (A7) was measured after reaching equilibrium.

Similar experiments were then performed with cholesterol
monolayers prepared at various values of 7z, and An,, was
determined in each case (Figure SB). The data showed that all
these mutations strongly decreased the interaction of Af$22—35
with cholesterol. Indeed, the mutant peptides were no longer
able to penetrate within the cholesterol monolayer and
remained loosely attached on the surface of the membrane,
so that the value of Am,, was very low at all z; tested,
compared with the values obtained with wild-type A$22—35.
Overall, these data indicated that cholesterol recognition by
Ap22-35 is highly dependent on the amino acid sequence of
the motif and confirmed the prominent role of Val-24 and Lys-
28 in cholesterol binding. As expected, mutations at other
positions had little or no effect on cholesterol recognition. The
Ap22-35/Gly29Ala peptide behaved almost as the wild-type
peptide, with kinetics of insertion within the cholesterol
monolayer (Figure SA) and critical pressure of insertion
(Figure SB) similar to those of the wild-type Af22—35 peptide.
Finally, a double mutant Af22—35/Gly33Ala/Leu34Ala was
also tested. The insertion of this double mutant in cholesterol
monolayers regularly decreased as a function of ; indicating a
specific interaction with cholesterol. The critical pressure of
insertion of this mutant peptide was estimated to 32 mN-m™,
which has to be compared with 41 mN-m™" for the wild-type
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Ap22-35 peptide (Figure SB). Thus, although the double
mutation induced some decrease in binding affinity, it did not
abolish the cholesterol-binding properties of the peptide. Taken
together, these data indicated that Val-24 and Lys-28 of A22—
35 are critically involved in cholesterol binding, whereas
residues Gly-29, Gly-33, and Leu-34 have little to no effect on
the interaction.

B DISCUSSION

Although high cholesterol has been clearly identified as a major
risk factor for Alzheimer's disease, little is known about the
molecular mechanisms underlying the cholesterol—Alzheimer's
disease connection. Several lines of evidence suggest that
cholesterol directly interacts with both APP and Af peptides:
(i) the presence of APP in cholesterol-dependent micro-
domains, ® (i) the preferential binding of AB peptides to
glycosphingolipids (such as ganglioside GM1), which are
known to be associated with cholesterol in neuronal plasma
membranes,’”*° (iii) the binding of cholesterol to AS fibrils,*!
and (iv) the demonstration of a physical interaction between
cholesterol and APP in a micellar environment.’

In this study, we used a combination of in silico, biochemical,
and physicochemical approaches that allowed us to identify a
minimal cholesterol-binding domain in Alzheimer’s Af
peptides. This domain consists of a linear segment of 14
amino acid residues located in the C-terminal region of Af1—
40, that is, Af22—35: EDVGSNKGAIIGLM. Of these 14
residues, 8 are directly involved in van der Waals contacts with
cholesterol, thereby generating a high energy of interaction
(—68.8 kJ-mol™"). Interestingly, this cholesterol-binding motif
does not contain the typical biochemical features of the
previously characterized linear cholesterol-binding domain
including the CRAC ** and CARC ** consensus sequences.
In particular, it is devoid of the aromatic residues that classically
stack onto the sterane rings of cholesterol.** Moreover, it is not
based on the classical amphipathic structure with a large apolar
domain interacting with the apolar part of cholesterol and a
smaller polar head that accommodates its polar OH group.”
Instead, the cholesterol-binding domain of Af consists in a
regular succession of polar and apolar segments (polar **Glu-
Asp®, apolar **Val-Gly®, polar **Ser-Asn-Lys®®, apolar *Gly-
Ala-Tle-Tle-Gly-Leu-Met*®). Thus, it is an atypical and newly
described cholesterol-binding domain, which displays some of
the structural features of an amphipathic helix.

The cholesterol-binding properties of this new domain have
been carefully assessed with the Langmuir film balance
technique. This technique, which requires very low concen-
trations of protein (nanomolar to micromolar range), has
successfully been used to determine the physicochemical
parameters underlying the interaction of amyloidogenic
proteins with various membrane lipids including POPC,
cholesterol, and sphingolipids.u’ls‘l 1925 1n the present
study, we showed that synthetic Af peptides containing the
minimal 22—35 core motif could specifically interact with a
monolayer of cholesterol. The interaction of A$22—35 with
cholesterol was dose-dependent, saturable, and lipid-specific. In
contrast, synthetic Af derived from the N-terminal domain
(Ap1-11, AP1-16, ABS—16) did not significantly penetrate
into cholesterol monolayers. Af22—35 exhibited a critical
pressure of insertion of 41 mN-m™" for cholesterol monolayers
(Figure 4). Interestingly, this value is close to the one obtained
with a synthetic peptide derived from the cholesterol-binding
domain of the Parkinson’s disease associated a@-synuclein, that
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is, 37.5 mN-m™."" Such high values of the critical pressure of
insertion indicate that these peptides can penetrate into densely
packed lipid domains,®® a process that in this peculiar case
requires the destabilization of cholesterol—cholesterol contacts
in the membrane and their subsequent replacement by
peptide—cholesterol interactions.'!

It should be noted that the cholesterol-binding domain of Af
identified in the present study contains the fragment 25—35
(GSNKGAIIGLM), which is highly lipophilic and has been
shown to insert into the apolar core of the membrane®
through a mechanism particularly sensitive to membrane
cholesterol levels.”® That cholesterol could physically interact
with a motif containing such a lipophilic segment is not totally
unexpected. Moreover, even if the same lysine residue (Lys-
699/ Lys—28) can be involved in both cholesterol—APP”'? and
cholesterol—Af complexes (this study), this basic residue plays
distinct roles in the interaction. For APP, it interacts with the
OH group of cholesterol,” whereas in the case of Af its
methylene groups wrap around the apolar part of the
cholesterol molecule for which it provides a protective apolar
nest (Figure 2). This is reminiscent to the “snorkeling” effect of
lysine residues in the polar—apolar interface of the plasma
membrane.”® The specificity of A#22—35 binding to cholesterol
was assessed with several mutant peptides. Indeed, single-point
mutations of Lys-28 (Lys28Gly and Lys28Arg) abolished the
interaction of A22—35 with cholesterol (Figure S). Similarly,
the intimate van der Waals contact between cholesterol and
Val-24 appeared to be critical for cholesterol recognition, since
the mutant A$22—35/Val24Gly peptide no longer interacted
with cholesterol. In contrast, the other mutant peptides tested
(AB22—35/Gly29Ala and the double mutant AS22—35/
Gly33Ala/Leu34Ala) could still interact with cholesterol.
Therefore, these physicochemical studies with mutant peptides
fully confirmed the critical role of Val-24 and Lys-28 in the
molecular interaction between cholesterol and Af22—35.

During the last years, others have attempted to define the
cholesterol-binding motif on the Af peptide. On one hand,
Zhou and Xu® have performed a series of molecular dynamics
simulations of the AB42 peptide in presence of free cholesterol.
These authors focused their study on the stacking interaction
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between the aromatic side chain of Phe-19 and the flat surface
of cholesterol. They showed that cholesterol could attract A
peptides on the surface of mixed sphingomyelin/cholesterol
micelles and induce pf-sheet formation and fibrillogenesis.
Interestingly, this effect was no longer observed when Phe-19
was substituted with serine, suggesting that the aromatic side
chain of Phe-19 is critical for cholesterol binding. Although our
study did not identify Phe-19 as part of the membrane
cholesterol-binding domain of Af, we do not exclude that this
aromatic residue could play a role in the association between
Ap peptides and the extracellular surface of cholesterol-
enriched plasma membrane domains. The frequent presence
of aromatic residues in juxtamembrane cholesterol-binding
sites”® and the key role of the hydrophobic sequence A#17-21
in Af aggregation ' are in line with this hypothesis. On the
other hand, the group of C. Sanders has recently published two
seminal NMR studies of APP—cholesterol interactions.”'>
These authors have successfully incorporated C99, the 99-
residue transmembrane C-terminal domain of APP generated
by f-secretase cleavage, in mixed micelles containing either a
cholesterol analogue and lyso-myristoylphosphatidylglycerol
(LMPG)" or cholesterol and dimyristoyl-phosphatidylcholine
(DMPC).” Chemical shift changes between cholesterol-free
and cholesterol-containing micelles allowed these authors to
identify the amino acid residues involved in cholesterol binding.
In both cases (LMPG and DMPC micelles), the cholesterol-
binding site of APP included a part of the transmembrane
domain (residues 700—711) but also interfacial residues
belonging to the extracellular domain (residues 689—699). In
APB1-40, all these amino acid residues are located in the C-
terminal domain 18—40, which is in full agreement with our
study of Aff—cholesterol interactions (Figure 1, Table 1, and
Figure 6). Nevertheless, there are some discrepancies between
the data obtained with C99 and with Af peptides. A major
outcome of the studies performed with C99 is that the
transmembrane domain of APP is highly flexible and can finely
modulate its 3D structure to accommodate distinct cholesterol
conformers. Indeed, different data have been obtained (Table
1) according to the nature of the carrier lipid in which C99 was
micellarized.””"* For instance, Gly-696 and Lys-699 were the
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most important cholesterol-binding residues of C99 in LMPG
micelles.”'” However, these residues played a minor role in
cholesterol binding to C-99 in DMPC micelles, whereas Gly-
700 and Gly-704 were strongly involved in this case.” This
versatility of cholesterol interaction is inherent to the
abundance of glycine residues, which probably confer a high
flexibility to the transmembrane domain of APP.” However, in
the case of Ap, neither Gly-29 nor Gly-33 appeared to play a
major role in cholesterol recognition, as assessed by the analysis
of the cholesterol insertion capability of A$22—3S mutants
Gly29Ala and Gly33Ala (Figure S).

It is difficult to compare the NMR analysis
study because we used distinct proteins at different
concentrations, various membrane models, and different
technological approaches. Strikingly, both studies were
remarkably convergent because we located the respective
cholesterol-binding domains of APP and Af in approximately
the same region, that is, APP689—711 and Af22—3S (Table 1).
Nevertheless, the key amino acid residues controlling the
binding of cholesterol were not the same in APP and Af,
indicating that each protein has its own special way to interact
with cholesterol. The distinct environments to which APP and
Ap are submitted could explain this molecular specificity. A
peptides are generated from the proteolytic cleavage of APP
and then released in the extracellular milieu where they can
adopt a myriad of conformations. Secondary structure
predictions showed that the Af1—40 peptide has a higher
propensity to form a f-strand than an a-helix (Supporting
Information). This type of @/f discordance has been
recognized as a key feature of amyloidogenic core motifs.**
When proteins containing such a/f discordant motifs interact
with membrane lipids, they are forced to adopt a helical
structure.>® This is the case for A whose a-helical content
increases with the percentage of cholesterol in model
membranes.>* As a matter of fact, the sudden insertion of
extracellular A1—40 within cholesterol-rich domains might
involve specific amino acid residues that did not mediate the
binding of APP to cholesterol. In other words, although the
cholesterol-binding site of APP is also present in Af1—40, our
study suggested that A#1—40 does not bind cholesterol as APP
does (Figure 6). In particular, our modeling studies suggested
that several amino acid residues that lie outside the membrane
in APP (ie., residues 22—28) could be part of the trans-
membrane domain of Af1—40 (residues 22—40). By exerting
specific conformational effects on Af in the exofacial leaflet of
the plasma membrane, cholesterol could restrict the flexibility
of the peptide and determine a topology (Figure 6) compatible
with the formation of an amyloid pore through the
oligomerization of several cholesterol—Af subunits. In support
of this view, recent data have shown that membrane cholesterol
could both stimulate the formation and increase the activity of
Ap ion channels in planar lipid membranes.*®

In conclusion, we have identified and characterized the 22—
35 fragment of A as a minimal, atypical, and functional
cholesterol-binding domain. This domain could promote the
insertion of Af within cholesterol-containing membranes, as
recently postulated on the basis of molecular dynamics
simulation studies.** Overall, our data may provide a
biochemical link between high cholesterol and Alzheimer’s
disease.””
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B METHODS

General. Synthetic wild-type peptides Af1—11, Af1—16, AfS—16,
AP17—-40, and A22—35 were purchased from rPeptide (Bogart, GA).
The synthetic wild-type peptides ABS5—16 and Af20—35 and the
mutant peptides Af22—3S were obtained from Schafer-N (Copenha-
gen, Denmark). The purity of all peptides was >95%. Ultrapure
apyrogenic water was from Biorad (Marnes La Coquette, France). All
lipids were purchased from Matreya (Pleasant Gap, PA). The lipids
were dissolved in hexane/chloroform/ethanol (11:5:4, vol/vol/vol) at
a stock concentration of 1 mg-mL™" and stored at —20 °C under
saturated nitrogen atmosphere. All experiments were carried out in a
controlled atmosphere at 20 + 1 °C.

In Silico Studies of Af—Cholesterol Interactions. The amino
acid sequences of human APP and Af peptides were retrieved from
the Swiss-Prot entry P05067.>® The starting structure of AB,_,, was
derived from a NMR structure of the peptide in solution in a water—
micelle environment,"® using the PDB entry 1BA4. To generate
peptide—cholesterol complexes, one cholesterol molecule was
positioned in the vicinity of the peptide (manual search for geometric
fit). Several initial conditions were tested (with distinct orientations of
cholesterol with respect to the peptide) to select the complex having
the highest energy of interaction. Geometry optimization of each
cholesterol—peptide complex was first achieved using the uncon-
strained optimization rendered by the Polak—Ribiére conjugate
gradient algorithm."' Molecular dynamics simulations were then
performed for various periods of times ranging from 10 ps to 1 ns in
vacuo with the Bio+ (CHARMM) force field * of the Hyperchem
software suite (ChemCad, Obernay, France). The energy of
interaction was determined with the Molegro Molecular Viewer.*’

Lipid Monolayer Assay. Peptide—lipid interactions were studied
with the Langmuir film balance technique.15 The surface pressure, 7, of
lipid monolayers'' was measured with a fully automated micro-
tensiometer (WTROUGH SX, Kibron Inc. Helsinki, Finland) and
calculated from the surface tension, ¥, according to the equation [z =
Yo — 7] where y, is the observed surface tension at the air—water
interface in the absence of peptide or lipid. Monomolecular films of
the indicated lipid were spread on ultrapure water subphases totally
devoid of any surfactant contaminant as described previously.'"'*?
After spreading of the film, S min was allowed for solvent evaporation.
The peptide was injected in the subphase (pH 7) with a 10-uL
Hamilton syringe, and pressure increases produced were continuously
recorded as a function of time. The data were analyzed with the
FilmWareX 3.57 program (Kibron Inc.). The accuracy of the system
under our experimental conditions was +0.25 mN-m™ for surface
pressure.
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