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Abstract: As of mid 2013 a Medline search on “cholesterol” yielded over 200,000 hits, reflecting the

prominence of this lipid in numerous aspects of animal cell biology and physiology under condi-
tions of health and disease. Aberrations in cholesterol homeostasis underlie both a number of rare

genetic disorders and contribute to common sporadic and complex disorders including heart dis-

ease, stroke, type II diabetes, and Alzheimer’s disease. The corresponding author of this review
and his lab stumbled only recently into the sprawling area of cholesterol research when they dis-

covered that the amyloid precursor protein (APP) binds cholesterol, a topic covered by the Hans

Neurath Award lecture at the 2013 Protein Society Meeting. Here, we first provide a brief overview
of cholesterol-protein interactions and then offer our perspective on how and why binding of cho-

lesterol to APP and its C99 domain (b-CTF) promotes the amyloidogenic pathway, which is closely

related to the etiology of Alzheimer’s disease.

Keywords: cholesterol; integral membrane proteins; amyloid precursor protein; C99; b-CTF; Alzhei-
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“What has it got in its pocketses?”

The Hobbit

Distribution of Cholesterol and Other Sterols in

the Tree of Life

Cholesterol is the major sterol lipid present in ani-

mal membranes. The plasma membranes of animal

cells typically contain in the range 25 to 50 mol%

cholesterol, whereas levels in the endoplasmic retic-

ulum and nuclear membranes are in the range of 1

to 10 mol%, which increases to about 10 to 25 mol%

in the Golgi.1–8 Most non-animal organisms, includ-

ing many bacteria contain sterol-like lipids that

likely play roles that are to some degree analogous

to those of cholesterol in the membranes of higher

organisms (see Fig. 1). Recent work has shown, for

example, that the hopanoids found in many bacte-

ria9,10 are cholesterol-like in the sense that they can
promote the formation of raft-like phase-separated
liquid-ordered domains in lipid vesicles.11 This is
despite the amusing placement of the polar head
group in hopanoids on the opposite end of the
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molecule from cholesterol. At the same time, very
small changes in the structure of cholesterol can
profoundly alter its properties. For example, reduc-
tion of the alkene moiety of cholesterol to generate
coprostanol is sufficient to eliminate its ability to
promote the formation of raft-like liquid-ordered
phase domains.12–14 The fact that cholesterol is still
18 biochemical steps away from lanosterol (Fig. 1)
belies the high degree to which is has been adapted
for a variety of special roles in complex animal forms
of life.15 It has been proposed that sterols represent
an adaptation to the ancient advent of aerobic
atmospheric conditions and may have made major
contributions to the emergence of eukaryotic life on

Earth.15–18 One wonders to what degree the later
development of higher animal forms of life was
dependent on the evolution of cholesterol.

Cholesterol Structure

All four rings of the sterol group of cholesterol have

trans ring junctions, making it a flat molecule (Fig.

2). One face of the ring system—the a face is

smooth. The apposed b face is punctuated by orthog-

onal C18 and C19 methyl groups. At one end of the

sterol ring system is the hydroxyl head group, while

at the other end is an isooctyl chain, which is

Figure 1. Biosynthesis of sterols in eukaryotes and sterol surrogates in prokaryotes share all steps up to the intermediate,

squalene.
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flexible, as illustrated by superimposing structures

of cholesterol observed in several different

cholesterol-protein complex crystal structures (Fig.

2). Cholesterol’s topology is well suited for its inte-

gration into lipid bilayers, where it aligns itself with

glycerophospholipids and sphinghophospholipids so

that its isooctyl tail is near the middle of the bilayer

and its 3b-OH group is at the water-membrane

interface (Fig. 3). For a lipid, cholesterol’s rigidity is

unusual, as is the small size and modest polarity of

its head group. In its bilayer configuration the cho-

lesterol head group sits “low” in the membrane com-

pared to the charged and more fully water-exposed

head groups of phospholipids.19 Indeed, it has been

shown that it is not energetically forbidden for cho-

lesterol to spend time with its long axis in plane

with the middle of the bilayer.20,21 Paradoxically, the

fact that its hydroxyl head group does sit low in the

bilayer interface (where the effective dielectric con-

stant is well below that of bulk water) and not only

accepts, but also can donate hydrogen bonds, ena-

bles cholesterol to participate in relatively strong

attractive interactions with other cholesterol mole-

cules and other lipids—especially sphingolipids

(which also have low-sitting H-bond donor and

acceptor moieties)22 (Fig. 3). Some of these interac-

tions are probably bridged by interfacial water

molecules.23

The overall rigidity of cholesterol suggests that

when it interacts with more flexible molecules, such

as classical glycerophospholipids, there is an

entropic cost arising from cholesterol-induced damp-

ening of motions. This is probably especially the

case when the smooth and flat a face of the sterol

ring system is involved. This unfavorable entropic

effect may provide a driving energy potential for

cholesterol to preferentially interact with other rigid

molecules or to surfaces on membrane protein trans-

membrane domains (TMD) that are flat and smooth.

It is known that cholesterol also prefers to interact

with lipids with saturated acyl chains relative to

unsaturated chains (with a particular abhorrence of

polyunsaturation).22 This is probably because

although both classes of lipid tails suffer an entropy

loss upon interacting with cholesterol, the compen-

sating Van der Waals (VDW) energy between choles-

terol and extended straight chain alkanes is more

favorable than for lipids having chains with one or

more cis double bonds.

Cholesterol’s Roles in Membrane Fluidity and

Raft Formation

The structural properties of cholesterol summarized

above lead to two important functions of cholesterol

in membranes. First, cholesterol has a high propen-

sity to condense with itself and other lipids, espe-

cially sphingolipids and lipids with fully-saturated

acyl chains, to form domains that are colloquially

referred to as “detergent-resistant membranes”

(DRMs) or “lipid rafts”.24–26 These domains retain

Figure 2. Structure of cholesterol. A) Chemical structure of

cholesterol (IUPAC numbering system). B) Space-filling and

stick representations of cholesterol. C) Superposition of three

cholesterol molecules from different protein crystal structures

demonstrates the flexibility of the tail.

Figure 3. Structures of representative lipids: 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphoglycerol (POPG), 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphserine (POPS), and 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphoethanolamine (POPE), sphingo-

myelin, and cholesterol. The atoms in the membrane interface

region colored in red are possible hydrogen bond acceptors.

Atoms in blue are possible hydrogen bond donors.
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unique compositions, dynamics, and structural prop-

erties despite being surrounded by the fluid (liquid-

disordered Ld) phase, although there is exchange of

lipids between phases. Raft-like domains are

believed to closely resemble the liquid-ordered (Lo)

phase seen in bilayered lipid vesicles of certain com-

positions.27 In particular, while the lipid components

undergo rapid lateral diffusion, the chains are

extended to enable relatively tight packing between

lipids. Moreover, Lo bilayers are thicker than the

surrounding Ld phase.28,29 Lo domains in model

membrane lipid vesicles can be both large and sta-

ble,30–32 and do not necessarily span both leaflets of

the membrane.33 In living cells, raft-like domains

are much more dynamic and complex, leading to

substantial debate about the nature of these

domains in a cellular environment.34–39 The pres-

ence of the actin-based cytoskeleton in animal cell

plasma membranes dictates that rafts in living cells

are often smaller and more transient than observed

in model membranes.40 One notable exception is the

yeast vacuole membrane, where stable micron-sized

coexisting lipid domains can be readily detected.41

Other large and abundant membrane domains are

primarily raft-like in composition and physical prop-

erties, including caveolae, myelin membranes, eye

lens fiber cell plasma membranes, and the apical

membranes of polarized epithelial cells. Intriguingly,

membrane blebs derived from the plasma mem-

branes of cells demonstrate temperature-dependent

spontaneous segregation into domains of differing

order and composition, pointing to a fundamental

capacity of cell membranes to demix into coexisting

phases.42,43 This may reflect the proximity of biologi-

cal membranes to a critical point.44,45

Raft-like assemblies are cholesterol-rich. In

membranes that are phase-separated into fluid (Ld)

and raft-like liquid-ordered domains, it is tempting

to imagine that all of the cholesterol has partitioned

into the Lo domains. However, this is not the case.

Cholesterol levels in the fluid phase remain signifi-

cant (albeit lower than in an adjacent Lo phase)

even when there are co-existing raft-like

domains.46,47 Fluid phase membranes containing

abundant cholesterol retain their essential fluid

phase properties: lipids undergo free lateral diffu-

sion, acyl chains remain conformationally flexible,

and lipids wobble and bob. However, the presence of

cholesterol dampens these various forms of lipid

dynamics to confer greater stability to the mem-

brane, while at the same time lowering the gel-to-Ld

phase transition to help maintain the bulk mem-

brane in a fluid state at physiological temperatures.

Cholesterol as a Co-Solvent for Membrane

Proteins
Membranes act as solvents for the transmembrane

domains of membrane proteins. As summarized

above cholesterol profoundly impacts the properties

of this solvent by altering the physical properties of

the bulk (Ld phase) membrane and also by both pro-

moting and participating in formation of an alterna-

tive solvent—raft-like membrane domains—which

have different physical properties and dimensions

than bulk membranes.

Analysis of detergent resistant membranes and

ordered phases in giant plasma membrane-derived

vesicles suggests raft-like domains include both

surface-anchored and, less commonly, integral mem-

brane proteins. While identification of proteins asso-

ciated with lipid rafts remains a frontier48 it

appears that a majority of the proteins that associ-

ate with lipid rafts are lipid-anchored proteins.49,50

Palmitoylated proteins associate with the

cytosolically-oriented leaflet of rafts while complex

glycosylphosphatidylinositide (GPI) anchors associ-

ate with the extracellular leaflet. The palmitoyl

chain and the lipid chains of GPI anchors are long

and usually unsaturated such that, at least under

some conditions, they energetically favor the Lo-like

nature of rafts relative to the Ld-like properties of

bulk membranes. Some non-lipidated integral mem-

brane proteins also appear to prefer lipid rafts to

the surrounding bulk membrane.51 Determination of

the structural and dynamic factors that control the

energetics of partitioning of membrane proteins

between raft and bulk membrane domains repre-

sents a frontier area in which little is currently

known.43,51–58

Modulation of the dynamics of bulk (liquid-dis-

ordered) membrane by cholesterol has been well-

documented to alter the function of some membrane

proteins.59–64 To cite just one example, upon absorp-

tion of a photon rhodopsin transitions to a transient

equilibrium between signaling-inactive metarhodop-

sin I (Meta-I) and signaling-active metarhodopsin-II

(Meta-II).65,66 This equilibrium is sensitive to the

cholesterol concentration of the membrane, with

increased cholesterol shifting the equilibrium

towards Meta-I. While the mechanisms underpin-

ning this phenomenon may be complex, a contribut-

ing factor is thought to be that cholesterol reduces

the free volume available for molecular motion in

the hydrophobic core of the bilayer. Since formation

of Meta-II is accompanied by volume expansion of

the rhodopsin TMD, a reduction of the free volume

of the bilayer by cholesterol disfavors this state.

Besides impacting membrane protein function,

cholesterol’s modulation of the dynamics of bulk

phase membranes probably also alters both the fold-

ing and stability of membrane proteins, as well as

the energetics of protein oligomerization. However,

so little is known about these issues that one can

currently do little more than speculate, particularly

since the impact of cholesterol on membrane proper-

ties is difficult to disentangle from the consequences
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of direct interaction of cholesterol with membrane

proteins (below). It is a welcome development that

methods have finally been developed to quantitate

the thermodynamic stability of helical integral mem-

brane proteins in bilayers of varying composi-

tion,67,68 which will allow systematic exploration of

how varying membrane properties impact membrane

protein stability.

The high concentration of cholesterol present in

many membranes dictates that in addition to modu-

lating bilayer properties, membrane proteins will be

in constant solvent-like contact with cholesterol

even if the protein does not form specific complexes

with this lipid. This suggests that animal membrane

proteins have been evolutionarily adapted to have

lipid-exposed surfaces that interact in an optimal

manner with cholesterol (among other selective

imperatives). However, little is known about what

“optimal” represents in terms of cholesterol interac-

tions and to what degree this definition varies from

protein to protein. For membrane proteins it has

long been known that the “annular” layer of lipids

in direct contact with protein transmembrane

domains have longer lifetimes in the annular state

than is expected based on transient collisions con-

trolled merely by Brownian motion in the quasi-two-

dimensional plane of the membrane (Fig. 4).59,63

Many membrane proteins also include sites for

“non-annular interactions” that involve even longer-

lived (energetically more favored) interactions of lip-

ids, usually with a cleft in the TMD (such as at the

interface between transmembrane helices) and a

higher degree of specificity in terms of preferred

lipid species (Fig. 4). We suggest that non-annular

lipids and their interaction sites on membrane pro-

teins should be thought of as distinct from more

classical ligand or substrate binding sites. First,

non-annular lipid binding sites are probably almost

always occupied by a lipid, unlike the case, for

example, of an enzyme that has a lipid as substrate

and only approaches saturation of binding when the

lipid substrate concentration is much higher than

Km. Whether non-annular sites are occupied by their

preferred lipid instead of less preferred lipids is

determined by the local membrane lipid composition.

Secondly, a number of membrane proteins appear to

have multiple non-identical non-annular lipid inter-

action sites per subunit (e.g. Ref. 69). This is unlike

most cases for membrane proteins that bind a lipid

as a substrate for catalysis or transport, where there

is usually only one binding site per monomer (or n

sites for an n-mer). Nonetheless occupation of non-

annular lipid binding sites by preferred lipids may

impact membrane protein stability and/or function

in ways that are distinct from binding of non-

preferred lipids to those same sites. Admittedly, the

distinction between non-annular interactions and

classical stoichiometric protein-ligand complexes

(where the ligand is a lipid) is sometimes a shade of

gray.

While it is evident from studies of membrane

proteins such as the nicotinic acetylcholine receptor

and GPCRs that cholesterol can participate in both

annular and non-annular interactions, even in such

well-characterized cases little is known regarding

why cholesterol is favored or disfavored as a partici-

pant in such interactions relative to other lipids.

This is compounded by the fact that little is known

about the dynamic range of cholesterol concentra-

tions occurring in various cellular membranes—the

range of concentrations over which cholesterol varies

within a given membrane during the lifetime of a

cell. Furthermore, knowing the total cholesterol con-

tent of a membrane at a given time point does not

provide insight into the distribution of cholesterol on

inner and outer leaflets or the distribution between

bulk and raft-like membrane domains.70,71 Even

when the affinity of cholesterol for a protein is quan-

titatively known, these factors make it difficult to

predict whether the impact of cholesterol on protein

structure or function is likely to be constitutive

under physiological conditions or whether choles-

terol concentrations vary enough for the observed

phenomenon to be spatiotemporally regulated by

changing local cholesterol concentrations.

Specific Binding of Cholesterol to Membrane
Proteins

Many proteins, both soluble and membrane-bound,

bind cholesterol to form saturable stoichiometric

complexes. These include enzymes that generate

cholesterol as a product or employ it as a substrate,

transporters that facilitate cholesterol flip-flop

across the membrane and/or that deliver membrane

cholesterol to soluble proteins (such as lipoproteins)

for circulatory transport, and water soluble proteins

that transport single cholesterol molecules from

membrane to membrane.72–76 Cholesterol may bind

to proteins as an allosteric modulator of protein

function77–79 and possibly also to alter trafficking or

sorting of membrane proteins between different

Figure 4. Lipids and water as solvents. A) Cartoon model of

a soluble protein in a bath of water. Bulk water molecules are

shown in grey; shell water molecules are shown in yellow; a

bound water molecule is shown in red. B) Cartoon model of

a membrane protein embedded in a membrane bilayer. Bulk

lipids are shown in grey; annular lipids are shown in yellow; a

bound (non-annular) lipid is shown in red.
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organelles or membrane domains.80–82 Cholesterol

also serves as a membrane receptor for certain

microbial toxins as a means of recognizing target

animal cells, a step that is sometimes followed by co-

assembly of toxin-cholesterol complexes in the mem-

brane.83–85 Some viral proteins recognize and exploit

cholesterol during infection or budding and related

membrane fusion processes.80 A recent proteomic

study identified 250 candidate cholesterol binding

proteins in HeLa cells.86

How does Cholesterol Bind to Proteins?

To date, 20 high-resolution structures of cholesterol-

containing proteins are available in the Protein

Data Bank, as summarized in Table I. All except

one were determined with X-ray crystallography.

These proteins are distributed between water solu-

ble proteins and integral membrane proteins. In the

former case, cholesterol is usually bound to a hydro-

phobic pocket in the interior of the protein [example

in Fig. 5(A)]. In the case of membrane proteins, cho-

lesterol is usually seen to be bound to a lipid-

exposed hydrophobic face of the transmembrane

domain [example in Fig. 5(B)]. We analyzed the

occurrence of amino acids within 5 Å of cholesterol

in all 19 crystal structures as summarized in Table I

and Figure 6. Figure 6(A) reports the occurence of

amino acids in all proteins (cyan) and in the 19 pro-

teins of Table I (white). Given cholesterol’s hydro-

phobicity it is no surprise that the hydrophobic

residues Ile, Leu, and Phe are the three most highly

occurred residues at cholesterol binding sites [Fig.

6(B)].

For integral membrane proteins, cholesterol

may bind to a single TM helix [Fig. 7(A)], or can

bind to grooves between two or more TM helices

[Fig. 7(B–D)]. The most common residues that inter-

act with the isooctyl tail of cholesterol are Ala and

residues with branched side chains, Leu and Val

[Fig. 6(F)]. This combination of residues can be used

to form a groove in the protein surface to accomo-

date the tail of cholesterol. The relatively flexible

isooctyl tail can adopt different conformations to fit

the shape of the binding site [Fig. 7(C,D)].

The sterol ring interacts almost exclusively with

hydrophobic residues in both water soluble and

membrane proteins [Fig. 6(C)]. For membrane pro-

teins most of structures involve binding of the

Figure 5. General modes of cholesterol binding to proteins. A) Cholesterol bound to a cavity in the yeast Osh4 protein (PDB

ID: 1ZHY90). B) Cholesterol bound to the surface of a l-type opioid receptor (PDB ID: 4DKL101).
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relatively rough b face of the sterol ring system to

the TMD surface (Table I), with the smooth a face

being free to interact with lipids (cf. Fig. 8). The b

face of cholesterol has two methyl groups (C18 and

C19) protruding out of the plane of the sterol ring

[Fig. 2(B)]. These methyls can serve as knobs to fit

in grooves or holes in the protein surface, which

often involve branched residues such as Ile and Leu

Figure 6. Amino acid composition of structurally-defined cholesterol binding sties. A) Occurrence of amino acids in all proteins

(cyan bar) versus in the 19 cholesterol-associated proteins of Table I (white bar). B–G) Occurrence in the PDB of amino acids

within 5 Å of different moieties within cholesterol. The y-axis % occurrence (left) and absolute number of observations (right)

reflect the number of times that at least one atom from that amino acid (including backbone atoms) is within 5 Å of at least one

atom of the indicated substituent moiety of cholesterol.
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[Fig. 6(G)]. Given the small number of available

structures it is not yet clear whether the bias in

favor of a b-face/membrane protein interface will

ultimately prove to be the preferred mode of interac-

tion. An energetic rationale for why this might prove

to be the case is not obvious. It should be added that

direct observation of cholesterol-lipid interactions

are not uncommon in membrane protein crystal

structures.94,97,100,102,104

The formation of hydrogen bonds between cho-

lesterol and proteins is ubiquitously implied in all

the available structures (Table I), in which backbone

amide or polar side chains from the protein are in a

suitable position to form hydrogen bonds with the

3b-OH head group of cholesterol [Fig. 9(A,B)]. In

addition to simple direct hydrogen bonding to the

protein, the 3b-OH sometimes also participates in

hydrogen bonding networks involving water [Fig.

9(C–E)] and multiple residues from an adjacent loop

or turn between two helices (Fig. 9) which, not sur-

prisingly, often contain glycine residues [Fig. 6(E)].

For integral membrane proteins, the 3b-OH moiety

of bound cholesterol has, so far, always been seen to

be located near water-membrane interface.

Figure 7. Cholesterol usually resides on the TM surface of integral membrane proteins. A) Cholesterol binds to TM helix I of

the 5-hydroxytryptamine receptor 2B (PDBID: 4IB4100). B) Cholesterol binds to the groove formed by TM helices VI and VII of

the l-type opioid receptor (PDBID: 4DKL101). C) The tail of cholesterol 1 in a Na1, K1-ATPase (PDBID: 4HYT94) fits the crevice

between TM helix 7 and 10. D) The tail of cholesterol 2 in a Na1, K1-ATPase (PDBID: 4HYT94) fits the gap between TM helix 8

and 10. The C55C6 double bond in ring B of cholesterol is shown in magenta.
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Aromatic residues seem to undergo three modes

of interaction with the sterol ring. First, aromatic

residues can stack with saturated sections of the

ring system on both a- and b- faces, interactions

that that may be driven by favorable Van der Waals

and CH-p interactions [Fig. 10(A–D)]. Secondly, Phe

and Tyr (but not Trp, see also Ref. 105) often stack

with the sterol at the C55C6 double bond with the

ring plan parallel with the plane of the double bond

[Fig. 6(D)], strongly suggesting that aromatic resi-

due side chains may undergo favorable p-p interac-

tions with the C55C6 double bond [Fig. 10(E,F)].

Third, Phe and Tyr can also interact in an orthogo-

nal manner with the C55C6 double bond [Fig.

10(G,H)], suggestive of favorable electric quadrupole

interactions between the aromatic ring and the pi

bond. For the interaction in the Niemann-Pick C1

protein illustrated in Figure 10(G), it is known that

mutation of Phe203 dramatically reduces cholesterol

binding affinity.89

Much effort has been devoted to searching for

consensus cholesterol binding sequence motifs.106,107

This led to proposal of the “cholesterol recognition

amino acid consensus (CRAC)” domain, which was

first posited as a cholesterol binding motif in the C-

terminal of the peripheral benzodiazepine receptor

(PBR):108,109 -(L/V-X1–5-Y-X1–5-(R/K)-. Later, a

reversed-CRAC motif called “CARC” was proposed to

be associated with cholesterol binding: -(K/R)-X1–5-Y-

X1–5-(L/V)-.110 We searched for CRAC and CARC

motifs within the sequences of the 19 proteins for

which crystal structures of the cholesterol-protein

complex are available. The CRAC motif occurred no

less than 91 times, while CARC occurred 97 times.

However, only for the oxysterol binding protein

Osh490 were any of these motifs located at the sterol

binding site. For Osh4, two of these motifs were

seen at the binding site and have very different con-

formations [Fig. 11(A)]. One of these two motifs is

seen to adopt a beta strand in which the side chains

for the signature residues of the motif are oriented

Figure 8. Cholesterol resides on the surface of 5-

hydroxytryptamine receptor 2B (PDBID: 4IB4100) with its b-

face contacting the surface of the protein (atoms shown in

yellow) and its a-face contacting acyl chains of monoolein

(cyan) and the C16 chain of covalently-linked palmitate

(atoms shown in white).

Figure 9. Examples of hydrogen bonds formed between the

head group of bound cholesterol and proteins. A) Cholesterol

forms a hydrogen bond with the side chain of Gln65 in the

b2-adrenergic receptor (PDB ID: 3PDS98). B) Cholesterol

forms a hydrogen bond with the backbone amide Tyr394 in

the 5-hydroxytryptamine receptor 2B (PDBID: 4IB4 100). C)

Cholesterol forms a hydrogen bond network with Pro309 and

involves a water molecule (shown as a red ball) in the l-type

opioid receptor (PDBID: 4DKL101). D) Two cholesterols form a

hydrogen bond network with Gln65, Tyr70, and Arg151

through a water molecule (shown as a red ball) in the b2

adrenergic receptor (PDBID: 3NYA96). E) Cholesterol forms a

hydrogen network with Glu30, Asn41, and Gln79 in the

Niemann-Pick C1 protein (PDBID: 3GKI89) mediated by a

water molecule (shown as a red ball). F) Cholesterol forms a

hydrogen bond network with Tyr61, Asn210, and Gln377 in

human CYP11A1 (PDBID: 3N9Y91) through multiple water

molecules (shown as red balls).
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away from the cholesterol binding site. The other

motif is in a helical segment, with the phenol -OH

group of the Tyr from the motif well-positioned to

form a hydrogen bond with the cholesterol 3b-OH

group. The observation that the interaction of CRAC

and CARC motifs with cholesterol seems to be quite

rare in the PDB complements the bioinformatic

analysis of Palmer,112 who observed the CRAC motif

Figure 10. Examples of an aromatic residue (shown in magenta) interacting with the sterol ring of cholesterol. A) Phe33 inter-

acts the a face of the sterol ring in a Na1, K1-ATPase (PDBID: 4HYT, cholesterol 1 94). B) Trp981 interacts the b-face of choles-

terol in a Na1, K1-ATPase (PDBID: 4HYT, cholesterol 2 94). C) Phe255 interacts the a face of the sterol ring in the adenosine

receptor A2a (PDB ID: 4EIY102). D) Trp158 interacts the a-face of cholesterol in the b2-adrenergic receptor (PDB ID: 2RH1). All

carbon atoms in cholesterol and aromatic residues are displayed with spheres with a radius of 1.7 Å. E) Cholesterol sandwich

packing configuration with Phe255 in the middle and cholesterols on each side in the adenosine receptor A2a (PDBID: 4EIY102).

The C55C6 double bonds (shown in orange) are parallel to the face of the aromatic ring. F) Aromatic sandwich packing config-

uration with a cholesterol in the middle and Tyr299 and Phe313 on each side in the l-type opioid receptor (PDBID: 4DKL101).

The C55C6 double bond (shown in orange) is parallel to the faces of the aromatic rings. G) Interaction between the Phe203

ring of the Niemann-Pick C1 protein and the cholesterol double bond (PDBID: 3GKI89). H) Interaction of F82 of with the C55C6

group of CYP11A1 (a cytochrome p450, PDBID: 3N9Y91).

Song et al. PROTEIN SCIENCE VOL 23:1—22 11



over 5000 times in the 2100-member proteome of a

cholesterol-free bacterium. The CARC and CRAC

motifs appear to have little predictive value.

The “cholesterol consensus motif” (CCM) has

been proposed as a cholesterol binding site in class

A GPCRs based on a crystal structure of the

b2-adrenergic receptor.99 In this structure each

monomer binds two cholesterols that are stacked

with each other with their a-faces inward [Fig.

11(B)]. The site located on the intracellular side of

the TMD in a broad and shallow cleft formed by TM

helices I-IV. The head group and b-face of the first

of cholesterol interacts extensively with the receptor,

while the second cholesterol makes some contacts to

TM helix II, but is primarily exposed for contacts

with a protein-linked palmitoyl chain or with the

lipid phase. The CCM motif pertains to the site for

the first of these cholesterols and includes residues

from transmembrane helices II and IV: a Phe or Tyr

located on the second transmembrane helix (desig-

nated 2.41 using the Ballesteros-Weinstein number-

ing scheme) and the -(R/K)4.39-4.43-X2–6-(I/V/L)4.46-

X3-(W/Y)4.50- motif on the fourth transmembrane

segment. In the crystal structure of the b2-adrener-

gic receptor, the epsilon nitrogen of the Arg151 gua-

nidinium group hydrogen bonds to the cholesterol

3b-OH headgroup [Fig. 11(B)]. The hydrophobic resi-

due Ile1544.46 interacts with the first two rings (A

and B) of the sterol group. The aromatic Trp1584.50

appears to contribute a very significant interaction

with the cholesterol through a CH-p interaction and

the edge of the fully saturated ring D [Fig. 11(B)].99

These three residues are on the same side of helix

IV. The aromatic residue from the second transmem-

brane segment (Y702.41) is seen to undergo VDW

interactions with ring A of cholesterol and also

appears to hydrogen bond with Arg1514.43 [Fig.

11(B)]. In two other b2-adrenergic receptor struc-

tures cholesterol is also seen to be bound to the

same cleft that is associated with CCM.97,98 In one

of these structures only a single cholesterol is

bound.98

In addition to the CCM site there are several

other GPCR sites at which cholesterol has been

observed to be bound in the currently available crys-

tal structures. These include at least two different

sites located on the extracellular side of the TMD, as

observed in the adenosine A2a receptor [two sites,

three cholesterols, cf. Figs. 9(D) and 10(C,E)]102 and

in the mu-opioid receptor [one site, one cholesterol,

Figs. 5(B), 9(C), 10(F)].101 Also seen in certain

b2AR97 and 5-hydroxytrptamine receptor struc-

tures100 is a cholesterol that interacts with both the

intracellular end of TM helix I and the end of

surface-associated helix VIII [cf. Figs. 7(A) and

9(A,B)]. Remarkably, this cholesterol also interacts

closely with one of the C16 chains that is covalently

linked via a thioacyl bond to Cys residues located in

Figure 11. Cholesterol-proximal CRAC motifs in the Osh4 protein. A) Three CRAC motifs are highlighted in the Osh4 protein

(PDB ID: 1ZHY90), with one motif (shown in blue) far from the cholesterol and the other two (shown in red) close to the choles-

terol. Side chains for key residues of the closest CRAC motifs are shown. B) The cholesterol consensus motif (CCM) in the b2-

adrenergic acceptor (PDB ID: 3D4S99). Cholesterol 1 binds to the CCM primarily in contact with the fourth transmembrane helix.

Side chains for key residues in the CCM are shown. I1544.46 and W1584.50 are also shown in space-filling mode and interact

with cholesterol 1. R1514.43 and Y702.41 may form a hydrogen bonding network, as shown with black dotted lines. The two

superscript numbers for each residue reflect the Ballesteros-Weinstein numbering scheme for GPCR sites.111 The first number

indicates the transmembrane helix, while the second is relative to the most conserved residue in that helix, which is designated

position 50. For example, residue 4.46I is the fourth residue before the most conserved residue in helix IV (4.50W in this partic-

ular case).
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helix VIII (Fig. 8). Given that raft-association of pro-

teins often seems to be driven by protein palmitoyl-

ation,49,50 one wonder if the interactions seen in

these structures in any way reflects favorable lipid-

cholesterol interactions that promote raft-association

in these or other proteins.

Finally, we note that a protein domain that was

thought to be a cholesterol binding module, the

“sterol-sensing domain” (SSD)113 is probably not an

actual cholesterol binding domain based on the

recent work of Motamed et al.114

Discovery of a Novel Cholesterol Binding Site in

the Amyloid Precursor Protein
In 2003 the corresponding author used bioinformatic

tools associated with SwissProt to search for all

human membrane proteins that were known to be

genetically-linked to inherited human diseases and

deemed to be small enough (<350 residues) to poten-

tially be amenable to NMR spectroscopic studies.

This led to Escherichia coli expression trials for

about 20 different human membrane proteins, E.

coli being preferred because it is uniquely compati-

ble with a host of NMR isotopic labeling methods. A

minimalist approach was pursued in which only N-

and C-terminally His6-tagged were constructs were

tested. One of the proteins that expressed well was

the 99 residue transmembrane C-terminal domain of

the amyloid precursor protein (APP). This protein is

here referred to as C99, although “b-CTF” is a com-

mon alias [Fig. 12(A)]. This protein is the product of

b-secretase cleavage of APP and is the immediate

precursor of the amyloid-b polypeptides (Ab), which

are released when C99 is cleaved by g-secretase. Ab

(particularly the longer forms) is prone to form

oligomers that morph into ordered cross-b amyloid

fibers, ultimately leading to the formation of amyloid

plaques in brain tissue. Toxicity associated with Ab

is generally thought to underlie the etiology of Alz-

heimer’s disease.117,118

While there are now literally thousands of

articles on various aspects of the structures of the

many forms of Ab, there have been few structural

studies of C99. We therefore decided to pursue NMR

and other biophysical studies of its structure in

model membranes. Early work focused on C99 in

lyso-myrisotyphosphatidylglycerol (LMPG) micelles

and led to the conclusion that, in addition to its TM

a-helix, C99 also has a short surface-associated

amphipathic “N-helix” that is located N-terminal to

the TMD, as well another surface-associated am-

phipathic helix located at its extreme C-terminus119

[Fig. 12(A)]. We speculated that the combined N-

helix, N-loop, and N-terminal half of the TMD might

comprise a lipid binding site. If so, cholesterol

seemed to be a likely binding partner in light of a

huge literature on the cholesterol/Alzheimer’s dis-

ease relationship. An undergraduate in the Sanders

lab, Andrew Beel, made particularly important con-

tributions to this work based, in part, on sifting

through more than 1000 articles on this and closely

related topics.

Because cholesterol exhibits only limited solubil-

ity in LMPG and most other types of micelles we ini-

tially investigated possible C99-cholesterol

interactions by proxy using a water soluble deriva-

tive of cholesterol: CHOBIMALT, which is choles-

terol with a tetrasaccharide attached to its head

group. CHOBIMALT was observed to bind to C99

with a dissociation constant of 15 mol%.119 As an

aside, we note that mole percentage or mole fraction

units, rather than molarity units, are appropriate

for describing thermodynamic binding equilibria

involving molecules that are both associated with

membranes (or micelles). A dissociation constant of

15 mol% is within the physiological concentration

range of cholesterol in plasma membranes. This led

us to conclude that C99 is probably a cholesterol

binding protein.

That C99 binds bona fide cholesterol was dem-

onstrated by the first author of this article, who

developed conditions that allow high quality NMR

spectra to be acquired for C99 following preparation

in bicelles.116 Bicelles are discoidal lipid bilayer

assemblies that are edge-stabilized by a detergent.

Bicelles were originally developed in the lab of

James Prestegard at Yale University,120 with the

corresponding author of this article having the

pleasure of making early contributions both while a

postdoc in that lab121,122 and later as an assistant

professor.123 This included the first reconstitution of

membrane proteins in bicelles.124 As first shown by

Minto et al., one of the virtues of bicelles is that

they are capable of incorporating up to about 20

mol% cholesterol while retaining bicelle morphol-

ogy.125 This enabled titration of C99 with choles-

terol, using solution NMR methods to monitor

binding. NMR yielded binding isotherms revealing

that 1:1 saturable binding of cholesterol to C99 does

indeed occur, with a Kd of 5 mol%.116 Moreover,

alanine-scanning mutagenesis indentified a number

of sites in C99 for which mutation eliminated or

attenuated cholesterol binding [Fig. 12(A)]. A recent

EPR study of C99 in lipid vesicles led to the tenta-

tive conclusion that its affinity for cholesterol bind-

ing under these even more native-liked conditions is

slightly higher than in bicelles, with a Kd of about 3

mol%.115 While we have not carried out studies with

full length APP (ca. 700 residues), it is very likely

that this protein binds also cholesterol, with a simi-

lar affinity.

Structure of C99 and Properties of its

Cholesterol Binding Site
The structure of C99 was determined in LMPG

micelles using solution NMR methods, with
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Figure 12. Structure of C99 and formation of a complex with cholesterol. A) The topology of C99. C99 is composed of the C-

terminal 99 residues domain of the amyloid precursor protein (residues 672–770), and contains the cleavage site for a-

secretase (following K687 as shown in pink) and cleavage sites for g-secretase (following V711 and A713, as shown in cyan).

Alanine-scanning of C99 residues 690 to 710 revealed which residues are critical for cholesterol binding, as indicated. This

panel was adapted from Reference 115, with permission from American Chemical Society. B) Backbone structure of C99, as

determined by NMR for the protein in LMPG micelles (represented with the gray sphere). This panel was adapted from Refer-

ence 116, with permission from American Association for the Advancement of Science. C) Rough model for the proposed C99-

cholesterol complex and related conformational change in C99. This panel was adapted from Reference 116, with permission

from American Association for the Advancement of Science (left side) and from Reference 115, with permission from American

Chemical Society (right side).
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graduate student Paul Barrett playing the central

role.116 The NMR structure [Fig. 12(B)] confirmed

the key features of our earlier C99 topology map,

and also revealed that the transmembrane helix con-

tains a prominent kink at the GlyGly motif located

near the middle of the TMD. That this kink and the

micellar topology of the protein are maintained in

actual membranes was confirmed by EPR spectro-

scopic studies of spin-labeled C99 in lipid vesicles in

collaboration with Vanderbilt colleague, Eric Hus-

tedt. Not only were all features of the micellar struc-

ture seen to extend to lipid bilayer conditions, but

EPR also revealed that the kink in C99’s TM helix

acts as a flexible hinge.116

The NMR-monitored titration of C99 in bicelles

revealed that the N-helix, N-loop, and the N-

terminal end of the TMD represent the general loca-

tion of the cholesterol binding site. The identity of

residues specifically involved in cholesterol binding

was revealed by the alanine scanning mutagenesis

experiments, with results summarized in Figure

12(A).116 The combined NMR and mutagenesis

results led to two important conclusions. First, the

set of C99 peaks that shifted the most in response to

cholesterol binding included not only peaks for sites

that are important for cholesterol binding, but also

peaks for adjacent sites that were observed not to be

important for binding. This strongly suggests that

cholesterol binding to C99 involves a conformational

change in the N-loop that connect the surface-bound

N-helix and the transmembrane domain [Fig. 12(C)].

A second implication of the Ala scanning muta-

genesis studies is that all three glycine residues of

the G700XXXG704XXXG708 glycine zipper motif are

important for cholesterol binding. The glycine zipper

and related GXXXG-family motifs are well known to

sometimes play a role in membrane protein oligome-

rization, as first recognized by Engelman and col-

leagues for glycophorin A.126–129 Indeed, there have

been many studies of APP and C99 that have been

dedicated to investigating the glycine residues of

this zipper motif (see reviews in115,130). We recently

carried out a study of C99 in bilayered lipid vesicles

using mutagenesis, FRET, and EPR spectroscopic

methods.115 This study confirmed that C99 does

have a propensity to form homodimers and that the

glycine zipper is central to the homodimer interface.

However, the affinity of homodimerization is not

avid—the observed Kd of 0.5 mol% appears to be

orders of magnitude higher than the physiological

concentration of C99, which means that the protein

probably does not homodimerize in vivo, at least not

unless other dimerization-promoting factors are

present to reinforce the weak propensity of the pro-

tein for self-association. This is in contrast to the Kd

observed for cholesterol binding in bicelles and

vesicles (3–5 mol%), which is actually on the low

end of the range of physiological cholesterol concen-

trations in most cellular organelles, implicating

physiological relevance.

We have not yet completed a high resolution

structural study of the complex between C99 and

cholesterol. However, based on the binding study

and mutagenesis results, some observations can be

made. First, the structure of free C99 reveals that

the glycines of the G700XXXG704XXXG708 zipper cre-

ate an extended flat surface on the N-terminal end

of the TMD. We speculate that cholesterol binding to

this surface likely involves the smooth a-face of cho-

lesterol and that this interaction is driven by a com-

bination of Van der Waals forces and entropy.

Association of two flat surfaces with each other may

be entropically preferable to the dissociated state,

where the rigid and flat faces of both cholesterol and

C99 would interact with flexible lipid chains,

thereby dampening lipid chain motions. Secondly,

we propose that upon docking of the sterol ring sys-

tem onto the face of the glycine zipper, that the flex-

ible (and Gly-containing) N-loop undergoes a

conformational change that swings the N-helix

around to encompass the polar end of cholesterol so

that hydrogen bonds between the protein and the

3b-OH can be formed [Fig. 12(C)]. The Glu693,

Asp694, and Asn698 likely form hydrogen bonds

with 3b-OH and/or participate in water-mediated

hydrogen bond networks to the this group. Third,

we speculate that Phe690 may participate in p-p
interactions with the C55C6 alkene group. That the

aromatic side chain of this Phe residue could dip

deep enough into the membrane to participate in

such a pi interaction seems particularly plausible in

light of the structure by Lau et al. of the transmem-

brane/cystosolic domains of the aIIb subunit of the

platelet integrin.131 It was seen that a cytosolic Phe-

Phe motif that is sequentially adjacent to the TM

helix dips back into the membrane to form tertiary

structural interactions with aliphatic side chains in

the TM helix. It is interesting to note that C99 has

a CARC motif that overlaps with the Ala-scanned

segment: -K687-X3-F691-X3-V695- [Fig. 12(A)]. How-

ever, while K687 has not been mutated to determine

whether it plays a role in cholesterol binding, the

fact that its backbone amide resonance shifts little

in response to cholesterol binding suggests it does

not strongly interact with cholesterol. Also the

Val695 of this motif was seen to have no impact on

cholesterol binding when mutated to alanine. This

suggests that the presence of this common motif in

C99 is essentially unrelated to cholesterol binding.

Hypothesis for How Cholesterol Binding to C99
Promotes Amyloidogenesis and AD

Elevated cholesterol appears to promote or aggra-

vate Alzheimer’s disease through more than one

mechanism.132–139 Investigating these mechanisms

is complicated by, among other things, the fact that
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cholesterol in circulation does not cross the blood

brain barrier. All the cholesterol in the central nerv-

ous system (CNS) is made in the brain.140–142

The amyloidogenic pathway of APP processing

involves the cleavage of APP to produce C99 fol-

lowed by the cleavage of C99 to produce Ab. In com-

petition with the amyloidogenic pathway is the

“non-amyloidogenic pathway,” in which a-secretase

cleaves APP within its Ab domain to generate the

transmembrane C83 protein. C83 is then cleaved by

g-secretase to release an apparently harmless poly-

peptide called P3.143–145 There is considerable evi-

dence that elevated cholesterol levels directly

activate the amyloidogenic pathway135,146,147 while

actively inhibiting non-amyloidogenic cleavage of

APP by a-secretase.148,149 There is also much evi-

dence, although not without dispute, that the amy-

loidogenic b- and g-secretase are preferentially

localized to lipid rafts, at least under conditions

where the amyloidogenic pathway is active. At the

same time, it is believed that the non-amyloidogenic

a-secretase resides in the bulk (non-raft) membrane

(reviews in Refs. 82,137, and 139).

It has been hypothesized that elevated choles-

terol promotes preferred partitioning of APP and C99

into raft-like membrane domains where it is more

likely to encounter the amyloidogenic proteases and

less likely to encounter the benign a-secre-

tase.82,116,119 As a step towards testing this hypothesis

we are examining whether binding of cholesterol to

C99 leads to its preferred partitioning into raft-like

domains in model membranes of well-defined compo-

sitions that contain phase-separated liquid-disor-

dered and raft-like liquid-ordered domains.

In addition to possibly promoting amyloidogene-

sis by altering the phase partitioning of APP and

C99, cholesterol binding to APP and C99 may also

directly impact interaction of these proteins with the

secretases. In the case of a-secretase, its cleavage

site in APP is located immediately adjacent to the

cholesterol binding site between K687 and L688

[Fig. 12(A)]. It is quite possible that access to this

site by a-secretase is occluded when cholesterol is

bound. Indeed, it is known that cleavage at the a-

secretase site of C99 by trypsin is inhibited by the

presence of cholesterol.150 There is also preliminary

evidence that gamma-secretase cleavage of C99 may

be directly activated by cholesterol through mecha-

nisms that are not understood.151 That this enzyme

might preferentially recognize and/or cleave the

C99-cholesterol complex over free C99 is plausible

(see discussion in Ref 115), but has not been

investigated.

Teleology of Cholesterol Binding to APP and

C99
Why does cholesterol bind to the C99 and, most

likely, the full length APP? An intriguing possibility

is that C99 and/or APP serve as cholesterol sensors

linked to signaling pathways that regulate cellular

cholesterol uptake and biosynthesis. When gamma-

secretase cleaves C99, the released C-terminal “APP

intracellular cytosolic domain” (AICD) has been pro-

posed, among other functions, to suppress transcrip-

tion of the gene encoding the low density lipoprotein

receptor (LDLR).152 Lower cell surface LDLR would

reduce the amount of cholesterol imported into cells.

At the same time, it has been proposed that intracel-

lular Ab directly or indirectly inhibits HMG-CoA

reductase, the rate-limiting enzyme of the choles-

terol biosynthetic pathway.153 While the evidence in

support of the above proposals is not yet overwhelm-

ing, the suggestion has been made that the amyloi-

dogenic pathway may play a role in regulating

cellular cholesterol levels.154,155 If so, then APP and/

or C99 may be the cholesterol sensor of these path-

ways.116,119 We note that if this were to prove be the

case, this would not necessarily imply that the amy-

loidogenic pathway is the primary cholesterol regu-

latory system of cells. Only a modest fraction of all

proteins are thought to be “essential” to their host

organisms,156,157 indicating widespread functional

redundancy of proteins. This helps make life robust.

It is possible that the amyloidogenic pathway can

serve as a backup or accessory system to help regu-

late cholesterol levels. This is consistent with the

fact that while APP-knockout mice are smaller and

less intelligent than other mice, the phenotype is

not very severe (reviewed in Ref. 158).

A recent and elegant study by Pierrot et al.159

has significantly advanced the notion that APP does

play a role in controlling cellular cholesterol levels,

although not exactly as proposed above. The primary

cellular regulatory system in control of cholesterol

biosynthesis and uptake has been determined by

Brown, Goldstein, and co-workers79,160 to center

around a membrane-anchored transcription factor

called sterol regulatory element binding protein

(SREBP). When freed from the membrane the solu-

ble form of SREPB translocates to the nucleus

where it binds to the sterol regulatory element in

the proximal promoter of the genes encoding HMG-

CoA reductase, the LDLR, and related genes of cho-

lesterol metabolism. SREPB is normally anchored to

the membrane of the endoplasmic reticulum (ER),

where it is complexed with both the INSIG protein

and with a cholesterol binding protein known as the

SREBP cleavage activating protein (SCAP). When

cholesterol levels in the ER membrane fall below 5

mol%, cholesterol dissociates from SCAP.8,114 This

ligand dissociation event triggers dissociation of

INSIG from the SCAP-SREPB complex, which

exposes an ER-to-Golgi export site on SCAP that

results in export of the SCAP-SREPB complex to the

Golgi. Once in the Golgi, the transcription factor

domain of SREPB is released from the membrane by
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successive cleavage by site-1 and site-2 proteases

(S1P and S2P). Solubilized SREBP then activates

transcription of the genes encoding HMG-CoA reduc-

tase, LDLR and other genes promoting increased

cellular cholesterol content.

Pierrot et al.’s recent work indicates a direct role

for APP in regulating the SREBP system.159 In cul-

tured neurons it was found that increased APP or C99

but not AICD results in inhibition of SREBP cleavage

in the Golgi, apparently because of formation of a

complex between APP and SREBP in that compart-

ment. This results in reduced HMG-CoA reductase

and lowered cholesterol biosynthesis. At the same

time, the expression of the CYP46A1 gene that enco-

des cholesterol 24-hydroxylase was down-regulated.

This enzyme converts cholesterol to 24S-cholesterol,

the main form of cholesterol that exits the brain.161

As a consequence, the cholesterol content in the cell

was seen to be unchanged from APP-free conditions:

the reduction of cholesterol biosynthesis was propor-

tionately offset by decreased conversion of cholesterol

to 24S-hydroxycholesterol. This suggests that APP

plays a key role in maintaining the balance between

cholesterol biosynthesis and degradation in neurons.

Very likely it also helps control cholesterol uptake

through the LDLR pathway, but this was not tested.

The ability of APP to protect SREBP from cleav-

age in the Golgi was eliminated when the glycines in

its G700XXXG704 motif were mutated.159 This motif is,

of course, central to the cholesterol binding site of

APP/C99 (Fig. 12). The potential role of cholesterol

binding to APP and C99 in regulating SREPB cleav-

age was not investigated. However, we note that if

cholesterol levels in the ER are low enough (<5 mol%)

for SCAP to trigger trafficking of SREPB to the Golgi,

then it is conceivable that the level of cholesterol in

the Golgi may vary over a range which will dictate

that the fraction of C99/APP that is cholesterol-

complexed may vary significantly (since its Kd for cho-

lesterol is 3–5 mol%115,116). This is as might be

expected if it this binding event play a role in the reg-

ulation of cellular cholesterol content. One wonders if

it is the cholesterol-complexed form of C99/APP that

protects SREBP from cleavage or whether cholesterol

binding to C99 is competitive with binding of C99 to

SREPB. It is interesting that APP was seen not to

modulate SREBP cleavage in astrocytes, which is

where most of the cholesterol in the brain is made. All

told, this work suggests that APP/C99 plays an impor-

tant and cell type-specific role in neuronal cholesterol

homeostasis. Moreover, the cholesterol binding site of

APP/C99 is central to this role. Finally, we note

another recent report that intracellular Ab can also

reduce SREPB cleavage.162

Conclusions
It is clear that our understanding of the interactions

of cholesterol with membrane proteins is in its

infancy. Little is known about the dynamics of cho-

lesterol levels in membranes or the dynamics of its

distribution between bulk and raft-like phases. The

structural and energetic principles governing parti-

tioning of membrane proteins between raft and bulk

phase membranes are not understood. Only a mod-

est number of cholesterol-protein complex structures

have been determined, with each new structure pro-

viding fresh insight. Our recognition of the numer-

ous mechanisms that link cholesterol to a host of

human diseases continues to expand; however, the

more we learn the more we appreciate the complex-

ity of these mechanisms. Moreover, even in favorable

cases a long lag can be expected between basic sci-

ence discoveries regarding disease-related choles-

terol-protein relationships and translation into

effective therapeutics. Young scientists should take

heart. Numerous dragons remain to be slain.
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