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Preface

Cholesterol is a major lipid component of the plasma membrane where it constitutes
up to ~50 mol% of the total membrane lipids. As such, it is not surprising that cho-
lesterol effects on protein function have been historically attributed to its effect on
the physical properties of lipid bilayers. First indications that cholesterol may bind
directly to proteins started to emerge in the mid-1970s in studies on the eukaryotic
sugar transport system [1], the Folch-Lees proteolipid protein, the major protein
component of myelin [2], the Na*/K*-ATPase [3], and the band 3 protein that con-
stitutes the main integral protein of the human erythrocyte membrane [4]. These
studies opened a floodgate, and since then, cholesterol has been shown to play a
direct role in the regulation of an ever-growing number of proteins.

In 1998, the first amino acid consensus sequence for cholesterol binding, the
cholesterol recognition amino acid consensus (CRAC) motif, was proposed in the
context of the peripheral-type benzodiazepine receptor, a transmembrane protein
that mediates the translocation of cholesterol [5]. While the CRAC motif has been
identified in multiple proteins since then, several other cholesterol binding motifs
followed, and the characteristics of cholesterol-binding sites in proteins have con-
tinued to be defined.

The first structural evidence that cholesterol can bind directly to proteins emerged
in mid-2002 with the determination of the structure of the cryptogein-cholesterol
complex via X-ray crystallography at a 1.45 A resolution [6]. Despite its small size,
cryptogein, a fungal elicitor, displayed a large inner hydrophobic cavity that har-
bored the cholesterol molecule. The same year, a structure of the ligand-binding
domain of the retinoic acid orphan receptor a was determined at 1.63 A resolution
in complex with cholesterol [7]. This was followed by a structure of the cholesterol-
bound oxysterol-binding protein Osh4 at a 1.6 A resolution in 2005 [8].

In 2007, a structure of the f2 adrenergic G-protein-coupled receptor was crystal-
lized at a 2.4 A resolution in complex with cholesterol [9]. In this structure, choles-
terol mediated receptor-receptor interactions improving the stability of the receptor.
This was another milestone in the quest to uncover the direct roles of cholesterol-
protein interactions in protein function.
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Over the course of several decades, numerous functional, structural, and compu-
tational studies have continued to shape our understanding of cholesterol-protein
interactions, unraveling the growing number of roles that they play in cellular func-
tion. These range from cholesterol transport and storage to protein stability, fold-
ing, and localization. While many questions regarding the underlying molecular
mechanisms remain unresolved, significant advances in our understanding of direct
cholesterol-protein interactions have been made in recent years, and are the topic
of this volume.

This is the second in a sequel of two volumes on the mechanisms of cholesterol
modulation of protein function. The first volume (1115 in the Advances in
Experimental Medicine and Biology Series) focused on sterol specificity as a
means to distinguish between direct and indirect effects of cholesterol as well as on
indirect mechanisms that impact protein function in response to variations in cho-
lesterol level. The current volume complements the picture by focusing on protein
targeting via direct interactions of the cholesterol molecule with sterol-sensing
protein sites.

The first part of this volume introduces the reader to the general characteristics
of cholesterol binding sites. This part starts with a survey of the different cholesterol-
binding motifs that have been proposed over the years followed by an overview of
the major classes of proteins that bind steroids and the insights gained from their
study using X-ray crystallography. It then continues to two studies that utilize the
growing number of structures of cholesterol-bound proteins available in the Protein
Data Bank to present new insights into the molecular and structural characteristics
of cholesterol-binding sites. The second part of this volume delves into more spe-
cific cases of cholesterol binding to G-protein-coupled receptors, ion channels, and
cholesterol transporters that have been studied using combinations of experimental
and computational approaches.

The editors are grateful to all the authors who contributed to this project aimed
at portraying the intricate interactions between a variety of proteins and cholesterol.
The editors are also thankful to senior mentors, collaborators, and colleagues for
stimulating discussions, and for fostering a supportive environment for the comple-
tion of this diverse collection of contributions to the field.

Chicago, IL, USA Avia Rosenhouse-Dantsker
Memphis, TN, USA Anna N. Bukiya
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Cholesterol-Recognition Motifs
in Membrane Proteins

Jacques Fantini, Richard M. Epand, and Francisco J. Barrantes

Abstract The impact of cholesterol on the structure and function of membrane
proteins was recognized several decades ago, but the molecular mechanisms under-
lying these effects have remained elusive. There appear to be multiple mechanisms
by which cholesterol interacts with proteins. A complete understanding of choles-
terol-sensing motifs is still undergoing refinement. Initially, cholesterol was thought
to exert only non-specific effects on membrane fluidity. It was later shown that this
lipid could specifically interact with membrane proteins and affect both their struc-
ture and function. In this article, we have summarized and critically analyzed our
evolving understanding of the affinity, specificity and stereoselectivity of the inter-
actions of cholesterol with membrane proteins. We review the different computa-
tional approaches that are currently used to identify cholesterol binding sites in
membrane proteins and the biochemical logic that governs each type of site, includ-
ing CRAC, CARC, SSD and amphipathic helix motifs. There are physiological
implications of these cholesterol-recognition motifs for G-protein coupled receptors
(GPCR) and ion channels, in membrane trafficking and membrane fusion (SNARE)
proteins. There are also pathological implications of cholesterol binding to proteins
involved in neurological disorders (Alzheimer, Parkinson, Creutzfeldt-Jakob) and
HIV fusion. In each case, our discussion is focused on the key molecular aspects of
the cholesterol and amino acid motifs in membrane-embedded regions of mem-
brane proteins that define the physiologically relevant crosstalk between the two.
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Our understanding of the factors that determine if these motifs are functional in
cholesterol binding will allow us enhanced predictive capabilities.

Keywords Cholesterol - Binding site - Membrane protein - Membrane fusion -
Virus fusion - Neurological disease

1 Overview of Lipid Recognition Motifs in Proteins: Range
of Specificity and Affinity

Quantifying binding affinities in interactions between membrane components or
between a membrane component and a water-soluble molecule can be far from
straightforward, since the membrane components may be in a different,
2-dimensional phase, meaning that their binding cannot be dealt with by applying
the same methods as those used in solution thermodynamics. Qualitative binding
behavior, however, can be more easily assessed. Binding specificity for membrane
lipid components often depends on interaction with the lipid headgroup. For
example, phosphatidylinositol and its several phosphorylated derivatives have very
different binding affinities for certain proteins determined by the number and
position of phosphate groups on the inositol ring. This type of headgroup structure,
with its capacity to form hydrogen and electrostatic bonds, does not exist for sterols.
Cholesterol, for example, has only a single OH group as its polar moiety. In addition
to the headgroup, however, binding can also occur at the hydrocarbon portion of the
lipid, accounting for the observation that both the headgroup and hydrocarbon
regions of lipids determine their biological function [1].

In addition to the direct binding of proteins to cholesterol, cholesterol can also
induce the binding of proteins to membranes by affecting membrane physical proper-
ties. Cholesterol plays important roles in the formation of domains in biological mem-
branes [2], as well as in modulating membrane physical properties [3]. Because of the
importance of cholesterol in determining membrane properties, there are multiple
mechanisms involving cholesterol binding to proteins, to maintain cholesterol homeo-
stasis [4]. This regulation of the metabolism and transport of cholesterol is dependent
on the specific cholesterol binding sites on proteins. The specificity of protein binding
to cholesterol will likely include interactions with both the hydroxyl group and with
portions of the hydrocarbon region. The degree of specificity can be assessed by com-
paring the binding to cholesterol with binding to ergosterol, a closely related sterol
from yeast. Stereochemical isomers of cholesterol can also test specificity [5]. The
sterol analogs include epicholesterol, the 3’ epimer of cholesterol and ent-cholesterol,
the enantiomer of cholesterol. Ent-cholesterol is the closest analog, but its use requires
the total synthesis of the sterol. With epicholesterol the hydroxyl group protrudes from
the sterol ring system at an angle in contrast with cholesterol in which the sterol ring
system will be in the same plane as the hydroxyl group. Hence, it is not likely that a
protein binding site for cholesterol would also bind epicholesterol. The situation is
different with ent-cholesterol, the enantiomer or mirror image of cholesterol. Lipids
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generally have few chiral sites, so that the interactions of cholesterol and ent-choles-
terol with phospholipids in bilayer membranes are generally identical. However, in
the presence of peptides or proteins, there are chiral sites at every amino acid residue,
with the result that there is usually a difference between the binding of cholesterol vs.
ent-cholesterol [6], though there are examples of proteins that can bind equally well to
cholesterol and ent-cholesterol. Differences in the binding affinity of these two enan-
tiomorphs can therefore be used as evidence of the presence of a cholesterol binding
site in proteins, whereas if the binding affinities are the same one may conclude that
the cholesterol binding site in the protein is not stereospecific. There has been limited
use of this tool since ent-cholesterol is not commercially available and its synthesis is
complex.

Another factor affecting protein binding to a lipid in a membrane is the distribu-
tion in the plane of the membrane and the formation of domains. This is particularly
true for cholesterol, which can promote the formation of phases showing liquid-
liquid immiscibility. The liquid-ordered, L, phase has a higher cholesterol concen-
tration [7]. Such cholesterol-enriched phases have been suggested to represent
putative “raft” phases that occur naturally in biological membranes. Thus, another
factor potentially affecting protein binding to cholesterol in membranes containing
liquid-ordered domains, is whether or not the protein sequesters into these domains.
Because the mol fraction of cholesterol is higher in these domains, proteins will not
require such a high affinity to bind cholesterol.

In many cases, the interaction of cholesterol with proteins may be even more
complicated than a single uniform binding site, as described above. For example, an
NMR study of the interaction of cholesterol with the §, adrenergic receptor showed
that there were two classes of cholesterol binding to this protein. One class
corresponded to a limited number of high affinity sites having sub-nanomolar
affinity for this lipid. However, there was a second class of cholesterol binding in
fast exchange with unbound cholesterol and with an affinity that was lower by
several orders of magnitude. It was suggested that these represented transient
cholesterol clusters around high affinity cholesterol binding sites [8]. There has also
been a recent molecular dynamics study demonstrating distinct cholesterol binding
sites in the A,, adenosine receptor [9].

2 Cholesterol-Recognition Motifs

Studying a lipid-protein binding process calls for an understanding of the basic
principles of this interaction. In the case of cholesterol and membrane proteins, the
problem may look simple at first glance, but as we will see, it can be far more
complex than expected. Schematically, the binding reaction involves two partners:
a cholesterol molecule and a membrane protein. Since the lipid bilayer of the
biological membrane is the natural medium for the cholesterol molecule, several
simplifications can reasonably be applied to the system. Firstly, only protein
domains that cross the lipid bilayer are involved. Although this may be considered
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patently obvious, exceptions to this rule have been reported, as for the human
oncoprotein Smoothened (SMO), which displays a functional cholesterol binding
site in the extracellular domain, i.e. outside the membrane bilayer boundaries [10].
In the case of human phospholipid scramblase 1, cholesterol binds to a specific
domain that includes both a membrane-embedded and an extracellular coil [11].
Apart from these rare cases, most cholesterol binding sites of integral membrane
proteins lie within their a-helical transmembrane domains (TMDs) that totally cross
the lipid bilayer. Several cholesterol-binding sites have been found in TMDs [12,
13]. Some of these sites are clearly three-dimensional [14, 15], whereas others
follow linear motifs [16, 17]. Among these motifs, the linear CRAC domain
(Cholesterol Recognition/interaction Amino acid Consensus sequence) [18] and its
reverse formulation CARC [19] have received considerable attention.

2.1 CRAC Motif

The CRAC motif is defined by the consensus (L/V)-X;_5-(Y)-X;_s-(K/R) from the
N-terminus to C-terminus direction [18]. This motif can be considered a chemical
fingerprint of cholesterol. Each of the three amino acid residues that define the CRAC
motif has a specific function in cholesterol recognition. The N-terminal branched
residue (valine or leucine) binds the iso-octyl chain of cholesterol through van der
Waals interactions. At the opposite end, the C-terminal polar residue (lysine or argi-
nine) faces the OH group of cholesterol, allowing the establishment of a hydrogen
bond. In addition, the CRAC motif is vectorial, imposing a parallel “head-to-head/
tail-to-tail” geometry to the CRAC/cholesterol complex (Fig. 1). This, in turn, facili-
tates the aromatic structure of tyrosine stacking onto one of the four rings of sterane.
It should be noted that the position of tyrosine is determined by the length of a couple
of X_s linkers that separate the aromatic residue of CRAC from the ends of the motif.
The presence of such variable segments, which differ in both length and composi-
tion, has been viewed as a serious weakness by some authors [20]. But in fact, this

Fig.1 Geometry of the

CRAC/cholesterol N-ter
complex. The motif is
oriented in the N-ter (top)
to C-ter (bottom) direction. O l-/ v a
It displays three distinct g =
zones (apolar in blue, O %
aromatic in yellow, 3 v
cationic in purple) that fit =} Y o
with the chemical structure - o
of cholesterol
K/R
v
C-ter
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variability reveals a hallmark of cholesterol binding sites found in most cholesterol-
TMD complexes: the essential contribution of CH-Pi stacking interactions [21].

When an aromatic ring faces an aliphatic cycle, it adjusts its orientation so that the
Pi electron cloud attracts the hydrogen atoms linked to the aliphatic cycle, resulting in
a coordinated network of favorable interactions. This particular case of attraction
between the C-H groups of a saturated cyclic hydrocarbon and an aromatic ring is
referred to as the “stacking CH-Pi interaction” [21]. Sometimes, the induced fit mech-
anism that directs the respective orientation of both rings results in a near perfect
geometry, as shown in Fig. 2. In the case of the CRAC-cholesterol complex, the estab-
lishment of such an optimal geometry requires that the aromatic ring of Tyr is parallel
to sterane. Obviously, it is the distance between Tyr and the ends of the motif that
determines which of the four rings of cholesterol is selected for the establishment of
the stacking CH-Pi system. Thus, the length of the linkers (from one to five amino acid
residues) allows several possible stacking interactions. In other words, thanks to both
linkers, the Tyr residue can be viewed as a cursor able to occupy any possible position
in the motif [12], and this unique feature would not be possible if the linkers had a
fixed length. The total length of the CRAC motif ranges from five amino acid residues
(both linkers with only one residue) to 13 residues (both linkers with five residues).
The maximal size of CRAC motifs is by no means a coincidence. Indeed, an a-helix
stretch of 13 amino acid residues has approximately the same size as cholesterol, i.e.
20 A [22, 23]. The fact that the linkers have no sequence requirements confirms that
only their length matters, which is remarkably consistent with the biochemical mecha-
nisms underlying the formation of a CRAC-cholesterol complex.

In membrane areas where cholesterol is present in both leaflets of the plasma
membrane, the same TM domain can theoretically interact with two cholesterol
molecules (one in each leaflet). However, the vectorial nature of the CRAC motif is
compatible with only one of these possibilities, depending on the orientation of the
TMD. If the TMD crosses the bilayer in the N-terminus to C-terminus direction, the
CRAC domain may interact with a cholesterol molecule located in the cytoplasmic

Fig. 2 CH-r stacking
interaction in the CRAC/
cholesterol complex. Three
distinct views of
cholesterol (in yellow)
(a—c) bound to the CRAC
domain of the human
delta-type opioid receptor
are shown. The near
perfect superposition of the
aromatic ring of Tyr-77
onto the second ring of
cholesterol is particularly
well illustrated in b and ¢
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leaflet of the membrane, but not in the extracellular leaflet [23]. Therefore, a CRAC
domain in the unique TMD of a bitopic membrane protein will interact with
cholesterol in the inner leaflet. Similarly, TMDs I, III, V, and VII of G-protein cou-
pled receptors (GPCRs) displaying a CRAC motif will also select cholesterol in the
inner leaflet [24]. Conversely, the interaction of CRAC with cholesterol in the exo-
facial leaflet requires that the TMD crosses the bilayer in the C- terminus to
N-terminus direction. This kind of situation applies for type II bitopic membrane
proteins and GPCRs (TMDs 11, IV, and VI).

The CRAC motif has been found in various proteins known to bind cholesterol and
in many cases the interaction between cholesterol and CRAC has been confirmed by
various physicochemical and/or functional approaches [12, 24-28]. Moreover, single
mutations in the CRAC domain have been found to markedly decrease or even abolish
the interaction. In this respect, it should be noted that in most instances, the Tyr resi-
due cannot be replaced by Phe or Trp [29-31]. Nevertheless, a thorough analysis of
CRAC domains through molecular docking studies suggests that, at least in some
cases, the aromatic residue may not be directly involved in cholesterol recognition
[13]. In other cases, the aromatic ring of Phe could sustain CH-Pi stacking interactions
when Tyr is not present in the motif [16]. Future studies will likely lead to a refinement
of the definition of the CRAC domain, especially for membrane proteins.

2.2 CARC Motif

The impossibility of the CRAC motif to interact with cholesterol in the exofacial
domain of a large number of TMDs implied the possible existence of another
specific cholesterol-binding motif. Indeed, the discovery of a new motif, referred to
as CARC, was primarily due to the fact that no CRAC motifs were found in the
TMDs of the nicotinic acetylcholine receptor protein; instead, CARC motifs were
found [19]. Basically, CARC is an inverted and slightly modified version of the
CRAC motif: (K/R)-X;_5-(Y/F/IW)-X,_s-(L/V). The CARC domain displays
remarkably specific features that take into account the membrane environment.
Firstly, the central residue is still aromatic, but unlike CRAC which, in theory, has a
specific requirement for Tyr, the CARC motif can accept Tyr, Phe, or Trp, consistent
with the presence of all these residues in TMDs of various membrane proteins [32].
Secondly, the basic amino acid of CARC is located at the N-terminus. This
distinctive feature explains why the CARC domain of class I membrane proteins
(the most abundant bitopic proteins) can form a complex with cholesterol in the
exofacial leaflet (Fig. 3). The same is true for TMDs I, III, V, and VII of GPCRs.
The biochemical rules that apply to the CRAC-cholesterol interactions also
apply for CARC, since both motifs share a similar organization, i.e. a triad of
mandatory amino acids with a central aromatic residue flanked by a basic and a
branched apolar residue at each end. In both cases, spacers consisting of one to five
unspecified amino acids ensure that the aromatic ring in the central position of the
cholesterol-binding motif can optimally stack onto one of the sterane rings.
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The CARC domain has been detected in a wide range of membrane proteins,
including neurotransmitter receptors and transporters, ion channels and GPCRs [12,
13, 15, 16, 24, 33-35]. The nicotinic acetylcholine receptor displays 15 cholesterol
binding sites (3 per subunit) that fulfill the CARC algorithm [19]. Docking studies
have led to the proposal of a crown-like distribution of those cholesterol molecules
around the receptor (Fig. 4), in agreement with the early views stemming from elec-

N-ter

Jniow JYyd
Cholesterol

¥

C-ter

Fig. 3 The CARC motif of Class I bitopic membrane proteins is located in the outer leaflet of the
plasma membrane. The CARC motif and cholesterol are represented with the same color as in
Fig. 1. (a) Topology of the CARC-cholesterol complex. (b) Membrane localization of the CARC-
cholesterol complex. The border between the outer and inner membrane leaflets is indicated by a
dashed line

Fig. 4 Docking of 15 cholesterol molecules onto the nicotinic acetylcholine receptor. Three cho-
lesterol molecules bound to the y subunit of the acetylcholine receptor are shown at a different
scale. The picture on the right shows the cholesterol molecule bound to the CARC motif in the
fourth TMD of the y subunit
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tron spin resonance studies [36], as reviewed in ref. [37]. Biophysical studies with
synthetic peptides encompassing a CARC domain have provided experimental sup-
port to the cholesterol-binding activity of the motif. A deuterium NMR spectrum of
the CARC motif of the Torpedo nicotinic acetylcholine receptor y-TM4 showed that
the presence of cholesterol within the bilayer induced a reduction in the rotational
motion of the peptide within the bilayer, a change consistent with cholesterol pro-
moting the oligomerization of the y-TM4 segment [16]. Moreover, mutational stud-
ies of this domain confirmed the prominent role of its central Phe residue. Indeed,
the interaction with a cholesterol-containing monolayer was dramatically decreased
by a single Phe— Ala mutation, whereas it was not significantly affected by the
conservative Phe—Trp substitution [16]. Consistent with these experimental data,
molecular docking studies indicated that the central aromatic residue of this CARC
domain (Phe-452) is the most important energetic contributor of the complex.

A TMD has generally 22-26 amino acid residues [16]. Since CARC and CRAC
motifs comprise between 5 and 13 amino acid residues, it is theoretically possible
for a TMD to possess both motifs. An analysis of sequence databases has recently
confirmed that such a “mirror” topology actually exists in various types of membrane
proteins, including ion channels, neurotransmitter receptors, ABC transporters and
GPCRs [16]. In all these cases, molecular dynamics simulations indicated that
mirror TMDs could perfectly well accommodate two cholesterol molecules in a
typical tail-to-tail orientation, one bound to CARC and the other to CRAC (Fig. 5).
Future studies will be necessary to evaluate the functional impact of two symmetric
cholesterol molecules on membrane proteins.

A common criticism of the definition of CRAC and CARC is that the consensus
sequence defining the two motifs is too general to have any predictive value with
respect to cholesterol binding [20]. Indeed, available crystal structures of membrane
proteins complexed with cholesterol have made it possible to identify 3D pockets
rather than linear binding sites [38]. Interestingly, the biochemical rules controlling
cholesterol binding to these 3D sites are basically the same as those that apply for

Fig. 5 Mirror topology of
CARC/CRAC motifs
within the same

TMD. Three distinct views
of the complex are shown.
Cholesterol in yellow is
bound to CARC, and
cholesterol in red is bound
to CRAC. The TMD
shown is the seventh TMD
of the human adenosine
receptor Al
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cholesterol binding to CARC or CARC motifs. In particular, the involvement of an
aromatic ring that stacks onto the sterane backbone of the sterol seems to be a
hallmark of cholesterol-protein interactions in the membrane environment [13]. The
particular topology of TMDs together with a universal mechanism of membrane
cholesterol binding will probably render possible the prediction of potential
cholesterol-binding motifs from sequence databases [16].

2.3 Sterol-Sensing Domains (SSD)

Unlike CRAC and CARC motifs, that comprise protein segments containing 13
amino acid residues or less, the sterol-sensing domain (SSD) is much larger. It
contains approximately 180 residues organized as five consecutive transmembrane
helices joined by short extramembranous loop regions. Interest in SSDs comes from
the fact that they are found in several proteins involved in cholesterol transport,
metabolism and storage [39, 40]. An SSD was originally identified in the enzyme
3-hydroxy-3-methylglutaryl coenzyme A-reductase (HMG-CoAR), the enzyme
that catalyzes the rate determining step in cholesterol biosynthesis [41]. SSDs have
also been found in SCAP (the sterol regulatory element-binding protein-cleavage
activating protein). SCAP is an integral membrane protein found in the endoplasmic
reticulum that plays a major role in regulating the transcription of genes involved in
cholesterol biosynthesis [39, 41]. Other proteins in which SSDs have been identified
and which have some relationship to cholesterol include 7-dehydrocholesterol
reductase, an enzyme involved in cholesterol biosynthesis, and the Niemann-Pick
C1 protein (NCP1), involved in intracellular lipid transport and lipid storage. The
most prominent effect of defective NCP1 is the accumulation of unesterified
cholesterol in an endosomal/lysosomal compartment. This accumulation occurs
because the proteins NCP1 and NCP2 are required for transporting cholesterol out
of lysosomes. NCP1 has also been shown to be required for the entry of Ebola virus
to the cytoplasm [42, 43]. Other proteins with SSD include Patched (Ptc), a tumor
suppressor involved in the signal transduction pathway for Hedgehog, a lipidated
protein with covalently-linked cholesterol; Dispatched (DISP), a protein involved in
the release of Hedgehog; and PTR, a protein related to Ptc whose function has still
not been fully elucidated.

Because of the central role it plays in cholesterol homeostasis, SCAP is the most-
studied SSD-containing protein from a mechanistic point of view. It has been shown
that the activity of SCAP regulates cholesterol biosynthesis over a low and narrow
range of cholesterol concentrations in the endoplasmic reticulum [44], a phenomenon
that can be explained by the rapid rise in cholesterol activity over the narrow range
of concentrations in which SCAP is activated [44]. Any explanation other than the
direct modulation of SCAP activity through the binding of cholesterol to this protein
would be hard to justify. However, little is known about the nature of this binding
and which region of SCAP is involved in the interaction with cholesterol. There is
one study determining the binding of cholesterol to isolated segments of SCAP,
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suggesting that the cholesterol binding site was in loop 1 [45]. This paper compared
the binding of cholesterol and competition with other sterol analogs to loop 1 versus
to the entire SSD domain. The study concluded that loop 1 contained the cholesterol
binding site, though there are some caveats to this conclusion. In the first place it is
not clear how well the protein fragment mimics the structure of this region in the
intact protein. Secondly, the binding studies required the addition of a low
concentration of detergent and furthermore the binding to loop 1 was done in an
all-or-none manner. Given the highly sigmoidal dependence of cholesterol binding,
it would be interesting to see a dose-response curve of cholesterol binding to loop 1.
It is particularly difficult to determine the specific binding of a lipid, such as
cholesterol, to a protein in an insoluble membrane fraction. Other evidence for the
involvement of a particular region of SCAP in binding comes from functional
studies in which mutations were introduced in the extra-membranous loop 6 of
SCAP containing the sequence MELADL. MELADL is required for the binding of
SCAP to Sec23/Sec24. Sec23/Sec24 are proteins on the surface of Copll vesicles
that escort SCAP from the endoplasmic reticulum to the Golgi, as the initial step in
the pathway for the transcriptional regulation of cholesterol biosynthesis. The nature
of the conformational change that results in the loss of exposure of MEDADL when
cholesterol binds to SCAP has been recently evaluated by means of the susceptibility
of SCAP to proteolytic cleavage [46]. These studies connect cholesterol binding to
the functioning of SCAP through a conformational change in the latter that
determines the exposure of the MEDADL segment. Cholesterol does appear to bind
to loop 1 of SCAP, though additional studies are required to shed more light on this
feature. In this context it is interesting to note that one of the juxta-membrane
segments of loop 1 is the segment from residue 38 to 46 in human SCAP having the
sequence LACCYPLLK. This sequence corresponds to a CRAC motif. However,
the cited binding studies were done using the fragment of SCAP comprising residues
46-269 and hence not containing the putative CRAC sequence [45]. The contribution
of this CRAC segment to the function of the SSD in SCAP remains to be determined.

There have also been photoaffinity labeling studies using photo-reactive deriva-
tives of cholesterol, demonstrating the importance of the amino-terminal region of
SCAP for both cholesterol binding and the functioning of SCAP. The cholesterol
affinity probe reacts with a region of SCAP that includes the first transmembrane
segment of SCAP [47]. A photoaffinity derivative of 25-hydroxycholesterol does
not react with SCAP, showing some specificity for the process. It was demonstrated
that the same photolabeling with cholesterol could be performed in whole cells and
that reaction with the cholesterol affinity probe blocked the processing of SREBP
[47].

Although the functional properties of the SSD-containing protein, SCAP, have
been extensively investigated, the structure of an SSD domain is best known for
other SSD-containing proteins. NPC1 was first purified and shown to bind to
cholesterol and other sterols by Goldstein and his group [48]. The specificity of the
cholesterol binding site and the region of the protein to which cholesterol binds was
studied [49], leading to the conclusion that the loop 1 region is part of the binding
site. Curiously, a Q79A mutation that abolishes the binding of [*H]-cholesterol and
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of [*H]-25-hydroxycholesterol to full-length NPC1, was nevertheless able to restore
cholesterol transport to NPCI-deficient Chinese hamster ovary cells. Thus, the
sterol binding site on luminal loop-1 is not essential for NPC1 function in fibroblasts.
It was suggested that this site might be required for cholesterol transport in other
cells where NPC1 deficiency produces more complicated lipid abnormalities [49].
Recent X-ray crystallographic studies with NPC1 have yielded a structure at 3.3 A
resolution [50]. In order to obtain a higher resolution structure, the full length
protein had to be cleaved with a protease that removed a fragment of 313 residues
from the amino terminus [51]. This fragment was attached to the remainder of the
protein by a polyproline flexible arm [52] that precluded crystallization. The position
of the missing N-terminal segment in this crystal structure was shown by cryo-
electron microscopy to lie on top of the remainder of the protein in only 45% of the
particles, suggesting its flexible linkage to the remainder of the protein [53]. In any
case it should be noted that the SSD is not a surface binding site for cholesterol but
rather an internal cavity that completely wraps cholesterol (Fig. 6).

Some of the proteins with SSD also contain the short sequence YIYF. It has been
shown that SCAP [47] and HMG-CoAR [54] require this tetrapeptide fragment to
bind to Insig, an anchoring protein of the endoplasmic reticulum. Interestingly, this
sequence, YIYF, is also present in other proteins having some interaction with choles-
terol [30]; some of these proteins contain CRAC and/or SSD domains but others do
not. The direct role of YIYF in cholesterol binding remains to be fully established.

2.4 Amphipathic Helix

There is a recent example of a short peptide segment that is part of an amphipathic
helix that controls the cholesterol-mediated turnover of squalene monooxygenase, a
rate-limiting enzyme in cholesterol synthesis [55]. Evidence was presented that a
12-residue segment forming part of an amphipathic helix of squalene monooxygenase

Fig. 6 The SSD of NPC1 totally wraps cholesterol. The protein is represented as a ribbon diagram
(a) or with a surface rendition (b). Alpha helices are in red, beta strands in blue and cholesterol in
yellow. The structure of the cholesterol-NPC1 complex is retrieved from PDB file # 3GKI
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conveyed cholesterol sensitivity to the binding of the protein to membranes.
Although the specific amino acid sequence of this 12-residue fragment may not be
required for this cholesterol-dependent function, the general model may have wider
applicability. It is known that amphipathic helices have affinity for membranes, but
as monomers, they do not insert very deeply into membranes. It is also known that
cholesterol promotes tighter packing of membranes. Hence, it is reasonable to
suggest that an amphipathic helix that is weakly bound to a membrane may
dissociate from the membrane at higher cholesterol concentrations, as was shown in
this case [55]. We thus anticipate that other cholesterol-mediated functions will be
discovered in the future that depend on the dissociation of amphipathic helices from
membranes in the presence of increased cholesterol concentrations.

3 Role of Cholesterol-Recognition Motifs in Binding
to GPCR

The possibility that cholesterol could modulate the function of GPCRs has been
investigated by numerous authors. In all cases, early studies were faced with the
dilemma of being able to decipher what was due to general biophysical effects on
the membrane as opposed to specific biochemical effects on receptors. The first
account of a direct interaction between cholesterol and a GPCR came from a study
on rhodopsin [56]. In these experiments cholestatrienol (a fluorescent sterol) was
used to probe interactions between cholesterol and rhodopsin in disk membranes.
These interactions were detected by fluorescence energy transfer from protein
tryptophan residues to cholestatrienol. The specificity of this interaction was
explored by the addition of cholesterol, which inhibited the quenching of
fluorescence emission from tryptophan residues of the protein, or ergosterol, which
did not. Taken together, these data suggested the existence of a specific cholesterol
binding site on rhodopsin [56]. In parallel, other studies were focused on the effect
of cholesterol on GPCR function. A pioneering study described the modulatory
effect of cholesterol on two GPCRs, the oxytocin receptor and the brain
cholecystokinin receptor [57]. Once again, the specificity of cholesterol effects was
assessed by comparing its activity with sterol analogues. A major outcome of this
study was the demonstration that cholesterol could affect ligand binding to these
receptors and subsequent signal transduction [57].

Another way to assess the specificity of cholesterol effects on GPCRs is the use
of cholesterol oxidase on native membranes [58]. This enzyme catalyzes the
conversion of membrane cholesterol to cholestenone. It turned out that this treatment
inhibited the specific binding of agonist and antagonist ligands to the serotonin
5-HT(1A) receptor. Since membrane order was not affected by the enzymatic
oxidation of cholesterol to cholestenone, these data suggested that cholesterol could
modulate ligand binding to this GPCR through a specific interaction. The definitive
evidence for the existence of cholesterol binding sites on GPCRs came from
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structural data. For a long time, structural studies of GPCRs have been hampered by
the lack of reliable crystallization procedures for integral membrane proteins. The
advent of the in meso technology (also referred to as the lipid cubic phase) has filled
this gap, allowing the production of hundreds of X-ray structures of membrane
proteins, with GPCRs representing the highest proportion [59]. Interestingly, the
addition of cholesterol in a monoacylglycerol matrix has proved to be critical to the
production of structure-grade crystals of most membrane proteins, especially
GPCRs [60]. As a consequence, GPCRs are often co-crystallized with cholesterol.
Although these data confirmed that GPCRs can bind cholesterol, it has not been
possible to determine a unique, consensus profile for the cholesterol binding sites
observed in these structures. A canonical motif referred to as CCM was detected as
a specific cholesterol binding site in the f, adrenergic receptor, but not in other
GPCRs sharing the same motif [15, 61]. Moreover, two vicinal cholesterol molecules
are bound to this receptor, as shown in Fig. 7. Nevertheless, several common features
emerged from these structural studies. Consistent with the rules derived from the
CRAC/CARC algorithms, branched amino acid residues (Val, Leu, but also Ile)
were often involved in cholesterol binding. Stacking interactions mediated by an
aromatic residue, including Trp [62], were also frequent. The polar OH group of
cholesterol was localized near the water-membrane interface with potential
hydrogen bonding to Lys, Arg, but also Asp residues. In fact, it is quite easy to
explain the molecular mechanisms of cholesterol-GPCR interactions in the crystal
structures obtained by the in meso method, but more of these X-ray structures are
required before a reliable prediction method for cholesterol-binding sites can be
proposed. Meanwhile, identification of CRAC/CARC motifs still represents a
valuable strategy to categorize potential points of contact between GPCR TMDs
and cholesterol [16].

From a functional point of view, it has been proposed that cholesterol-receptor
interactions can exert two complementary effects: (1) increasing the compactness of

Fig. 7 Two cholesterol
molecules bound to the
human f, adrenergic
receptor (retrieved from
PDB file # 3D4S). Three
distinct views of the
complex (a—c) are shown.
One cholesterol is in green,
the other one in yellow
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the receptor structure, and (2) improving the conformational stability towards
active/inactive receptor states [63]. These specific modulations of receptor structure
and functions are mediated by non-annular sites which, in contrast with annular
sites, bind cholesterol both specifically and with high affinity [64]. Experimental
data in favor of the co-existence of different types of cholesterol interactions with
GPCRs has been recently obtained by means of a nuclear magnetic resonance study
of the B, adrenergic receptor [8]. The authors of this study suggested that a cluster
of cholesterol molecules could self-organize around the receptor, certain molecules
(non-annular) being in slow exchange and others (annular) in fast exchange, with
the former contributing to the specific binding of the latter. In this case, both
cholesterol pools could co-operate to facilitate the recruitment of the 8, adrenergic
receptor into cholesterol-rich domains and control its oligomerization state [8].

4 Role of Cholesterol-Recognition Motifs in Ion Channels

Oligomerization is also central to ion channel activity since these membrane pro-
teins consist of individual subunits that are nonfunctional by themselves [65].
Transient receptor potential (TRP) channels, including vanilloid (TRVP), canonical
(TRPC), and melastin (TRPM) TRP channels are localized in lipid rafts and are
highly sensitive to cholesterol, which controls both their assembly and activity [66].
A thorough study of the effects of cholesterol on ion channel activity has been
performed on the inwardly rectifying K* channels (Kir) [14, 67, 68]. In these experi-
ments, two stereochemical variants of cholesterol, i.e. ent-cholesterol (the choles-
terol enantiomer), and epi-cholesterol (which has the distinct orientation of the OH
group) were tested and compared with natural cholesterol in functional studies of
ion channel activity. Surprisingly, both cholesterol and its chiral isomer were found
to bind to the same site through a non-stereospecific mechanism [68]. However,
only natural cholesterol could modulate ion channel activity, indicating that sterol
binding alone is not sufficient to regulate the channel. From a molecular point of
view, the structural determinant of the cholesterol-binding domains displayed by
Kir channels, i.e. a hydrophobic pocket [14], is consistent with non-stereoselective
binding of sterols through poorly discriminant van der Waals interactions. In another
study performed on the nicotinic acetylcholine receptor, epicholesterol was able to
substitute for cholesterol in terms of its functional effect [69].

On the basis of all these data, it is still difficult to specify exactly how cholesterol
binding to ion channels controls subunit assembly and/or channel opening
probability [70]. Recent studies of amyloid pore formation in the plasma membrane
of brain cells have given some clues on the molecular mechanisms controlling the
assembly of oligomeric Ca®* channels [71, 72]. Amyloid proteins are generally
assumed to self-aggregate into fibers that form large plaques in the brain of patients
with neurodegenerative disorders such as Alzheimer, Parkinson, or Creutzfeldt-
Jakob diseases [73, 74]. However, healthy individuals may also display significant
amounts of amyloid plaques in their brain, so that there is no clear-cut correlation
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between these deposits and neurological symptoms [75]. In fact, amyloid proteins
also form a variety of small neurotoxic oligomers, including amyloid pores which
are a particular class of Zn**-sensitive Ca?* channels [76]. These oligomers are
considered to be the most toxic species of amyloid proteins and there is growing
evidence that they are closely associated with the pathogenesis of neurodegenerative
diseases [77]. The oligomerization process that leads to the formation of amyloid
pores is a universal two-step mechanism involving successively a ganglioside and
cholesterol [78]. The ganglioside ensures the initial adhesion of the amyloid protein
to a lipid raft domain [79]. The insertion of the protein within the plasma membrane
is then dependent upon cholesterol which interacts with a specific cholesterol-
binding domain displayed by the amyloid protein [80]. The cholesterol binding site
of amyloid proteins is linear but is not necessarily a CRAC or a CARC domain. The
most important feature of this particular class of cholesterol binding domains is that
once inserted in the plasma membrane, they adopt a tilted orientation with respect
to the main axis of cholesterol [80], just as viral fusion peptides do [81]. In the case
of Alzheimer’s p-amyloid peptide, this particular geometry facilitates the
oligomerization process which depends on the strict alignment of Lys and Asn
residues belonging to vicinal peptide monomers [71, 72]. The assembly of the
oligomeric pore is driven by the formation of a hydrogen bond between those Lys
and Asn residues [71, 72]. The implication of cholesterol in this process is confirmed
by the lack of formation of amyloid pores in cholesterol-depleted cells [78]. Whether
cholesterol could play a similar role in larger ion channels remains to be established.

5 Role of Cholesterol-Recognition Motifs in Cholesterol
Trafficking

It was shown earlier on that the enzyme that catalyzed the rate determining step in
cholesterol biosynthesis, 3-hydroxy-3-methylglutaryl coenzyme A-reductase (HMG-
CoAR), contained an SSD. This enzyme is the target for statin drugs. In addition,
SCAP (the sterol regulatory element-binding protein-cleavage activating protein) is
a protein of the endoplasmic reticulum that controls the transcription of genes
involved in cholesterol biosynthesis, through a feedback mechanism involving the
binding of cholesterol to an SSD of SCAP. In addition to controlling the biosynthesis
of cholesterol, the intracellular cholesterol trafficking proteins, NCP1 and NCP2,
also have SSD domains. In addition to these mechanisms, the transport of cholesterol
across the plasma membrane of a cell is another function modulated by the level of
cholesterol through the binding to specific sites on these transport proteins.

ATP binding cassette (ABC) transporters are a large family of integral membrane
protein transporters with homologous structures comprising 6 or 12 transmembrane
helices and one or two ATP binding sites. These transporters are subdivided into seven
subfamilies based on their structural similarities [82]. One of these subfamilies is the
ABCG group. Particular attention has been given to ABCG1, which appears to play a
prominent role in the export of cholesterol from cells to HDL and is therefore important
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in “reverse cholesterol transport”, i.e. the movement of cholesterol from peripheral tis-
sues to the liver. Other members of the ABCG subfamily can also transport cholesterol
but may operate by an alternative mechanism, since the other lipids they transport are
different from ABCGI [26]. It has been demonstrated that the final transmembrane
segment is important for cholesterol transport [26]. This segment contains several
CRAC and CARC segments. In particular, mutational analysis has shown that mutation
of the CRAC segment containing Y667 results in loss of cholesterol transport to HDL
and loss of stability of the protein in the presence of cholesterol [26]. Another ABC
transporter that transports cholesterol is ABCA1. However, this transporter does not
have any CRAC segments. It is possible that the specificity of transport of ABCAI
comes about because of its specific binding to HDL [83], which is not required for
ABCGI1 [26]. It should also be kept in mind that the conformation and activity of ABC
cassette proteins are influenced by the surrounding lipid [84], so that cholesterol may
modulate the activity of these proteins without directly binding to them.

There has recently been a report suggesting a cholesterol transport role for a fam-
ily of mammalian proteins that are homologous to the ChUP proteins of C. elegans
[85]. Evidence is presented that these mammalian SIDT proteins transport choles-
terol. Furthermore, they have a CRAC domain, which when mutated prevents FRET
between these proteins and the fluorescent cholesterol analog, dehydroergosterol
[85]. Further studies are required to verify whether these proteins are cholesterol
transporters in mammals.

6 Role of Cholesterol in Membrane Fusion

Membrane fusion is an important function in many biological systems. Processes
such as the exocytosis of endocytic vesicles, sperm-egg fertilization, cell-cell fusion
in bone and heart, infection by enveloped viruses and others, all involve the merging
of one membrane with another, promoted by specific proteins, among which lipid
plays an important role [86]. There are likely to be some common elements among
the various types of membrane fusion in terms of how they are modulated by the
lipid environment, including the presence of cholesterol.

There are several mechanisms by which cholesterol may affect the rate of fusion.
Cholesterol may be required to bind to a fusion protein to stimulate its fusion
activity, it may recruit protein components to the site of fusion so that these proteins
are more concentrated in a specific domain of a membrane, cholesterol may modify
the biophysical properties of the membrane to favor membrane fusion and/or to
stabilize regions of high curvature in fusion intermediates. These putative roles of
cholesterol are not mutually exclusive, and a specific membrane fusion process may
involve more than one of these properties.

SNARE proteins are required for exocytosis, facilitating the fusion between
endocytic vesicles and the plasma membrane. Many of the SNARE proteins required
for exocytosis contain CRAC or CARC segments [87]. In addition, it is known that
cholesterol is required for exocytosis in neurons [88, 89], endocrine [90],
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neuroendocrine cells [91, 92] as well as cortical vesicles from sea urchins [93, 94].
However, the role of cholesterol in SNARE-dependent exocytosis does not appear
to involve the binding of cholesterol to the SNARE protein, but rather is dependent
on the changes cholesterol makes in the physical properties of the membrane and its
domain organization [3]. Nevertheless, CARC and CRAC motifs are found in some,
although not all, SNARE proteins [87], though there is no evidence that when these
domains are present they bind cholesterol or facilitate membrane fusion.

Cholesterol also plays an important role in the fusion of enveloped viruses to cell
membranes, with cholesterol-rich domains often serving as the site for such fusion
[95], possibly at the interface between the cholesterol-rich domain and the remainder
of the membrane [96], as well as for viral assembly and budding [97, 98].

In addition, some viral fusion proteins contain segments that may interact directly
with cholesterol. This includes the membrane proximal region of the GP2 protein of
Ebola virus that contains the sequence GXXGXXXA, suggested to interact with
cholesterol [99]. The sequence GXXXG is often associated with protein dimeriza-
tion, but this and similar sequences have been shown to also interact with choles-
terol in the amyloid precursor protein [100]. This aspect has not been included in the
present review among the sequences associated with binding cholesterol owing to
the lack of sufficient examples.

One of the most studied CRAC domains associated with viral fusion is the LWYIK
segment found in the membrane proximal domain of the HIV fusion protein gp41
[101]. We have shown that the N-acetyl-LW YIK-amide is able to recruit cholesterol
into domains in model membranes, resulting in the deeper penetration of the peptide
into the membrane [102]. However, in the gp41 fusion proteins of HIV-2 and SIV, in
the location of the LWYIK sequence, one finds the modified sequence LASWIK. This
is not a CRAC domain, yet these viruses are still active and can undergo membrane
fusion [103]. The peptide N-acetyl-LASWIK-amide has less potency than N-acetyl-
LWYIK-amide in forming areas enriched in cholesterol. We suggest that the difference
between HIV-1 and HIV-2 glycosphingolipid requirements for determining their tro-
pism is related to the difference in their partitioning to cholesterol-rich domains in
biological membranes [103]. We tested the stereochemistry of the induction of choles-
terol-rich domains by LWYIK and found that substituting cholesterol with its enantio-
mer, ent-cholesterol, prevented the LWYIK peptide from sequestering cholesterol.
However, the enantiomer of N-acetyl-LW YIK-amide, i.e. the peptide with all D-amino
acids, was able to segregate cholesterol, indicating that peptide chirality is not required
for interaction with cholesterol-containing membranes. However, a specific chirality of
membrane lipids is required for peptide-induced formation of cholesterol-rich domains
[6]. Computer modeling studies suggested the nature of the non-covalent interactions
between cholesterol and the LWYIK peptide. The modeling studies and fluorescence
experiments were supported by single residue mutations in the gp41 protein of HIV-1,
in which L679 is replaced with 1. Despite the similarity of the properties of L and I, this
single substitution resulted in a marked attenuation of the ability of JC53-BL HeLa-
based HIV-1 indicator cells to form syncytia [31], again suggesting a requirement for a
CRAC motif. Mutational studies combined with in silico predictions and model system
studies of cholesterol clustering, supported a specific model for the interaction of
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LWYIK with cholesterol [104, 105]. X-ray scattering studies were carried out to com-
pare the effects of LWYIK and IWYIK on bilayer thickness. With 50% cholesterol,
IWYIK was found to decrease the bilayer repeat distance, while LWYIK increased it
[106]. There is evidence that longer peptides containing LW YIK may act as inhibitors
of HIV fusion activity [107]. It was found that deletion of LWYIK from the gp41
fusion protein resulted in a fusion inactive virus [108]; however, this study provided
evidence that this segment was needed for the enlargement of fusion pores and for post-
fusion activity, rather than for interaction with cholesterol and rafts.

7 Conclusions

In this review we examine the complex structural requirements that define choles-
terol-recognition motifs in membrane proteins. The initial overview section intro-
duces the reader to the subjects of affinity, specificity and stereoselectivity of the
interactions of the lipid with membrane proteins, and the implications of these prop-
erties on binding to transmembrane proteins. The next sections provide a detailed
dissection of the molecular aspects currently used to identify cholesterol recognition
sites in membrane proteins: CRAC, CARC, SSD and amphipathic helix motifs.

The functional implications of cholesterol-recognition motifs are covered next,
using two important and paradigmatic superfamilies of membrane proteins: the
G-protein coupled receptors (GPCR) and ion channels, which together represent the
largest collection of membrane proteins having key roles in signal recognition and
signal transduction. The possible involvement of cholesterol dysfunctional
conditions in neurological disorders such as Alzheimer, Parkinson or Creutzfeldt-
Jakobs diseases is also discussed. This is followed by the analysis of cholesterol
recognition motifs in cholesterol trafficking from the plasmalemma to intracellular
compartments and the discussion of cholesterol-recognition motifs in membrane
fusion, including that of virus with eukaryotic cells, HIV fusion proteins and
synaptic SNARE proteins. Without attempting to provide a comprehensive coverage
of cholesterol interactions with membrane proteins, the review provides a
state-of-the-art overview of the key molecular aspects of the molecular partners, i.e.
cholesterol and amino acid motifs in membrane-embedded regions of membrane
proteins that define the physiologically relevant crosstalk between the two. This is
an ongoing and continually evolving process that in future years may lead to addi-
tional novel cholesterol binding motifs that affect protein function.
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Crystallographic Studies of Steroid-Protein
Interactions

Arthur F. Monzingo

Abstract Steroid molecules have a wide range of function in eukaryotes, including
the control and maintenance of membranes, hormonal control of transcription, and
intracellular signaling. X-ray crystallography has served as a successful tool for
gaining understanding of the structural and mechanistic aspects of these functions
by providing snapshots of steroids in complex with various types of proteins. These
proteins include nuclear receptors activated by steroid hormones, several families of
enzymes involved in steroid synthesis and metabolism, and proteins involved in
signaling and trafficking pathways. Proteins found in some bacteria that bind and
metabolize steroids have been investigated as well. A survey of the steroid-protein
complexes that have been studied using crystallography and the insight learned
from them is presented.

Keywords Protein-steroid complex - Ligand binding pocket - Protein structure -
Nuclear receptor - Steroid metabolism - Steroid trafficking

1 Introduction

Essentially all eukaryotic cells use steroids in order to control the fluidity and flex-
ibility of their cell membranes [1], and many cells use them as precursors of hor-
mones and other biologically active compounds. Many different types of proteins
are involved in the metabolism and other activities of steroids. Numerous crystal
structures of proteins bound with steroids have been reported in the literature, with
the structure coordinates deposited in the Protein Data Bank [2]. These structures
have provided much insight into the function and mechanism of action of steroids
in nature. The binding of steroid hormones to several families of nuclear receptors
found in humans and other mammals has been investigated as well as the binding of
steroids to several families of enzymes involved in steroid metabolism. These
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enzyme families include NAD(P)(H)-dependent aldo-keto reductases and short-
chain dehydrogenases/reductases, as well as cytochrome P450 enzymes. The struc-
tures of proteins involved in the intracellular signaling, trafficking and regulation of
steroids have also been studied. In addition, several bacterial enzymes that metabo-
lize steroids have been investigated.

2 Cytrochrome P450 Enzymes

The cytochrome P450 enzymes comprise a superfamily of hemoproteins that par-
ticipate in an array of metabolic processes. Cytochrome P450 enzymes have been
identified in all kingdoms of life [3]. Members of this family are unified by a com-
mon fold and yet catalyze diverse reactions. In humans alone, there are over 50
P450s that can be divided into classes based on their intracellular localization and
requirement for redox partners, which provide electrons for the monooxygenase
reaction [4]. Several cholesterol-metabolizing P450s have been identified and stud-
ied. These enzymes share low amino acid sequence identity (<25%) and produce
different cholesterol metabolites [5] yet bind cholesterol tightly and represent a
unique system to study enzyme adaption to physiological requirements. These
enzymes are characterized by a long banana-shaped steroid-binding pocket which
facilitates the orientation of the steroid such that the reactive atoms are proximal to
the catalytic heme iron.

In vertebrates, all steroid hormones are synthesized from pregnenolone, which is
in turn formed from cholesterol via a three-step process catalyzed by cytochrome
P450 11A1 (CYP11Al) [6]. During the first step, cholesterol is converted to
22R-hydroxycholesterol, the second step produces 20a,22R-dihydroxycholesterol,
and the third step involves the cleavage of the C20-C22 bond in 20a,22R-
dihydroxycholesterol to yield pregnenolone [7]. Sterol intermediates do not accu-
mulate during the conversion of cholesterol to pregnenolone and bind much more
tightly to CYP11A1 than cholesterol, suggesting that they remain in the active site
until all three oxidative steps are completed [8]. All enzymatic steps take place in
the inner mitochondrial membrane where CYP11A1 receives electrons from adren-
odoxin reductase, via the [2Fe-2S] adrenodoxin.

Crystal structures of the human CYP11A1 bound with the substrate cholesterol
and several reaction intermediates (including 22R-hydroxycholesterol and 20a,22R-
dihydroxycholesterol) and the bovine homolog with 22R-hydroxycholesterol have
provided insight into the mechanisms of the hydroxylation of cholesterol and the
subsequent C-C bond cleavage [4, 9]. In each of these structures, the C20-C22 bond
is nearest the heme iron. The structure of the complex of CYPI11A1 bound with
cholesterol and adrenodoxin is shown in Fig. 1.

The major mineralocorticoid hormone aldosterone plays a key role in the regula-
tion of electrolyte balance and blood pressure. Excess aldosterone levels are impli-
cated in the pathogenesis of hypertension and heart failure [10]. Cytochrome P450
11B2 (CYPI11B2 or aldosterone synthase) is the sole enzyme responsible for the
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Fig. 1 Complex of human
CYP11A1, bound with
cholesterol, and
adrenodoxin (PDB ID:
3N9Y) [4]. CYP11AL is
shown as a cartoon in
green, and adrenodoxin is
shown in magenta.
Cholesterol is shown with
blue bonds, the heme as
red, and the iron-sulfur
cluster with cyan bonds

production of aldosterone in humans. CYP11B2 enzyme is localized in the adrenal
cortex, where it catalyzes the conversion of deoxycorticosterone to aldosterone. The
crystal structures of human CYP11B2 in complex with substrate deoxycorticoste-
rone and an inhibitor fadrozole revealed a hydrophobic cavity with specific features
associated with corticosteroid recognition [11]. In the bound deoxycorticosterone,
C11 lies nearest the heme iron; C11 is hydroxylated in the conversion to
aldosterone.

CYP17A1 is a membrane-bound dual-function monooxygenase with a critical
role in the synthesis of many human steroid hormones [12]. The 17a-hydroxylase
activity of CYP17A1 is required for the generation of glucocorticoids such as corti-
sol, but both the hydroxylase and 17,20-lyase activities of CYP17A1 are required
for the production of androgenic and estrogenic sex steroids. CYP17A1 is an impor-
tant target for the treatment of breast and prostate cancers that proliferate in response
to estrogens and androgens [13]. The crystal structure of CYP17A1 bound with
abiraterone, a steroid inhibitor approved as a prostate cancer drug, showed an unex-
pected mode of binding with the nitrogen of a pyridine ring moiety coordinating the
heme iron at a distance of 2 A [14].

Evidence indicates that neurodegeneration and development of neurological dis-
orders are associated with disturbances in cholesterol homeostasis in the brain and
that the conversion of cholesterol to 24S-hydroxycholesterol is an important mecha-
nism that controls cholesterol turnover in the central nervous system [15].
Cholesterol 24-hydroxylation is carried out by cytochrome P450 46A1 (CYP46A1)
and represents the first step in the major pathway for cholesterol elimination from
the brain [16]. Unlike cholesterol, 24S-hydroxycholesterol can cross the blood—
brain barrier and be delivered to the liver for further degradation. Comparison of the
structures of CYP46A1 with the substrate analog cholesterol 3-sulfate and apo-
CYP46A1 indicated a substantial conformational changes induced by substrate-
binding, suggesting that the enzyme’s flexibility makes it a potential target for
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therapeutic agents structurally unrelated to the natural substrate [17]. In the struc-
ture of the bound substrate analog, C24 lies closest to the heme iron with the steroid
ring structure away from the heme in the extended hydrophobic pocket.

CYP51 (or lanosterol 14a-demethylase) is considered to be among the most
ancient cytochrome P450 families and is found in all kingdoms from bacteria to
animals [18]. CYP51 removes the 14a-methyl group from lanosterol to yield a key
precursor in cholesterol and ergosterol biosynthesis. The structure of the full-length
membrane monospanning CYP51 from Saccharomyces cerevisiae showed how the
N-terminal amphipathic helix and a subsequent transmembrane helix orient the
catalytic domain partly in the lipid bilayer. Bound lanosterol lies near the likely
substrate and product channels connecting the active site with the lipid bilayer [19].

3 Oxysterol Regulation, Trafficking, and Signaling

Oxysterol-binding proteins are implicated in the regulation of sterol homeostasis
and in signal transduction pathways in eukaryotes [20, 21]. The structures of the
yeast oxysterol-binding protein Osh4 bound with several sterols, including choles-
terol, revealed that the sterol molecule is bound in a hydrophobic tunnel with the
3-hydroxyl group at the bottom and the C17 side chain adjacent to a lid enclosing
the tunnel [22]. Osh4 bound with cholesterol is shown in Fig. 2. The structure of
Osh4 bound with 16, 22-diketocholesterol revealed what may be an intermediate
conformation; that is, one between the open and closed conformations observed
previously [23].

Intracellular cholesterol trafficking is central to the distribution of dietary choles-
terol for utilization in membrane synthesis, synthesis of sterol hormones. Export of
LDL-derived cholesterol from lysosomes requires the cooperation of the integral

Fig. 2 Oxysterol-binding
protein Osh4 bound with
cholesterol (PDB ID:
1ZHY) [22]. The yeast
Osh4 is shown as a cartoon
in green. The N-terminal
lid (residues 1-29) is
shown in blue. Bound
cholesterol is shown with
black bonds. The oxysterol
binding pocket is shown in

gray
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membrane protein Niemann—Pick C1 (NPC1) and a soluble protein, Niemann—Pick
C2 (NPC2). Genes for these two proteins are involved in Niemann-Pick type C
disease, a fatal recessive hereditary disorder characterized by the accumulation of
cholesterol in lysosomes [24]. The crystal structure of NPC2 bound with cholesterol-
3-O-sulfate revealed the sterol bound in a deep hydrophobic pocket sandwiched
between the two f-sheets of NPC2, with only the sulfate substituent of the ligand
exposed to solvent [25]. Comparison to the apo-NPC2 structure [26] indicated that
binding is facilitated by a slight separation of the p-strands and substantial reorien-
tation of side chains.

Crystal structures of the N-terminal domain of NPC1 bound with cholesterol and
25-hydroxycholesterol revealed a deep hydrophobic pocket that surrounds the sterol
[27]. The 3-hydroxyl group and the tetracyclic ring are buried, but the C17 isooctyl
side chain is partially exposed. This orientation is opposite to that observed with
cholesterol bound to NPC2. NPC2 binds to NPC1’s middle domain, and the crystal
structure of that complex has been determined. Docking of the NPC1 middle
domain—-NPC2 complex onto the full-length NPC1 structure [28, 29] revealed a
direct cholesterol transfer tunnel between NPC2 and NTD cholesterol binding
pockets [30].

The binding of sterols to the membrane-bound protein Smoothened triggers
Hedgehog signaling, a pathway critical in embryogenesis in vertebrates. Crystal
structures of the extracellular domain of Smoothened from African clawed frog
(Xenopus laevis) indicate a large conformational change when cholesterol is bound,
as the protein goes from an open, inactive, conformation to a closed, active one [31].
Cholesterol is bound in a shallow hydrophobic pocket near the surface of the protein
molecule; protein side chains hydrogen-bond with the hydroxyls of cholesterol.

4 Nuclear Steroid Receptors

There are several families of nuclear receptors which bind steroid hormones and act
as ligand-activated transcription factors [32]. These families are part of the super-
family of proteins classified as retinoid-X receptors by the CATH Protein Structure
Classification database [33]. In general, these receptors contain a C-terminal DNA-
binding domain (DBD) and an N-terminal ligand binding domain (LBD). When the
LBD is bound by a specific steroid hormone, there is a dimerization of the receptor;
it then enters the nucleus where the DBD binds to DNA, acting as a transcription
factor. Ligand-dependent activation of transcription by nuclear receptors is medi-
ated by interactions with coactivators. Receptor agonists promote coactivator bind-
ing, and antagonists block coactivator binding [34].

The LBDs of the estrogen receptor (ER), progesterone receptor (PR), androgen
receptor (AR), glutocorticoid receptor (GR), and mineralocorticoid receptor (MR)
are structurally homologous, composed of 12 a-helices and a four strand p-sheet
folded into a 3-layer sandwich. Steroid hormones bind within a hydrophobic pocket
in the core of the LBD. The binding of the hormone causes a conformational change:
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the C-terminal helix 12 moves to a new position where it can interact with coactiva-
tor proteins. Hormone antagonists bind the same site as agonists but, in general,
have a bulky side chain that sticks out of the ligand-binding pocket and prevents
movement of helix 12 into a position favorable for coactivator recruitment.

The binding pocket of each receptor’s LBD is subtly tailored for its particular
class of hormone. Structural studies, as well as experiments using site-directed
mutagenesis, indicate that specific, but minor, changes of amino acids within the
ligand-binding pocket can lead to dramatic changes in the hormone-binding speci-
ficity of steroid receptors [35, 36]. Based on structure-function studies and phyloge-
netic analyses, a series of minor amino acid changes that may account for broad
changes in hormone specificity during the evolution of steroid receptors has been
outlined [37]. ER has a sequence homology of only ~20% with the other nuclear
steroid hormone receptors and appears to be evolutionarily the oldest. In the LBD
of ER, the 3-hydroxyl oxygen of a bound estrogen is hydrogen-bonded by con-
served arginine and glutamic acid residues. PR, AR, GR, and MR share a sequence
homology of around 55%. With these four receptors, the 3-keto oxygen of the bound
steroid is hydrogen-bonded by conserved arginine and glutamine residues. GR and
MR are the most closely related with a sequence homology of 58%. Cortisol (or
corticosterone in rodents) binds to and activates both the MR and GR. To prevent
inappropriate MR activation by glucocorticoids in cells containing MR,
11B-hydroxysteroid dehydrogenase converts cortisol (or corticosterone) to inactive
metabolites [38].

ER is activated by the binding of estrogens, including the primary estrogen hor-
mone, estradiol [39]. Estrogens are responsible for the development and regulation
of the female reproductive system and secondary sex characteristics. In ER, the
3-hydroxyl oxygen of estradiol is hydrogen-bonded by a conserved arginine and
glutamic acid, rather than glutamine seen with other nuclear steroid receptors. The
17-oxygen forms a hydrogen bond with a histidine side chain. A comparison of
structures of the ER LBD bound with 17-estradiol and with antagonist raloxifene
indicated a large conformational difference involving a helix (helix 12) at the
C-terminus of the domain. When estradiol is bound, the helix is aligned over the
ligand-binding cavity; the binding of raloxifene prevents this conformation, causing
helix 12 to be aligned away from the cavity, adjacent to helix 5 [40]. This change in
the orientation of helix 12 was observed in another study comparing the binding to
ER with agonist diethylstilbestrol and with antagonist 4-hydroxytamoxifen. A
structure of ER LBD bound with the agonist diethylstilbestrol and a co-activator
peptide showed helix 12 positioned over the cavity and the co-activator adjacent to
helix 5, similar to the position of helix 12 in the observed non-productive binding
with antagonist [41].

PR is activated by the binding of progestins, of which progesterone is the steroid
hormone required for pregnancy and the menstrual cycle. The structure of the LBD
of the progesterone receptor (PR) bound with progesterone explained the receptor’s
selective affinity for progesterone and synthetic progestins [42]. The 3-keto oxygen
of progesterone is hydrogen bonded by arginine and glutamine side chains. The
shape of the hydrophobic pocket surrounding the remainder of the bound
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Fig. 3 Structure of the LBD of the human progesterone receptor bound with progesterone (PDB
ID: 1A28) [42]. (a) The overall structure. A cartoon representation of the LBD of PR is shown in
blue. Helix 12, which undergoes a conformational change on the binding of the progesterone, is
shown in magenta. The bound steroid hormone progesterone is shown with red bonds. The
hormone-binding pocket is colored gray. (b) Progesterone binding site. Hydrogen bonds between
the ligand keto O3 atom and side chains of residues Q725 and R766 are shown with dashed lines.
Hydrophobic amino acid side chains surround the steroid ring structure

progesterone contours around the methyl groups at positions 11, 18 and 19. It is
unlikely that larger groups at those positions would fit in the pocket. A cartoon rep-
resentation of the LBD of PR bound with progesterone is shown in Fig. 3a; proges-
terone in its binding site is shown in Fig. 3b.

Androgens are steroid hormones that regulate the development and maintenance
of male characteristics in vertebrates. The androgen receptor (AR) is activated by
either of the androgenic hormones, testosterone or dihydrotestosterone. The specific
affinity of AR has been investigated with the structure of the AR LBD bound with
the androgenic ligand metribolone [43, 44]. In this structure, the 3-keto oxygen of
the bound ligand is hydrogen bonded by arginine and glutamine side chains and the
17-oxygen is bonded by the side chains of an asparagine and threonine. The same
ligand bound to PR lacked one of the hydrogen bonds to the 17-oxygen because PR
has a cysteine residue rather than the threonine of AR. Hydrogen bonds to the
17-oxygen were also observed with bound dihydrotesterone [45]. A comparison of
the structures of the AR LBD bound with testosterone, dihydrotestosterone, and the
sport doping androgenic steroid tetrahydrogestrinone (THG) revealed that THG’s
greater affinity is due to a larger number of hydrophobic contacts [44].

Glucocorticoid steroid hormones are involved in glucose homeostasis, bone
turnover, cell differentiation, and inflammation [46]. The glucocorticoid receptor
(GR) is activated by the binding of cortisol or other glucocorticoids. The structures
of the GR LBD bound with its endogenous ligand cortisol and with corticosteroid
analogs showed the 11-oxygen and 19-oxygen of the bound ligand hydrogen bonded
with aspargine and glutamine side chains [47, 48]. The greater affinity of analogs
dexamethasone and mometasone furoate was attributed to the greater flexibility of
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the A ring of cortisol due to a rotation about the C1-C2 bond. The binding of GR
with its endogenous ligand cortisol and analogs has given insight into its specific
affinity [47, 48].

Mineralocorticoids are produced in the adrenal cortex and influence electrolyte
balance and fluid balance [49]. Mineralocorticoid receptor (MR) is activated by the
binding of mineralocorticoids and glucocorticoids. The primary mineralocorticoid
in humans is aldosterone; in rats, it is corticosterone. The structures of the MR LBD
bound with corticosterone revealed a hydrogen bond between the ligand 11-oxygen
and an Asn residue, similar to what had been seen with GR [50, 51]. A mutation of
L848 in MR to glutamine caused MR to act more like GR, with a greater affinity for
cortisol. Deoxycortisone acts as an agonist with MR, even though it lacks the
11-oxygen. Progesterone is an antagonist with wild-type MR but an agonist with the
S810L mutant. The crystal structure of progesterone bound with the S8 10L mutant
showed ligand binding improved by hydrophobic contact of the leucine residue with
the ligand 10-methyl moiety [51].

The mechanism of activation of the retinoic acid-related orphan nuclear recep-
tors (ROR) is less well understood. The LBD of RORs has a sequence homology of
only 11 and 22% with PR and ER, respectively, but a common fold. RORa and
RORY have been shown to bind cholesterol and hydroxycholesterol but the organi-
zation of the ligand in the binding pocket differs substantially from that observed
with PR and ER [52-54].

The xenoreceptor pregnane X receptor (PXR) is a key regulator of the body’s
defense against foreign substances. It forms heterodimers with the retinoid X recep-
tor and binds to responsive elements in the regulatory regions of target genes. Upon
activation by xenobiotics, PXR interacts with coactivators and transcriptionally
upregulates major detoxification genes such as the drug-metabolizing cytochrome
P450 enzyme CYP3A4 [55]. The orientation of 17a-ethinylestradiol in the PXR
binding pocket differs substantially from that observed with estrogen and ER or
with cholesterol and the RORs [56]. Biophysical studies revealed that
17a-ethinylestradiol and the pesticide trans-nonachlor TNC bind cooperatively to
PXR. The crystal structure showed both compounds bound in the active site.

5 Aldo-Keto Reductases

Two subfamilies of NAD(P)(H)-dependent steroid transforming aldo-keto reduc-
tase (AKR) exist in humans: hydroxysteroid dehydrogenases (HSDs; also known as
AKRICI1-1C4) and 5B-reductase (AKRID1) [57]. AKRIC enzymes catalyze the
interconversion between 3-, 17-, and 20-ketosteroids and 3a/f-, 17p-, and
20a-hydroxysteroids. By functioning as HSDs, AKR1C enzymes play pivotal roles
in steroid hormone action as they regulate the ratio of active and inactive androgens,
estrogens, and progestogens that can bind to nuclear receptors in target tissues and
hence affect transcription. They have different ratios of 3-keto-, 17-keto- and
20-ketosteroid reductase activity, and can regulate ligand access to steroid hormone
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receptors in target tissues in which they are differentially expressed. AKR1D1 cata-
lyzes the irreversible reduction of A*-3-ketosteroids to 5p-dihydrosteroids to intro-
duce a 90° bend at the steroid A/B ring junction, a characteristic structural feature
of all bile-acids, and a first step in the clearance of all steroid hormones. AKR1C
and AKR1D1 enzymes are highly homologous enzymes, sharing over 50% sequence
identity and a common (a/f)g barrel fold. Both subfamilies of enzymes bind the
steroid perpendicularly to the NAD(P)(H) cofactor in the active site so that either
the steroid A or D ring faces the nicotinamide ring. Four residues (Tyr, His, Lys,
Asp) are conserved across nearly all the AKR subfamilies and are collectively
known as the catalytic tetrad. In all AKR1D1 enzymes, the catalytic histidine is
substituted by a glutamic acid residue. In general with these enzymes, there is a
hydride transfer from the nicotinamide ring to an acceptor group, and the catalytic
tyrosine acts as the general acid/base.

AKRICI is predominantly a 20a-HSD and will reduce progesterone (a potent
progestin) to 20a-hydroxyprogesterone (a weak progestin), thus regulating ligand
access to PR in target tissues [58]. AKRICI is also the only known NADPH-
dependent 3-ketosteroid reductase that will act as a 3B-HSD; it will convert
Sa-dihydrotestosterone (Sa-DHT) exclusively to 3p-androstanediol, a natural pro-
apoptotic ligand for ERf in target tissues [59]. Remarkably, AKRIC]1 shares 98%
sequence homology but very different activity with AKR1C2, which is predomi-
nately a 3a-HSD. Human AKR1C1 was co-crystallized with substrate progesterone
and co-factor NADPH; and in the crystal structure, product 20a-hydroxyprogesterone
was found bound in the active site [60]. The overall structure of human AKRCI1
bound with 20a-hydroxyprogesterone and NADP* is shown in Fig. 4a. In the

Fig. 4 Ternary complex of the human enzyme AKRIClI bound with product
20a-hydroxyprogesterone and co-factor NADP* (PDB ID: IMRQ) [60]. (a) Overall structure. The
protein is shown as a cartoon in green. Bound 20a-hydroxyprogesterone is shown with red bonds
and NADP* with blue. (b) Enzyme active site. Bound product 20a-hydroxyprogesterone is shown
with red bonds and co-factor NADP* with blue. Side chains of the conserved catalytic tetrad (D50,
Y55, K84, H117) are shown in black



36 A. F. Monzingo

structure, the 20a-hydroxyl is oriented near the nicotinamide ring of NADP* and is
stabilized by a hydrogen bond with the side chain of a histidine residue not con-
served in AKR1C2. The binding of 20a-hydroxyprogesterone in the active site of
AKRCI is highlighted in Fig. 4b.

AKRI1C2, predominately a 3a-HSD, will reduce Soa-dihydrotestosterone (a
potent androgen) to 3a-androstanediol (a weak androgen), regulating ligand access
to the androgen receptor (AR) in target tissues [61]. AKRIC2 also exhibits some
17B-HSD activity and will reduce androstendione to testosterone. Crystal structures
of AKRIC2 have investigated both its 3a-HSD and its 17p-HSD activities. They
show that this enzyme’s steroid-binding pocket possesses considerable flexibility.
ThehumanAKR1C2(3a-HSDtype3)wasco-crystallized withSa-dihydrotestosterone
in the presence of NADP+. Two products and modes of binding were observed in
the crystal: epiandrosterone with the 3a-hydroxyl pointed toward the nicotinamide
ring and Sa-androstane-3,17-dione with the C17 keto oriented toward the nicota-
mide ring [62]. To investigate its 173-HSD activity, the human AKR1C2 was co-
crystallized with testosterone and NADP+. Androstendione was found bound in the
active site with the C3 keto oriented toward the nicotinamide ring, the implication
being that the oxidation of testosterone to androstendione had occurred and then
androstendione had rebound in the active site in the reverse orientation. In a prior
study using crystals grown in 0.26 M acetate, product testosterone was found bound
in the active site oriented with the C17 toward the NADP+ and with an acetate mol-
ecule lying adjacent to the nicotinamide ring of NADP+ [63]. As described above,
AKRIC2 shares 98% sequence homology but different activity with AKRICI,
which is predominately a 20a-HSD. In co-crystals of AKR1C2 with progesterone
and NADP+, the progesterone is observed with two different bonding modes, both
with C20 oriented toward the nicotinamide. With co-crystals of the V74L variant
with progesterone and NADP+, progesterone adopts an orientation similar to that
observed with 20-hydroxyprogesterone and AKRI1C1. 20a-HSD activity in the vari-
ant is also enhanced [64].

AKRIC3 is predominately a 178-HSD and will reduce Aj-androstene-3,17-
dione (weak androgen) to testosterone (potent androgen), regulating access of tes-
tosterone to the AR in target tissues. AKR1C3 also reduces estrone (weak estrogen)
to 17B-estradiol (potent estrogen), regulating ligand access to ER in target tissues.
Ternary complexes of human AKR1C3 showed different binding modes for sub-
strate androstenedione and product testosterone in the active site [65].

The structure of the ternary complex of the rat AKR1C9 (3a-HSD), NADP+, and
the competitive inhibitor testosterone showed the C3 ketone, corresponding to the
reactive group in a substrate, poised above the nicotinamide ring which is involved
in hydride transfer. In addition, the C3 ketone forms hydrogen bonds with the Tyr
and His active-site residues [66]. The structure of the ternary complex of the rabbit
AHRI1CS5 (17a-HSD) with testosterone and NADP also showed the C3 ketone ori-
ented toward the nicotinamide ring [67]. In the structure of the ternary complex of
the mouse AKRI1C21 (17a-HSD) with product epi-testosterone and NADP, the
17-hydroxyl of epi-testosterone is oriented near the nicotinamide [68].
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AKRIDI (A*3-ketosteroid 5p-reductase) is a steroid double-bond reductase.
This liver-specific enzyme converts any A*-3-ketosteroid into a 5f-dihyrosteroid,
converting the A/B ring juncture in the steroid to a cis-configuration. This intro-
duces a 90° bend in the steroid structure, which is a characteristic structural feature
of all bile-acids [57]. Ternary complexes of the enzyme and NADP+ with progester-
one and with cortisone showed the ligand bound with carbon-carbon double bond in
proximity to the nicotinamide ring of NADP+ [69]. The structure of the ternary
complex with NADP+ and the product 5p-dihydroprogesterone revealed the active
site Glu residue not interacting with other catalytic residues, suggesting that it may
be involved in substrate binding but not catalysis [70]. Mutation of the active site
Glu to His converts the enzyme to a 3p-HSD; and structures with epiandrosterone,
5p-dihydrotestosterone, and A*-androstene-3,17-dione provided insight into the
structural basis for this change [71].

6 Short-Chain Dehydrogenases/Reductases

Short-chain dehydrogenases/reductases (SDRs) constitute a large family of NAD(P)
(H)-dependent oxidoreductases [72, 73]. Despite low sequence identities between
different forms, the 3D structures display highly similar o/ folding patterns with a
central B-sheet typical of the Rossmann-fold. The conservation of this motif for
nucleotide binding and an active site provide a platform for various enzymatic activ-
ities. As with the NAD(P)(H)-dependent aldo-keto reductase family, there is a
hydride transfer from the nicotinamide ring to an acceptor group, and the catalytic
tyrosine acts as the general acid/base. At least two SDR enzymes play critical roles
in steroid hormone metabolism.

Human 17p-hydroxysteroid dehydrogenase (173-HSD) is an SDR enzyme that
plays a major role in the formation of active estrogens in gonadal and peripheral
tissues. 17B-HSD catalyzes the reversible conversion of the biologically inactive
estrogen, estrone, to 17f-estradiol, the most active estrogen. This enzyme has been
demonstrated to be involved in maintaining high 17p-estradiol levels in breast
tumors of postmenopausal women [74]. Structures of 17B-HSD bound with
17p-estradiol, both with and without NADP*, reveal hydrogen-bonding contacts of
the substrate with SDR-conserved active site Lys and Tyr residues and a histidine
residue [75-77]. The ternary complex of 17p-HSD bound with 17p-estradiol and
NADP* is shown in Fig. 5a. The steroid is stabilized by hydrophobic residues in the
binding pocket. In the ternary complex, the 17§ hydroxyl lies near the nicotinamide
ring. The binding of 17f-estradiol bound in the active site of 173-HSD is shown in
Fig. 5b. Comparison of the structures of several complexes of 173-HSD and non-
estrogen steroids with the 17p-estradiol complex showed that an active site leucine
residue contributed to the enzyme’s preference for estrogens. The side chain of
L 149 prevents steroids with a group in the C19 position from binding in an orienta-
tion productive for catalysis [78, 79].
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Fig. 5 Ternary complex of the human enzyme 178-HSD bound with product 17p-estradiol and
co-factor NADP* (PDB ID: 1FDT) [76]. (a) Overall structure. The protein is shown as a cartoon in
green. Bound 17p-estradiol is shown with red bonds and NADP* with blue. (b) Enzyme active site.
Bound product 17p-estradiol is shown with red bonds and co-factor NADP* with blue. Side chains
of the conserved catalytic triad (S142, Y155, K159) are shown in black. The side chain of a con-
served histidine (H221), which is believed to also assist in catalysis, is also shown in black. The
side chain of L149, which contributes to the enzyme’s preference for estrogens, is shown in black

Glucocorticoids play important roles in a variety of physiological and cellular
processes [80]. The active hydroxyl form of glucocorticoids (such as cortisol) binds
to nuclear receptors and subsequently influences gene transcription. There are two
isoforms of 11p-hydroxysteroid dehydrogenase (11p-HSD). 118-HSD typel is an
NADPH-dependent reductase that converts the inactive 11 glucocorticoids to their
active form. 11B-HSD type 2 acts as a dehydrogenase catalyzing the conversion of
cortisol to cortisone. A level of cortisol regulation is achieved by the differential
tissue distribution of the two isoforms. In the structure of murine 11p-HSD type 1
bound with NADPH and corticosterone, the 11p-hydroxyl of the substrate is near
the nicotinamide ring [81].

7 Bacterial Enzymes

The limited role of steroids in bacteria is not well understood although it is known
that some bacteria use sterols to build their cell envelope [82]. Sterol-producing
cytochrome P450s in bacteria are generally soluble, not membrane-bound; and
there is keen interest in the industrial application of these enzymes in the production
of steroid hormones [83]. To date, there have been several crystallographic studies
of bacterial P450s bound with steroids. The structure of the soluble CYP51 from
Mycobacterium tuberculosis bound with substrate analog estriol indicated that sub-
strate binding causes conformational changes in the protein [84]. P450eryF
(CYP107A family) from Saccharopolyspora erythraea was found to have two mol-
ecules of androstenedione bound in the active site, suggesting a mechanism for the
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homotropic cooperativity observed with some eukaryotic P450s [85]. The structures
of CYP154C5 from Nocardia farcinica bound with four different steroid molecules
gave insight into the stereoselectivity in the conversion of pregnans and androstans
to 16oa-hydroxylated steroid products [86]. Enzymatic studies showed that
CYPI09EI from Bacillus megaterium DSM319 can hydroxylate testosterone at
position 16f. They also showed that corticosterone, with a bulky substituent attached
at the 17 position, binds the enzyme but is not converted. A crystal structure showed
testosterone bound in a nonproductive mode with the C3 keto oxygen coordinating
the heme iron. The structure of CYP109E1 with corticosterone bound showed a
large conformational change in the active site with four corticosterone molecules
bound [87].

The SDR 3a,20p-HSD from Streptomyces hydrogenans reversibly oxidizes the
3a-hydroxyl and 20B-hydroxyl groups of androstane and pregnane derivatives in a
reaction requiring NAD(H) [88]. The ternary structure of 3a,208-HSD with a ste-
roid inhibitor bound helped identify a catalytic triad of Tyr, Lys, and Ser residues
[89]. The structure of another bacterial SDR, a steroid-inducible 3p/178-HSD from
Comamonas testosteroni, has also been reported [90].

3-Ketosteroid A'-dehydrogenase is an FAD-dependent enzyme that catalyzes the
introduction of a double bond into the C1-C2 position of the 3-ketosteroid ring. The
enzyme can dehydrogenate a wide variety of 3-ketosteroids, but not
3-hydroxysteroids, and has a preference for substrates unsaturated at the C4-C5
position, such as 4-androstene-3,17-dione and cortisone. There are several FAD-
dependent enzymes in the pathway of steroid ring system degradation found in
many steroid-degrading bacteria [91]. To date, structures of three of these enzymes
have been determined with a steroid molecule bound. 3-Ketosteroid A!-
dehydrogenase catalyzes the introduction of a double bond into the C1-C2 position
of the 3-ketosteroid ring. The structure of the homolog from Rhodococcus erythop-
olis bound with product 1,4-androstadiene-3,17-dione has been reported [92].
3-Ketosteroid A*-(5a)-dehydrogenases introduce a double bond between the C4 and
C5 atoms of 3-keto-(5a)-steroids. The structure of the Rhodococcus jostii homolog
bound with 4-androstene-3,17-dione has been solved [93]. Cholesterol oxidase
from Brevibacterium sterolicum catalyzes the oxidation and isomerization of
3p-hydroxy steroids with a double bond at A%-A° of the steroid ring backbone. Its
structure with substrate dehydroisoandrosterone has been reported [94]. These three
enzymes share a common fold and are members of the steroid monooxygenase
superfamily, although sequence homology (12-28%) is low. They contain a cata-
lytic domain and an FAD-binding domain with the active site. In all three cases, the
bound steroid lies in the active site near the flavin ring.
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8 Summary and Conclusions

Steroid molecules are found throughout nature and have a wide range of function.
In eukaryotes, these functions include the control and maintenance of membranes,
hormonal control of transcription, and intracellular signaling. Steroids are also
found in bacteria, although their role there is not well understood. The study of the
interactions of steroid molecules with proteins is key to understanding the function-
ality and metabolism of steroids. We have presented an overview of the major
classes of proteins that bind steroids and the insights that have been gained from
their study using X-ray crystallography. These classes of proteins include three
enzyme families that play roles in the synthesis and modification of steroids: cyto-
chrome P450 enzymes, NAD(P)(H)-dependent aldo-keto reductases, and NAD(P)
(H)-dependent SDRs. Other classes of proteins that have been studied include ones
involved in intracellular trafficking and signal pathways, and the nuclear steroid
hormone receptors. In addition, an FAD-dependent steroid monooxygenase family
is found in bacteria.

To date, X-ray crystallography has provided deep mechanistic insight into the
function of steroids by examining steroid-protein interactions at atomic resolution.
This field will, no doubt, provide many intriguing findings in the future.
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Abstract Cholesterol-protein interactions play a critical role in lipid metabolism
and maintenance of cell integrity. To elucidate the molecular mechanisms underly-
ing these interactions, a growing number of studies have focused on determining the
crystal structures of a variety of proteins complexed with cholesterol. These include
structures in which cholesterol binds to transmembrane domains, and structures in
which cholesterol interacts with soluble ones. However, it remains unknown whether
there are differences in the prerequisites for cholesterol binding to these two types
of domains. Thus, to define the molecular determinants that characterize the binding
of cholesterol to these two distinct protein domains, we employed the database of
crystal structures of proteins complexed with cholesterol. Our analysis suggests that
cholesterol may bind more strongly to soluble domains than to transmembrane
domains. The interactions between cholesterol and the protein in both cases criti-
cally depends on hydrophobic and aromatic residues. In addition, cholesterol bind-
ing sites in both types of domains involve polar and/or charged residues. However,
the percentage of appearance of the different types of polar/charged residues in
cholesterol binding sites differs between soluble and transmembrane domains. No
differences were observed in the conformational characteristics of the cholesterol
molecules bound to soluble versus transmembrane protein domains suggesting that
cholesterol is insensitive to the environment provided by the different protein
domains.
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Abbreviations

CARC Cholesterol recognition motif exhibiting an inverted CRAC orientation
along the polypeptide chain

CCM  Cholesterol Consensus Motif

CRAC Cholesterol Recognition Amino acid Consensus (motif)

NPC Niemann-Pick Type C (protein)

PDB Protein Data Bank

RCSB  Research Collaboratory for Structural Bioinformatics

1 Introduction

Cholesterol homeostasis is essential for multiple cellular functions, and is thus
strictly regulated [1-5]. In recent years, a variety of proteins involved in the regula-
tion of cholesterol trafficking and transport have been crystalized in complex with
cholesterol, providing structural insights into the underlying mechanisms. These
proteins are either soluble proteins or membrane proteins that possess a cholesterol
binding site within a soluble domain [6—14]. These, however, are not the only crys-
tal structures of proteins co-crystallized with cholesterol. A growing number of
transmembrane proteins that are modulated by cholesterol have also been crystal-
lized in complex with cholesterol [15-39]. These two groups identify distinct types
of cholesterol binding sites. The first includes ‘““soluble-domain cholesterol binding
sites” in proteins that play a role in cholesterol homeostasis whereas the second
includes “transmembrane-domain cholesterol binding sites” in proteins whose
function may be affected by cholesterol.

Several different cholesterol binding motifs have been proposed to describe the
prerequisites for cholesterol binding, including the cholesterol recognition amino
acid consensus (CRAC) motif [40, 41], the “inverted CRAC” (CARC) motif [42],
and the cholesterol consensus motif (CCM) [15]. All three cholesterol binding
motifs involve hydrophobic aliphatic residues (e.g. I/L/V), aromatic residues (e.g.
F/W/Y) and a positively charged residue (e.g. R/K) that can interact with the cho-
lesterol molecule via three distinct types of interactions [43, 44]. First, leucine,
valine and isoleucine can provide an adequate hydrophic environment for choles-
terol. Second, the aromatic residues, which may also contribute to the hydrophobic
environment, may further stabilize the interaction between the protein and the cho-
lesterol molecule via stacking interactions. The latter type of interaction will occur
when the ring structures of the cholesterol molecule and aromatic residues overlap
at a van der Waals distance of separation [45]. Third, the side chains of the posi-
tively charged amino acids of the arginine and lysine residues may interact with the
hydroxyl group of the cholesterol molecule via hydrogen bonding. In addition, the
aromatic residues tryptophan and tyrosine can also interact with the hydroxyl group
of the cholesterol molecule via their side-chains (see Fig. 1). Specifically, the tryp-
tophan can interact with the hydroxyl group of the cholesterol through the nitrogen
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Fig. 1 Structure of cholesterol. Stick representation of the cholesterol molecule based on the
cholesterol molecule bound to Beta-Cryptogein (PDB ID: 1LRI) showing the numbering of the
non-hydrogen atoms in the molecule. Cholesterol is a tetracyclic molecule with a rigid fused ring
system that has a polar hydrophilic hydroxyl group on one end and a flexible hydrophobic 8-carbon
alkyl group on its other end

atom on the aromatic ring, and the tyrosine can interact with the hyroxyl group via
the phenyl ring.

However, accumulating evidence suggests that these binding motifs do not rep-
resent all cholesterol binding pockets but rather a subset of cholesterol binding sites.
First, the amphipathic helix motif identified in the squalene monooxygenase enzyme
that plays a central role in choloesterol biosynthesis possesses a 12-residue segment
(QFALFSDILSGL) that lacks a positively charged residue (i.e. R/K) [46]. The
hydrophobic nature of the majority of the residues in this segment was found to be
critical for cholesterol effect, but does not necessarily constitute a prerequisite for
cholesterol binding. Second, larger cholesterol binding domains involving multiple
transmembrane helices have also been implicated in cholesterol binding. An exam-
ple is the sterol-sensing domain (SSD) found in the sterol regulatory element-
binding protein cleavage activating protein (SCAP). The cholesterol binding site in
SCAP is localized in a loop containing a 245-amino acid sequence, and binding
occurs through three hydrophobic segments: (WYVGAPVAYIQQIFV),
(HGCLLLSPGNFWQN), and (VSYTITLVFQ) [47]. Notably, none of these seg-
ments includes positively charged residues. Third, recent studies on cholesterol
binding sites in transmembrane protein crystal structures complexed with choles-
terol demonstrated that the majority of cholesterol binding sites did not include a
positively charged residue [43]. Together, the above observations suggest that posi-
tively charged residues, which are an integral part of all three cholesterol binding
motifs, are not a prerequisite for cholesterol binding. Fourth, analysis of crystallized
cholesterol binding sites in soluble domains failed to detect any correlation between
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CRAC number/distribution and the ability of non-transmembrane protein segments
to bind cholesterol [48].

It remains unknown, however, whether there are differences in the molecular
characteristics of “soluble-domain cholesterol binding sites” and “transmembrane-
domain cholesterol binding sites”. Furthermore, the dependence of the conforma-
tional characteristics of the cholesterol molecule on the type of cholesterol binding
site is also unknown. With the growing number of structures showing how choles-
terol binds to a variety of both transmembrane and soluble protein domains, it has
become possible to define the molecular characteristics of cholesterol binding to
these two different protein domains, and determine the dependence of these charac-
teristics on the type of protein domain. Thus, utilizing the database of structures
available in the Research Collaboratory for Structural Bioinformatics (RCSB)
Protein Data Bank (PDB), we compared representative structures of cholesterol
bound to soluble and transmembrane domains.

2 Representative Structures of Proteins Complexed
with Cholesterol

The search for representative structures of proteins that include the ligand choles-
terol represented by the three letter abbreviation CLR in the PDB yielded a total of
34 transmembrane structures, and 11 structures in which the cholesterol molecule
was interacting with a soluble protein or a soluble domain within a transmembrane
protein (see Tables 1 and 2). The resolution of the structures included in the analysis
ranged from 1.45 A to 4.3 A. The cut-off for inclusion of protein atoms in the analy-
sis was 4.5 A from the cholesterol molecule heavy atoms. Within the RCSB

Table 1 Representative complexed structures with cholesterol (CLR) binding sites in soluble
protein domains

Number of CLRs Resolution
PDB ID analyzed Protein Release date | (A)
1LRI 1 Beta-Cryptogein 5/29/2002 1.45
1 N83 1 The retinoic acid orphan 12/11/2002 | 1.63

receptor (ROR) a

1ZHY 1 Oxysterol binding protein Osh4 | 9/6/2005 1.6
3GKI 1 Niemann-Pick C 1 (NPC1) 7/14/2009 1.8
3JD8 1 6/1/2016 4.43
3N9Y 1 Cytochrome P450 11A1 6/8/2011 2.1
4BQU 1 Japanin 6/18/2014 2.36
SL7D 1 Smoothened homolog 7/20/2016 3.2
SWVR 1 Oxysterol binding protein Osh1l | 5/10/2017 22
SUPH 1 Lysosomal integral membrane 12/13/2017 |3

protein
6HIJ 4 ATP-binding cassette (ABC) G2 | 9/19/2018 3.56
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Table 2 Representative complexed structures with cholesterol (CLR) binding sites in
transmembrane protein domains

Number of CLRs Roesolution

PDB ID analyzed Protein Release date (A)
3D4S 2 Human p2-adrenergic receptor. | 6/17/2008 2.8
3PDS 1 1/12/2011 3.5
5JIQH 1 7/13/2016 32
5D6L 1 8/17/2016 32
5X7D 1 8/16/2017 2.7
3KDP 1 Na*, K*-ATPase 2/16/2010 35
4HYT 2 6/26/2013 34
4HQJ 2 10/2/2013 43
4RET 2 1/28/2015 4.0
5AVQ 1 9/2/2015 2.6
4XES 2 3/9/2016 39
3 AM6 2 Rhodopsin AR2 7/6/2011 32
4NC3 1 5-HT),z serotonin receptor 12/18/2013 2.8
40R2 3 Metabotropic glutamate receptor | 3/19/2014 2.8

1
4NTJ 2 P2Y, purinergic receptor 3/26/2014 2.62
4PXZ 1 4/30/2014 2.5
4XT1 2 GPCR homolog US28 3/4/2015 2.89
4XNV 1 P2Y, purinergic receptor 4/1/2015 22
4XNX 2 Dopamine transporter 5/13/2015 3.0
5CIM 1 p-opioid receptor 8/5/2015 2.1
516X 1 ts3 serotonin transporter 4/13/2016 3.14
5SY1 1 STRAG receptor 8/24/2016 39
STCX 1 Tetraspanin CD81 11/9/2016 2.95
SLWE 1 CC chemokine receptor type 9 12/7/2016 2.8
SWB2 2 (CCRY9) 6/13/2018 35
S5UVI 2 A2a adenosine receptor 5/24/2017 3.2
SN2R 1 7/26/2017 2.8
SMZJ 1 7/26/2017 2.0
5XRA 1 Cannabinoid receptor 1 (CB)) 7/12/2017 2.8
5X93 1 Endothelin receptor B (ETp) 8/16/2017 2.2
6BHU 3 Multidrug resistance protein 1 12/27/2017 3.14

(MRP1)
6B73 1 k-opioid receptor 1/17/2018 3.1
50QT 1 Cationic amino acid transporter | 2/14/2018 2.86

(CAT)
6CO7 1 nvTRPM2 channel 5/16/2018 3.07

database of structures, there were some sets of structures in which the protein was
crystallized in different conditions (e.g. different ligands, different agonists, etc.).
Also, some proteins were crystallized with cholesterol in different occasions (e.g. at
different times, by different laboratories, etc.). If the residues that formed the cho-
lesterol binding site were very similar (>90% identity), only one of the structures
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was included in the analysis. Since several structures included more than one cho-
lesterol molecule, all unique (non-duplicate) binding regions were included in the
analysis resulting in a total of 49 cholesterol-transmembrane protein domain bind-
ing sites and 14 cholesterol-soluble protein domain binding sites. Together, these
sets of structures are representative of the currently available cholesterol-bound
proteins within the PDB.

3 Differential Molecular Characteristics of Cholesterol
Binding Sites in Transmembrane Versus Soluble Protein
Domains

Cholesterol binding sites in transmembrane domains usually face the lipids of the
plasma membrane. In contrast, in soluble domains, the cholesterol molecule is
engulfed by protein residues that shield it from the surrounding hydrophilic envi-
ronment (Fig. 2a). Accordingly, whereas transmembrane-domain binding sites are
mostly “pocket-shaped”, soluble-domain binding sites are primarily “tunnel-
shaped”. Thus, cholesterol binding sites in soluble domains involve a significantly
higher number of protein residues compared to cholesterol binding sites in trans-
membrane domains (P = 4.8 x 107!!; two sample independent t-Test). The average
total number of residues located within 4.5 A from the cholesterol molecule in the
soluble domains analyzed was 17.6 + 1.3, whereas in the transmembrane domains,
the overall number of residues within the same distance was 10.0 = 0.3.

To further define the protein environment of the cholesterol molecule in trans-
membrane and soluble domains, we determined the average number of residues that
interacted with each of the cholesterol atoms in each of the binding sites in the
structures listed in Table 1 (soluble) and Table 2 (transmembrane). These numbers
are depicted in Fig. 2b. In alignment with the increase in the total number of resi-
dues that surround the cholesterol molecule, the number of protein residues located
within 4.5 A from each of the cholesterol atoms in soluble domains is significantly
higher compared to transmembrane domains (P = 1.4 x107°%; two sample indepen-
dent t-Test). The average number of protein residues within 4.5 A from a non-
hydrogen cholesterol atom is 2.0 = 0.1 in cholesterol binding sites in soluble
domains, and 1.1 = 0.1 in cholesterol binding sites in transmembrane domains.
Interestingly, the location of the maximal average proximal number of residues in
transmembrane cholesterol binding sites differs from its location in soluble
domains cholesterol binding sites. In cholesterol binding sites in transmembrane
domains, the largest average number of proximal residues is observed at the
hydroxyl group and the adjacent C4 atom of the cholesterol molecule. In contrast,
the largest average number of proximal residues in cholesterol binding sites in sol-
uble domains is observed at the other end of the cholesterol molecule, at the tip of
its tail at C26/C27. This difference suggests that protein residues are used to shield
different regions of the cholesterol molecule depending on the environment.
Specifically, protein residues in transmembrane domains shield the hydroxyl group
from the surrounding hydrophobic environment of the membrane, whereas in solu-
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Fig. 2 Differential characteristics of cholesterol binding sites in soluble and transmembrane
domains. (a) Electrostatic surface representation of examples of cholesterol bound to transmem-
brane (left, A2a adenosine receptor, PDB ID: 5N2R) and soluble (right two panels, lysosomal
integral membrane protein, PDB ID: SUPH) protein domains. In comparison to the often seen
“pocket-shaped” transmembrane-domain binding site (left panel), the soluble-domain binding site
is commonly “tunnel-shaped” (the middle panel shows the cholesterol molecule from the hydroxyl
end, and the right panel shows the cholesterol molecule from the tail). The surface is colored
according to the electrostatic potential as calculated in PyMol. Red indicates positively charged,
blue indicates negatively charged and white indicates neutral residues. (b) Average number of resi-
dues interacting with each of the cholesterol atoms in each of the binding sites in the soluble and
transmembrane domains listed in Table 1 (soluble) and Table 2 (transmembrane) within 4.5 A. (¢
Average minimal distances between each of the cholesterol atoms and the protein residues in cho-
lesterol binding sites in soluble and transmembrane protein domains listed in Table 1 (soluble) and
Table 2 (transmembrane). To take into account all the cholesterol atoms, no distance cut-off was
employed

ble domains, the hydrophobic tail of the cholesterol molecule is shielded from the
hydrophilic environment of the surrounding solvent.

With a lower number of protein residues interacting with the cholesterol molecule
in transmembrane domains compared to soluble domains, the interaction between
cholesterol and transmembrane domains is likely to be weaker than with soluble
domains. Further support of this notion is provided through a comparison of the aver-
age minimal distances between each of the atoms in the cholesterol molecule and their
surrounding protein residues in the protein database of structures analyzed (Tables 1
and 2). Not all cholesterol atoms are within 4.5 A from a protein residue. Thus, to
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account for the minimal distances between each of the atoms in the cholesterol mol-
ecule and their most proximal surrounding protein residue, no cut-off was used in this
analysis. As evident in Fig. 2c, the average minimal distances between each of the
cholesterol atoms and the protein residues are significantly shorter in soluble binding
sites than in transmembrane binding sites. Consistent with this observation, the aver-
age minimal distance between the cholesterol molecule and the closest protein residue
is significantly shorter in soluble domains than in transmembrane domains
(P = 1.77 x 1075 two sample independent t-Test). Specifically, the overall average
minimal distance is 4.07 + 0.11 A in cholesterol binding sites in soluble domains and
4.76 + 0.06 A in cholesterol binding sites in transmembrane domains.

Next, to compare the types of residues that form cholesterol binding sites in soluble
protein domains (Table 1) with those in transmembrane protein domains (Table 2), we
plotted the percentage of appearance of each of the 20 different amino acid residues
within 4.5 A from each non-hydrogen atom in the cholesterol molecule for both
domain types. The results are depicted in Fig. 3a, b. For each cholesterol atom, the
amino acids are shown as bars, organized from left to right according to the order and
color in the key. The height of each bar indicates the percentage of appearance of the
amino acid residue of the corresponding type within 4.5 A from the cholesterol atom.
To facilitate the assessment of the differences between the molecular composition of
cholesterol binding sites in soluble and transmembrane domains, we calculated the
differences between the percentage of appearance of each of the amino acid residues
in cholesterol binding sites in soluble and transmembrane domains. These differences
are depicted in Fig. 3c. In this figure, positive values indicate higher residue appear-
ance in cholesterol binding sites in soluble domains compared to transmembrane
domains whereas negative values denote higher residue appearance in cholesterol
binding sites in transmembrane domains compared to soluble domains. The overall
percentage of appearance of each of the 20 amino acid residues within cholesterol
binding sites in soluble and transmembrane domains is shown in Fig. 4.

Examination of the information in Figs. 3 and 4 leads to several key observa-
tions. First, all cholesterol binding sites in both soluble and transmembrane domains
involve multiple isoleucines, leucines and valines. These hydrophobic aliphatic
residues appear within 4.5 A from the vast majority of cholesterol atoms. The only
exception is C13 of the cholesterol molecule, which does not interact with this type
of residues in all the soluble-domain cholesterol binding sites included in the analy-
sis (Table 1). Furthermore, while leucines were observed in the vicinity of C13 in
transmembrane-domain cholesterol binding sites, their appearance did not exceed
10% of the residues located within 4.5 A from C13. Instead, this cholesterol atom,
which is located within the ring structure of the cholesterol molecule, interacted
primarily with aromatic residues in cholesterol binding sites in both soluble and
transmembrane domains. The consistent representation of this group of hydrophobic
aliphatic residues of isoleucines, leucines and valines in cholesterol binding sites
indicates that this type of residues is critical for forming a favorable hydrophobic
environment for cholesterol binding in both types of domains. This hydrophobic
environment is further enhanced by alanine, glycine, methionine and proline in both
soluble and transmembrane cholesterol binding sites. Together, as depicted in



55

Molecular Determinants of Cholesterol Binding to Soluble and Transmembrane Protein...

(86 d uo paoerd st a3y ayy 10j uondes ) ¢ i

0 0 0 0 0
auleA ] 2 - 2 o 2w € o 2
ouisolA | [ v o~ N BN p o 9 o v o~
sueydoydAi] 9 o o 9 o 6 » 9 ®
suuosiyy 1 83 938 8 3 ckg 83
suyes M (%] 8 @ (%) 1% oLd
auljoid w”m o w”w mmm w”w
' o S B B B
puluelelfusyd 913 ek3 93 veg 913
auuoiyio Il 8L 143 gL®d 120 8l
auisk [ 9l 0z og 0g
auloNne
ouonoIos ] 0 0 0 0 0
aupf| £ [5 & g S ¢
suiwen|o 9w (52 D 52 &)
srewens 1 63 (28 P (218 93
suiglsAO N—% .m_v% o_% .m_% 8 %
erenedsy L St Lel s Leig Fobg
suibeledsy I w—w izl vi3 23 I .N—m
suuiby [ 2o Fre® 9tod Frem Fvlo
ouuely N 1 €20lyg 3 ceol e 8t 4 020l 2 610l gy
0 0 0 0 -0
g 5 v o 5 S [r e
58 28 28 28 28
98 21g 835 ] 218
8 @ 9D 0Ld 3 a t9ld AmS [{X N LoL®
o ) EEs ) )
03 023 a3 H02 5 023
23 v23 913 23 Fve3
1433 82md gLo T A F82m F82m
ot 2€ 74 violze 4 €lolze
0 0 0
S W 3 ¥R 7R [ L
AA VI8 o 8 » P ©
210 2o 95 k)
! N gs} 91 8 O o
9@ ONS AM Sj O a m<n0—e —e
023 2 2 2
o v ] [
3 823 Fvi3 '3
82® 260 Lol Lol
1 HOlze 9 dd 80l gy Lgt
0 0 0 0 0
(2R (2N [ [ [
' 3 ' ' A
9T 9T 9T 95 9 o
© o o] Lg © Lg ©
8 @ 8 @ 8 @ @ @
o o o FOlo FOlm
o 02 o2 (o2 (212
P Q P P P
2ls cls cls =] LyLS
3 n8 v13 Lo Lo18
9l 9L 9l A 2olgy 1 HOlsgy
||gnijos e



J. Ounjian et al.

56

(86 "d uo pooerd st a3y oy 10j uondes ay)) ¢ S

aurer 1
ouisoiA)
sueydoydiul 1
auuoalyy] [
sulies I
auljold
puluelelAuayd E
suoylo I
auisk

dde o,

<
—TOLAND MmO

ooueJeadde 9,
NN

N~ -
{dueied

ooueseadde 9,
"

O N O WO NO
aoueseadde o,

COOTNODOTNO

W=

z 20

<

auonejos| M
suipysiH I

suwen|o MM
erewein ]
auig)sAD
ojepedsy ]
auibeledsy I
euubly

OYTNODOFNO

dde o,
dde o,

>
AR
ueseadde o,

0

osoueseadde 9,
soueles
aoueseadde <,
Qoueles

OVOTNODOTNO

Nr=r——
N©OTOON®T O

ON NN~ —

© o ©
oo
o

3 120 erolg

soueseadde o,
aoueleadde o,
soueseadde o,

=
-
E

OTNO®OTNO

©OTNO®®OTANO

00 OTNO®OTNO

N

M
Sio 710 1ol gy

ooueJeadde o,
aoueseadde <,
ooueJeadde 9,
osoueJseadde 9,

CVOTNODOTNO

N—r——

TrOWANDOMmO

AN~~~
ANNN= =

NN~ — —

soueseadde 9,
aoueleadde <,
ooueseadde o,
soueleadde o,

CPVOTNODOFTNO

A==

OTNO®OT NO

O©OT NO®®O© TN O

OFT NO®®O TN O

auelquiswsuel |

o



Molecular Determinants of Cholesterol Binding to Soluble and Transmembrane Protein...

C Difference between soluble and transmembrane

[N

v
£ °
2s o5
o B £52
2256220585
SEEECEZEY
32322525
40300 0kFFF

[ Valine

2o,22 o
=1 = (o]
4 g“EgEQCB
cESCH g
EESS2CIGT2 0
89233255585
<<<I5G0GT 2
gy —
o
L w
=
x|
E
ol
o
Ol

DOMO MO

oo

(eoueleadde %)V

«

DOMO QO PN

(aouewadde %)v

=]

DOTNONT O ®

(aoueJeadde %)V

omomomomom
N T

(eouemedde %)V

(eoueseadde 9,)v

O I!)O I!)Ou') OI!)OL{JO
NN
(eouemedde %)V

Nd) <o <l‘ uo N (O O ﬂ'
(eaue;eedde %)v

cwOTNONT OO

(eoueseadde 9,V

wmmwow dJN(DO§
(aoumeadde AN

NDOMOD® PN wamoc?@q)mmw

(soueleadde 9,)v'

>

(eouejeedde %)V

«©
(eoueleadde %)V

QUamTOYRN©

(eoueseadde o,)v

)
o
=
[
<
o
o
a
© 0
g
3

C13

(eouejeedde %)V

CWOTNO T ©®

(soueleadde o)V

CaoToYPNOoT

(eoue;eedde %)V

2
<2

)

ooueleadde o,)v

(eoueseadd

©NOTOTDNO

e %)

57

Fig. 3 (the caption for the figure is placed on p. 58)
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Fig. 3 Percentage of appearance of amino acid residues in proximity to the non-hydrogen choles-
terol atoms in cholesterol binding sites in soluble and transmembrane domains. Percentage of
appearance of each of the 20 different amino acid residues within 4.5 A from each non-
hydrogen atom in the cholesterol molecule in the cholesterol binding sites in the (a) soluble and
(b) transmembrane domains listed in Table 1 (soluble) and Table 2 (transmembrane). The amino
acid residues are shown as bars, organized from left to right according to the order and color in the
key. A separate bar graph is plotted for each cholesterol non-hydrogen atom. The height of each bar
indicates the percentage of appearance of the amino acid residue of the corresponding type within
4.5 A from the cholesterol atom. (c) Differences between the percentage of appearance of each of
the amino acid residues in cholesterol binding sites in soluble and transmembrane domains.
Positive values indicate higher residue appearance in cholesterol binding sites in soluble domains
compared to transmembrane domains whereas negative values denote higher residue appearance
in cholesterol binding sites in transmembrane domains compared to soluble domains

Fig. 4a, b, these seven hydrophobic residues comprise just over 50% of the residues
that form cholesterol binding sites in both soluble and transmembrane domains.

A second key observation is that both soluble-domain and transmembrane-
domain cholesterol binding sites involve the hydrophobic aromatic residues phenyl-
alanine, tryptophan, and tyrosine. As evident in Fig. 3a, b, these residues often
appear within 4.5 A from each of the cholesterol atoms. This observation highlights
the importance of this type of residues for cholesterol binding in both soluble and
transmembrane domains. Together, they comprise approximately 23% of the resi-
dues that form cholesterol binding sites in both types of domains (Fig. 4a, b). These
aromatic residues can stabilize the interactions between the protein and cholesterol
in several complementary ways. First, they can form stacking interactions with the
rigid ring structure of the cholesterol molecule. Second, these hydrophobic residues
can also contribute to the hydrophobic environment required for cholesterol bind-
ing. Third, the side-chains of two of these amino acid residues, tyrosine and trypto-
phan, include a hydrophilic group (an ionizable hydroxyl group on the phenyl ring
of the tyrosine and a nitrogen in the aromatic indole ring of the tryptophan) that can
interact with the hydroxyl group of cholesterol via their side-chains.

The third key observation evident in Figs. 3 and 4 is the relatively limited appear-
ance of the positively charged residues arginine and lysine within the database of
structures analyzed (Tables 1 and 2). In the vicinity of the majority of the atoms of
the cholesterol molecule, the combined percentage of appearance of arginines and
lysines is generally higher in soluble domains than in transmembrane domains.
Consistent with this observation, together with the positively charged residue histi-
dine, the overall percentage of appearance of these residues is reduced by almost
60% in cholesterol binding sites in transmembrane domains compared to soluble
domains (Fig. 4a, b). The reduced appearance of these positively charged residues
in cholesterol binding sites located in transmembrane domains may be attributed to
the overall reduced probability of positively charged residues in transmembrane
protein segments embedded in the hydrophobic environment of the plasma mem-
brane. Notably, all three positively charged residues are absent from the proximal
vicinity of the tail atoms of the cholesterol molecule in cholesterol binding sites in
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transmembrane domains, which is not the case in cholesterol binding sites in solu-
ble proteins.

On the other hand, in the vicinity of the hydroxyl group of the cholesterol
molecule, the positively charged residues arginine and/or lysine and/or histidine
are found in some cholesterol binding sites in both soluble and transmembrane
domains (Fig. 3). However, whereas the percentage of appearance of arginine
and histidine is comparable in the vicinity of the oxygen atom of the hydroxyl
group of the cholesterol molecule in both types of domains, the percentage of
appearance of lysine is higher in cholesterol binding sites in soluble domains.
As we have shown in an earlier study, even in cases in which there is an arginine
or a lysine within 5 A from the cholesterol molecule, it does not necessarily
interact with the hydroxyl group of the cholesterol molecule [43]. In some
cases, the interaction of the hydroxyl group with a positively charged amino
acid is replaced by an interaction with surrounding water molecules or with the
hydroxyl group of an adjacent cholesterol molecule suggesting that positively
charged residues are not a prerequisite for cholesterol binding [43]. As Fig. 3
indicates, in the majority of cholesterol binding sites, these positively charged
residues are replaced by other types residues that interact with the cholesterol
hydroxyl group either via their side-chain or backbone functional groups. While
almost any residue seems to be able to replace these positively charged residues,
one group stands out. This group includes the polar cysteine, serine, and threo-
nine residues, which exhibit an increased percentage of appearance in choles-
terol binding sites in transmembrane domains compared to soluble domains
(Figs. 3 and 4). This observation may be attributed to the hydrogen bonding that
can be formed between the side-chains of these residues and the hydroxyl group
of the cholesterol molecule. Consistent with their increased appearance in prox-
imity to the hydroxyl group in transmembrane-domain cholesterol binding sites,
the percentage of appearance of this group of residues within 4.5 A from proxi-
mal carbon atoms to the hydroxyl group of the cholesterol molecule (C1-C6) is
also significantly higher in cholesterol binding sites in transmembrane domains
compared to soluble domains (Fig. 3).

In addition, the percentage of appearance of asparagine and aspartate in
cholesterol binding sites is significantly different in soluble versus transmem-
brane domains. Both residues are significantly reduced or absent from the cho-
lesterol binding sites in transmembrane domains. Thus, as summarized in
Fig. 4, the decrease in the percentage of appearance of these residues along
with the decrease in the positively charged residues arginine, lysine and histi-
dine, in cholesterol binding sites formed in transmembrane domains compared
to soluble domains, is countered by an increase in cysteine, serine and threo-
nine. In contrast, there is no significant change in the percentage of appearance
of hydrophobic and aromatic residues in cholesterol binding sites in the two
types of domains, transmembrane and soluble. This suggests that while choles-
terol binding sites can accommodate different types of polar and charged resi-
dues, they require a rather constant percentage of hydrophobic and aromatic
residues.
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4 The Structural Characteristics of the Cholesterol Molecule
Are Comparable in Soluble and Transmembrane Protein
Domains

A remaining question is whether the conformation of the cholesterol molecule itself
depends on the type of domain, i.e. soluble versus transmembrane, to which it binds.
Whereas the ring system of the cholesterol molecule is relatively rigid, its tail pos-
sesses intrinsic flexibility, which may have functional implications. For example,
rotation of the C17-C20-C22-C23 dihedral angle of cholesterol was suggested to
occur during the transfer of a cholesterol molecule between the two lysosomal
Niemann-Pick C (NPC) proteins that are required for cholesterol export from the
lysosomes, i.e. from NPC2 to NPC1. Specifically, simulations suggested that this
dihedral angle is 71.6° when cholesterol is in the NPC2 pocket but —157.3° (202.7°)
when it is bound to the NPC1 N-terminal domain [49, 50]. The latter is very close
to the value of —163.9° (196.1°) observed in the crystal structures of NPC1 com-
plexed with cholesterol (PDB IDs 3GKI and 3JD8) or to the value of —162.2°
(197.8°) observed for NPC1 structures complexed with 25-hydroxycholesterol
(PDB ID 3GKJ). In contrast, the former differs from the values of 174.3° (PDB ID
SKWY) and —164.5° (195.5°) (PDB ID 2HKA) observed for NPC2 complexed
with the cholesterol derivative cholesterol sulfate. It was thus suggested that rota-
tion of C17-C20-C22-C23 occurs during an intermediate transition state [50]. Using
a quantum mechanical description of the cholesterol molecule and a molecular
mechanics force field to describe NPC1 and NPC2, the energy barrier for rotation of
this dihedral angle was estimated to be approximately 22 kcal/mol [50].

We thus compared the distribution of the C17-C20-C22-C23 dihedral angle in
cholesterol molecules bound to the soluble and transmembrane domains listed in
Tables 1 and 2. As Figs. 5a, b show, the C17-C20-C22-C23 dihedral angle acquires
two different values independent of whether cholesterol binds to a soluble or trans-
membrane domain. Together, these distinct distributions are centered around (I) 77°
and around (II) 193°. Among the cholesterol molecules bound to the soluble
domains analyzed, the averages are (I) 64 + 9° and (II) 189 + 6°, and among the
cholesterol molecules bound to the transmembrane domains, the averages are (I)
83 +6° and (I) 194 + 5°. There is no significant difference between the distributions
of this cholesterol dihedral angle in soluble- and transmembrane-domain binding
sites (P = 0.1 for the distributions around (I), and P = 0.6 for the distributions around
(II); two sample independent t-Test).

To further compare the conformational profiles of cholesterol molecules bound
to soluble versus transmembrane protein domains, we downloaded structural data
from the database of structures listed in Tables 1 and 2 into Molecular Operating
Environment (MOE, Chemical Computing Group), and the radius of gyration, criti-
cal packing parameter, and potential energy were calculated for each of the two
cholesterol databases using a built-in function in MOE. Whereas the radius of gyra-
tion describes the distribution of atoms around the overall molecular axis [51], the
critical packing parameter is derived based on the relative area occupied by
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Fig. 5 The structural characteristics of cholesterol is comparable in soluble and transmembrane
protein domains. (a) Histogram of the percentage of appearance of the possible values of the C17-
C20-C22-C23 dihedral angle in the soluble and transmembrane domains listed in Table 1 (soluble)
and Table 2 (transmembrane). (b) Examples of representative tail conformations in the two clusters
of the possible values of the C17-C20-C22-C23 dihedral angle in soluble and transmembrane
domain. The depicted cholesterol structures are based on two of the cholesterol molecules bound
to A2a adenosine receptor in PDB ID 5UVI. (¢, d) Conformational profile of cholesterol molecules
bound to soluble versus transmembrane protein domains depicting the potential energy, radius of
gyration and critical packing. The parameters were calculated by using a built in function in
Molecular Operating Environment (MOE, Chemical Computing Group). Prior to inclusion into the
calculation set, structural data were visually inspected for the presence of the cholesterol-
characteristic double bond. PDB entries that failed to produce the presence of a double bond were
excluded from further analysis. When several satisfactory entries existed for a given protein site,
the structure with the highest resolution was used. Calculations were performed using the follow-
ing PDB ID entries. For soluble protein domains, the PDB ID entries used were: 1LRI, 1N83,
1ZHY, 3GKI, 3N9Y, 4BOE, 5L7D, SUOH, SWVR, 6HIJ. For transmembrane domains, the follow-
ing PDB entries were used: 2RH1, 2ZHE, 3AM6, 4DKL, 4NC3, 40R2, 4PXZ, 4XNV, 4XNX,
4XT1, 516X, 51U4, 5SLWE, 50QT, STCX, 5XRA, 6BHU, 6CO7
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hydrophobic versus hydrophilic chemical moieties in amphiphiles [52]. Last, the
potential energy provides an estimate on how distant the system is from the ener-
getic minimum [53]. Despite a somewhat higher variability in these parameters
within the database of cholesterol molecules bound to transmembrane protein seg-
ments (Fig. 5c vs. d), there was no significant difference between the two databases
(P = 0.3880, 0.1553, and 0.0717 for the radius of gyration, the critical packing
parameter, and the potential energy, respectively; two-tail Mann-Whitney tests).
This suggests that the nature of the binding partner, either soluble or transmembrane
protein domain, does not play a critical role in these three shaping descriptors of
cholesterol as a ligand.

5 Concluding Remarks

In this chapter we explored the molecular characteristics of cholesterol binding sites
in soluble and transmembrane protein domains, and the effect of soluble versus
membrane environments on the conformation of the flexible tail of the cholesterol
molecule as well as on several indicators of conformational alterations (radius of
gyration, critical packing, and potential energy).

Our analysis suggests a comparable critical role of hydrophobic aliphatic and
aromatic residues in the interaction of cholesterol with both types of protein
domains. The primary differences among the types of protein residues that interact
with cholesterol in soluble versus transmembrane domains lie in the types of polar
and charged residues involved in interactions with the cholesterol molecule, espe-
cially with its hydroxyl group. A significant percentage of the positively charged
residues arginine, lysine and histidine, as well as of asparagine and aspartate that
appear in cholesterol binding sites in soluble domains, is replaced by the polar cys-
teines, serines and threonines in cholesterol binding sites in transmembrane
domains. Additional significant differences lie in the average number of protein
residues that interact with the cholesterol molecule, and the average minimal dis-
tance between these residues and the cholesterol molecule. Compared to binding
sites in soluble domains, cholesterol binding sites in transmembrane proteins
involve a smaller number of protein residues, which, on the average, are more dis-
tant from the cholesterol molecule. These differences suggest that the interaction
between the cholesterol molecule and protein residues is stronger in soluble domains
than in transmembrane domains. Yet, despite these differences, the conformation of
the cholesterol molecule is unaffected by the type of domain to which it binds sug-
gesting that cholesterol is insensitive to the differences, and that the comparable
percentage of hydrophobic aliphatic and aromatic residues in the binding sites in
both types of domains plays a dominant role in facilitating protein-cholesterol
interactions.



64

J. Ounjian et al.

References

1.

13.

14.

15.

18.

Berg JM, Tymczko JL, Stryer L. The complex regulation of cholesterol biosynthesis takes
place at several levels. In: Biochemistry. 7th ed. New York. Section 26.3: W.H. Freeman; 2012.
p. 770-9.

. Afonso SM, Machado RM, Lavrador MS, Quintao ECR, Moore KJ, Lottenberg AM. Molecular

pathways underlying cholesterol homeostasis. Nutrients. 2018;10:E760.

. Maxfield FR, van Meer G. Cholesterol, the central lipid of mammalian cells. Curr Opin Cell

Biol. 2010;22:422-9.

. Zhang J, Liu Q. Cholesterol metabolism and homeostasis in the brain. Protein Cell.

2015;6:254-64.

. Jeske DJ, Dietschy JM. Regulation of rates of cholesterol synthesis in vivo in the liver and

carcass of the rat measured using [3H] water. J Lipid Res. 1980;21:364-76.

. Lascombe MB, Ponchet M, Venard P, Milat ML, Blein JP, Prangé T. The 1.45A resolution

structure of the cryptogein-cholesterol complex: a close-up view of a sterol carrier protein
(SCP) active site. Acta Crystallogr D Biol Crystallogr. 2002;58:1442-7.

. Kallen JA, Schlaeppi JM, Bitsch F, Geisse S, Geiser M, Delhon I, Fournier B. X-ray struc-

ture of hRORa LBD at 1.63A: structural and functional data that cholesterol or a cholesterol
derivative is the natural ligand of RORa. Structure. 2002;10:1697-707.

. Gong X, Qian H, Zhou X, Wu J, Wan T, Cao P, Huang W, Zhao X, Wang X, Wang P, Shi Y,

Gao GF, Zhou Q, Yan N. Structural insights into the Niemann-Pick C1 (NPC1)-mediated cho-
lesterol transfer and Ebola infection. Cell. 2016;165:1467-78.

. Strushkevich N, MacKenzie F, Cherkesova T, Grabovec I, Usanov S, Park HW. Structural basis

for pregnenolone biosynthesis by the mitochondrial monooxygenase system. Proc Natl Acad
Sci U S A.2011;108:10139-43.

. Roversi P, Johnson S, Preston SG, Nunn MA, Paesen GC, Austyn JM, Nuttall PA, Lea

SM. Structural basis of cholesterol binding by a novel clade of dendritic cell modulators from
ticks. Sci Rep. 2017;7:16057.

. Byrne EFX, Sircar R, Miller PS, Hedger G, Luchetti G, Nachtergaele S, Tully MD, Mydock-

McGrane L, Covey DF, Rambo RP, Sansom MSP, Newstead S, Rohatgi R, Siebold C. Structural
basis of smoothened regulation by its extracellular domains. Nature. 2016;535(7613):517-22.

. Manik MK, Yang H, Tong J, Im YJ. Structure of yeast OSBP-related protein oshl reveals

key determinants for lipid transport and protein targeting at the nucleus-vacuole junction.
Structure. 2017;25:617-629.e3.

Conrad KS, Cheng TW, Ysselstein D, Heybrock S, Hoth LR, Chrunyk BA, Am Ende CW,
Krainc D, Schwake M, Saftig P, Liu S, Qiu X, Ehlers MD. Lysosomal integral membrane pro-
tein-2 as a phospholipid receptor revealed by biophysical and cellular studies. Nat Commun.
2017;8:1908.

Jackson SM, Manolaridis I, Kowal J, Zechner M, Taylor NMI, Bause M, Bauer S,
Bartholomaeus R, Bernhardt G, Koenig B, Buschauer A, Stahlberg H, Altmann KH, Locher
KP. Structural basis of small-molecule inhibition of human multidrug transporter ABCG2. Nat
Struct Mol Biol. 2018;25:333-40.

Hanson MA, Cherezov V, Griffith MT, Roth CB, Jaakola VP, Chien EYT, Velasquez J, Kuhn
P, Stevens RC. A specific cholesterol binding site is established by the 2.8A structure of the
human f-adrenergic receptor. Structure. 2008;16:897-905.

. Cherezov V, Rosenbaum DM, Hanson MA, Rasmussen SG, Thian FS, Kobilka TS, Choi HJ,

Kuhn P, Weis WI, Kobilka BK, Stevens RC. High-resolution crystal structure of an engineered
human beta2-adrenergic G protein-coupled receptor. Science. 2007;318:1258-65.

. Morth JP, Pedersen BP, Toustrup-Jensen MS, Sgrensen TL, Petersen J, Andersen JP, Vilsen B,

Nissen P. Crystal structure of the sodium-potassium pump. Nature. 2007;450:1043-9.
Shinoda T, Ogawa H, Cornelius F, Toyoshima C. Crystal structure of the sodium-potassium
pump at 2.4 A resolution. Nature. 2009;459:446-50.



Molecular Determinants of Cholesterol Binding to Soluble and Transmembrane Protein... 65

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Wada T, Shimono K, Kikukawa T, Hato M, Shinya N, Kim SY, Kimura-Someya T, Shirouzu
M, Tamogami J, Miyauchi S, Jung KH, Kamo N, Yokoyama S. Crystal structure of the eukary-
otic light-driven proton-pumping rhodopsin, Acetabularia rhodopsin II, from marine alga.
J Mol Biol. 2011;411:986-98.

Liu W, Wacker D, Gati C, Han GW, James D, Wang D, Nelson G, Weierstall U, Katritch V,
Barty A, Zatsepin NA, Li D, Messerschmidt M, Boutet S, Williams GJ, Koglin JE, Seibert
MM, Wang C, Shah ST, Basu S, Fromme R, Kupitz C, Rendek KN, Grotjohann I, Fromme
P, Kirian RA, Beyerlein KR, White TA, Chapman HN, Caffrey M, Spence JC, Stevens RC,
Cherezov V. Serial femtosecond crystallography of G protein-coupled receptors. Science.
2013;342:1521-4.

Wu H, Wang C, Gregory KJ, Han GW, Cho HP, Xia Y, Niswender CM, Katritch V, Meiler J,
Cherezov V, Conn PJ, Stevens RC. Structure of a class C GPCR metabotropic glutamate recep-
tor 1 bound to an allosteric modulator. Science. 2014;344:58-64.

Zhang K, Zhang J, Gao ZG, Zhang D, Zhu L, Han GW, Moss SM, Paoletta S, Kiselev E, Lu
W, Fenalti G, Zhang W, Miiller CE, Yang H, Jiang H, Cherezov V, Katritch V, Jacobson KA,
Stevens RC, Wu B, Zhao Q. Structure of the human P2Y 12 receptor in complex with an anti-
thrombotic drug. Nature. 2014;509:115-8.

Burg JS, Ingram JR, Venkatakrishnan AJ, Jude KM, Dukkipati A, Feinberg EN, Angelini A,
Waghray D, Dror RO, Ploegh HL, Garcia KC. Structural biology. Structural basis for chemokine
recognition and activation of a viral G protein-coupled receptor. Science. 2015;347:1113-7.
Zhang D, Gao ZG, Zhang K, Kiselev E, Crane S, Wang J, Paoletta S, Yi C, Ma L, Zhang W,
Han GW, Liu H, Cherezov V, Katritch V, Jiang H, Stevens RC, Jacobson KA, Zhao Q, Wu
B. Two disparate ligand-binding sites in the human P2Y1 receptor. Nature. 2015;520:317-21.
Penmatsa A, Wang KH, Gouaux E. X-ray structure of dopamine transporter elucidates antide-
pressant mechanism. Nature. 2013;503:85-90.

Penmatsa A, Wang KH, Gouaux E. X-ray structures of Drosophila dopamine transporter in
complex with nisoxetine and reboxetine. Nat Struct Mol Biol. 2015;22:506-8.

Huang W, Manglik A, Venkatakrishnan AJ, Laeremans T, Feinberg EN, Sanborn AL, Kato HE,
Livingston KE, Thorsen TS, Kling RC, Granier S, Gmeiner P, Husbands SM, Traynor JR, Weis
WI, Steyaert J, Dror RO, Kobilka BK. Structural insights into p-opioid receptor activation.
Nature. 2015;524:315-21.

Coleman JA, Green EM, Gouaux E. X-ray structures and mechanism of the human serotonin
transporter. Nature. 2016;532:334-9.

Chen Y, Clarke OB, Kim J, Stowe S, Kim YK, Assur Z, Cavalier M, Godoy-Ruiz R, von
Alpen DC, Manzini C, Blaner WS, Frank J, Quadro L, Weber DJ, Shapiro L, Hendrickson WA,
Mancia F. Structure of the STRAG6 receptor for retinol uptake. Science. 2016;353:aad8266.
Zimmerman B, Kelly B, McMillan BJ, Seegar TCM, Dror RO, Kruse AC, Blacklow
SC. Crystal structure of a full-length human tetraspanin reveals a cholesterol-binding pocket.
Cell. 2016;167:1041-1051.e11.

Oswald C, Rappas M, Kean J, Doré AS, Errey JC, Bennett K, Deflorian F, Christopher JA,
Jazayeri A, Mason JS, Congreve M, Cooke RM, Marshall FH. Intracellular allosteric antago-
nism of the CCRO receptor. Nature. 2016;540:462-5.

Martin-Garcia JM, Conrad CE, Nelson G, Stander N, Zatsepin NA, Zook J, Zhu L, Geiger J,
Chun E, Kissick D, Hilgart MC, Ogata C, Ishchenko A, Nagaratnam N, Roy-Chowdhury S,
Coe J, Subramanian G, Schaffer A, James D, Ketwala G, Venugopalan N, Xu S, Corcoran S,
Ferguson D, Weierstall U, Spence JCH, Cherezov V, Fromme P, Fischetti RF, Liu W. Serial
millisecond crystallography of membrane and soluble protein microcrystals using synchrotron
radiation. IUCrJ. 2017;4:439-54.

Cheng RKY, Segala E, Robertson N, Deflorian F, Doré AS, Errey JC, Fiez-Vandal C, Marshall
FH, Cooke RM. Structures of human A, and A,, adenosine receptors with xanthines reveal
determinants of selectivity. Structure. 2017;25:1275-85.

Hua T, Vemuri K, Nikas SP, Laprairie RB, Wu Y, Qu L, Pu M, Korde A, Jiang S, Ho JH,
Han GW, Ding K, Li X, Liu H, Hanson MA, Zhao S, Bohn LM, Makriyannis A, Stevens



66

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

J. Ounjian et al.

RC, Liu ZJ. Crystal structures of agonist-bound human cannabinoid receptor CB1. Nature.
2017;547:468-71.

Shihoya W, Nishizawa T, Yamashita K, Inoue A, Hirata K, Kadji FMN, Okuta A, Tani K, Aoki
J, Fujiyoshi Y, Doi T, Nureki O. X-ray structures of endothelin ETB receptor bound to clinical
antagonist bosentan and its analog. Nat Struct Mol Biol. 2017;24:758-64.

Johnson ZL, Chen J. ATP binding enables substrate release from multidrug resistance protein
1. Cell. 2018;172:81-89.e10.

Che T, Majumdar S, Zaidi SA, Ondachi P, McCorvy JD, Wang S, Mosier PD, Uprety R, Vardy
E, Krumm BE, Han GW, Lee MY, Pardon E, Steyaert J, Huang XP, Strachan RT, Tribo AR,
Pasternak GW, Carroll FI, Stevens RC, Cherezov V, Katritch V, Wacker D, Roth BL. Structure
of the nanobody-stabilized active state of the kappa opioid receptor. Cell. 2018;172:55-67.
Jungnickel KEJ, Parker JL, Newstead S. Structural basis for amino acid transport by the CAT
family of SLC7 transporters. Nat Commun. 2018;9:550.

Zhang Z, T6th B, Szollosi A, Chen J, Csanady L. Structure of a TRPM2 channel in complex
with Ca?* explains unique gating regulation. elife. 2018;7:¢36409.

Epand RM. Cholesterol and the interaction of proteins with membrane domains. Prog Lipid
Res. 2006;45:279-94.

Li H, Papadopoulos V. Peripheral-type benzodiazepine receptor function in cholesterol trans-
port. Identification of a putative cholesterol recognition/interaction amino acid sequence and
consensus pattern. Endocrinology. 1998;139:4991-7.

Fantini J, Barrantes FJ. How cholesterol interacts with membrane proteins: an exploration
of cholesterol-binding sites including CRAC, CARC and tilted domains. Front Physiol.
2013;4:31.

Rosenhouse-Dantsker A. Insights into the molecular requirements for cholesterol binding to
ion channels. Curr Top Membr. 2017;80:187-208.

Singh AK, McMillan J, Bukiya AN, Burton B, Parrill AL, Dopico AM. Multiple cholesterol
recognition/interaction amino acid consensus (CRAC) motifs in cytosolic C tail of Slol sub-
unit determine cholesterol sensitivity of Ca’- and voltage-gated K*_ (BK) channels. J Biol
Chem. 2012;287:20509-21.

Maresca M, Derghal A, Caravagna C, Dudin S, Fantini J. Controlled aggregation of adenine
by sugars: physicochemical studies, molecular modelling simulations of sugar-aromatic CH-pi
stacking interactions, and biological significance. Phys Chem Chem Phys. 2008;10:2792-800.
Chua NK, Howe V, Jatana N, Thukral L, Brown AJ. A conserved degron containing an
amphipathic helix regulates the cholesterol-mediated turnover of human squalene monooxy-
genase, a rate-limiting enzyme in cholesterol synthesis. J Biol Chem. 2017;292:19959-73.
Motamed M, Zhang Y, Wang ML, Seemann J, Kwon HJ, Goldstein JL, Brown MS. Identification
of luminal loop 1 of Scap protein as the sterol sensor that maintains cholesterol homeostasis.
J Biol Chem. 2011;286(20):18002—12.

Bukiya AN, Dopico AM. Common structural features of cholesterol binding sites in crystal-
lized soluble proteins. J Lipid Res. 2017;58:1044-54.

Estiu G, Khatri N, Wiest O. Computational studies of the cholesterol transport between NPC2
and the N-terminal domain of NPC1 (NPCI(NTD)). Biochemistry. 2013;52:6879-91.
Elghobashi-Meinhardt N. Niemann—pick type C disease: a QM/MM study of conforma-
tional changes in cholesterol in the NPC1(NTD) and NPC2 binding pockets. Biochemistry.
2014:53:6603-14.

Lei J. Probability distribution of the radius of gyration of freely jointed chains. ] Chem Phys.
2010;133:104903.

Khalil RA, Zarari AA. Theoretical estimation of the critical packing parameter of amphiphilic
self-assembled aggregates. Appl Surf Sci. 2014;318:85-9.

Chatzieleftheriou S, Adendorff MR, Lagaros ND. Generalized potential energy finite elements
for modeling molecular nanostructures. J Chem Inf Model. 2016;56:1963-78.



®

Check for
updates

Modes of Cholesterol Binding
in Membrane Proteins: A Joint Analysis
of 73 Crystal Structures

Cong Wang, Arthur Ralko, Zhong Ren, Avia Rosenhouse-Dantsker,
and Xiaojing Yang

Abstract Cholesterol is a highly asymmetric lipid molecule. As an essential con-
stituent of the cell membrane, cholesterol plays important structural and signaling
roles in various biological processes. The first high-resolution crystal structure of a
transmembrane protein in complex with cholesterol was a human f,-adrenergic
receptor structure deposited to the Protein Data Bank in 2007. Since then, the num-
ber of the cholesterol-bound crystal structures has grown considerably providing an
invaluable resource for obtaining insights into the structural characteristics of cho-
lesterol binding. In this work, we examine the spatial and orientation distributions
of cholesterol relative to the protein framework in a collection of 73 crystal struc-
tures of membrane proteins. To characterize the cholesterol-protein interactions, we
apply singular value decomposition to an array of interatomic distances, which
allows us to systematically assess the flexibility and variability of cholesterols in
transmembrane proteins. Together, this joint analysis reveals the common charac-
teristics among the observed cholesterol structures, thereby offering important
guidelines for prediction and modification of potential cholesterol binding sites in
transmembrane proteins.
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Abbreviations

CARC  Inverted CRAC

CCM Cholesterol consensus motif

CLR Cholesterol

CRAC  Cholesterol recognition amino acid consensus
GPCR  G-protein coupled receptor

PDB Protein Data Bank

RMSD Root mean square deviation

SVD Singular value decomposition

™ Transmembrane

VDW  van del Waals

1 Introduction

Cholesterol is a lipid molecule characterized by a bulky steroid ring structure with a
hydroxyl group on one end and a short hydrocarbon tail on the other (Fig. 1a).
Compared to other membrane lipids with longer hydrocarbon tails such as phospho-
lipids and glycolipids, cholesterol is a relatively rigid molecule owing to its four
fused hydrocarbon rings. The overall dimension of a cholesterol molecule is about
19 x 5.5 x 4.7 (A), where its longest dimension roughly matches the thickness (~20
A) of a lipid monolayer in cell membrane (Fig. 1b). Cholesterol has an asymmetric
molecular shape with two methyl groups at C18 and C19 protruding towards the
same side of the ring structure rendering a “rough” surface on one side and a “smooth
surface” on the other (Fig. 1b). Depending on the bond distances from the C18 and
C19 atoms, the atoms on the rim of the sterol ring form the asymmetric edges
(denoted the “sharp” and “dull” edges) on the plane of the ring structure.

Cholesterol is one of the most important molecules in mammalian physiology
[1-4]. In addition to its well-established structural roles in the integrity and
mechanics of the cell membrane, cholesterol has emerged in recent years as a
signaling molecule that modulates a wide range of signal transduction processes via
direct interactions with membrane or membrane-associated proteins including
receptors, transporters, ion channels and scaffold proteins [5-9]. However, the
molecular mechanism of cholesterol-mediated signaling modulation has just begun
to unravel. Thanks to the technological advances in structural biology studies of
membrane proteins, the repertoire of membrane protein structures with bound
cholesterol molecules has been significantly expanded in the Protein Data Bank
(PDB) since the first high-resolution crystal structure of an engineered human f3,-
adrenergic receptor in complex with cholesterol in 2007 [10, 11]. Such wealth of
structural data offer many snapshots of the protein-cholesterol interactions at atomic
resolution [12-36], which allow us to revisit a few well-known cholesterol binding
motifs such as the CRAC [37, 38], CARC domains [39] and CCM [13].
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axial orientation <«—5—>

“smooth” or a side

Fig. 1 The structure of cholesterol. (a) The chemical structure of a cholesterol molecule (PDB three-
letter code: CLR). (b) The ball-and-stick model and electron density map of a bound CLR in a crystal
structure of membrane protein (A2a adenosine receptor; PDBID: 4EIY) determined at 1.8 A resolu-
tion. The top panel shows the naming convention of CLR where the atoms are labeled in different
colors to highlight the molecular asymmetry of CLR. On one edge of the sterol ring, the C6/C7 and
C15/C16 atoms render a thinner thus sharp edge than the other, where the C1/C3 and C11/C12 atoms
together the C18/C19 methyl groups constitute a “dull” edge. The bottom panel shows CLR viewed
from a different angle to illustrate the “smooth” or a side and “rough” or f side of CLR

In this work, we jointly analyze a collection of crystal structures that bind at
least one cholesterol molecule. In the Protein Data Bank, cholesterol is repre-
sented by a three-letter code CLR, which is also used as a cholesterol abbrevia-
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tion in this chapter. We examine the conformational flexibility of CLR manifested
in the crystal structures of membrane proteins (Fig. 2). To survey the spatial
distribution of CLR relative to the protein framework, we place a large number
of CLR molecules in the same protein framework by superimposing 46 GPCR
crystal structures with a reference structure (PDB ID: 4EIY), a high resolution
(1.8 A) structure of A2a adenosine receptor fusion protein that shows well-
defined electron densities for three CLR molecules (Fig. 1b) [15]. We further
analyze the modes of cholesterol binding by applying singular value decompo-
sition (SVD) to an array of distance plots that uniquely characterize the CLR-
protein interactions. Our joint analysis shows that the CLR binding is largely
dictated by the shape complementarity along with the protein surface character-
istics in transmembrane (TM) regions. While there is a clear consensus in the
molecular orientation of the longest dimension of CLR, the axial orientation
varies significantly as the CLR molecule of an asymmetric shape is docked in a
niche pocket on the protein surface. We postulate that the bulky residues such as
Phe and Trp are not only important for shaping the binding site but also for sta-
bilizing the CLR binding via steric exclusion and ring stacking. Taken together,
this analysis offers structural insights into various modes of direct interactions
between CLR and membrane proteins.

a b 25
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Fig. 2 Survey of cholesterol-bound protein structures in the Protein Data Bank. (a) Using 3 A as
a resolution cutoff, a total of 82 PDB structures are found to bind at least one cholesterol molecule
identified by the three-letter code CLR. 73 out of 82 entries are membrane proteins. (b) Histogram
of 46 GPCR structures under this study
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2 Survey of Cholesterol-Bound Crystal Structures
in the PDB

Using 3 A as a resolution cutoff, we retrieved a total of 82 PDB entries that con-
tain cholesterol as a ligand identified by a three-letter code CLR widely used for
cholesterol. 73 out of 82 entries are annotated as membrane proteins, which fall
into three major families: G-protein coupled receptors (GPCRs), P-type ATPase
and solute carriers. For the purpose of investigating the CLR conformational flex-
ibility and local protein-CLR interactions, we include 73 membrane protein struc-
tures. For illustration of the spatial distribution of CLR relative to the protein
framework, we focus on 46 GPCR structures that share a conserved seven trans-
membrane helix (7TM) fold, which allow us to simultaneously examine a large
number of CLR molecules under the same structural framework after alignment.
Many protein chains have multiple CLR binding sites, and some PDB entries
contain multiple protein chains in an asymmetric unit. To reduce redundancy and
over-sampling, we only include one GPCR chain (usually chain A) along with all
the associated CLR ligands in our analysis unless mentioned otherwise. Table 1
summarizes the PDB entries of GPCRs used in this study and each is annotated
with the system name, diffraction resolution, crystal information including cell
parameters and space group, IDs and membrane positioning for the CLR mole-
cules together with the signaling state (activated/active or inactive) as reported.
The table is assembled based on the information extracted from the PDB header
and/or the paper cited by this entry.

3 Conformational Flexibility of CLR in Crystal Structures

To examine the conformational distribution of the CLR structures determined by
X-ray crystallography, we extract 121 CLR molecules from 46 GPCR structures,
including 26 PDB entries of the A2a adenosine receptor and 10 PDB entries of the
[, adrenergic receptor (Table 1). We first generate a 2D distance matrix based on the
atomic coordinates of each CLR molecule, which reduces a set of 3D coordinates to
a 2D data matrix for further analysis (Fig. 3a). Each data point in the 2D matrix
represents the inter-atomic distance between two corresponding atoms in
CLR. Simply put, the farther apart the two atoms, the larger the distance value in
such a distance matrix. This is similar to the distance geometry commonly used for
protein structure determination by NMR [40]. To identify rigid and variable
segments within the linear CLR molecule, we calculate the root mean square
deviation (RMSD) matrix from a collection of distance matrices [41] (Fig. 3b). In a
RMSD distance matrix, small variations in the interatomic distances identify a rigid
body while the larger RMSD values reflects the greater variability that reveals the
conformational flexibility between the rigid bodies. The RMSD matrix of 121 CLR
structures from 46 PDB entries shows that the four hydrocarbon rings of CLR
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Table 1 PDB entries for G-protein coupled receptor (GPCR) structures used in this study

Type Reso. RMSD? Signaling | CLR positioning in
PDBID | (A) Crystal info* (A) state® membrane® (CLR ID)
A2a adenosine Space group: Inner leaflet | Outer
receptor C2221 leaflet
4EIY® 1.8 39.442179.516 | 0.00 Inactive A2403
140.307 (A) A2404
A2405
5104 1.72 39.428 179.599 | 0.287 Inactive A2402
139.847 (A) A2403
A2404
A2405
5107 1.9 39.384 180.036 | 0.228 Inactive A2402
139.835 (A) A2403
A2404
A2405
5108 2 39.312179.537  0.294 Inactive A2403
139.994 (A) A2406
A2404
A2405
5IUA 22 39.560 179.979 | 0.222 Inactive A2402
139.924 (A) A2403
A2404
A2405
5IUB 2.1 39.276 179.551 0.368 Inactive A2402
139.561 (A) A2403
A2404
5ITB 238 39.648 179.793 | 0.152 Inactive A1203
139.810 (A) A1202
A1204
5K2A 2.5 40.350 180.500 | 0.345 Inactive A1203
142.700 (A) A1205
A1204
5K2B 2.5 40.360 180.740 1 0.306 Inactive A1203
142.800 (A) A1205
A1204
5K2C 1.9 40.360 180.740 | 0.346 Inactive A1203
142.800 (A) A1205
A1204
5K2D 1.9 40.360 180.740 | 0.353 Inactive A1203
142.800 (A) A1205
A1204
5MZJ 2 39.246 179.867 | 0.280 Inactive A2402
139.398 (A) A2403
A2404
5MZP 2.1 39.442 179.870 | 0.322 Inactive A2402
139.640 (A) A2403
A2404
A2405

(continued)
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Table 1 (continued)

Type Reso. RMSD? Signaling | CLR positioning in
PDBID | (A) Crystal info* A) state® membrane® (CLR ID)
5N2R 28 39.254 180.739 | 0.394 Inactive A2402
140.641 (A) A2403
A2404
5NLX 2.14 40.330 180.070 | 0.347 Inactive A508
142.660 (A) A507
A506
5NM2 1.95 39.428 179.599 | 0.242 Inactive Al1224
139.847 (A) A1223
Al1222
5NM4 1.7 39.890 179.150 | 0.286 Inactive A509
141.200 (A) A508
A510
50LG 1.87 39.450179.393 | 0.222 Inactive A1203
139.600(A) A1202
A1205
A1204
50LH 2.6 39.400 179.334 1 0.353 Inactive A1205
141.145 (A) A1204
A1206
50LV 2 39.429 180.774 | 0.401 Inactive A1203
140.903 (A) A1205
A1204
A1206
50LZ 1.9 39.369 179.247 1 0.353 Inactive A1203
140.066 (A) A1202
A1205
A1204
50M1 2.1 39.537179.854 | 0.320 Inactive A1205
140.323 (A) A1204
A1207
A1206
50M4 2 39.465179.109 | 0.342 Inactive A1203
140.032 (A) A1205
A1204
A1206
5VRA 2.35 39.820 178.900 | 0.142 Inactive A2403
140.190 (A) A2404
A2405
6AQF 2.51 39.837180.973 | 0.239 Inactive A1203
140.574 (A) A1202
A1204

(continued)
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Table 1 (continued)
Type Reso. RMSD? Signaling | CLR positioning in
PDBID | (A) Crystal info* A) state® membrane® (CLR ID)
p.-adrenergic receptor Inner leaflet | Outer
leaflet
2RHI 2.4 106.318, 169.240, | 1.989 Inactive | A414 A413
40.154 (A) A412
p=105.62° (C2)
3D4S 2.8 40.000, 75.700, 1.905 Inactive | A402 A403
172.730 (A)
(P212121)
3NYS 2.84 40.711, 76.148, 1.671 Inactive | A1201 A1202
174.207 (A)
(P212121)
3NY9 2.84 40.580,75.900, | 2.065 Inactive | A1201 A1202
174.180 (A)
(P212121)
5D5A 2.48 107.000, 170.000, |1.933 Inactive | A1208 A1207
40.500 (A) A1206
B =106.25° (C2)
5X7D 2.7 40.460, 75.710, 1.900 Inactive | A1203 A1204
173.410 (A)
(P212121)
Serotonin receptor 2B Inner leaflet | Outer
leaflet
41B4 2.7 60.571 119.750 | 2.865 Active A2003
170.607 (A)
(C2221)
4NC3 2.8 61.500 122.200 | 2.775 Active A1203
168.500 (A)
(C2221)
5TVN 29 59.195119.177 | 3.597 Active A2002
170.990 (A)
(C2221)
6DRY 2.92 59.662 119.452  [3.952 Active A2002
171.021 (A)
(C2221)
P2Y purinergic receptor
4ANTJ 2.62 98.650 156.430 | 7.236 Inactive | A1203 A1202
47.770 (A)
p=111.08°(C2)
4PXZ 25 65.110 104.170 | 7.574 Active A1202
169.430 (A)
(C2221)
4XNV 22 66.270 66.270 4.425 Inactive A1102
239.070 (A)
(H3)

(continued)
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Table 1 (continued)

Type Reso. RMSD? Signaling | CLR positioning in
PDBID | (A) Crystal info* A) state® membrane® (CLR ID)
Cannabinoid receptor 1
5XR8 2.95 66.830 73.610 4.12 Active A1203
139.640 (A)
(P21221)
5XRA 2.8 66.050 75.870 4.367 Active A608
138.900 (A)
(P21221)
p-type opioid receptor
5CIM 2.1 44.430 144.000 2.815 Active A404
209.900 (A)
(1212121)
4DKL 2.8 70.882 174.730 3.015 Inactive A614
68.353 (A)

B =107.84° (C2)
Human chemokine CX3CL1 receptor

4XT1 2.89 81.024 81.024 4.095 Inactive A401
231.303 (A) A402
a4

Glutamate receptor

40R2 2.8 67.361 86.552 9.19 Inactive A1902 A1903
168.277 (A) A1904 A1905
(P212121) B1905 B1906

CC chemokine receptor type 9 (CCR9)

SLWE 2.8 62.571 66.197 3.410 Inactive A417
68.424 (A)
74.02 64.72 62.29
() (P1)

Endothelin receptor type B

5X93 22 74.130, 147.480, | 3.705 Inactive Al1213
108.380 (C2221)

aCrystal info: include the space group and cell parameters. However, the angles are not shown if
they are implied by the space group

"RMSD: the root mean square difference between two aligned structures. The structural alignment
and the associated RMSD values are generated using the align command in PyMol

‘Signaling state: — Inactive: GPCR structures bound with an antagonist or inverse agonist —
Active: GPCR structures bound with a natural substrate or agonist

ICLR positioning in membrane: annotates a cholesterol molecule (identified by the CLRID in a
given PDB entry) by its association with the inner or outer leaflet of the membrane

‘Reference PDB used for alignment of the GPCR structures

(denoted ring A, B, C and D, respectively) fall into two distinct rigid bodies defined
by the internal RMSD values <0.2 A (Fig. 1; Fig. 3b). Specifically, the rings A/B
together with the C19 methyl group constitute one rigid body, while the rings C/D
(atom C9-C18) form the other. The hydrocarbon tail shows a much higher mobility
relative to the hydrocarbon rings. Not surprisingly, given the linear structure of
CLR, the further apart the two segments, the larger the RMSD values (Fig. 3b).



76 C. Wang et al.

Atoms in cholesterol
Distance (A)

OOOOOOOOOOOOOOOOOOOO O

T T Y

NOUEWN=OOENDINRWN—=OORIOH

LI e B B
NS OONODOT—NMTLOON

56883885832
OOOOOOOOOOOOOOVOOO
Atoms in cholesterol

Atoms in cholesterol
QQ99R8292299999999 4560006000
NOURWN=OOONOUTTAWN—-OOONDUTRWN——

ORI

T Y Y B

CEEE65666L6038OBOOG
Atoms in cholesterol

Fig. 3 Conformational flexibility of cholesterols in 46 GPCR structures. (a) The CLR conforma-
tion represented by a distance matrix, where the inter-atomic distances are color-coded at each grid
point. (b) The root mean squares deviation (RMSD) distance matrix is calculated from the distance
matrices of 121 CLR structures captured in 46 PDB entries. The identified rigid regions are
highlighted by white dashed lines. (¢) Structural alignment of 121 CLR molecules according to the
atomic coordinates of rings A/B. CLR is colored from blue to red in spectrum according to the
ascending order of the relative B-factors in each CLR. Grey dashed lines mark the extent of
conformational variability in the tail group of CLR in two orthogonal views. (d) Comparisons
between CLRs grouped by their membrane locations show that CLRs bound to the outer leaflet
(top) generally have lower B-factors close to the head group while those bound to the inner leaflet
show the opposite trend. CLR is viewed from the smooth side

To visualize the extent of conformational distribution in the linear structure of CLR,
we further align these 121 CLR structures according to a subset of atomic coordinates
from the rings A/B using the align command in PyMol based on least-squares fitting
[42]. The alignment reveals significant displacements in the rings C/D and the hydro-
carbon tail along the direction normal to the sterol rings although a majority of CLRs
fall within an angular spread of about 25° (Fig. 3c). The hydrophobic tail of CLR shows
conformational variability of a lesser extent in the plane defined by the sterol rings.
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To address the CLR flexibility in crystal lattice, we also examined the atomic
displacement parameters (also known as temperature or B-factor) of the CLR
structures. In crystallography, B-factors measure the uncertainty in the atomic
positions arising from thermal motions or flexibility in crystal lattice [43]. By
coloring CLR according to the relative or normalized B-factor of each atom, we ask
whether the CLR mobility bears any correlation with the binding mode and its
protein environment. A majority of CLR molecules associated with membrane
proteins in the outer leaflet show an ascending trend of B-factors from the hydroxyl
head to the hydrocarbon tail (Fig. 3c) while those in the inner leaflet show an
opposite trend (Fig. 3d), suggesting that the CLR mobility depends on the specific
binding mode. It is plausible that the head becomes less flexible when the hydroxyl
group of CLR forms hydrogen bonds with residues on the membrane surface while
the sterol rings engage close van del Waals (VDW) interactions with the aromatic
residues on the protein surface. As discussed in the following sections, both the
rigid head and flexible tail of CLR are important structural features that facilitate
CLR binding to various locations on the outer surface of membrane proteins as a
structural and signaling lipid.

4 Spatial Distribution of CLRs in the GPCR Structures

To investigate the spatial distribution of CLR relative to the protein framework, we
focus on the GPCR structures characterized by seven transmembrane (TM) helice,
which enable us to examine CLRs under a common protein framework of the 7TM
fold [44]. To address whether different GPCRs render different CLR binding sites,
we align 46 GPCR structures along with the bound CLRs according to their protein
backbones. With the PDB structure 4EIY as a reference [15], we used the structure-
based sequence-independent protocol implemented in PyMol (i.e. super command)
for structural alignment [42] (Table 1). We examined the properties or behaviors of
the bound CLRs in the 7TM framework by coloring them by the GPCR type,
absolute and relative B-factors, respectively (Fig. 4). An immediately notable
consensus is that the CLR molecules always align the longest dimension with the
normal direction of the membrane with its hydroxyl group anchored to the membrane
surface via hydrogen bonds to a surface residue or neighboring lipid molecule.
Interestingly, whether CLRs bind to the outer or inner leaflet of the membrane
bilayers seems to bear some correlation with the GPCR type (Fig. 4a). Specifically,
for A,, adenosine receptor and cannabinoid receptors, CLRs favor the outer leaflet
while for the f, adrenergic and serotonin receptors, they are more likely to be
associated with the inner leaflet, at least in the crystal structures currently available
in the PDB (Fig. 4a).

Another remarkable observation is that CLRs are not evenly distributed around
the 7TM framework of GPCRs (Fig. 4). Three major binding sites are found. A
prominent site is located near the kinked TM2 and TM3 helices (denoted TM2/3
site) that constitute a recessed surface between the TM1 and TM4 helices. A second
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Fig. 4 Spatial distribution of bound cholesterol molecules in 46 GPCR structures. Structural
alignment is based on the least-square fitting of the protein backbone structures using the
high resolution crystal structure of A2a adenosine receptor (PDBID: 4EIY) as a reference.
4EIY also serves as a GPCR representative with a rendered surface colored according to
hydrophobicity (green: polar; white: nonpolar), which is shown in four different views. In
each panel, cholesterols (ball-and-stick) are colored according to either the GPCR type or
B-factors. (a) Color by the GPCR type (A2aAR: yellow; f, adrenergic; blue; p-type opioid:
cyan; P2Y: warm pink; cannabinoid: forest; serotonin: light blue). See also Fig. 2b and
Table 1. (b) Color by the B-factors relative to its protein framework according to the rainbow
spectrum (ascending from blue to red). (¢) Color by the relative B-factors in each CLR molecule
using the rainbow spectrum color ascending from blue to red
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site is a concave surface area at the outer membrane layer on the opposite side of the
GPCR structure where the TM6 and TM7 helices sharply bend towards the protein
interior near the middle segment (denoted TM6/7 site). The third site is a small
niche pocket at the intersection of the TM1 and TM8 helices (denoted TM1/8 site)
where CLRs align with the inner membrane segment of TM1 with the hydroxyl
group anchored to TMS8 via hydrogen bonds.

We identify some common structural features among these three sites. First, they
all render recessed and elongated protein surfaces in the membrane segment that
accommodate CLR, a rather rigid lipid molecule. Second, formation of these con-
cave surfaces involves either two adjacent TM helices with the same bending points
(TM2/3 and TM6/7) or at the crossing of two nearly perpendicular helices (TM1/8).
Third, CLR is anchored to the membrane surface via hydrogen bonds mediated by
its polar hydroxyl group. As a result, a single CLR molecule is associated with one
membrane layer and seldom span across the bilayer. Fourth, CLRs seem to co-
localize with bulky aromatic residues. Nearly all CLRs bound to the membrane
proteins captured by crystallography show stacking or VDW interactions with at
least one aromatic residue approaching from the smooth side. Such bulky residues
may significantly alter the binding surface, which prevents the CLR binding due to
steric hindrance. For example, a cluster of aromatic residues in the p, adrenergic
receptor (Phe89, Trp99, Phel01, Phe104, Trp105 and Phe108) clearly prevent CLRs
from binding to the outer membrane segment of the TM2/3 site, a major binding
surface for two side-by-side CLR molecules in the A2a adenosine receptor struc-
tures [10, 11, 15] (Fig. 5a, ¢). The steric effect alone may account for the differential
CLR binding between these two otherwise highly comparable GPCR structures
(RMSD ~1.6 A between 2RH1 and 4ETY) (Fig. 5) [10, 11, 15]. Compared to those
associated with the inner leaflet, CLRs bound to the outer leaflet generally have
lower B-factors relative to the protein framework evidenced by their cooler colors,
suggesting a higher overall stability in the crystal lattice (Fig. 4b). However, the
CLR disposition (inner vs. outer leaflet) does not seem to bear any correlation with
the GPCR signaling state (inactive vs. activated) (Table 1).

5 Orientation Distribution of CLRs Relative to Membrane
Proteins

CLR is a highly asymmetric molecule with distinct rough/smooth sides and sharp/
dull edges (Fig. 1b). While CLR binding shows consensus in the longest dimension,
their axial orientations vary significantly relative to the protein framework. To
characterize the CLR-protein interactions, we search all residues within a 45A
radius from any atoms in CLR as shown in the distance matrix (Fig. 6a). We then
extract the shortest interatomic distance (Dmin) between each atom of CLR and the
protein moiety where both the main chain and side chain atoms are considered in
this calculation (Fig. 6b). We reason that this Dmin plot as a function of each CLR
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Fig. 5 Asymmetry distribution of cholesterols (CLR: blue sticks) and bulky residues (yellow
spheres) in two types of GPCRs. (a) CLRs bind to the inner membrane leaflet in f3, adrenergic
receptor (PDB: 2RH1 in gray ribbon). (b) CLRs favor the outer membrane leaflet in A,, adenosine
receptor (4EIY in green ribbon). (¢) Superposition of 2RH1 (grey) and 4EIY (green) structures
along with their CLRs and aromatic residues (yellow spheres) show in the same view as (a and b).
(d) The TMO6/7 site of A,, adenosine receptor is shown in a different view from (b) as indicated

atom not only captures the overall proximity between CLR and the protein matrix
but also reveals the binding mode, that is, which side or edge of CLR engages in
direct protein interactions. While the proximity informs on the binding affinity, the
orientation describes the binding mode of CLR.

We therefore obtained the 178 Dmin plots using all CLR molecules in 73 mem-
brane protein structures of different types (Fig. 6b). It is noteworthy that the Dmin
standard deviations associated with the edge atoms (e.g. C6/C7, C11/C12, C15/
C16) are larger than those for the centric atoms (i.e. C8/C9/C10, C13 and C17)
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Fig. 6 Cholesterol-protein interactions. (a) Distance matrix between all atoms of a cholesterol
(CLR) molecule and the protein atoms within 4.5 A radius from CLR. (b) The shortest distance
between each atom of CLR and its corresponding protein structure is plotted to characterize the
interface at each CLR-binding site. All together, 178 cholesterol molecules from 73 PDB entries
are included. Black error bars represent the standard deviations of the minimal protein-cholesterol
distance for each atom. Shaded squares mark the three close contact points
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apparently resulted from the variable CLR orientation. Furthermore, the top three
shortest Dmin values are respectively associated with the O1 atom in the polar
hydroxyl group, C7 on the sharp edge and C18 on the rough side, which represent
the closest contact points between CLR and the protein matrix. Not surprisingly, the
atoms forming the flexible tail group show the largest Dmin deviations.

To address whether CLR displays any preferred modes of binding in membrane
proteins, we jointly analyze this collection of 178 Dmin plots by subjecting the
corresponding data matrix to singular value decomposition analysis (Fig. 7a), from
which we identify three significant components (Fig. 7b). In a SVD analysis, every
decomposed SVD component is orthonormal to the other SVD components [41,
45]. In other words, the characteristic distance feature manifested in each left
singular vector (ul, u2...) is unique and cannot be represented by any other
components or their combination. By definition, the left singular vector (u1)
corresponding to the top SVD component represents the average Dmin values
between CLR and the protein matrix. The second component (#2) clearly singles
out a structural feature uniquely associated with the flexible tail group. And the third
component (#3) displays oscillating behaviors both in terms of sign and amplitude,
supporting that u3 captures the axial orientation of CLR. The oscillation of u3
results from the CLR rotation about its longest dimension, (Fig. 1b), where the
atoms on the same edge or side move together, therefore showing the concurrent or
grouped changes in distance that occur as CLR spins (Fig. 7c, d).

To determine whether the flexibility (#2) and orientation (#3) of CLR bear any
correlation with the CLR-protein distances (u1), we examine the three pairwise
scatter plots between the right singular vectors associated with the decomposed
components (#1, #2 and ©3). Each dot in such a scatter plot corresponds to a bound
CLR molecule from one of the 73 crystal structures examined. The ¢1-c2 scatter
plot of the first two SVD components shows a wider distribution in the ¢2 dimension
at larger ¢1 values suggesting that the tail group of CLR tends to be more flexible
when the CLR is further away from the protein (Fig. 7c). The continuous distribution
of c3 evident in both c/-c3 and c2-c3 plots suggest that CLR binding to the protein
has no obvious preferred axial orientation. However, a positive correlation between
cl and c3 is observed with a slight skew towards the negative side in the ¢3
dimension. We postulate that CLR is more likely to approach the protein surface
from its “sharp” edge (defined by C6-C7 and C15-C16), giving rise to the intimate
CLR-protein interactions consistent with the shorter distances in c1.

6 Concluding Remarks

With the recent advances in structural biology of membrane proteins, the number of
the atomic-resolution crystal structures with bound cholesterol molecules has
increased significantly. This work presents a comprehensive survey of the direct
cholesterol-protein interactions in 73 membrane protein structures in the Protein
Data Bank. By examining the spatial and orientation distributions of cholesterol
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data fitting, they simply serve as a visual guide to aid the discussion. (¢) The plots of the left singular
vectors (u/-u3) for the top three components. (d) The ball-and-stick structure of a bound cholesterol
molecule (4EIY CLR A2405) is shown with the rough side facing the protein surface in its concave
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relative to the protein framework, we extract the common characteristics of choles-
terol binding sites in membrane proteins. Our joint analysis shows that almost all
observed cholesterol molecules orient the longest dimension along the normal
direction within a membrane monolayer, which is guided by the hydroxyl group
forming hydrogen bonds with residues on the membrane surface. Cholesterol
clearly prefers the recessed protein surfaces and often engages in VDW interactions
with aromatic residues via the smooth side of the sterol rings. However, despite its
asymmetric shape, cholesterol does not seem to adopt specific axial orientations.
The orientation of a loosely bound CLR near the protein surface is also influenced
by interactions with the neighboring lipid or detergent molecules in crystal lattice.
However, for those closely associated CLRs, where and how they bind to the
membrane protein largely depend on the surface complementarity at individual
locations, which is in turn dictated by the protein tertiary structure in a given
functional state as well as the surface distribution of bulky residues. We must point
out that many GPCR crystal structures were determined using engineered membrane
proteins where one of the intracellular or extracellular loops are replaced by the
well-behaved soluble proteins such as T4 lysozyme (T4L) or apocytochrome
bseRIL (BRIL) [10, 11, 15]. Whether T4L or BRIL fusion has any effect on the
mode of cholesterol binding remains to be seen. In the absence of a universal
consensus sequence, this survey offers some guidelines for prediction and
modification of a potential cholesterol site in membrane proteins.
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Abstract The extensive experimental and computational evidences revealed that
cholesterol is involved in the drug binding to G protein-coupled receptor (GPCR)
targets that is influenced by the membrane environment and external functions.
These multifunctional factors make the understanding of the molecular mechanism
of action in greater detail an entirely difficult task. Significant efforts have been
made for better understanding the role of multi-directional specific, receptor-
dependent interactions of cholesterol, and its effects on drug design and develop-
ment. Additional efforts must be made in this complex system in order to shed more
light on cholesterol molecular basis of action. The results of molecular simulations
that complemented experimental data may reveal new aspects of GPCR-cholesterol
interactions and may provide a comprehensive understanding of receptor function.
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1 Introduction

Cholesterol is a well-known lipid molecule that exists in the membranes of the most
animal species. In recent years, the roles of the molecular components that constitute
membranes, such as cholesterol, have been emphasized in order to understand their bio-
logical role. Cholesterol is not only a membrane component that affects drug diffusion
but also interacts with physiological proteins. These proteins include G protein-coupled
receptors (GPCRs) in which cholesterol has specific binding sites. Based on proteins
known to interact with cholesterol, a cholesterol recognition/interaction amino acid con-
sensus (CRAC) has been suggested. Besides, it is well known that high concentrations of
cholesterol in the atherosclerotic plaques are leading to heart diseases. Deviations in cho-
lesterol homeostasis contribute not only to heart diseases and stroke, but also to common
sporadic and complex disorders, including type II diabetes and Alzheimer's disease.
Thus, cholesterol is considered to play a dual role in the human health. From one aspect,
exerts many physiological functions but on the other hand, if physiological concentra-
tions are exceeded, it can be detrimental to the human health [1, 2].

Scheme 1 illustrates the possible interactions of cholesterol and the factors affect-
ing its functions on GPCRs. The following sections summarize some of the effects of
cholesterol on membranes and discuss the recent evidence of modulation of their
interactions and functions with GPCRs. Recent reviews and the special issue of the
Chemistry and Physics on cholesterol (2016) are excellent sources to provide more
information on properties and functions of cholesterol [3-6]. The purpose of this
review paper is to formulate the effects of cholesterol on GPCRs and its implications
on human health with some suggestions to promote prospective research activities.

=
\\ %

Scheme 1 Cholesterol is a major membrane component and interacts with membrane constituents
and GPCRs. Its effects are also governed by external factors. The proper equilibrium of all these
factors results in cholesterol exerting its beneficial results. However, in pathological states choles-
terol may cause equally detrimental effects
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2 3D Structure of Cholesterol

The biologically vital function of cholesterol is due to its unique molecular features
(Fig. 1). Its structure consists of four linked hydrocarbon rings forming the bulky steroid
structure. Cholesterol as shown in Fig. 1 is a sterol i.e. combines the skeleton of a steroid
with a hydroxyl group. Cholesterol possesses two orthogonal methyl groups on its qua-
ternary centers, i.e. C18 and C19 methyl groups, pointing to the B-phase and creating the
so called “P rough surface”. It lacks such methyl groups at the two tertiary carbons C8
and C14 thus creating the so called “a smooth surface”. It contains a flexible isooctyl
hydrocarbon tail linked to the carbon (C17) of the cyclopentyl ring D and a 3p-hydroxyl
(head group) linked to the other end of the A ring. This hydroxyl polar group provides
the amphipathicity to the lipophilic molecule. Thus, cholesterol contains mostly a struc-
tural rigid part, a flexible chain and a hydroxyl group fixed at the 3 position. This
3p-hydroxyl group is considered as the anchor for its position in the vicinity of the lipid-
water interface, while the rest of the hydrophobic core aims to fit between the hydropho-
bic chains of the lipids. Another important structural feature of cholesterol is its chirality.
Cholesterol is a chiral molecule with multiple chiral centers [7, 8].

3 Cholesterol Rafts

As cholesterol contains only a single polar group it is more hydrophobic than a
phospholipid. Consequently, although most cholesterol molecules in a membrane
are located with their hydroxyl groups in the headgroup region of the lipid bilayer
and with their hydrophobic ring systems almost perpendicular to the plane of the
membrane, a proportion of the cholesterol molecules occupies positions deep within
the fatty acyl chain region of the bilayer, close to the bilayer center, as shown by
neutron diffraction studies and all atoms (AA) and coarse-grained (CG) molecular
dynamics (MD) simulations. The latter position is consistent with the reported high
rate of flip-flop of cholesterol across the membrane [9-14].

Ceramide is a subfamily of sphingolipid and like cholesterol contains a highly hydro-
phobic carbon skeleton linked to a hydroxyl group. Therefore, it is directed in a similar
manner in the bilayer leading to a natural displacement or exchange of cholesterol [15].

Fig. 1 2D and 3D molecular structures of cholesterol
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Ceramide can be generated enzymatically from sphingomyelin that interacts with cho-
lesterol for lipid raft formation. Consequently, cholesterol by enriching lipid rafts, serves
as platform for signaling transduction of proteins in the plasma membrane. On the other
hand, the solubility of cholesterol in the membrane is limited as it produces crystals in
higher molar fractions and it is responsible for modifying physical properties of lipid
bilayers [16]. An important structural feature of the binding of sterol molecules to water-
soluble sterol-binding proteins is the hydrophobicity of the sterol ring system. However,
together with hydrophobic effects, cholesterol-membrane protein interactions are driven
predominantly by hydrogen bonding interactions formed by the cholesterol hydroxyl
group. Indeed, all resolved structures for membrane protein-bound cholesterol depict
the presence of such hydrogen bonds [14].

4 Cholesterol: Drug Interactions on GPCRs

The focus of this review is to highlight the recent findings about cholesterol binding
to the GPCRs. GPCRs constitute the largest superfamily in the eukaryotic cells.
They are characterized by a highly conserved seven transmembrane (TM) core
architecture interconnected by extracellular and intracellular loops. They are classi-
fied into five families. GPCRs are fundamentally important as versatile and dynamic
in the signal transduction and cellular response to different kinds of extracellular
stimuli. They adopt various active and inactive conformations that are stabilized by
appropriate ligands acting as agonists or antagonists. They also represent major i.e.
~30% drug targets in all clinical areas [17, 18].

The abundant cholesterol in the plasma membrane of eukaryotic cells is close to
all integral membrane proteins, and the function of some GPCRs has been shown to
be dependent on cholesterol [19, 20].

The fluidity and curvature of the membrane, lateral pressure and membrane
thickness can influence the cholesterol approach, as well as itself and other drugs
binding to the GPCRs [20].

Cholesterol may approach to the GPCR-membrane environment with direct or
indirect pathways (Fig. 2). It affects the incorporation of drug molecules in the
receptor-binding site if they are considered to act through a membrane pathway. For
example, it was found that due to the denser lipid packing in the cholesterol rich
lipid raft, losartan, a drug molecule that acts on the AT1 receptor from a GPCR fam-
ily, is likely to be excluded from this area, and preferentially found in the more fluid
plasma membrane regions [21, 22]. In this region, losartan can accumulate and
finally reach the AT1 receptor site (Fig. 3).

5 Direct Action of Cholesterol on GPCR Receptors

The following observations in a recent review article [3] are of great importance: (a)
cholesterol can form hydrogen bonds through its 38-hydroxyl group with the TM
surfaces of GPCRs including exposed polypeptide backbone bonds and exposed
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Direct pathway ( ’ Indirect pathway
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L rfimm

Fig. 2 Indirect or two step mechanism of action for cholesterol. In the first step cholesterol is
postulated to embed itself in the lipid matrix and in the second step is laterally diffused to the active
site of GPCR. In the direct mechanism it reaches the active site of the receptor through its mouth

Receptor

?Glycolipid . losartan gPhospholipid . Receptor lChoIesterol

Fig.3 A possible mode of action for losartan where cholesterol interferes with its action. Losartan
avoids the cholesterol lipid rafts and localizes itself in other regions where it can easily diffuse and
reaches the AT receptor site

side chain polar residues; (b) these hydrogen bonding interactions depend on the
partitioning of cholesterol between surface and deep locations in the lipid bilayer,
and on steric interactions between the cholesterol molecules and the protein surface
and lipid fatty acyl chains close to the binding site; (c) changes in entropy can be
important as the binding, for example in a deep cleft, decreases the entropy of the
receptor complex but consequently increases the entropy for the phospholipid fatty
acyl chains; (d) hydrogen bonds are observed in all high affinity GPCR-cholesterol
complexes but also many non-hydrogen bonded backbone carbonyl groups and side
chains exposed on the TM surface of the GPCRs do interact with cholesterol accord-
ing to the MD simulations; (e) multiple binding sites of cholesterol in the membrane
interface and in the deep regions make difficult the direct experimental evidence for
revealing the importance of deep cholesterol sites, i.e., with GPCRs. (f) The pres-
ence of cholesterol or cholesterol hemisuccinate increases the thermal stability of
many GPCRs in detergent micelles and in lipid bilayers and, in some cases, increases
the affinity for agonists with unclear mechanisms; (g) addition of cholesterol to the
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B2 adrenergic receptor expressed in Sf9 insect cells, where the cholesterol level is
low, led to a two-fold increase in affinity for the partial inverse agonist timolol but
no change for the full agonist isoproterenol; (h) the binding interaction of deep
cholesterol molecules with the A,, receptor is comparable to that with the f2 adren-
ergic receptor; (i) serotonin; , receptor was the first one found to exhibit cholesterol-
dependent functional modulation in terms of both ligand binding and G-protein
coupling [18]. The serotonin, , receptor is an important neurotransmitter receptor of
the GPCR superfamily and is implicated in the generation and modulation of vari-
ous cognitive, behavioral and developmental functions. By analyzing the maximum
occupancy of cholesterol molecules at different sites on the serotonin,, receptor,
several cholesterol hot-spots have been identified [19]. These hot-spots correspond
to the sites of maximum occupancy i.e. which was on average higher than the
remaining regions of the receptor. The cholesterol occupancy sites were observed to
be present on both near the plasma and deep in the TM region [23].

Analysis of sensitivity of the receptor in conditions of thermal deactivation, pH,
and proteolytic digestion in control has been performed. Cholesterol-depletion with
methyl-#-cyclodextrin (Mp CD), a water-soluble polymer with a non-polar central
cavity that has been shown to selectively and efficiently extract cholesterol from
cellular membranes by incorporating it in a central nonpolar cavity, in cholesterol-
enriched membranes, comprehensively demonstrates that membrane cholesterol
stabilizes the serotonin,, receptor [24] (Fig. 4). Cholesterol depletion has been
shown to decrease GnRH-mediated activation of extracellular signal-related kinase
(ERK) and c-Fos gene induction. Repletion of membrane cholesterol rescued raft
localization and GnRH receptor signaling to ERK and c-Fos [25]. Similarly, the
Neurokinin type 1 receptor-mediated intracellular signaling that induces phosphor-
ylation and activation of the extracellular signal-regulated kinase (ERK) was abol-
ished after cholesterol depletion with M3 CD [26].

Cholesterol replenishment of solubilized membranes to explore the stereospe-
cific stringency of cholesterol for receptor function was studied using two stereoiso-
mers of cholesterol, ent-cholesterol (an enantiomer of cholesterol) and epi-cholesterol
(a diastereomer of cholesterol). It has been shown that while ent-cholesterol could
replace cholesterol in supporting receptor function, epi-cholesterol could not. These
results imply that the requirement of membrane cholesterol for the serotonin,,
receptor function is diastereospecific, yet not enantiospecific (Fig. 5) [27].

Homology modeling of serotonin;, receptor revealed that ligands exhibit lower
binding energies when docked to the receptor in the presence of cholesterol, thereby
implying that membrane cholesterol facilitates ligand binding to the serotonin,,
receptor [28, 29].

Today, it is estimated that there are more than 50 receptors exhibiting cholesterol-
dependent function. A crystal structure of f2-receptor with molecules of cholesterol
is shown in Fig. 6. X-ray diffraction data demonstrates that GPCRs exhibit
cholesterol-dependent conformational dynamics and the presence of high affinity
binding sites on cholesterol. As we discussed above, cholesterol is influenced by
lipids, i.e. phospholipids and sphingolipids, which can accommodate ligand binding
by GPCRs.
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Fig. 4 Stabilization of the Cholesterol Defficient Membrane: unstable receptor
GPCR receptor

(serotonin; s receptor) by
cholesterol

Cholesterol Rich Membrane: stable receptor

The Nobel Prize laureate in 2012 Brian Kobilka and his co-workers resolved two
cholesterol molecules at the groove formed by TM helices I, II, III and IV (Fig. 7).
This site in the crystal structure of the 2-adrenergic receptor is well known as
Cholesterol Consensus Motif (CCM) [30].

Recently, these experimental data and also those obtained with serotonin recep-
tor have been compared with AA and CG MD simulations. The motif on TM helix
V was found as one of the sites with high cholesterol occupancy, thereby confirming
its role as a putative cholesterol binding motif. These computational results that
complemented experimental data, revealed new aspects of GPCR-lipid interactions
and provided a comprehensive understanding of receptor function and made predic-
tions that can be tested in the future [5].

The adenosine A,, receptor (A;4R) is a class-A GPCR that plays a major role in
the heart and brain by regulating oxygen consumption and blood flow. In fact, in the
central nervous system, the A,,R constitutes a potential therapeutic target for the
treatment of Alzheimer and Parkinson’s disease. Gonzalez et al. confirmed the pres-
ence of cholesterol inside the receptor by chemical modification of the A,,R interior



cholesterol

Fig. 5 A schematic representation of the reconstituted serotonin,, receptor replenished with ent-
and epi- cholesterols. Replenishment with cholesterol and ent-cholesterol supports the function of
the receptor, but not with the replenishment of epi-cholesterol

Fig. 6 Direct interactions
of cholesterol with
p2-adrenergic receptor.
Intracellular part of the
receptor is shown on the
top and extracellular loops
are at the bottom
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Fig. 7 Human A,,R at 1.9 A resolution (PDB 5K2D) using X-ray free-electron lasers (XFELs)
with the ligand agonist ZM241385. A cholesterol is also crystallized in the vicinity of the A;uR
agonist

using a biotinylation assay. Combined long-scale MD simulations and experimental
results showed that cholesterol can compete with orthosteric ligands by entering the
receptor interior from the membrane side. Thus, Gonzalez et al. showed that choles-
terol’s impact on A,,R-binding affinity goes beyond pure allosteric modulation and
unveils a new interaction mode between cholesterol and the A,,R that could poten-
tially apply to other GPCRs [6].

Cholesterol binding to the A,,R at allosteric sites has been previously demon-
strated by the high-resolution X-ray crystal structures (PDB ID 3EML) [31] and
PDB ID 5K2D [32]. Computational work has further quantified allosteric choles-
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terol binding to the receptor surface [33, 34] and it suggests a stabilizing effect on
the apo-form of the A,,R [33]. However, the ability of cholesterol to impact ligand-
binding properties through allosteric modulation at the A,,R remains unclear. Two
new cholesterol interaction sites on the A,,R have been detected [35].

The home message from all the experimental and in silico studies of GPCRs with
cholesterol is that it can affect various specific receptor interactions such as between
its sterol ring and isooctyl segments with hydrophobic amino acids (i.e., Leu, Ala
and Val), between C5—-C6 double bond and the aromatic amino acids (i.e., Tyr, Phe),
and between 3f-hydroxyl and the polar amino acids like Arg etc. [36].

6 Cholesterol May Regulate the Conformational Dynamics
of the Receptor

Three conformational states of the receptor, i.e. the inactive state, active state, and
the active state with a mini-Gg protein bound were simulated to study the impact of
protein-lipid interactions on the receptor activation [37]. The simulations studies
have revealed that three specific lipids i.e. glycolipid GM3, cholesterol and phos-
phatidylinositol 4,5-bisphosphate (PIP2), form stable interactions with the receptor,
differentiating these from bulk lipids such as phosphatidylserine (PS), phosphati-
dylethanolamine (PE) and phosphatidylcholine (PC). In total, nine specific lipid-
binding sites were revealed. The strength of lipid interaction with these sites depends
on the conformational state of the receptor, suggesting that these lipids may regulate
the conformational dynamics of the receptor. These results indicate likely allosteric
effects of bound lipids in regulating the functional behavior of GPCRs, providing a
springboard for design of allosteric modulators of these biomedically important
receptors [37].

7 GPCR Oligomerization

There is growing evidence of GPCRs oligomerization which is essential for differ-
ent functions. It is believed to be an important determinant for GPCR function and
cellular signaling and implicated in proper folding of receptors proteins. Therefore,
oligomerization structure provides the framework for efficient and controlled signal
transduction and also a target for rational drug design. The role of membrane cho-
lesterol and of the actin cytoskeleton in GPCR oligomerization, was revealed using
a combined approach of homo-fluorescence resonance energy transfer (FRET) and
CG MD simulations [33].

MD simulations aided to pinpoint TM helices involved in forming the receptor
dimer interfaces [38—42]. The receptor dimer interface appears to be dependent on
membrane cholesterol content. In addition, the possibility of homo- and hetero-



Effects of Cholesterol on GPCR Function: Insights from Computational... 99

oligomerization of GPCRs provides diversity and potential applications to future
drug discovery [5]. Compounds that may prefer either GPCR dimers or monomers
are under consideration for novel drug development. Receptor oligomerization state
under various pathophysiological conditions can give rise to pharmacological diver-
sity and opens new avenues for therapeutics. For example, it can lead to the develop-
ment of drugs that inhibit the activity of heterodimers of angiotensin II receptor type
1 (AT1R) and chemokine type 2 receptor (CCR2) for the treatment of chronic kid-
ney disease. Post-synaptic heterodimers of A,,R and dopamine D2 receptor can be
the target of A,4R antagonists in the treatment of Parkinson’s disease.

The presence of constitutive oligomers of the serotonin;, receptor has been pro-
posed. Cholesterol mediates effects in GPCR dimers which appear to be receptor-
specific as found in B2-adrenergic serotonin;, heterodimers. The most favorable
cholesterol interaction site in the f,-adrenergic receptor was at TM helix 1V, as
opposed to several cholesterol interaction sites of comparable occupancies, includ-
ing TM helices I, V and VI in the serotonin, 4 receptor. This leads to the destabiliza-
tion of the TM helix IV/V interface in the f2-adrenergic receptor in the presence of
cholesterol, and an opposing stabilization of the flexible helix I-II interface in the
dimer regime in the serotonin,, receptor [43—45].

Certain GPCRs can be expressed and function in Escherichia coli membranes,
which lack cholesterol [46].

In a commentary manuscript, the significance of palmitoylation and dimer for-
mation was pointed out [47]. For example, in the structure of f2AR, cholesterol was
palmitoylated, contributing also in GPCR dimer formation. It is possible that this
effect was largely observed due to crystal packing conditions but such an arrange-
ment could influence GPCR activity in vivo. In contrast to the f2AR crystal struc-
ture, the palmitoate group on p-opioid receptor (OPRM1) is not located on the
carboxy-terminal tail but on the intracellular side of TM III helix. In $,AR, the
dimer interface involves TM1 and helix 8 in the carboxy-terminal tail whereas the
OPRMI1 dimer interface is predicted to be between TM4 of each protomer, with the
palmitoate bound to the carboxy terminal side of TM3. This difference in receptor
interface may be driven by the location of palmitoylation and it is possible that regu-
lation of palmitoylation states could dynamically influence the dimerization inter-
faces of GPCRs. The complex interplay between receptor, cholesterol and palmitoate
[48] lends support to the model suggested by the crystal structure of B,AR by dem-
onstrating a role for sterols and lipids in GPCR dimerization in vivo [49].

Insights in the GPCRs oligomerization states are outlining the effectiveness of
CG MD simulations and the results obtained using Martini force field. It is interest-
ing the optimistic notion mentioned in this recent review article: “the nature of the
data produced by this method will increase in complexity to become closer and
closer to realistic membrane compositions with time scales reaching experimental
observables and it is incredibly exciting to envision the data that will be accessible
in 5-10 years” [50].

Modern computational resources allow further refining of structural data and
deepen our understanding of cholesterol-GPCR interactions. Computational chem-
istry offers a range of simulation, multi-scale modeling and virtual screening tools
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for definition and analysis of protein-cholesterol and membrane-cholesterol interac-
tions. Development of new techniques on statistical methods and free energy simu-
lations helps for better understanding of these chemical interactions.

8 Conclusions

Cholesterol is an amphoteric molecule associated with life and health. [51] The long
steroid skeletal and isooctyl alkyl chain in cholesterol molecule add to its high lipo-
philic character while the 3p-hydroxyl group contributes to its polarity and amphi-
philicity. The § surface of cholesterol contains two methyl groups and it is rough
while the o surface does not contain substitutions and is therefore a smooth surface.
These structural characteristics along with its high chirality are responsible for its
versatile interactions with the lipid components of lipid bilayers as well as proteins.
Among the proteins that interact with cholesterol are the GPCRs, a receptor group
that is implicated in pharmacological function and drug discovery.

So far, AA [4, 34], CG MD simulations [4, 49, 50] and experimental results from
X-ray crystallography [30], solid state NMR [46], ESR [52] and FRET [53], clearly
show primary binding sites of cholesterol and its ability to modulate the function of
GPCRs and interference with the drug action. MS-spectroscopy also seems to be a
promising method allowing the detection of stable binding positions of lipids to
membrane proteins [54, 55].

With the development of high throughput techniques, it will further be possible
to understand the intricate mechanism of cholesterol and membrane mediated
GPCRs activation which will ultimately pave a way for the development of novel
therapeutic approaches.
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Sara L. Morales-Lazaro and Tamara Rosenbaum

Abstract Cholesterol is the one of the major constituents of cell membranes pro-
viding these structures with a certain degree of rigidity. Proteins, such as ion chan-
nels, are molecules inserted in cell membranes and their activity is regulated by
cholesterol and other molecules of a lipidic nature present in them. The molecular
mechanisms underlying the regulation of ion channels by lipids and similar mole-
cules have been an object of study for several years. A little over two decades ago,
the first mammalian member of the Transient Receptor Potential (TRP) family of
ion channels was cloned. This protein, the TRPV1 channel, was shown to integrate
several types of noxious signals in sensory neurons and to participate in processes
associated to the generation of pain. Thus, TRPV1 has become the target of intense
research directed towards finding potential inhibitors of its activity in an effort to
control pain. To date, several activators and positive modulators of the activity of
TRPV1 have been described. However, very few naturally-occurring inhibitors are
known. An endogenously-produced molecule that inhibits the activity of TRPV1 is
cholesterol. This chapter focuses on describing the mechanisms by which the activ-
ity of TRPV1 can be regulated by this sterol.

Keywords TRPV1 - Cholesterol - Ion channel

1 Introduction

Evolution has allowed different organisms, from invertebrates to vertebrates, to
develop the capacity to respond to a wide variety of harmful stimuli for the purpose
of preserving their integrity [1]. Ion channels, which are specialized proteins present
in the membranes of cells, are among the molecules that allow for the detection of
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such noxious signals. Some of these ion channels can be activated, in a polymodal
fashion, by thermal, chemical and mechanical signals. The activation of these
multimeric proteins allows the fast passive diffusion of ions across cell membranes,
converting different noxious messages into electrical signals [1].

The family of Transient Receptor Potential (TRP) non-selective cation channels
are classified into seven subfamilies: TRPA (Ankyrin), TRPC (Canonical), TRPM
(Melastatin), TRPML (Mucolipin), TRPP (Polycystic), TRPV (Vanilloid) and
TRPN (no mechanoreceptor) [2]. Most of these channels have been described in
mammals, however the TRPN channel has only been identified in insects, nematodes,
zebrafish and amphibians [2].

TRP channels are structurally similar to voltage-gated ion channels [3], consist-
ing of four subunits that are associated as homo or heterotretramers [4] (Fig. 1a).
Each subunit is a protein that consists of six transmembrane domains (S1-6), with
amino- and carboxyl-termini located intracellularly and an ionic conduction pore
formed in the tetramer by the linker located between the S5 and S6 [4] (Fig. 1b). As
in all other proteins, TRP channels exhibit a tight relationship between their struc-
ture and their function and contain amino acid residues that give rise to regions that
constitute activation sites for the channels by diverse stimuli.

TRP channels of mammals are abundantly expressed in sensory neurons from dor-
sal root and trigeminal ganglia (DRG and TG, respectively), among other several
types of cells, where they enable the detection of harmful signals [5]. Among these
TRP channels, we find TRPA1, TRPMS8, TRPM3 and some members of the vanilloid
receptors (TRPV1-4) [5, 6]. All of these proteins are termed thermo-TRP channels
because they can be activated by cold (TRPA1 and TRPMS) [7, 8] or by warm or hot
temperatures (TRPM3, TRPVI-TRPV4) [6, 9-12]. These polymodal ion channels
can also be activated by several chemical compounds found in plants. For example,
TRPAL is activated by isothiocyanates in garlic and mustard oil [13]; TRPMS is acti-

Tetramer

Fig. 1 TRPV1 ion channel topology. (a) Fourfold symmetry of TRP ion channel surrounded a pore
the ion pore conduction (modified from PDB 3J5P). (b) The TRP subunit is composed of six trans-
membrane segments (S1-S6), an amino with a segment of six ankyrin repeats and carboxyl-end
located intracellularly. The external pore the ion-conductivity pore is lined by linker between S5-6
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vated by menthol [8] and TRPV1 is activated by capsaicin, the pungent compounds
found in chili peppers of the Capsicum genus [10]. Additionally, some endogenous
compounds (of a lipidic and/or peptidic nature) released during tissue injury or inflam-
mation, are potent activators of these channels [14]. Thus, pathological states where
there is an upregulation of these inflammatory mediators are accompanied by pain due
to the activation of these ion channels located in the surface of sensory neurons.

To date, a large number of compounds that activate these channels has been iden-
tified and there is ongoing research focused on finding inhibitory molecules, which
will be of therapeutic value if they can counteract the pain associated with the acti-
vation of these proteins [15]. TRPV1 has been the most studied member of the TRP-
channel family due to its roles in acute and chronic pain, as will be discussed in
detail in the next section.

2 TRPV1: More than a Capsaicin Receptor

The vanilloid subfamily contains the better studied member of the family of TRP
ion channels, the capsaicin receptor (TRPV1). This receptor was first cloned in
1997 [10] and identified as a channel directly activated or modulated by several
noxious inputs such as hot temperatures (>42 °C), natural irritant compounds (i.e.,
capsaicin, allicin), toxins from plants or spider venoms (resiniferatoxin and double-
Knot toxin, respectively), extracellular acid or intracellular alkaline pH and by
endogenous lipid mediators such as anandamide, lysophosphatidic acid (LPA),
diacylglycerol, phosphatidylinositol 4,5-biphosphate (PIP,), and arachidonic acid
or lipoxygenase products [10, 16].

Furthermore, the first high-resolution structure of TRP channels to be resolved
was that of TRPV1 [17]. The resolved three-dimensional structure was obtained by
using single particle electron cryomicroscopy (cryo-EM), corroborating that TRPV 1
exhibits a fourfold symmetry that surrounds a central pore formed by the extracellular
linker located between S5-S6 [17] (Fig. la). The S1-S4 voltage-sensing like
domains are contiguous to S5-S6 and tetrameric organization is enabled by
interactions between the intracellular domains: the amino and carboxy ends [17].
Interestingly, S1-S4 domains provide a long surface for the interaction of lipophilic
ligands such as capsaicin, anandamide, resiniferatoxin or lipid mediators [17] and
allicin binds to an ankyrin repeat domain in the N-terminus [18].

In this regard, our group has described that oleic acid, a lipophilic ligand, binds
to the same pocket as capsaicin does; however, in contrast to capsaicin, the effect of
this interaction is the inhibition of the activity of TRPV1, constituting one of the
scarce antagonists described for this channel [19]. In this respect, it has also been
reported that another lipophilic molecule, namely cholesterol, modulates TRPV1
function and such modulation has been proposed as a two-pronged mechanism:
cholesterol indirectly regulates TRPV1 through changes in the properties of the
membrane [20-23] or through a direct interaction with a region in the structure of
TRPV1 [24, 25]. The following sections will describe the current knowledge on the
effects of cholesterol on TRPV1 function.
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3 Effects of Membrane Cholesterol Depletion on TRPV1
Function

Plasma membranes are composed of lipid molecules and proteins and the major
lipid constituent in animal membranes is cholesterol, an amphipathic molecule
formed by a rigid planar tetracyclic ring with an angular methyl group on a side, an
aliphatic chain (isooctyl) attached to C7 and a p-hydroxyl group at the C3 position
[26]. The latter is a functional group important for H-bond formation.

Cholesterol distribution in the plasma membrane is confined to microdomains
called lipid rafts, which are cholesterol- and sphingolipid-enriched membrane
domains characterized by their insolubility in Triton X-100 detergent, thus, they are
also known as detergent-resistant membranes (DRMs) [27]. These membrane rafts
form functional platforms for regulating signal pathways where some protein
receptors are clustered [28]. Interestingly, some ligand-gated receptors, such as
some ion channels, have been shown to be localized in these kinds of microdomains
[29]. For example, the TRPV1 ion channel has been suggested to be localized in
lipid rafts from DRG [21] or TG neurons, while transiently-transfected TRPV1 in
cell lines like HEK293, has not been shown to be present in these specialized
membrane domains [24].

Experimental evidences show that membrane depletion of cholesterol modifies
the activation of TRPV1 by capsaicin and protons [21]. This was determined by
performing whole-cell patch-clamp recordings in DRG neurons pretreated with
methyl p-cyclodextrin (MPCD, which removes membrane-bound cholesterol). In
these experiments, this pretreatment significantly decreased the amplitude of
capsaicin- and proton-evoked currents as compared to untreated neurons [21].
Additionally, TRPV1 clusters localized to the surface of DRG neurons was
drastically decreased when neurons were depleted of cholesterol [21]. Thus, the
integrity of cholesterol in the plasma membranes of cells determines the appropriate
localization and function of the TRPV1 channel.

Similarly, it was demonstrated that the effects of capsaicin and resiniferatoxin
are abrogated in neurons from trigeminal ganglia depleted of cholesterol, since Ca>*
influx decreased in cells pretreated with MPCD [22]. Notably, this decrease was
also observed when the neurons were treated with compounds that disrupt other
lipid raft components such as sphingomyelin, indicating that lipid raft disruption
affects Ca** influx related to the activation of TRPV1 [22].

In addition to these observations, recently it has been shown that rat TRPV1
channels transiently expressed in F11 (rat embryonic dorsal root ganglion) cells,
co-localized with specific markers of lipid rafts such as flotillin [25], confirming the
presence of TRPV1 in these specialized microdomains. Thus, lipid raft disruption
could be a key way for the attenuation of TRPV 1 activation and of the physiological
effects linked to the function of this ion channel.

These experimental evidences show that TRPV 1 localization to DMRs is depen-
dent upon the presence of cholesterol in the membranes from DRG neurons, the
native expression system. However, under experimental conditions where there is
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transient expression of TRPVI in epithelial cell lines, such as HEK293 cells,
TRPV1 has not been found in these specialized microdomains [24]. These could be
explained by the fact that different cells exhibit varying cholesterol contents. It is
possible that neurons are a subtype of cells that contain higher cholesterol levels in
their plasma membranes as compared to other types of cells and that cholesterol
depletion leads to severe changes on the localization of particular proteins.

4 The TRPV1 Channel is Regulated by Cholesterol
Via Specific Interactions

To date, numerous ion channels whose function can be modified by cholesterol have
been identified. However, there are few channels have been shown to be regulated
by this sterol through direct and specific interactions [30]. Among these channels
are some potassium (K, BK¢,) channels [31-34], ligand-gated channels (GABA,
nAChR, P2X) [35-37], and TRPV1 [24].

Specific interactions of cholesterol with ion channels are largely attributed to the
presence of CRACs, which stands for Cholesterol Recognition/interaction Amino
acid Consensus []. This short linear motif has the sequence (L/V)-X,.5-(Y)-X,.5-(K/R),
where X represents any of one to five amino acids [38]. In addition, cholesterol can
bind to an ion channel by interacting with an inverted CRAC motif named the
CARC domain. This motif (K/R)-X,s-(Y/F)-X,5-(L/V) [39] is different from the
CRAC sequence in its orientation and because the central amino acid can be either
a tyrosine (Y) or a phenylalanine (F) [39]. Moreover, another cholesterol binding
motif has been described as the Cholesterol Consensus Motif (CCM) that, unlike
the other two motifs whose sequences are found in a continuous segment, the
sequence of the CCM motif is bipartite, being located in two adjacent helices: the
first sequence (W/Y)-(I/V/L)-(K/R) found on one helix and the amino acid (F/Y/R)
on the other helix [30, 40].

Some of these cholesterol-binding motifs have only been described for two mem-
bers of the vanilloid receptors: TRPV1 and TRPV4 [24, 25, 41]; however, a direct
interaction of the lipid and a TRP channel, as well as the consequences on the activa-
tion of the protein, has only been demonstrated experimentally for TRPV1 [24].

Previous reports using whole-cell experiments in DRG neurons depleted of cho-
lesterol yielded two possibilities to explain the reduction on capsaicin generated
current densities: alteration of the activity of TRPV1 in the plasma membrane or
modifications on channel trafficking to the membrane. In a study performed by our
research group, we sought to examine the effects of cholesterol on TRPV1 channels
using excised membranes from HEK?293 cells expressing this channel. These
experiments provided a tool to exclude the possible involvement of cholesterol on
cell-trafficking mechanisms and to explore direct effects of the sterol on the ion
channels. Depletion of cholesterol from these membrane patches with MBCD
showed that TRPV1 activation by capsaicin was not affected by this treatment, as
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assessed using inside-out patches with the patch clamp technique. However, the
addition of cholesterol to inside-out membrane patches produced a significant
reduction in rat TRPV1 activation by capsaicin, temperature and voltage. Since
cholesterol enrichment did not modify parameters such as the Hill coefficient and
the K, for activation by capsaicin, we concluded that binding of this agonist to
TRPV1 was unmodified in the presence of cholesterol and not responsible for the
effects of this lipid on channel function [24] .

To further detail the effects of cholesterol on rat TRPV1 function, we performed
noise analysis experiments in inside-out patches from HEK?293 cells expressing
TRPV1 before and after cholesterol depletion in these excised patches. The results
showed that the open probability (Po) of TRPV1 remained similar before and after
cholesterol enrichment. However, the number of functional channels (N) decreased
considerably [24]. These results were confirmed by excised patch single channel
recordings, where cholesterol did not alter the magnitude of the single-channel
currents nor the open probability of the channel. Nonetheless, after a few minutes of
membrane enrichment with cholesterol we observed that the number of capsaicin-
responsive channels decreased during our electrophysiological recordings [24].

In order to determine whether the reduction of the number of functional TRPV1
channels in cholesterol-enriched membranes was due to specific interactions of
cholesterol with the channel, we searched sequences that resembled a possible
CRAC motif and we found an inverted CRAC sequence (CARC motif) located in
the S5 of TRPV1: Rs79Fs50Msg1Fss2Vises Yssalisgs [24] (Fig. 2). We next evaluated the
effects of cholesterol on rat TRPV1 mutant versions where the amino acids
corresponding to the CARC motif were individually substituted by other residues.
Our experiments showed that a charge reversal of the positive amino acid R576 to
an aspartate (D), and the change of the aromatic F582 to a polar amino acid such as
glutamine (Q), partially inhibited the effects of cholesterol on TRPV1 function [24].
Moreover, when L585 was changed to an isoleucine (I), the inhibitory effects of
cholesterol on TRPV1 activity were completely abolished.

In order to demonstrate the stereospecificity of the interaction between choles-
terol and TRPV1, we used a synthetic chiral cholesterol analogue, epicholesterol,
which has the hydroxyl group in position 3« instead of position 3. Membrane

CRAC CARC
rTRPV1 (553) LYYTRGFQQMGIYAVMIEKMILRDLCRFMFVY Il (585)
iso1-hTRPV1 (553) LYYTRGFQQMGIYAVMIEKMILRDLCRFMFVY IR (585)
var-hTRPV1 (651) LYYTRGFQOMGIYAVMIEKMILRDLCRFMFVY M@ (583)

S4 Link S4-S5 S5

Fig. 2 Alignment sequence between the CRAC and CARC domains from rat and human.
Consensus sequence for the CARC motif found in rat TRPV1 channel, (NP_114188) alignment
with the from human TRPV1 isoform 1 (isol-hTRPV 1) (NP_542435) and the genetic variant from
human TRPV1, var-hTRPV1 (ABA06605.1). The alignment also shows that the CRAC motif
is conserved between human and rat TRPV1 channels
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patch incubation with epicholesterol did not modify capsaicin evoked currents, indi-
cating that the effects of cholesterol on rat TRPV1 function are stereospecific [24].

The specificity of cholesterol interactions within the TRPV1 channel was simu-
lated by molecular docking using the recently reported TRPV1 cryo-EM structure
(Fig. 3). These molecular simulations suggest that TRPV 1 interactions with choles-
terol are mediated by CH-rn stacking between the rings of cholesterol (a-face) and
the aromatic ring of the tyrosine or phenylalanine residues located in the middle of
the CARC domain in the channel; whereas leucine or valine make Van der Waals
contacts with the aliphatic chains (methyl and isooctyl groups) located in the B-face
of cholesterol (Fig. 3). Although the 3-OH group of cholesterol on the CRAC motif
is putatively capable of forming H-bonds with the phenol group of the tyrosine, this
is impossible for the CARC motif (contained in the TRPV1 channel), since the aro-
matic ring of the phenylalanine lacks a hydroxyl group. However, it is possible that
the hydroxyl group of cholesterol forms a H-bond with R585 at the inner leaflet, as
has been recently described for other arginine residues located at the inner leaflet
within the TRPV1 channel [25].

Finally, we also evaluated cholesterol effects on the human TRPV1 channel and
found that the isoform 1 of human TRPV1 (isol-hTRPV1, NP_542435) lacks the
leucine in position 585 that is present in the rat TRPV1 sequence, Fig. 2. By further
examining the literature on reported human TRPV1 sequences, we found a genetic
variant (var-hTRPV 1) with a single nucleotide polymorphism that contained a valine
in this position (SNP: rs8065080) [42] (Fig. 2). This is an amino acid that actually
forms part of the CARC motif, so we hypothesized that this variant would exhibit a
similar behavior in response to cholesterol to the one we had observed in the rat
TRPV1. Furthermore, isoform 1 human TRPV1 contains an isoleucine at position
585, aresidue similar to the one we had introduced in the rat TRPV'1 (L5851) and that

Cholesterol

58 ».. ey
F5828: ®
-
R579 %' ™
..,

Fig. 3 Molecular docking simulation of cholesterol bound to TRPV 1. Simulation using the cryo-
EM structure of TRPVI in the closed state (PDB 3J5P, chain a). Docking simulation shows
the proximity between cholesterol and amino acids F582 and L585 located in the CARC motif of
TRPVI
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had produced channels resistant to inhibition by cholesterol. Indeed, it was not sur-
prising to find that activation of the human TRPV1 isoform 1 was not inhibited by
cholesterol. We also found that the substitution in this isoform 1 of I585 by a valine
(as the one present in var-hTRPV1) rendered the channel partially susceptible to
cholesterol [24]. Furthermore, when 1585 from the isol-hTRPV1 was mutated to
leucine (emulating the amino acid contained in the rat TRPV 1), this amino acid sub-
stitution conferred a marked susceptibility to cholesterol, producing isol-hTRPV1-
I585L channels that were inhibited in their activation by capsaicin when the
membrane patches were enriched with this sterol [24].

The isol-hTRPV1 does not contain a CARC domain at the same position where
the rat TRPV1 CARC domain is located. So, it is possible that human or rat TRPV1
channels contain CRAC, CARC or CCM motifs in other sequence positions.
Consistent with this idea, it was recently reported that human TRPV1 has two CRAC
motifs (located in aa’s 349-356 and 553-557), two CARC motifs (located in aa’s 304-
316 and 535-542) and one CCM motif (in aa’s 433-447). Of these cholesterol-bind-
ing regions, the CRAC motif located in the S4 and linker S4-S5 region (553-557 aa)
(Fig. 2) and the CCM motif, are the most conserved between TRPV1 channels from
several species [25]. However, until now, there are only docking simulations showing
the interaction of cholesterol with R557 located in the conserved CRAC motif and
the functional significances of these motifs remain unresolved [25].

5 Cholesterol Depletion Modifies TRPV1 Permeability
to Large-Cations

Plasma membranes properties can be modified according to their lipid composition
(i.e. by cholesterol depletion or enrichment) [43]. Two important features of ion
channels are their gating properties and their ion selectivity and both are highly
dependent upon the membrane lipid content.

Ton selectivity has been considered as a fixed parameter for each channel, how-
ever, it has been described that some of them have dynamic pores, leading permea-
bility to large cations, this process has been known as pore dilation [44—46].
Although, this concept has been reconsidered [47], there are experimental
data demonstrating that some ion channels, such as TRPV1, can permeate large
molecules under specific conditions.

In 2003 Meyers et al., provided the first evidence for the permeation of a large
molecule, the nontoxic fluorescent cationic dye (FM1-43,) through the pore of
TRPV1 [48]. Furthermore, Binshtok et al., demonstrated that when TRPV 1 was acti-
vated by capsaicin, the permeation of a local cationic anesthetic QX-314 (a Na* ion
channel blocker) is allowed, producing local pain inhibition without affecting other
sensations [49]. Additionally, Chung et al., found that sustained TRPV1 exposure to
capsaicin or protons induced a dilated pore allowing for the uptake of YO-PRO1 and
FM1-43 into cells [45]. All these examples show how the TRPV1 can be modified,
rendering the channel permeable to the passage of large cationic molecules.
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Interestingly, these dynamic changes in the TRPV1 pore are susceptible to
changes in the cholesterol content of membranes [20]. This was demonstrated in
CHO cells (Chinese hamster ovary cells) with inducible human TRPV1 expression.
The cholesterol content in these cells was depleted by ~54% through the treatment
with MBCD:cholesterol (10:1) and whole cell patch clamp recordings were used to
evaluate the effects of cholesterol depletion on the permeability to N-methyl-D-
Glucamine (NMDG, a large monovalent cation) [20]. Sustained TRPV1 activation
by capsaicin, under hypocalcemic conditions in cells depleted of cholesterol,
decreased permeability to NMDG, indicating that cholesterol reduction in membrane
affects the ion-permeability properties of the channel [20]. In addition, it has been
shown that sustained TRPV1 activation by capsaicin in CHO cells, leads to
YO-PROI uptake and cholesterol depletion decreases the uptake of this cationic
large dye [20]. Similar effects were observed whether the channels are activated by
protons under sustained and hypocalcemic conditions [20]. In contrast to these
results, the permeability to these large cationic molecules in cells depleted of
cholesterol were unaffected if TRPV 1 was activated by temperature [20], indicating
that the properties on TRPV1 ion-permeability also depend on the type of noxious
stimulus that activates this channel.

6 Cholesterol Effects on TRPV1 Temperature Responses

We have discussed that cholesterol has strong influences on membrane fluidity [50]
which affect the localization or function of transmembrane proteins as ion channels
[43] but the amount of cholesterol in membranes also modifies the sensitivity of
certain receptors to specific stimuli. For example, TRPV3 is also a thermosensitive
channel [51] and it was reported that TRPV3 channels are sensitized to activation by
lower temperatures (below 30 °C) in cholesterol-enriched cells [52].

Effects of cholesterol on TRPV 1’s temperature-sensitivity have been also evalu-
ated [23]. Whole-cell recordings from TRPV I-expressing HEK293 cells with cho-
lesterol enhancement showed that the temperature threshold for TRPV1 activation
was significantly increased, since the half-activation temperature was 50 °C in com-
parison to 48 °C in untreated cells. Notably, the heat response of TRPV1 was
unchanged in cholesterol-depleted cells. Therefore, the temperature threshold for
TRPV1 activation is partially modified only when this sterol is increased in the
membrane.

Thus, it is interesting to note that two structurally-related ion channels, TRPV3
and TRPV1, show distinct responses to cholesterol concentrations in the plasma
membrane. Although it is not clear why these channels exhibit different responses
to cholesterol, it is not uncommon that, even closely-related ion channels, respond
differently to the same molecule. For example, the energetic transitions coupled to
the opening or closing of the pore of a specific ion channel are not necessarily
altered in the same way as what occurs in another ion channel. Moreover, in the
particular cases of TRPV1 and TRPV3, the mechanism by which cholesterol
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modulates thermal sensitivity of TRPV3 is unknown and could very well be through
effects on membrane rigidity and not through a direct a mechanism as the one
described for TRPV1.

7 Conclusion

Fifty years ago, it was unimaginable to consider cholesterol as a regulator of ion
channels, since this sterol was only considered as a key component of the lipid
bilayer where it maintains direct interaction with phospholipids. There is no doubt
that cholesterol content modifies the properties of the membranes, having a strong
influence in the regulation on ion channel function.

Furthermore, this sterol can regulate the function of these integral membrane
proteins in a direct and specific fashion: through the interaction with specific amino
acids within the sequence of these proteins.

This chapter has described the molecular mechanisms underlying the regulation
of TRPV1 function by changes of cholesterol content in the cell plasma membrane
or by direct interaction between the channel and the sterol.

Since cholesterol depletion modifies TRPV1 localization in the plasma mem-
branes from sensory neurons affecting the calcium influx [21, 22], it has been con-
cluded that TRPV1 is confined to specialized microdomains of the membrane: lipid
rafts. The discrepancies observed in some cell lines where TRPV 1 channels has not
been identified in these detergent resistant domains [22, 24] could be attributed to
differences in the amount of cholesterol between cell types. Moreover, cholesterol
depletion from cells also modulates TRPV1 ion-permeability [20], indicating that
the enlargement of the TRPV 1 pore is strongly dependent upon cholesterol content.
This differs from the idea that cholesterol only promotes stiffness of cellular mem-
branes, since for the case of TRPV 1, cholesterol has an important role on the elastic-
ity of its pore. In addition, we have also discussed that cholesterol enrichment
causes changes in TRPV1’s threshold to heat [23]. Together, these experimental
demonstrations, show that TRPV1 is highly susceptible to be regulated by changes
on the amount of cholesterol in the membranes where it is expressed.

We have also detailed on how cholesterol directly inhibits TRPV1 activation by
capsaicin, temperature and voltage through the specific interaction of cholesterol in
a CARC motif located on the S4 from TRPV1 [24] and on the different TRPV1
susceptibilities to cholesterol of different species (rat and human isoform or variants)
[36]. Data from our work group and further examination of the literature, has led us
to conclude that cholesterol can inhibit human TRPV1 activation by interacting
with other cholesterol binding domains recently described [25].

Now, cholesterol is considered as a molecule key in regulating TRPV1 function;
however, the physiological consequences of this regulation have still to be explored.
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Abstract Inwardly rectifying potassium (Kir) channels play a variety of critical
cellular roles including modulating membrane excitability in neurons, cardiomyo-
cytes and muscle cells, and setting the resting membrane potential, heart rate, vas-
cular tone, insulin release, and salt flow across epithelia. These processes are
regulated by a variegated list of modulators. In particular, in recent years, choles-
terol has been shown to modulate a growing number of Kir channels. Subsequent to
the discovery that members of the Kir2 subfamily were down-regulated by choles-
terol, we have shown that members of several other Kir subfamilies were also mod-
ulated by cholesterol. However, not all cholesterol sensitive Kir channels were
down-regulated by cholesterol. Our recent studies focused on three Kir channels:
Kir2.1 (IRK1), Kir3.2* (GIRK2") and Kir3.4* (GIRK4*). Among these, Kir2.1 was
down-regulated by cholesterol whereas Kir3.2” and Kir3.4* were both up-regulated
by cholesterol. Despite the opposite impact of cholesterol on these Kir3 channels
compared to Kir2.1, putative cholesterol binding sites in all three channels were
identified in equivalent transmembrane domains. Interestingly, however, there are
intriguing differences in the specific residues that interact with the cholesterol mol-
ecule in these Kir channels. Here we compare and contrast the molecular character-
istics of the putative cholesterol binding sites in the three channels, and discuss the
potential implications of the differences for the impact of cholesterol on ion
channels.
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1 Introduction

In recent years, it has been demonstrated that a growing number of ion channels are
modulated by cholesterol, a major lipid component of the plasma membrane (e.g.
reviewed in [1-3]). In most cases, an inverse relationship was observed between
cholesterol levels and channel activity. Accordingly, a decrease in cholesterol con-
tent resulted in an increase in channel function whereas an increase in cholesterol
levels led to a decrease in channel activity. Such an inverse relationship has been
observed for several inwardly rectifying potassium channels (e.g. Kirl.1, Kir2.1,
Kir3.1*(GIRK1%#), the homomerically active F137S pore mutant of Kir3.1 [4], and
Kir6.2A36, the C-terminal truncation mutant of Kir6.2 that renders these channels
active as homomers in the absence of sulfonylurea receptor (SUR) subunits [5])
[6-8] (Fig. 1), for voltage gated potassium, sodium and calcium channels [9-14],
and for volume-regulated anion channels [15]. In contrast, very few channels exhib-
ited a direct relationship between cholesterol levels and channel activity in which
increased levels of cholesterol led to increased channel function whereas decreased
levels of cholesterol resulted in a decrease in channel function. These included the
epithelial sodium channels (eNaC) [16, 17], the transient receptor potential canoni-
cal channel TRPC1 [18], and the Ca**-permeable stretch-activated cation channels
(SACs) [19]. In addition, we have shown that the heterotetrameric Kir3 channels in
atrial myocytes (Kir3.1/Kir3.4) [8] and in hippocampal neurons from the CAl
region (Kir3.1/Kir3.2/Kir3.3) [20] were also up-regulated by cholesterol. This
effect was mimicked by pore mutants of the homomeric Kir3.2 (GIRK2) and Kir3.4
(GIRK4) channels that constitute the primary Kir3 subunits in the brain and heart,
respectively (Fig. 1). Specifically, both Kir3.2* (GIRK2”") and Kir3.4* (GIRK4%*)
were up-regulated by cholesterol [8, 20]. Kir3.2” and Kir3.4* are the Kir3.2_E152D

Fig. 1 Effect of 2.0- B Control *
cholesterol enrichment on

4@ + Chol rol
Kir channels. Whole cell 18 B + Cholestero *
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channels (n = 10-64).
Significant difference is
indicated by an asterisk
(*p £0.05). The figure
combines data that were
originally published in [6,
8, 20]
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and Kir3.4_S143T pore mutants of Kir3.2 and Kir3.4, respectively, that enhance the
activity of these homomeric channels [4, 21, 22].

The effect of cholesterol on ion channels was initially attributed to the effect of
its rigid fused ring system on the plasma membrane lipid bilayers (reviewed by [3]).
This notion was supported by observations showing that alterations in cholesterol
levels lead to changes in the physical properties of lipid bilayers including their
rigidity, fluidity, and thickness. It was thus proposed that these modifications in
bilayer properties result in a hydrophobic mismatch between the lipid bilayer and
the transmembrane domains of membrane proteins, thereby affecting their function
[23,24].

However, in recent years, a growing number of crystallographic structures have
demonstrated that cholesterol can bind to transmembrane proteins, suggesting that
it can affect protein function directly [reviewed in 25]. These include a variety of
G-protein coupled receptors, transporters, and the sodium potassium pump, among
others [e.g. 26-34]. Furthermore, there is growing evidence that suggests that cho-
lesterol may affect the function of ion channels directly by binding to the channels
[3, 35-40]. While ion channels complexed with cholesterol have yet to be crystal-
lized, a cryo-electron microscopy structure of TRPM2 in complex with cholesterol
has been recently determined at a 3.07 A resolution demonstrating that cholesterol
may bind directly to ion channels [41]. The concept that cholesterol may bind to ion
channels can be traced to earlier studies on several ion channels (e.g. Kir, BK, nico-
tinic acetylcholine receptor, TRPV1) that demonstrated lack of correlation between
the effect of different sterols on membrane properties and channel function [42—47].
Specifically, studies on the specificity of the nicotinic acetylcholine receptor sterol
activation indicated that it was independent of sterol features that affect bilayer
properties [43]. Similarly, no correlation was observed between the effect of differ-
ent sterols on membrane fluidity and the function of the bacterial KirBac1.1 channel
[44]. Consistent with these observations, studies on the large conductance Ca®* and
voltage-gated K* (BK) channel suggested that an increase in bilayer lateral stress
was unlikely to underlie the differential effect of cholesterol and other sterols on BK
channels function [46]. Notably, unlike cholesterol, its enantiomer, ent-cholesterol
[48], did not have any effect on KirBacl.1, Kir2.1, and BK channels further sup-
porting the notion that cholesterol efficacy requires stereospecific sterol recognition
by the channel protein [45, 46].

More recently, computational studies have identified putative cholesterol binding
sites in several ion channels including the nicotinic acetylcholine receptor and the
TRPYV channel [47, 49, 50]. Additionally, we have identified putative cholesterol
binding sites in Kir2.1, Kir3.2 and Kir3.4 [20, 51, 52]. Functional studies have cor-
roborated the importance of key residues within these binding sites to the choles-
terol sensitivity of the channels.

One of the perplexing observations in terms of the effect of cholesterol on ion
channels is the differential effect of cholesterol on different inwardly rectifying
potassium channels. The inwardly rectifying potassium channel family includes fif-
teen members that have been classified into seven subfamilies (Kirl-7). Kir chan-
nels regulate multiple cellular functions in a variety of tissues including membrane
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excitability in cardiomyocytes, muscle cells and neurons, heart rate, vascular tone,
insulin release and salt flow across epithelia (reviewed by e.g. [53-57]).
Consequently, the effect of alterations in cholesterol levels on Kir function can have
significant physiological implications. Figure 1 summarizes the effect of cholesterol
enrichment on the activity of representative homomeric Kir channels from all Kir
sub-families except for Kir5.1, which is not functional as a homomer. As noted
above and evident in Fig. 1, the impact (up-regulation versus down-regulation) of
cholesterol varies among the different Kir channels. Yet, the structure of all Kir
channels is very similar. They are all composed of four subunits that are each formed
from two membrane spanning helices connected by an extracellular domain and a
pore helix, and cytosolic N- and C- termini [53, 58-65]. Moreover, the homology
among Kir channels is relatively high with an identity that ranges between ~28%
(between Kir7.1 and Kir6.1 or Kir6.2) and ~70% (between Kir2.1 and Kir2.2, and
between Kir3.2 and Kir3.4). In particular, the identity between Kir2.1 and Kir3.2 or
Kir3.4 is ~45%. It is therefore unsurprising that our recent studies of Kir2.1, Kir3.2
and Kir3.4 have identified putative cholesterol binding sites in equivalent trans-
membrane domains of these three channels. However, the structural basis for the
opposite impact of cholesterol on Kir2.1 versus Kir3.2* and Kir3.4* remains puz-
zling. Thus, focusing on Kir2.1 and the Kir3 channels, Kir3.2* and Kir3.4%, we
compared the residues that participate in the putative cholesterol binding pockets in
these three channels.

2 Putative Cholesterol Binding Sites in Kir2.1, Kir3.2
and Kir3.4

2.1 Cholesterol Binding Sites in Kir2.1

The four Kir2 channels, Kir2.x where x = 1-4, were the first inwardly rectifying
potassium channels shown to be modulated by cholesterol. All four channels were
suppressed by cholesterol, albeit to different degrees [6, 7, 42, 66].

In a recent extensive computational-experimental study, we identified two puta-
tive cholesterol binding sites in the transmembrane domain of Kir2.1 (Fig. 2) [52].
Specifically, molecular docking followed by molecular dynamics simulations pre-
dicted that cholesterol may bind to the channel either at a site located at the center
of the transmembrane domain or at a site at the interface of the transmembrane and
cytosolic domains. In agreement with these predictions, functional studies identi-
fied several residues within the two putative binding sites whose mutation signifi-
cantly affected the sensitivity of the channel to cholesterol.

Among the residues whose mutation abrogated or significantly reduced the sen-
sitivity of the channel to cholesterol, we identified 10 hydrophobic aliphatic resi-
dues (A, I, L, V, and M), 2 aromatic residues (Y, F), and 3 small polar residues (C,
S) [52]. Whereas the majority of the hydrophobic residues and one of the small
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Fig. 2 Putative cholesterol binding sites in Kir2.1 are located in the transmembrane domain of the
channel. (a) Whole-cell basal currents recorded in Xenopus oocytes at —80 mV showing the effect
of cholesterol enrichment on Kir2.1 WT and on the mutants listed on the x-axis of the figure
(n =9-90). Error bars, S.E. Significant difference is indicated by an asterisk (*, p < 0.05). Blue
asterisks indicate statistically significant difference with respect to the effect of cholesterol on the
WT construct. (b) Ribbon representation of the transmembrane and extracellular domains of two
adjacent subunits of Kir2.1 (in gray and white) depicting in ball representation (in brick red in one
subunit, and salmon pink in the second subunit) the residues whose mutation affected the sensitiv-
ity of the channel to cholesterol. Also shown are the locations of the cholesterol molecules at the
two putative binding regions (cyan sticks and surface representations). The figure is based on data
that was originally published in [52]

polar residue (S) were located within van der Waals interaction range from at least
one of the cholesterol molecules in the model, backbone atoms of a few of the
hydrophobic residues were within a hydrogen bonding distance from the hydroxyl
group of the cholesterol molecule. In contrast, both aromatic residues (Y68 and
F159) were not interacting directly with any of the cholesterol molecules.
Additionally, one hydrophobic residue (I79) and two of the small polar residues
(C76 and S165) were also not located within interaction distance from either of the
cholesterol putative binding sites. The mutation of these five residues likely affected
the sensitivity of the channel to cholesterol indirectly through residues that directly
interacted with the cholesterol molecule.

The 10 cholesterol-interacting residues whose mutation affected the sensitivity
of the channel to cholesterol did not form a continuous chain. The mutation of sev-
eral other residues that were located within interaction distance from one or both of
the cholesterol molecules did not affect the sensitivity of the channel to cholesterol
(Fig. 3) [52]. These included several hydrophobic aliphatic residues and aromatic
residues among others. One possibility is that these residues were not critical for
cholesterol recognition and/or binding. Alternatively, it is also possible that some of
the mild mutations made, which were designed to minimize the likelihood of loss of
function and non-specific effects, could be tolerated in these particular positions.

Both putative binding sites were located in distinct pockets in between trans-
membrane o-helices of two adjacent subunits. Consequently, membrane phospho-
lipids were occluded from binding to these non-annular sites [36] in molecular
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Fig.3 Transmembrane residues that do not affect the sensitivity of the Kir2.1 to cholesterol engulf
the putative ‘principal’ cholesterol binding site. (a) Whole-cell basal currents recorded in Xenopus
oocytes at —80 mV showing the effect of cholesterol enrichment on Kir2.1 WT and on the mutants
listed on the x-axis of the figure (n = 7-90). Error bars, S.E. Significant difference is indicated by
an asterisk (*, p < 0.05). (b) Surface representation of the putative ‘principal’ cholesterol binding
region in Kir2.1 showing proximal residues whose mutation affected the sensitivity of the channel
to cholesterol (in brick red) along with residues whose mutation did not affect the sensitivity of the
channel to cholesterol (in wheat yellow). Putative orientations of the cholesterol molecule within
this binding region are also shown (cyan sticks and surface representations). (¢) Ribbon representa-
tion of the transmembrane and extracellular domains of two adjacent subunits of Kir2.1 (in gray
and white) depicting cholesterol residues in ball representation (in brick red) whose mutation
affected the sensitivity of the channel to cholesterol as well as residues whose mutation did not
affect the sensitivity of the channel to cholesterol (in wheat yellow). Also shown are the locations
of the cholesterol molecules at the two putative binding regions (cyan sticks and surface represen-
tations). The figure is based on data that were originally published in [52]
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dynamics simulations [52]. Notably, outside the two putative binding pockets,
the mutation of multiple transmembrane residues at annular sites of the channel that
were accessible to membrane phospholipids did not affect the sensitivity of the
channel to cholesterol (see examples in Fig. 3).

Computational analysis of the binding enthalpy and free energy, which are indi-
cators of the binding energy and binding affinity of cholesterol to the channel, sug-
gested that the interaction between the cholesterol molecule and the binding pocket
located at the center of the transmembrane domain may be stronger than the interac-
tion of cholesterol with the pocket located at the interface of the transmembrane and
cytosolic domains of the channel [52]. Yet, mutations of residues in both binding
pockets abrogated the sensitivity of the channel to cholesterol. This suggested
that the binding pocket at the interface between the transmembrane and cytosolic
domains is a short-lived ‘transient’ cholesterol binding site to which cholesterol
binds on its way to the more stable ‘principal’ binding site at the center of the trans-
membrane domain.

2.2 Cholesterol Binding Sites in Kir3.2

In a more recent study, we determined that cholesterol up-regulates Kir3 channels
expressed in the CAl region of the hippocampus [20]. Within this region of the
brain, Kir3.1, Kir3.2a, Kir3.2¢, and Kir3.3 combine to form functional heterotetra-
mers [67-69]. Among these Kir3 subunits, only Kir3.2 can form functional homo-
tetramers [70-72]. Notably, Kir3.2" homotetramers were up-regulated by cholesterol
similarly to the native hippocampal channels [20].

We thus employed a computational-experimental approach to determine whether
despite the opposite impact of cholesterol on Kir2.1 (down-regulated) and Kir3.2*
(up-regulated), cholesterol binds to similar regions in the two inwardly rectifying
potassium channels. This was achieved in two stages (Fig. 4) [20]. First, unbiased
computational studies were utilized to search for potential cholesterol binding sites
in Kir3.2”. These led to the identification of two possible binding sites in two trans-
membrane regions that were similar to the cholesterol binding regions in Kir2.1 [20,
52]. Specifically, one was located at the center of the transmembrane domain and
the other, at the interface between the transmembrane and cytosolic domains of the
channel (Fig. 4c). Second, to test the predictions of the computational analysis, four
different types of residues were defined based on their potential effect on the sensi-
tivity of the channel to cholesterol. The effect of the mutation of representative resi-
dues of each of these types of residues on the sensitivity of the channel to cholesterol
was then determined experimentally (Fig. 4b) [20]. The residues interrogated were:
(1) V99 and L174 in one binding site and V101 and V183 in the second binding site.
According to the computational model, these residues were located at the bottom of
each of the two putative binding sites, and as such, directly interacted with the cho-
lesterol molecule, and were thus expected to play a key role in the sensitivity of the
channel to cholesterol; (2) L86, a residue that could potentially affect the sensitivity
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Fig. 4 Putative cholesterol binding sites in Kir3.2” are located in the transmembrane domain of
the channel. (a) Whole cell basal currents recorded in Xenopus oocytes at —80 mV showing the
effect of cholesterol enrichment on Kir3.2” and L86V, V991, M100L, V101A, L174V, V1831, and
1195M (n = 11-23). Significant difference is indicated by an asterisk (*, p < 0.05). (b) Ribbon
representation of the transmembrane and extracellular domains of two adjacent subunits of Kir3.2
(in gray and white) depicting in ball representation (in brick red in one subunit, and salmon pink in
the second subunit) the residues whose mutation affected the sensitivity of the channel to choles-
terol. Also shown in ball representation are residues whose mutation did not affect the sensitivity
of the channel to cholesterol (in yellow in one subunit, and wheat yellow in the second subunit).
(c) Location of the cholesterol molecule (yellow and magenta) at two putative cholesterol-binding
sites of Kir3.2” between two adjacent subunits of the channel (cyan and violet) as obtained from
molecular docking. (d) Surface representation depicting the residues that surround the cholesterol
molecule (yellow) in site 1 including V99 and L174. (e) Surface representation depicting the resi-
dues that surround the cholesterol molecule (magenta) in site 2 including L86, V101, and V183.
Figures a, c—e were originally published in [52]. Figure b is based on data that were originally
published in [52]
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of the channel to cholesterol indirectly via F186, a directly interacting residue; (3)
1195, aresidue located at a mutation-tolerant position in proximity to the cholesterol
molecule where it was not tightly-packed, and was thus unlikely to play a critical
role in the sensitivity of Kir3.2 to cholesterol; (4) M100, a residue that faced away
from both putative binding sites, and was thus not expected to affect the sensitivity
of the channel to cholesterol. As shown in Fig. 4b, there was clear correspondence
between the computational predictions obtained and the functional data. Specifically,
five of the seven mutants tested were insensitive to cholesterol. These con-
structs included single mutations of residues that either directly interacted with the
cholesterol molecule in each of the potential binding sites (type (1)), or indirectly
affected the sensitivity of the channel to cholesterol via a directly interacting residue
(type (2)) (Fig. 4d, e). Mutation of residues of types (3) and (4) did not affect the
sensitivity of the channel to cholesterol as predicted by the computational model
(Fig. 4a, b), further supporting the notion that Kir3.2 possesses two putative choles-
terol binding sites in similar regions to the regions in which the ‘principal’ and
‘transient’ sites in Kir2.1 were located.
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Fig. 5 The effect of cholesterol on Kir3.4* depends on residues in the transmembrane domain of
the channel. (a, b) Whole-cell basal currents recorded in Xenopus oocytes at — 80 mV showing the
effect of cholesterol enrichment on Kir3.4* and (a) M95V, L169V, V170F, 1173V, and V1781
(n-13-21), and (b) V196T_T100A, F104M_G105A, L110V, and L168F (n = 11-21). Significant
difference is indicated by an asterisk (*p < 0.05). (¢) A ribbon representation of two adjacent sub-
units of the Kir3.4* channel showing the transmembrane residues (in ball representation) whose
effect on cholesterol sensitivity of the channel was tested in mutagenesis studies displayed in
Fig. 4a, b. The location of the residues whose mutation abrogated cholesterol sensitivity of the
channel is shown (in brick red) in one subunit (gray) for residues L.169, V170, 1173, and V178, and
in the adjacent subunit (white) for M95. The location of the residues whose mutation did not aftect
the sensitivity of the channel to cholesterol is depicted in duplicate in two adjacent subunits of the
channel (in wheat yellow). The figure is based on data that were originally published in [51]



128 A. Rosenhouse-Dantsker
2.3 Cholesterol Binding Site in Kir3.4

Next, we investigated whether cholesterol binds to Kir3.4* (Fig. 5) [51]. In contrast
to the brain, in which the predominant Kir3 subunits are Kir3.1, Kir3.2, and Kir3.3,
in the heart, the prevalent Kir3 subunits are Kir3.1 and Kir3.4. In an earlier study,
we have demonstrated that cholesterol upregulates atrial Kir3 channels [8].
Similarly, the homomeric Kir3.4* channels were also up-regulated by cholesterol
(Fig. 1) [6, 8]. Thus, in a recent study that demonstrated that cholesterol acted syn-
ergistically with PI(4,5)P, to activate Kir3.2, we also examined the relative location
of the putative cholesterol and PI(4,5)P, binding sites [51]. While the focus of the
study was different from the studies on Kir2.1 [52] and Kir3.2” [20], it led to several
conclusions with respect to the binding of cholesterol to Kir3.4*. First, in contrast
to PI(4,5)P, that was shown to bind to a cluster of primarily positively charged resi-
dues within the cytosolic domain of inwardly rectifying potassium channels at the
interface with the transmembrane domain [e.g. 3, 73-75], the putative cholesterol
binding site was located in the transmembrane domain [51]. Focusing on the ‘prin-
cipal’ binding region of cholesterol, we identified five hydrophobic aliphatic resi-
dues (M, L, V, ) in a non-annular surface of the channel whose mutation abrogated
the sensitivity of the channel to cholesterol (Fig. 5a, c). These five residues were
split between the transmembrane helices of two adjacent subunits of the channel
protein. In contrast, the mutation of six annular residues (G, L, V, F) that we tested
had no effect on the sensitivity of Kir3.4* to cholesterol (Fig. 5b). Two sets of these
six annular residues (from two different subunits) engulfed the non-annular cluster
of the residues that were found to play a key role in the modulation of the channel
by cholesterol (Fig. 5c). Thus, similarly to Kir2.1 and Kir3.2”, these data suggested
that also in Kir3.4*, cholesterol binds to a similar non-annular hydrophobic ‘princi-
pal’ region of the transmembrane domain of the channel. Further studies are required
to determine whether Kir3.4* also possesses a ‘transient’ cholesterol binding site.

3 Common Characteristics of Putative Cholesterol Binding
Pockets in Kir2.1, Kir3.2”* and Kir3.4*: Implications
for Cholesterol Binding to Kir Channels

In summary, the studies of Kir2.1, Kir3.2” and Kir3.4* described above identified
putative non-annular cholesterol binding sites in between a-helices within the trans-
membrane domain of each of the three channels [20, 51, 52]. The notion that cho-
lesterol may bind to membrane proteins in between different a-helices within the
transmembrane domain has been previously demonstrated for a variety of G-protein
coupled receptors [76] including, for example, the B-adrenergic receptor [77], the
proton pumping Rhodopsin receptor ARII [27], the p-opioid receptor [78], the A2A
adenosine receptor [79], the dopamine receptor [32], and the 5-HT2B/ERG receptor
[80]. Interestingly, however, in all three Kir channels studied, the putative
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cholesterol binding sites were not located in between a-helices of the same subunit,
but rather in between a-helices of adjacent channel subunits.

Another common feature of the putative cholesterol binding sites identified in
Kir2.1, Kir3.2* and Kir3.4* is the types of residues forming these binding sites.
Being a primarily hydrophobic molecule, cholesterol binding requires a hydropho-
bic environment [25]. This is evident in the growing number of crystallographic
structures of different proteins complexed with cholesterol available in the Research
Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB) [e.g.
26-34, 73-76] as well as in several cholesterol binding motifs suggested in earlier
studies. First, in studies of the peripheral-type benzodiazepine receptor, a trans-
membrane protein that mediates the translocation of cholesterol, the sequence
-(L/V)X,5YX,_5(R/K)- (where X, _s represents 1-5 residues of any amino acid) was
proposed to act as a cholesterol recognition amino acid consensus (CRAC) binding
motif [81]. The CRAC motif was subsequently also identified in ion channels
including the BK channels [82], and the nicotinic acetylcholine receptor (nAChR)
[50]. More recently, an inverted CRAC sequence, (R/K)X,_s(Y/F)X,_s(L/V), has
been suggested to be responsible for cholesterol interactions with AChR [50]. This
motif, named CARC, was identified in the transmembrane domain of the TRPV1
channel [47]. Both CRAC and CARC motifs involved in addition to a hydrophobic
residue, also an aromatic residue and a positively charged residue. Whereas the
aromatic residue was expected to interact with the ring structure of cholesterol via
stacking interactions, the positively charged residue was expected to interact with
the hydroxyl group of the cholesterol molecule [25]. Similarly, the cholesterol con-
sensus motif (CCM) [77] that was based on the complexed crystal structure of the
-adrenergic receptor with cholesterol included the same types of residues in two
adjacent helices of the G-protein coupled receptor: (W/Y)(I/V/L)(K/R) on one helix
and (F/Y/R) on a second helix [26, 77].

In alignment with the requirement for a hydrophobic environment, the putative
cholesterol binding sites in Kir2.1, Kir3.2”* and Kir3.4* were primarily formed by
hydrophobic residues (Figs. 2, 3, 4, and 5) [20, 51, 52]. We also identified aromatic
residues in proximity to the putative cholesterol binding site in Kir2.1 whose muta-
tion abrogated or significantly reduced the sensitivity of the channel to cholesterol
(Fig. 2) [52]. Furthermore, although the effect of mutations of aromatic residues
within the putative cholesterol binding sites of Kir3.2” and Kir3.4* were not tested
experimentally, aromatic residues were located within these regions of the channel,
and could potentially play a critical role in cholesterol modulation of the channels.
In contrast, positively charged residues that could potentially interact with the
hydroxyl group of the cholesterol molecule were not identified within the putative
binding sites of these channels. Instead, the hydroxyl group could potentially inter-
act with backbone atoms of other types of residues (including hydrophobic resi-
dues) as occurred in a variety of proteins to which cholesterol has been shown to
bind [25].

While our studies have primarily focused on Kir2.1, Kir3.2” and Kir3.4*, we
have also shown that other Kir channels are also modulated by cholesterol (Fig. 1).
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The studies on Kir2.1, Kir3.2" and Kir3.4* described above [20, 51, 52] suggest
that independent of the impact of cholesterol on the channel (up-regulated versus
down-regulated), putative cholesterol binding sites in Kir channels are (1) non-
annular transmembrane sites [36]; (2) located between a-helices of two adjacent
channel subunits; and (3) involve hydrophobic and aromatic residues. Further stud-
ies are required to determine whether cholesterol binding sites in other Kir channels
share the same characteristics.

4 Differences Between the Putative Binding Sites in Kir2.1,
Kir3.2” and Kir3.4*: Implications for the Impact
of Cholesterol on Ion Channels

While the general characteristics of the putative cholesterol binding sites in Kir2.1,
Kir3.2» and Kir3.4* are similar, there are some intriguing differences between
them. Figure 6a depicts the aligned sequences of the slide helices, inner helices and
outer helices of the three channels. Residues tested experimentally for their poten-
tial effect on the sensitivity of the channels to cholesterol are highlighted in the
figure [20, 51, 52, 83]. Taken together with Figs. 2, 3, 4, and 5 showing the location
of the putative binding sites in Kir2.1, Kir3.2” and Kir3.4*, it seems that the “prin-
cipal’ binding site is shifted towards the extracellular domain in the two Kir3 chan-
nels compared to its location in Kir2.1 (Fig. 6b). This is especially evident in the
inner helix where S165 is the closest residue to the extracellular domain in the
‘principal” binding site whose mutation affected Kir2.1 sensitivity to cholesterol. In
contrast, mutation of V162, which is located about a helical turn extracellular to
S165, did not have any effect on the sensitivity of the channel to cholesterol, and
according to the computational analysis, is not a part of the cholesterol binding site
[52]. In Kir3.2%, on the other hand, mutation of the equivalent residue, 1174, abro-
gated the sensitivity of Kir3.2” to cholesterol and according to the computational
analysis, is a part of the putative binding site of cholesterol in the channel [20].
Similarly, mutation of the equivalent residue in Kir3.4*, L.169, abrogated the sensi-
tivity of Kir3.4* to cholesterol [51].

Some shift in the position of the ‘transient’ putative binding site was also
observed in Kir3.2” compared to Kir2.1. As a result of these shifts in both putative
binding sites, the majority of the residues that formed cholesterol binding sites in
Kir2.1 were not located at equivalent positions to those of the residues that formed
cholesterol binding sites in the Kir3 channels, and only very few mutations of pairs
of equivalent residues in Kir2.1 and Kir3.2” or Kir3.4* resulted in the same effect
on cholesterol sensitivity (Fig. 6a) [20, 51, 52].

Could this shift in the location of the putative ‘principal’ cholesterol binding
sites in Kir3.2” and Kir3.4* compared to Kir2.1 underlie the opposite impact of
cholesterol on the channels? Further studies are required to address this question. It
is intriguing, however, that whereas the ‘principal’ cholesterol binding site in Kir2.1
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Fig. 6 Differences and similarities in the locations of the putative cholesterol binding sites in
Kir2.1, Kir3.2%, and Kir3.4*. (a) Sequence alignment of the slide helices, outer helices and inner
helices of Kir2.1, Kir3.2*, and Kir3.4* showing residues tested for their effect on cholesterol sen-
sitivity. Highlighted in gray are residues whose mutation did not affect the sensitivity of the chan-
nel to cholesterol. Highlighted in black are residues whose mutation significantly affected the
sensitivity of the channel to cholesterol. The residues highlighted are based on experimental data
from [20, 51, 52, 83]. (b) schematic model illustrating the location of the two cholesterol putative
binding regions in Kir2.1 and Kir3.2” along with labeling of key channel regions. Note that for
purposes of clarity, the model shows the cholesterol molecules next to one of the two adjacent
channel subunits with which they are predicted to interact
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overlaps with the hinge region of the inner transmembrane helix of the channel, the
putative ‘principal’ cholesterol binding sites in the two Kir3 channels are located
extracellular to this region. Comparison of the crystal structures of two related bac-
terial channels, KcsA and MthK, suggested that a highly conserved central glycine
of the inner transmembrane helix may play the role of a gating hinge in the two
channels [84]. This notion was further supported in a study showing that the corre-
sponding central glycine in Kir3.4* played a central role in channel gating. It was
thus suggested that the flexibility of the glycine is critical for channel gating at the
helix bundle crossing [85]. Our further analysis of neighboring residues in Kir3.4*
suggested that hinging occurs not at the glycine itself but at the residue that imme-
diately precedes it [86]. Thus, with the putative cholesterol ‘principal’ binding site
in Kir2.1 overlapping with this region, it is plausible that cholesterol binding inter-
feres with the hinging motion of the inner helix, thereby stabilizing Kir2.1 in the
closed state [52]. In contrast, the putative binding of cholesterol in Kir3.2* and
Kir3.4* just past the hinge region of the inner helix towards the extracellular domain
may impart an opposite effect on channel function.

Aside from the differences between Kir2.1 and the two Kir3 channels, there were
surprising differences between the effect of mutations of specific outer helix resi-
dues of the two Kir3 channels on their sensitivity to cholesterol. Whereas mutations
of equivalent residues in the inner helix of the two channels had the same effect on
the sensitivity of the channels to cholesterol, mutations of two pairs of outer helix
residues had the opposite effect [87]. Specifically, whereas the M100L mutation in
Kir3.2” had no effect on the sensitivity of the channel to cholesterol, the M95SL
mutation in Kir3.4* abrogated its sensitivity to cholesterol. Conversely, mutation of
V101 in Kir3.2" abrogated its sensitivity to cholesterol whereas mutation of the
equivalent residue in Kir3.4*, V96, had no effect on the sensitivity of the channel to
cholesterol. Accordingly, the putative ‘principal’ cholesterol binding sites in Kir3.2”
and Kir3.4* were not entirely formed from equivalent channel residues. Moreover,
as a part of the a-helical structure of the transmembrane domain of the channels,
these consecutive residues (M100, V101 in Kir3.2” and M95, V96 in Kir3.4*) face
in different directions as each amino acid corresponds to a ~100° turn in the helix.
Thus, in the absence of a crystal structure of the transmembrane domain of Kir3.4,
this raises the question whether the outer transmembrane helices in these two chan-
nels are oriented in a slightly different manner.

Recently, the cryo-electron microscopy structure of the TRPM2 channel revealed
a cholesterol binding site in the transmembrane domain of the channel (Fig. 7a)
[41]. Similarly to the putative cholesterol binding sites in Kir channels [20, 51, 52],
the binding site of cholesterol in TRPM2 [41] was located in between a-helices of
two adjacent channel subunits. Also, the types of TRPM2 residues interacting with
cholesterol were similar to the residues involved in cholesterol interactions in Kir
channels, and included hydrophobic and aromatic residues (Fig. 7b). Notably, the
binding site of cholesterol in TRPM2 was located close to the extracellular domain.
In contrast, another member of the TRP superfamily of channels, TRPV1, was
shown to possess a CARC motif at the center of the S5 transmembrane helix close
to the intracellular domain [47]. Mutations of the R579, F582, and L585 residues
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Fig.7 The binding site of
cholesterol in TRPM2 is
located in the
transmembrane domain of
the channel. (a) A ribbon
representation of two
adjacent subunits (in teal
and violet) of the TRPM2
channel showing the
location of the binding site
of cholesterol (in yellow)
within the transmembrane
domain of the channel
close to the extracellular
domain. The figure is
based on PDB ID 6CO7.
(b) Surface representation
depicting the residues that
surround the cholesterol
molecule (in yellow) in
TRPM2

within this cholesterol binding motif abrogated or significantly reduced the
sensitivity of the channel to cholesterol. The location of the CARC motif was simi-
lar to the location of the principal putative binding site in Kir2.1. In particular, the
position of the L585 residue in the S5 helix of TRPV1 corresponds to the position
of V93 in the outer helix of Kir2.1 [52]. Interestingly, similarly to Kir2.1, several
genetic variants of TRPV1 were down-regulated by cholesterol [47]. In contrast, it
has been shown that a different member of the TRP superfamily, TRPCI, is up-
regulated by cholesterol [18]. This suggests that as in the case of Kir channels, the
impact of cholesterol varies among TRP channels as well. As subtle differences in
the sequence of Kir channels have a substantial effect on the impact of cholesterol
on the channels, it is difficult to predict how TRPM2 will respond to alterations in
cholesterol levels. However, as both Kir3.2” and Kir3.4* possess a putative choles-
terol binding site close to the extracellular domain and are both up-regulated by
cholesterol, the possibility that TRPM2 would also be up-regulated by cholesterol is
intriguing given the location of the binding site of cholesterol in this channel.
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Further experiments are required to test this possibility, and address the question of
whether the location of the binding site of cholesterol within the transmembrane
domain (i.e. closer to the extracellular domain or closer to the intracellular domain)
plays a role in determining the impact of cholesterol on channel function.

5 Concluding Remarks

Our studies on the modulation of Kir2.1, Kir3.2" and Kir3.4* [20, 51, 52] suggest
that cholesterol binds to the transmembrane domain of all three channels albeit at
slightly different locations and/or orientations. Specifically, the studies suggest that
independent of the impact of cholesterol on the channel (up-regulated versus down-
regulated), putative cholesterol binding sites in Kir channels share several charac-
teristics. First, they are non-annular transmembrane sites. Second, they are located
between a-helices of two adjacent channel subunits. Third, they involve hydropho-
bic and aromatic residues. However, whereas the putative cholesterol ‘principal’
binding site in Kir2.1 overlapped with the central glycine hinge region of the inner
helix of the channel, the putative ‘principal’ binding sites of cholesterol in Kir3.2"
and Kir3.4* were located just past the hinge region of the inner helix towards the
extracellular domain. These differences may be at the core of the opposite impact of
cholesterol on Kir2.1 (down-regulated) versus Kir3.2” and Kir3.4* (up-regulated).
Furthermore, mutations of two pairs of equivalent outer helix residues in Kir3.2”
and Kir3.4* had the opposite effect on the sensitivity of the channels to cholesterol
suggesting that the putative ‘principal’ cholesterol binding sites in these two Kir3
channels were not entirely formed from equivalent channel residues. These differ-
ences in the cholesterol binding site-forming residues of Kir3.2” and Kir3.4* may
originate from subtle structural differences between these highly homologous chan-
nels (e.g. variations in helical orientation).

Notably, the studies described in this chapter focused on one channel at a time,
and had different goals. Consequently, different sets of residues in Kir2.1, Kir3.2*
and Kir3.4* were tested for their role in the sensitivity of the channels to choles-
terol. Thus, further studies are required to systematically establish the observations
described above, address lingering questions, and elucidate the structural basis of
the mechanisms that underlie the modulation of these channels by cholesterol.
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Abstract In recent years, a growing number of studies have implicated the coordi-
nated action of NPC1 and NPC?2 in intralysosomal transport and efflux of choles-
terol. Our current understanding of this process developed with just over two
decades of research. Since the cloning of the genes encoding the NPC1 and NPC2
proteins, studies of the biochemical defects observed when either gene is mutated
along with computational and structural studies have unraveled key steps in the
underlying mechanism. Here, we summarize the major contributions to our under-
standing of the proposed cholesterol transport controlled by NPC1 and NPC2, and
briefly discuss recent findings of cholesterol binding and transport proteins beyond
NPC1 and NPC2. We conclude with key questions and major challenges for future
research on cholesterol transport by the NPC1 and NPC2 proteins.
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1 Overview

Cholesterol (Fig. 1a) plays a critical role in multiple cellular functions. These include
regulating the physical properties of the plasma membrane to ensure cell viability,
growth, proliferation, and serving as a signaling and precursor molecule in bio-
chemical pathways [1-7]. Regulation of cellular cholesterol levels is tightly con-
trolled via multiple pathways that include de-novo biosynthesis, uptake, recycling
and release [7-11]. In particular, delivery of extracellular cholesterol to cells is
achieved by receptor-mediated uptake of low density lipoproteins (LDLs) that carry
both free and esterified cholesterol [12]. Subsequent to entering the vascular tissue,
LDL particles reach the endosomal-lysosomal system via endocytosis [13]. In this
system, cholesterol esters are converted back to free cholesterol. Proteins are then
harnessed to export the hydrophobic cholesterol molecule through the hydrophilic
environment of endosomes and lysosomes. In particular, coordination of the NPC1
and NPC?2 proteins (Fig. 2) facilitates cholesterol trafficking through the lysosome.
Genetic mutations of either gene result in the accumulation of unesterified choles-
terol in the endo-lysosomal system [14]. While clinical manifestations were reported
in the early 1900’s [15, 16], it was not until the 1980s that an understanding of the
relationship between the genetic defect and the clinical phenotype began to emerge
[17-28]. This chapter introduces the disease component related to the proteins
involved in lysosomal cholesterol trafficking as well as covers the cloning and struc-
tural discoveries that represent our current understanding of cholesterol movement
via NPC1 and NPC2 interplay.

2 Discovery of NPC Disease

The discovery of Niemann-Pick Type C (NPC) disease occurred in the early 1900s
by Albert Niemann reporting combined hepatosplenomegaly and central nervous
system defects in a young child [15] (also reviewed in [29]). Clinical and pathologi-
cal evaluation continued in the 1920s when the distinct disease was established by
Ludwig Pick [16]. In 1961, Crocker proposed to classify Niemann-Pick Disease
into Types A, B, C and D based upon differential clinical and biochemical pheno-
types [30]. Further studies have linked Types A and B to mutations in the SMPD]
gene and sphingomyelinase deficiency, and are now regarded as a distinct disorder
[31]. Collectively, today NPC represents the previously termed C and D Types and
includes progressive cerebellar neurodegeneration, which manifests in ataxia, sei-
zures, enlarged liver and spleen and other clinical features (as reviewed in [32]). To
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a Cholesterol

b 25- Hydroxycholesterol

C Cholesterol sulfate

Fig. 1 Structure of cholesterol, 25-hydroxycholesterol and cholesterol sulfate. Stick representa-
tion of (a) cholesterol based on the cholesterol molecule bound to the N-terminal domain of NPC1
(PDB ID: 3GKI) showing the numbering of the carbon atoms in the molecule, (b)
25-hydroxycholesterol based on the 25-hydroxycholesterol molecule bound to the N-terminal
domain of NPC1 (PDB ID: 3GKJ), and (¢) cholesterol sulfate based on the cholesterol sulfate
molecule bound to NPC2 (PDB ID: SKWY)
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Fig. 2 Structure of NPC1
and NPC2. (a) Cartoon
representation of NPC1 as
constructed by aligning the
2017 Li et al. [81] crystal
structure (PDB ID 5U73)
and the 2016 Gong et al.
[73] cryo EM structure
(PDB ID 3JD8). The
structure depicted includes
TM2-13, the middle
luminal domain, and the
C-terminal domain based
on PDB ID 5U73. TM1
and the N-terminal domain
are based on PDB ID
3JD8. Critical domains for
cholesterol binding are
shown including the sterol
sensing domain (SSD)
comprised of TM3-7 (in
light cyan), the N-terminal
domain (NTD) (in pink),
the middle luminal domain
(MLD) (in green), and the
C-terminal domain (CTD)
(in yellow). (b) Cartoon
representation of NPC2
based on the 2007 Xu et al.
structure (PDB ID 2HKA)

a NPC1

S. M. Cologna and A. Rosenhouse-Dantsker
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indicate the genetic cause of the disease, the field has more recently taken forth the
notations of NPC1 and NPC?2 to represent the genetic causation of NPC disease.

Pioneering work by Roscoe Brady and Peter Pentchev [33, 34] provided bio-
chemical insights into the function of both NPC1 and NPC2. In the spontaneous
occurring NPC mouse model, cholesterol storage, lysosomal enzyme activity
defects and similarities with the human described disease were observed [18, 35].
Moreover, esterification of cholesterol was defective in this mouse model similarly
to the case in NPC patients [17]. Other biochemical features of patient cultured
fibroblasts and in the NPC mouse model included alterations of LDL-mediated pro-
cesses [19, 36, 37], demyelination [38, 39], cerebellar degeneration [40—43], oxida-
tive stress [44, 45], altered calcium homeostasis [46—48] and others [49-52].
Additionally, further studies have demonstrated that many cell types are defective in
NPC [53, 54]. Notably, NPC1 and NPC2 mutations lead to similar NPC disease
phenotypes [55] suggesting that the two proteins may function either together or
sequentially in a common pathway affecting cholesterol transport.

3 NPC2 Gene and Protein Structure

The NPC2 protein, also known as HE1, was reported in 2000 by Peter Lobel’s group
to be the other gene affected in NPC [28]. NPC2 is a small, ubiquitous, lysosomal
protein that is often found in epididymis fluid and was cloned in the late 1990’s [56,
57]. In the latter study, the NPC2 protein was shown to bind cholesterol in a porcine
model with a 1:1 stoichiometry and micromolar affinity [57]. The crystal structure
of the protein at 1.7 A was reported in 2003 revealing an immunoglobulin-like
B-sandwich fold consisting of seven f-strands arranged in two f-sheets forming a
loosely packed hydrophobic core (Fig. 2b) [58]. This observation led to the sugges-
tion that the hydrophobic core constitutes an incipient internal cholesterol binding
pocket [58]. However, as potential hydrophobic pockets in NPC2 were too small to
accommodate cholesterol, it was subsequently proposed that a shift in the two f
sheets of NPC2 would be necessary upon cholesterol binding [59]. Specific clues to
the location of the putative binding pocket of cholesterol in NPC2 were obtained
from mutagenesis studies showing that the F66A, VI6F, and Y100A mutations in
NPC2 lead to a decrease in cholesterol binding to the protein in vitro. When added
to NPC2 deficient cells, these mutants were unable to clear elevated cholesterol
levels, further supporting the notion that the ability of NPC2 to bind cholesterol is
necessary for normal protein function. However, with the discovery that the K32A,
D72A, and K75A NPC2 mutants all exhibited normal cholesterol binding, but were
unable to correct the cholesterol accumulation phenotype of the cells, it was pro-
posed that cholesterol binding may not be the only requirement for normal NPC2
function [59].

An indication that NPC2 may have a cholesterol transport function emanated
from experiments demonstrating that the absolute cholesterol transfer rates from
NPC2 to the membrane were orders of magnitude faster than its off-rates from
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NPC2 to an aqueous buffer [59]. These experiments also led to the hypothesis that
subsequent to binding cholesterol from internal lysosomal membranes, NPC2 inter-
acts with NPCl, thereby facilitating post-lysosomal export of cholesterol [59]. The
idea that NPC2 alone was not sufficient for cholesterol egress from lysosomes was
further supported by genetic considerations [33, 60]. Additional experiments
demonstrated that the rate of transfer of cholesterol from NPC2 to membrane vesi-
cles increased with the frequency of NPC2-membrane electrostatic interactions,
particularly in an acidic environment such as that in lysosomes, supporting the pro-
posed role of NPC2 in lysosomal cholesterol transport [61]. Consequently, NPC2
could significantly accelerate the rates of cholesterol transport from and between
membranes, as well as the extent of cholesterol transfer. It was shown that transfer
of cholesterol occurred rapidly via direct NPC2-membrane interactions via a colli-
sional mechanism, and suggested that NPC2 bound to the membrane surface with-
out penetration into the bilayer hydrophobic core [61]. More recently, in a study
carried out in 2015 by the Storch laboratory, it was demonstrated that multiple dif-
ferent mutations in several surface regions of NPC2 exhibited deficient cholesterol
transport properties, and were unable to promote egress of accumulated intracellu-
lar cholesterol from NPC2 knock out fibroblasts [62]. The point mutations caused
changes in the surface charge distribution of NPC2 with minimal conformational
changes. Furthermore, complementary molecular modeling showed that NPC2 was
highly plastic, with several positively charged regions across the surface that could
interact with negatively charged membrane phospholipids. This led the authors to
suggest that the plasticity of NPC2 may allow for multiple mechanisms for sterol
transfer, and that NPC2 could bind to more than one membrane simultaneously.
Consequently, NPC2 may act to traffic cholesterol rapidly at zones of close apposi-
tion between membranes such as those that exist in the interior of endo/lysosomes
[62].

Structural insights into the molecular basis for sterol binding by NPC2 were
obtained in 2007 when NPC2 was co-crystallized with cholesterol sulfate (Fig. 1c)
at a resolution of 1.81 A [63] (Table 1). The sulfate moiety was the only portion of
the ligand exposed to solvent, peeking out of the hydrophobic sterol binding pocket.

Table 1 Structures of NPC1 and/or NPC2 in complex with cholesterol or cholesterol derivatives

PDB Resolution

1D Protein Ligand Release date (A)

2HKA |NPC2 C3S 6/26/2007 1.81
(cholesterol sulfate)

3GKI | NPCI N-terminal domain (NTD) | CLR 7/14/2009 1.8
(cholesterol)

3GKJ | NPCI N-terminal domain (NTD) | HC3 7/14/2009 1.6
(25-hydroxycholesterol)

3JD8 | NPClI CLR 6/1/2016 443
(cholesterol)

S5KWY |NPCI middle Iumenal domain | C3S 8/24/2016 24

(MLD) bound to NPC2 (cholesterol sulfate)
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In contrast, the cholesterol iso-octyl tail was shielded from the hydrophilic environ-
ment by the interior residues of the NPC2 protein. Comparison between the holo
NPC2 structure with a bound cholesterol sulfate and the apo NPC2 structure cor-
roborated that NPC2 had a sterol incipient binding pocket, which was formed from
several adjacent small cavities that expanded to accommodate the closely sequestered
steroid nucleus of cholesterol sulfate. The structures showed that during this pro-
cess, the p-strands of NPC2 separated slightly while undergoing substantial side
chain reorientation [63].

4 NPCI1 Gene Cloning, Structure and Cholesterol Binding

While the pathology of NPC disease as a sterol transport defect was described
already in the early 1900s [15, 16], the genetic cause remained unknown until the
cloning of the NPCI gene in both humans and mice in the late 1990s [27, 64]. Since
these reports, and with the implementation of gene sequencing in clinical research,
it has become evident that the majority of NPC patients have NPC1 mutations [65].
However, while the structural and functional basis for the consequences of genetic
mutations in the NPC2 protein began to unravel in the late 1990’s, the structure and
role of the NPC1 protein in cholesterol binding and transport remained unknown for
several more years.

Initial clues regarding the role of NPC1 started to emerge in 1999 in a mutagen-
esis study by Watari et al. that suggested that the transmembrane region encompass-
ing helices 3-7, which is thought to form a sterol sensing domain (SSD) (Fig. 2),
was required for normal cholesterol egress from the endosome/lysosome system
[66]. This concept was further supported by a 2004 study by Ohgami et al., in which
a photoactivatable cholesterol analog was implicated in binding to NPC1 with low
affinity [67]. The study demonstrated that the SSD was required for NPC1 to bind
the cholesterol analog. It was thus suggested that NPC1 may be involved in choles-
terol transport at the late endosomal membrane and/or that cholesterol may regulate
the activity of NPC1. However, whether and how NPC1 function was linked to
NPC2 function remained unclear. While it was proposed in 2001 that NPC1 activity
may depend on NPC2 [68], it was found that the interaction between the photoacti-
vatable cholesterol analog and NPC1 did not require NPC2 [67].

In a subsequent study carried out by the Brown and Goldstein labs in 2008, the
N-terminal domain (NTD) of NPC1 (Fig. 2a) was implicated as a sterol binding site
with a sub-micromolar affinity [69]. Comparison of the differential ability of a variety
of oxysterols to bind to NPCI1 suggested that in contrast to the orientation of choles-
terol when it binds to NPC2, upon binding to NPCI, the hydroxyl group of the cho-
lesterol molecule faces the interior of the NTD of NPC1 whereas the iso-octyl tail is
exposed [69]. In 2009, the cholesterol-bound structure of the NTD of NPC1 was
solved using X-ray crystallography at a resolution of 1.8 A confirming the predicted
orientation of cholesterol in the NTD binding site [70] (Table 1). As a comparison, the
structures of the apo and the 25-hydroxycholesterol (Fig. 1b) bound NTD of NPC1
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Fig. 3 Cholesterol and 25-hydroxycholesterol share the same binding site in the N-terminal
domain of NPC1. Alignment of the structures of the cholesterol- and 25-hydroxycholesterol-bound
N-terminal domain of NPC1 in the 2009 Kwon et al. [70] structures (PDB IDs 3GKI and 3GKJ,
respectively). The protein is depicted in ribbon representation, and the sterols in stick
representation

were also determined. Cholesterol and 25-hydroxycholesterol bind in a similar man-
ner to the NTD of NPCI, interacting with the same protein residues (Fig. 3). The
25-hydroxyl group on the 25-hydroxycholesterol molecule formed a water-mediated
interaction with the main chain of L175. The sterol binding pocket was lined primarily
with hydrophobic residues including W27, L83, F108, P202, F203, and 1205. Two
polar residues, N41 and Q79 formed hydrogen bonding with the cholesterol hydroxyl
group. E30 formed a water-mediated interaction with the hydroxyl group of the cho-
lesterol molecule, thereby stabilizing the interaction between the NTD of NPC1 and
cholesterol, and imposing stereospecificity. When added to NPC1-deficient cells, ala-
nine mutants of these residues failed to restore function. At each end of the sterol-
binding pocket was an opening toward the surrounding solvent. One opening was
located near the cholesterol hydroxyl group, and was large enough for a single water
molecule to enter or exit. In contrast, the second opening was located at the end of the
cholesterol iso-octyl side chain, and was not large enough to permit passage of the
tetracyclic ring without a conformational change indicating that it would need to
expand to facilitate cholesterol entry [70].

The growing structural and functional insights into the binding of cholesterol to
the NTD of the NPC1 protein, along with the realization that the orientation of cho-
lesterol binding to this NPC1 domain was opposite to the way that cholesterol binds
to NPC2, supported the notion that there is cooperation among NPC1 and NPC2 in
cholesterol transport. Accordingly, reversal of the orientation of cholesterol during
its transfer from NPC2 to NPC1 would allow its iso-octyl hydrophobic tail to lead
the way into the outer lysosomal membrane [70].

In a parallel line of research, in vitro work raised the possibility that the NTD
may not be the only cholesterol binding site in NPC1, and that NPC1 could possess
a second binding site, possibly at the SSD [71]. NPC1 with alanine point mutations
of L175/L176, D180/D182, N185, T187/N188, E191/Y192, and G199/Q200 in a
helical subdomain of the SSD consisting of helices 7, 8 and the intervening loop
could not restore cholesterol exit from lysosomes in NPC1-deficient cells. In line
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with these results, a later study that explored the binding of oxysterol derivatives to
NPC1 demonstrated that they bound directly and selectively to a low-affinity or
transient non-NTD sterol binding site [72]. In 2016, two structures that included the
SSD domains were utilized to further explore the possibility of a second sterol bind-
ing site in the SSD [73, 74]. The first was a cryo-EM structure of the full length
NPC1 that was obtained at 4.4 A resolution [73] (Table 1). The structure showed
that the five SSD-forming membrane helices (3—7) were exposed to the lipid bilayer
suggesting that the SSD was available for potential interactions with membrane-
embedded sterols. The second structure was a crystallographic structure obtained at
3.6 A resolution, and included 12 of the 13 transmembrane domains of NPC1 [74].
In this structure, the NPC1 SSD formed a cavity that was accessible from both the
luminal bilayer leaflet and the endosomal lumen. Complementary computational
modeling suggested that this cavity was large enough to accommodate one choles-
terol molecule, further supporting the notion that the SSD may harbor a second
cholesterol binding site [74]. Combining the accumulating evidence that NPC2, the
NTD of NPCl, and the SSD of NPCI1 all possessed a sterol binding site paved the
way to a comprehensive model of the molecular mechanism of cholesterol transport
by NPC1 and NPC2 in the lysosomes involving cholesterol derived LDL uptake in
the lysosome, followed by binding to NPC2 which would then ‘handoff” cholesterol
to NPC1 for recycling out of the lysosome.

5 Development of a Cholesterol Transport Mechanism
Model from NPC2 to NPC1

In 2008, the Brown and Goldstein laboratories demonstrated that cholesterol can
transfer between the NTD of NPC1 and NPC2 in a bidirectional fashion facilitated
by NPC2 [75]. While the transfer of cholesterol to and from NPC2 was rapid, the
transfer of cholesterol to and from the NTD of NPC1 was very slow. The latter,
however, was significantly accelerated in the presence of NPC2, supporting the
notion that the two proteins act together to facilitate cholesterol egress from lyso-
somes [75].

Then, subsequent to determining the structure of the cholesterol-bound NTD of
NPCI in 2009 [70], the groups of Brown and Goldstein further evaluated in 2010
the cholesterol ‘handoff” mechanism between NPC2 and the NTD of NPC1, and
showed that in the presence of mutations of surface residues such as V81 of NPC2
and L175/L.176 of the NTD of NPC1, cholesterol binding could occur but ‘handoff’
did not [76]. This raised the possibility that these ‘transfer mutants’ that clustered in
surface patches of NPC2 and the NTD of NPCI1 interacted with each other to facili-
tate the opening of the binding pocket in the NTD of NPC1, thereby allowing cho-
lesterol to transfer between the two proteins. Further support of the notion that
NPC2 and NPC1 interacted with each other came in 2011 from the Pfeffer labora-
tory who showed that NPC2 directly interacted with the NPC1 middle luminal
domain (MLD) (Fig. 2a) in an acidic environment of pH 5.5 with a low micromolar
affinity and a cholesterol dependent binding strength that increased when NPC2
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was carrying a cholesterol molecule [77]. In alignment with these observations, the
disease causing mutations R404Q and R518Q in the NPC1 MLD interfered with the
ability of NPCI to bind to NPC2. These results stimulated the idea that the NPC1
MLD may bring NPC2 into close proximity with the NPC1 NTD to facilitate the
transfer of cholesterol between NPC2 and the NTD of NPC1. Once transferred, the
loss of cholesterol from NPC2 would trigger its release from the MLD following a
reduction in the binding strength between the two proteins. The NPC1 NTD-bound
cholesterol would then be transferred to the lysosomal membrane bilayer [77].

In 2013, the Wiest group carried out computational studies of the NPC2-
NTD(NPC1) system to gain further mechanistic insights into cholesterol binding
and transfer between the two proteins (Fig. 4) [78] based on working models from
the Brown and Goldstein laboratories [75]. The results of the simulations suggested
that when bound to NPC2, the cholesterol hydroxyl group formed multiple interac-
tions with NPC1 residues, thereby stabilizing the interaction between the NTD of
NPC1 and NPC2. The simulations also suggested that a large reorganization
occurred in the binding pocket of the NPC1 NTD upon cholesterol binding. These
results inspired the ‘sliding model’ that enhanced the mechanistic description of the
‘handoff model’. According to this model, cholesterol binding to NPC2 would lead
to an increase in the association constant for the formation of the complex between
NPC2 and the NTD of NPC1. Once the NPC1-NPC2 complex was formed, choles-
terol would transfer from NPC2 to the NTD of NPC1. This transfer would proceed
through the displacement of multiple NTD helices, followed by the actual transfer
of cholesterol through the opened pathway. The transfer of the cholesterol molecule
from the NPC2 protein would then lead to a decrease in the association constant of

Fig. 4 Models of the putative interactions between the N-terminal domain of NPC1 and NPC2,
and the cholesterol binding sites in each protein. (a) Ribbon representation of the final structure of
the 2013 Wiest et al. [78] simulation of the docked structures of NPC2 (PDB ID 2HKA) and the
N-terminal domain of NPC1 (PDB ID 3GKI) with a stick representation of cholesterol bound to
NPC2 based on a 2008 working model by Infante et al [75]. Based on bi4005478_si_005.pdb from
the Supplementary information of [78]. (b) Ribbon representation of the final structure of the 2013
Wiest et al. [78] simulation of the docked structures of NPC2 (PDB ID 2HKA) and the N-terminal
domain of NPC1 (PDB ID 3GKI) with a stick representation of cholesterol bound to the N-terminal
domain of NPC1 based on a 2008 working model by Infante et al [74]. Based on bi4005478_
si_003.pdb from the Supplementary information of [78]
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the protein-protein complex, facilitating the dissociation of the complex, and the
transport of the cholesterol molecule by NPC1 through the membrane [78].

A follow-up simulation study carried out by Elghobashi-Meinhardt in 2014
explored potential isomerization of the C17-C20-C22—C23 dihedral angle in the
tail of the cholesterol molecule (Fig. 1a) during its transfer from NPC2 to the NTD
of NPC1 [79]. The cholesterol molecule sampled different geometries inside the
binding pockets of the NPC1-NPC2 complex during the simulations [78, 79]. In the
final structures of the simulations carried out by the Wiest group [78], the C17—
C20-C22—-C23 dihedral angle was 71.6° for cholesterol in NPC2 but —157.3° in the
NTD(NPC1) binding pocket. Notably, in the respective crystal structures of NPC2
and NTD(NPC1) in complex with cholesterol or a cholesterol derivative, the value
of the C17-C20-C22-C23 dihedral angle was nearly identical ranging from
—162.2° to —164.5° (NPC2 in complex with cholesterol sulfate (PDB ID 2HKA):
—164.5°; NPC1 NTD in complex with cholesterol or 25-hydroxycholesterol (PDB
IDs 3GKI, 3GKIJ): —163.9° and —162.2°, respectively). Further simulations sug-
gested that cholesterol may isomerize in the NPC2 pocket either before or after
docking to the NTD of NPCI to ensure an efficient transfer. By calculating the
energy barrier for rotation of the C17-C20-C22—C23 dihedral angle during the slid-
ing of cholesterol from NPC2 to NTD(NPC1), the likely ‘reaction pathway’ for
cholesterol transfer was predicted. The energy barrier along that path was ~22 kcal/
mol in total [79]. The primary contribution to the energy barrier was attributed to the
distorted geometry of the tail of the cholesterol molecule within the constrained
binding pocket in the NTD of NPCI. This energy barrier was in agreement with
semi quantitative experimental kinetic rates corresponding to half-lives of up to
~100 sec at 37 °C [79]. Further studies are required to corroborate experimentally
the possibility that cholesterol undergoes isomerization of its tail to facilitate its
transfer between NPC2 and NPCI.

In addition to providing insights into the structure of the SSD of NPC1, the 2016
cryo-EM structure of the full length NPC1 determined by Gong et al. and discussed
above provided insights into the mechanism of cholesterol transfer from NPC2 to
NPCI1 delineating the structural relationship between the NTD and the MLD of
NPCI1 [73]. In this structure, a number of polar and charged residues in the NTD
(e.g. Q88, Q92, R96) and MLD (e.g. R518) appeared to form an interface between
these two luminal domains. Notably, the single point disease mutations R518W or
R518Q in the MLD led to reduced interaction between an isolated MLD construct
and NPC2. Similarly, the NPC1 mutants L175A/L176A and Q88A/Q92A/R96A
showed decreased binding to NPC2 at pH 6.0. While interaction between NPC2 and
an isolated NPC1 NTD was not detected, deletion of the NTD resulted in reduced
binding between NPCI and NPC2. The proximity between L175/L176 and the
interface residues suggested that the NTD and the MLD of NPC1 may together
constitute a docking site for orienting NPC2, thereby facilitating the transfer of
cholesterol to the pocket of NTD [73].

This role of the involvement of the MLD of NPC1 was further supported by a
crystal structure of the complex of the MLD of NPC1 and NPC2 with a bound choles-
terol sulfate molecule that was determined by the Pfeffer laboratory at 2.4 A resolu-



150 S. M. Cologna and A. Rosenhouse-Dantsker

Fig. 5 Model of the putative cholesterol transfer from NPC2 to the N-terminal domain of NPC1.
Ribbon representations of the NPC1-NPC2 complex obtained by aligning the structure of the mid-
dle luminal domain of NPC1 from the 2016 Li et al. [80] MLD(NPC1)-NPC2 complex (PDB ID
SKWY) with the 2016 Gong et al. [73] cryo-EM structure (PDB ID 3JD8) of NPCI. The
MLD(NPC1)-NPC2 complex is in violet, and the NPC1 cryo-EM structure is in gray. The sterol
molecules are shown in stick representation (cyan). The alignment in (a) is based on the middle
luminal domain, and the alignment in (b) is based on the two loops of the middle luminal domain
that interact with NPC2. By aligning the structures based on these loops, NPC2 approaches closer
to the NPC1 N-terminal domain to form a sterol transfer tunnel leading from NPC2 to NPC1. For
clarity, the middle luminal domain from the MLD(NPC1)-NPC2 complex was removed in (b)

tion in the same year [80] (Table 1). The complexed structure revealed that the MLD
of NPC1 binds the top of the NPC2 sterol-binding pocket. Aligning the MLD(NPC1)-
NPC2 complex onto the full-length NPC1 cryo-EM structure by aligning the MLDs
in the two structures suggested a spatial proximity between NPC2 and the NTD of
NPCI (Fig. 5). The distance between NPC2 and the NTD of NPCI was further
decreased and formed a cholesterol-transfer tunnel when the alignment was done
based on the two protruding loops of the MLD of NPC1 that comprised its principal
binding interface with NPC2 (Fig. 5) [80]. This interface involved interactions
between both polar and hydrophobic residues. For example, interactions were formed
between Q421 in the MLD of NPC1 and Q146 of NPC2, and between Y423 of the
MLD of NPCI and M79 of NPC2. Hydrophobic interactions involving F503 and
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F504 of the MLD of NPCI1 and NPC2 were also observed. Alanine mutations of the
equivalent two residues in a murine model significantly reduced the binding affinity
between NPC1 MLD and NPC2. Further reduction in binding affinity was observed
following mutation of polar MLD residues (e.g. the equivalent residue to Q421) in
addition to the above aromatic ones. Notably, a significant rearrangement of the side-
chains of NPC2 residues (e.g. K25, M79, K123, and Q146) that contributed substan-
tially to the interface between the MLD of NPC1 and NPC2 was observed in the
cholesterol sulfate bound NPC2 structure compared to the apo structure of NPC2. The
orientations of the sterol molecules in the binding pockets in NPC2 and in the NTD of
NPC1 were compatible with molecular transfer supporting the ‘hydrophobic handoff’
transfer model between NPC2 and NPC1, and led to the proposal that NPC2 binding
to NPC1 may trigger a conformational change(s) that would reorient the NTD of
NPC1 into a more planar configuration in relation to NPC2 to accomplish actual cho-
lesterol transfer, as previously modeled [76]. It is important to note, however, that the
orientation of the NTD of NPC1 relative to NPC2 in this model [80] somewhat dif-
fered from prior computational models (Fig. 4) [78], indicating that further studies are
required to establish the precise manner by which NPC2 interacts with the NTD of
NPCI to facilitate cholesterol transfer between the two proteins. With that in mind, the
picture emerging from this study was that subsequent to binding cholesterol, NPC2
underwent a subtle conformational change that enhanced its binding to the MLD of
NPC1, which in turn led to interactions of NPC2 with the NTD of NPC1. These inter-
actions then slightly impacted the structure and orientation of the MLD protruding
loops to orient the NPC2 pocket directly adjacent to the cholesterol binding pocket in
the NTD of NPC1 forming a cholesterol transfer tunnel. After the transfer of the cho-
lesterol molecule, the prominent NPC2 residues located at the interface with the MLD
of NPC1 would revert to their apo NPC2 conformation, thereby triggering the release
of NPC2.

Further insights into the emerging mechanism of lysosomal cholesterol transport
was provided by the crystal structure of NPC1 released by the Blobel laboratory,
also in 2016 (see above) [74]. This structure included 12 of the 13 transmembrane
domains of the protein and extended the proposed model for NPC1 function in cho-
lesterol sensing and transport to include the SSD. According to this extended model,
cholesterol would bind first to NPC2, which would then dock to the NTD of NPC1,
permitting cholesterol transfer between their binding pockets. The link between the
NTD and the remainder of NPC1 would permit the NTD to reorient in such a way
that would allow cholesterol transfer to the transmembrane domain. Luminal entry
would then be used to transfer cholesterol from its binding site in the NTD of NPC1
that could then exit via the membrane pocket’s lateral opening. This lateral opening
in the membrane could also provide access for free cholesterol from the lipid bilayer
(Fig. 6). It was further proposed that the access properties of the putative binding
pocket in the SSD of NPC1 may enable monitoring of the concentration of choles-
terol in the lysosome lipid bilayer [74]. While this and prior studies support a
mechanism of ‘pocket brigade’ in which cholesterol would transfer from one pocket
to another (NPC2 to the NTD of NPC1 to the SSD of NPC1), the subsequent step
involving the transfer of cholesterol to the cytoplasmic leaflet of the endosomal
membrane remains completely elusive.
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Fig. 6 Putative steps in the mechanism of NPC1/NPC2 mediated cholesterol egress from lyso-
somes. A combined picture of models proposed to describe the binding of cholesterol to NPC2
followed by its transfer to NPC1, and subsequently its egress from the lysosome via a yet to be
determined mechanism. Conformational changes that occur during the process are not depicted.
Also, based on current information, it is unclear whether NPC2 remains bound to NPC1 when
cholesterol is transferred to the NPC1 sterol sensing domain, and subsequently, when cholesterol
is exported from the lysosome. The model depicts one of the possible scenarios that need to be
tested. Black arrows show the sequence of events, red arrows refer to the movement of cholesterol,
and purple arrows, to the movement of NPC2. NPC1 and NPC2 are depicted in ribbon representa-
tion using the same color scheme as the one used in Fig. 2. Cholesterol is depicted in ball represen-
tation in red

In 2017, a crystal structure of NPC1 determined by the Blobel laboratory at 3.3 A
resolution added another player to the picture, the C-terminal luminal domain (CTD)
of NPC1 (Fig. 2a) [81]. NPC1 possesses three distinct luminal domains. However, in
the absence of a high resolution structure that included the CTD, significant effort has
been previously put primarily into determining the roles of the NTD and MLD in the
cholesterol transfer from NPC2 to NPC1. Yet, while this crystal structure offered
increased resolution of the CTD of NPCI, it lacked the NTD and the TM1 helix of
NPCI. Thus, to obtain a more complete structure of NPC1, the crystal structure [81]
was aligned to the full-length 2016 Cryo-EM structure [73] that included the missing
domains (Fig. 2a). Using the aligned the structures of NPC1, the interactions of the
CTD with the NTD were delineated revealing an interaction surface larger than the
interaction surface between the NTD and the MLD. These predominantly involved
hydrophobic interactions (G910, G911, M912, and G913 of the CTD and V234, T235,
and A236 of the NTD) between two distinct loops. In addition, a secondary interface
between the CTD and NTD was found to involve primarily polar residues (Q60, E233
of the NTD interacting with 1982, Q988 of the CTD, respectively). Furthermore,
disruption of the interface between the NTD and CTD of NPC1 via mutagenesis dis-
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rupted the transfer of cholesterol from the late endosome to the ER. It was thus sug-
gested that the CTD-NTD interaction may play a critical role in orienting the NTD of
NPCI to facilitate the transfer of cholesterol from NPC2, as well as in modulating the
interaction between the NTD and the SSD that would facilitate cholesterol export
from the late endosomes [81].

6 Recently Reported Cholesterol Transporters

In addition to NPC1 and NPC2, a number of proteins have been shown or impli-
cated in cholesterol transport [82]. Recent reviews have covered topics ranging from
lipoprotein involvement, ABC lipid transporters [83, 84], steroidogenic acute regu-
latory domain (StARD) and StAR-related lipid transport (START)-domain proteins
among others [85-87]. Below are examples of recent findings of proteins involved
in cellular cholesterol transport.

1. Sandhu and colleagues reported earlier this year on the involvement of endoplas-
mic reticulum (ER) proteins termed ‘Aster’ proteins in cholesterol transport [88]
The Aster-A, B and C proteins are structurally similar to StARD and START-
domain containing proteins that facilitate cholesterol transport from the plasma
membrane to the ER in a non-vesicular mediated process that requires a ‘bridge-
like’ structure to mediate the cholesterol transfer.

2. The protein Patchedl homolog 1 (PTCH1) receptor serves to bind Hedgehog
(Hh) proteins and downstream signal transduction including activation of
Smoothened (SMO). The regulation of SMO has for some time been known to
require cholesterol [89-95]. Most recently, a cryo-EM study provided evidence
that PTCH1 has an NPCl-like structural topology, acts as a cholesterol trans-
porter, and alters inner leaflet cholesterol in cells [96]. The latter is reversed by
Hedgehog stimulation, suggesting that PTCH1 regulates Smoothened by con-
trolling cholesterol availability [96]. Further structural evidence of PTCHI1 and
NPCI1 similarities was also reported by Qi et al. [97].

While many proteins have been predicted or shown to bind cholesterol, direct evidence
of cholesterol transport remains challenging and many transport mechanisms are based
on indirect evidence. Nonetheless, combined structural, in vitro and genetic investiga-
tions have provided our current understanding of cholesterol transport in the cell.

7 Concluding Remarks and Outlook

Since the observation in 1996 that mutations in NPC1 and NPC2 result in similar
NPC disease phenotypes, and may thereby function in a common pathway affecting
cholesterol transport [26], the molecular mechanism underlying this process has
been gradually unraveling via biochemical, structural and computational efforts
(summarized in Fig. 7). Subsequent to the identification of sterol binding sites in the
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two individual proteins, clues have begun to emerge regarding the potential mecha-
nism of cholesterol transfer from NPC2 to NPC1, and the involvement of the differ-
ent NPC1 domains in this process (summarized in Fig. 6). Notably, the proposed
interaction between NPC1 and NPC2 that forms to facilitate cholesterol egress from
lysosomes may underlie the common disease phenotype traced to mutations in the
two proteins.

However, while it is well accepted that NPC2 and NPC1 play important roles in
cholesterol trafficking, several parts of the puzzle are still missing. For example,
does cholesterol undergo a conformational change when it is transferred from NPC2
to NPC1? How is NPC2 oriented with respect to the NPC1 luminal domains before
and after transferring a cholesterol molecule to NPC1? If cholesterol is transferred
from the NTD of NPC1 to the SSD, how does this occur? Is NPC2 released before
the cholesterol molecule transfers to the SSD or before it is exported? Most impor-
tantly, how cholesterol is exported from NPCI1 remains to be shown.
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