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Preface

Cholesterol is one of the most talked-about molecules of modern times. This sterol
was first obtained from gallstones in the mid-eighteenth century by French chemist
Francois Poulletier de la Salle. His work was not published, but was referred to by
his colleagues and collaborators. Another French chemist, Michel Eugéne Chevreul,
named the compound “cholesterine” in 1815, and this recognition opened an era of
studies on cholesterol biosynthesis and physiological function that has persisted
into the twenty-first century.

Cholesterol is a vital component of all animal cells. Cholesterol insertion into
biological membranes conditions their physical properties by maintaining a proper
rigidity, adjusting membrane thickness and curvature. In addition, cholesterol serves
as a precursor for steroid hormones and as an essential component of lipoproteins.
The human body produces around 1 g of cholesterol each day, resulting in total
cholesterol levels in the body exceeding 30 g. Twenty-five percent of this amount is
located in the brain, highlighting the vital role of cholesterol in maintaining neuro-
nal cell excitability and homeostasis.

Despite over 200 years of scientific search into cholesterol properties, the role of
cholesterol in physiology and pathology still remains a subject of investigation. On
the one hand, excessive cholesterol consumption with Western diets and excessive
production of cholesterol in the human body constitute a major risk factor for com-
mon pathological conditions, cardiovascular disease in particular. At the other
extreme, very low cholesterol levels serve as indicators of a poor prognosis in criti-
cal illness. Our understanding of the multiple health consequences of cholesterol
levels that depart from a normal “middle ground” is often hampered by the diffi-
culty in interpreting the molecular mechanisms that underlie the cellular effects of
cholesterol and, most importantly, the modulation of the effector molecular targets
of cholesterol, cell proteins. This volume is the first of two volumes that captures the
current state of our understanding of the molecular mechanisms that underlie cho-
lesterol modulation of protein function.

Consistent with the two major physiological roles of cholesterol as a structural
and signaling molecule, the general view of the molecular mechanisms that govern
cholesterol modulation of protein function is conceptualized in two modes of
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action: (a) indirect effects via cholesterol modulation of membrane physical proper-
ties and (b) protein targeting via direct interaction of the cholesterol molecule with
sterol-sensing protein sites. This first volume focuses on sterol specificity as a
means to distinguish between direct and indirect effects of cholesterol and on indi-
rect mechanisms, whereas the second volume covers direct cholesterol-protein
interactions.

Experimental discrimination between indirect and direct mechanisms of choles-
terol effects on protein function is not straightforward. Cholesterol stereoisomers and
cholesterol derivatives that exert differential effects on the physical properties of cell
membranes are often used as tools to help distinguish between the potential mecha-
nisms that underlie cholesterol-protein interactions. Thus, the first part of this volume
introduces the reader to cholesterol chemistry and the use of both naturally occurring
and synthetic derivatives that help to distinguish between indirect and direct modula-
tions of protein function by cholesterol. Examples in this part include the well-studied
G-protein-coupled receptors and two classes of potassium channels.

The second part of this volume focuses on studies that successfully use modern
technologies to elucidate the effects of cholesterol on the physical properties of
membranes and highlight these major driving forces behind this sterol’s effect on
proteins. These include the following studies on the various aspects of cholesterol’s
effects: modulation of the physical properties of membranes by means of nuclear
magnetic resonance, modifications of dipole potential of lipid membranes, and
mapping using mass spectrometry imaging. The volume concludes with a chapter
on the cholesterol-dependent gating of a voltage-gated potassium channel demon-
strating the lipid property-driven effect of cholesterol on protein function.

As the reader will discover, the depiction of cholesterol effects on protein function
as either indirect or direct is somewhat oversimplified. In nature, these mechanisms
are not mutually exclusive and likely coexist in the finely tuned cellular environment.
Moreover, our knowledge of cholesterol modulation of protein function is far from
being complete. There is little doubt that the field of cholesterol-protein interactions
will remain an active and intriguing area of research for years to come.

The editors are deeply thankful to all the authors who contributed to this project
aimed at portraying the complexity of the biomechanisms involving this lipid dis-
covered 200 years ago. The editors are also grateful to senior mentors, collabora-
tors, and emerging junior colleagues for the inspiration, for the fruitful exchange
of ideas, and for providing a nurturing environment for the completion of this
collection of important contributions to the field.

Chicago, IL, USA Avia Rosenhouse-Dantsker
Memphis, TN, USA Anna N. Bukiya
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Chirality Effect on Cholesterol Modulation
of Protein Function

Jitendra D. Belani

Abstract Cholesterol is a key steroidal, lipid biomolecule found abundantly in
plasma membranes of eukaryotic cells. It is an important structural component of
cellular membranes and regulates membrane fluidity and permeability. Cholesterol
is also essential for normal functioning of key proteins including ion-channels, G
protein-coupled receptors (GPCRs), membrane bound steroid receptors, and recep-
tor kinases. It is thought that cholesterol exerts its actions via specific binding to
chiral proteins and lipids as well as through non-specific physiochemical interac-
tions. Distinguishing between the specific and the non-specific interactions can be
difficult. Although much remains unclear, progress has been made in recent years
by utilizing ent-cholesterol, the enantiomer of natural cholesterol (nat-cholesterol)
as a probe. Ent-Cholesterol is the non-superimposable mirror image of nat-
cholesterol and exhibits identical physiochemical properties as nat-cholesterol.
Hence, if the biological effects of cholesterol result solely due to membrane effects,
it is expected that there will be no difference between ent-cholesterol and nat-
cholesterol. However, when direct binding with chiral proteins and lipids is involved,
the enantiomer is expected to potentially elicit significantly different, measurable
effects due to formation of diastereomeric complexes. In this chapter, we have
reviewed the literature related to ent-cholesterol and its use as a probe for various
biophysical and biological interactions of cholesterol.

Keywords Cholesterol - Enantiomer - ent-Cholesterol - Synthesis -
Stereospecificity - Sterol-membrane interactions

J. D. Belani (P<)
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1 Introduction

A chiral racemic compound consists of an equimolar mixture of two enantiomeric
forms. In the last few decades, scientists have tried to understand biogenesis and
role of naturally occurring enantiomerically pure compounds. Chiral triterpenes
found in nature undergo stereospecific cyclizations to produce enantiomerically
pure steroids. Cholesterol and other steroids are thus produced in optically pure
form as one enantiomer. Many of these steroidal biomolecules play a vital role in
cellular functions. Molecular mechanisms underlying these cellular functions are
still largely unclear. The unnatural enantiomers of these steroids can serve as valu-
able probes as their chemical composition, bonding pattern, and relative configura-
tion are the same as the naturally occurring steroids. Since these unnatural
enantiomers are not found in nature, these must be chemically synthesized in the
laboratory. The non-superimposable mirror image of naturally occurring cholesterol
is referred to as ent-cholesterol. A diastereomer of cholesterol with the configura-
tion different only at C3 with a-OH group is referred to as 3-epicholesterol. The
structures of cholesterol, 3-epicholesterol, and ent-cholesterol are given in Fig. 1.
Both ent-cholesterol and 3-epicholesterol have been extensively used to elucidate
cholesterol mechanisms and when compared to naz-cholesterol, these stereoisomers
are expected to elicit different specific and non-specific interactions with lipids and
proteins present in the membranes.

2 Chemical Structure and Synthesis

Chemical structure of natural cholesterol contains four rings (labeled A, B, C, and
D) and a “side-chain” attached at the C17 of ring D. The structure contains eight
stereocenters (C3, C8, C9, C10, C13, C14, C17, C20), seven of which are contigu-
ous. In addition, there is an isolated double bond between C5 and C6 that contrib-
utes significantly to the three-dimensional shape of the steroid. Cellular biosynthesis
of cholesterol is a tightly regulated process and involves enantioselective epoxida-
tion of squalene followed by polyene cyclization to provide lanosterol in a con-
certed fashion. Lanosterol is further converted into cholesterol in a multistep process
by the removal of three methyl groups, the reduction of one double bond by NADPH,
and the migration of the other double bond [1]. Racemic syntheses of cholesterol in
the laboratory by Woodward in 1952 [2] and by Johnson in 1964 [3, 4] are consid-
ered as scientific milestones. These two early and unique syntheses paved the way
for synthesis of the enantiomer of this complex biomolecule.

Enantiomer of cholesterol, ent-cholesterol is a non-superimposable mirror image
of the natural cholesterol. To prepare the enantiomer, the stereochemistry at all eight
chiral carbons in cholesterol must be inverted. There is no simple way to achieve
this and the enantiomer of cholesterol remains inaccessible without enormous
synthetic effect [5]. Steroid nuclei with “near symmetry” such as in ent-19-
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a. Synthesis of ent-cholesterol via ent-testosterone (A to B to C to D approach)

ent-Testosterone ent-Cholesterol
Method Number of Steps Total Overall Yield
Mickus and Rychnovsky (1992) 22 steps 2.7%

b. Synthesis of ent-cholesterol via D-ring intermediate (D to C to B to A approach)

ent-Cholesterol

Method Number of Steps Total Overall Yield
Jiang and Covey (2002) 26 steps 1.6%
o
CO,Me
z /\/k/\)\

/ —_—

HO H
HO™
(S)-citronellol _ ent-Cholesterol
Method Number of Steps Total Overall Yield
Belani and Rychnovsky (2008) 16 steps 2.0%

Fig. 2 The Two Different Synthetic approaches to ent-Cholesterol

nortestosterone have been synthesized from naturally occurring 19-nortestosterone.
However, installation of the side-chain present in cholesterol poses significant addi-
tional challenges and the “inversion approach” for cholesterol offers no advantages
over traditional total synthesis. Hence, the enantiomer of cholesterol must be pre-
pared via total synthesis. There are essentially two different approaches to enanti-
oselective synthesis of ent-cholesterol reported in the literature. The first involves
synthesis of ABCD rings followed by installation of side chain on ring D. The other
more efficient way is to first prepare a D-ring synthon with an intact side-chain and
subsequent elaboration of CBA rings. The first stereoselective total synthesis was
reported by Rychnovsky and Mickus in 1992 [6] and involved synthesis of the tet-
racyclic core of ent-testosterone using a modified Hoffman La Roche synthesis of
19-nor steroids [7]. Subsequently, the side chain on steroidal C17 was installed by a
multistep protocol. Approximately 18 mg of ent-cholesterol was thus synthesized in
22 linear steps from commercially available starting materials in 2.7% overall yield
(Fig. 2a). Jiang and Covey subsequently reported the first synthesis of ent-cholesterol
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from a precursor containing the D-ring and the entire side of the steroid [8]. In this
synthesis, approximately 80 mg of the enantiomer was synthesized in 26 linear
steps and 1.6% overall yield from commercially available methylacetoacetate
(Fig. 2bl). The third synthesis was reported in 2008 by Rychnovsky and Belani and
was based on aring D to C to B to A approach [9]. The synthesis provided approxi-
mately 120 mg of ent-cholesterol in 16 steps from commercially available (S)-
citronellol with an overall yield of 2% (Fig. 2b2). Although all the syntheses
described above are long and have some low yielding and limiting steps, they make
ent-cholesterol more readily available to be used as a probe of function and metabo-
lism of cholesterol. The last two routes also allow incorporation of"*C-or’H-labels
toward the end of the syntheses by using CD;I or® CH;l for the installation of the
axial C-18 methyl group in the A-ring of the steroid. These isotope labels allow for
easy analysis of the steroid and its metabolites using various spectral techniques.
Two other methods for standalone installation of the isooctyl side-chain on the ste-
roid nucleus have been reported with good yield but preparation of steroid core is
still tedious and low yielding [10, 11]. There is still an urgent need for more effi-
cient routes with less number of steps that can allow gram scale preparation of
ent-cholesterol. A convergent synthesis that can provide about 10% overall yield
would certainly be a game-changer for this field.

3 Differential Effects of Cholesterol and Its Stereoisomers

It is now well understood that the biological interactions and functions of the mol-
ecule are related to its chirality [12]. Classical examples include (S)-thalidomide
that is selectively teratogenic; ibuprofen, an anti-inflammatory drug which is sold as
a racemate but only the (S)-enantiomer is active; and carvone, a monoterpene that
interacts differently with olfactory receptors and smells like spearmint in the R form
and caraway in the S form. For steroids, it was first shown that even simple diaste-
reomers that are easily accessible have distinct interactions with lipids [13, 14]. It is
anticipated that ent-steroids may also have biophysical and biological interactions
that are different than those of the natural steroids [15]. In the last two decades,
scientists have tried to study to understand these differences; however, many
fascinating puzzles and anomalies still remain.

3.1 Effects on Membrane Proteins

Cholesterol plays a very important role in cellular function. It is vital for proper
membrane protein function and plays a critical role in signal transduction and over-
all human health. For cholesterol, the first total synthesis of its enantiomer in >97%
ee permitted investigation of the role of sterols in ion-channel formation [16].
Amphotericin B formed different channels in the presence of cholesterol and
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Fig. 3 (a) Amphotericin B ion channels in racemic glycerol monooleate (a) with cholesterol
and (b) with enr-cholesterol with 2 x 10=® M amphotericin B, (Adapted from [16]); (b)
Accumulation of [*H]-daunomycin in CHO cells in response to cholesterol depletion and reple-
tion (Adapted from [18])

ent-cholesterol. Unlike natural cholesterol, membranes containing ent-cholesterol
did not support any ion channels at amphotericin B concentrations of 2 x 108, but
ion channels were observed at a tenfold higher amphotericin B concentration
(Fig. 3a). This constituted the first direct proof that amphotericin B binds to choles-
terol in the ion channel structure. Further, to confirm if the antifungal activity of
amphotericin B solely depends on changes in the physical properties of the phos-
pholipid membrane and if they are stereospecific, Rychnovsky and coworkers used
ent-cholesterol to probe the extent of suppression of antifungal activity of ampho-
tericin B when compared with exogenous nat-cholesterol and ergosterol. It is known
that when an exogenous sterol is added to fungal cell cultures, it results in suppres-
sion of the antifungal activity of amphotericin B. Ergosterol, the major phytosterol
found in fungal cell membrane, was the most effective (62%) in suppressing the
antifungal activity of amphotericin B. The antibiotic retained only 73% of its activ-
ity at 60 ppm of nat-cholesterol and 87% of activity at 30 ppm of ent-cholesterol.
The results provide strong evidence in favor of enantiospecific interactions
between amphotericin B and sterol being responsible for the activity of the anti-
fungal agent [17].

Absolute configuration of cholesterol was however found to have minimal effects
on localization of multidrug resistant P-glycoprotein (Pgp) in whole cell systems.
These proteins generally localize in low density cholesterol enriched membranes.
The structure of low density membrane domains of HepG2 cells was first disrupted
by removing cholesterol using cyclodextrin (CD) and then repleted by with choles-
terol or ent-cholesterol. Repletion with either sterol was equally effective in restor-
ing total cellular content of cholesterol to baseline levels. In a separate experiment,
effect of cholesterol on Pgp transport of daunomycin was studied using CHO cells
in presence or absence of specific class I Pgp inhibitors. It was observed that dauno-
mycin concentrations in CHO cells were increased three to four folds after choles-
terol depletion by CD and treatment with Pgp inhibitors. Restoring the sterol
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concentration with nat-cholesterol partially reversed the effect of CD on accumula-
tion of daunomycin. However, treatment with the enantiomer of cholesterol before
incubation with daunomycin led to significantly less accumulation of daunomycin
(Fig. 3b) This observation predicted a specific interaction between cholesterol and
the binding site of daunomycin on Pgp [18].

Cholesterol is required for activity and specificity of bacterial pore-forming
toxins [19]. Palmer and coworkers studied sterol requirements of two different
cholesterol-binding cytolysins—streptolysin O (SLO) and Vibrio cholerae cytoly-
sin (VCC). Both SLO and VCC were able to permeabilize liposomal membranes
containing nat-cholesterol and were inactive with vesicles lacking cholesterol.
When cholesterol was replaced by ent-cholesterol, VCC had very low activity.
However, SLO was only slightly less active with ent-cholesterol. The study sug-
gested that although the cholesterol interaction with VCC is stereospecific, it is not
with SLO [20]. Covey and coworkers also investigated the role of elevated levels of
cholesterol in advanced atherosclerosis. Macrophages normally have cholesterol
poor endoplasmic reticulum (ER) membrane. However, in advanced atherosclerotic
lesions, free cholesterol accumulates in these ER membranes which subsequently
inhibits ER calcium ATPase-2b pump (SERCAZ2b). To investigate the mechanism of
cholesterol-induced SERCA2b inhibition, the authors incubated SERCA2b con-
taining ER membranes with methyl-p-cyclodextrin-complexes with either nat-
cholesterol or ent-cholesterol. It was observed that similar amounts of nat-cholesterol
and ent-cholesterol were incorporated into the membranes and SERCA2b was
inhibited to similar extent. This observation confirmed that the interaction between
cholesterol and SERCAZ2b is not stereospecific and the excess free cholesterol sim-
ply reduces the conformational freedom of SERCA2b and depletion of ER calcium
stores occurs [21].

Antibodies are proteins that are extremely specific and have been used to distin-
guish and separate enantiomers [22, 23]. Addadi and coworkers investigated inter-
actions between a monoclonal antibody 36A1 and monolayers of sterols:
nat-cholesterol, ent-cholesterol, and epi-cholesterol. The hydroxyl group at C3 was
in a-position resulting in a diastereomer. When compared, layers of nat-cholesterol
and ent-cholesterol interacted with the antibody to the same extent. The packing of
the epimer in monolayer was distinct as the configuration at C3 position imposed a
more acute angle between the hydroxyl group and the rigid steroid backbone. Hence
the interaction of the antibody was not observed with the epimer. It was proposed
that the interaction was dependent on the structure even more than on the chemical
composition of the molecules comprising the monolayer. The antibody was able to
overcome minor topographical differences between hydrophobic enantiomeric sur-
faces and bind equally well to the two cholesterol enantiomers. The study high-
lighted the fact that antibody recognition depends both on molecular structure and
on the molecular packing [24, 25].

Structural features of sterols required for binding to and activating ACAT (acyl-
CoA:Cholesterol acyltransferase), a membrane bound ER enzyme, were investi-
gated by Covey and coworkers. The ACAT enzyme converts cholesterol and other
sterols to long chain fatty acid acyl-CoA esters and consists of two isoforms ACAT1
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and ACAT?2. The enzymes contain a substrate binding site and an allosteric activator
site. It is known that binding of cholesterol on the activator site makes the ACAT
enzyme less discriminatory toward esterification and various modifications on ste-
rol structure are tolerated [26]. Activation by cholesterol with equatorial 3f-OH
group was compared with ent-cholesterol (equatorial, 3a-OH) and epicholesterol
(axial, 3a-OH). Not surprisingly, epicholesterol was found to be a poor substrate for
ACAT1 indicating axial orientation of the hydroxyl group at C3 is detrimental to the
binding of the steroid. What was even more remarkable was the finding that ent-
cholesterol, with equatorial C3—OH group and physical properties that were identi-
cal to nat-cholesterol, was also not a strong substrate for ACAT1. Rogers et al.
separately studied esterification of pregnenolone, a poor ACAT substrate without
the isooctyl side chain, and its activation by cholesterol and its enantiomer.
Cholesterol was found to increase the V,,,, for pregnenolone esterification by 100
folds but ent-cholesterol only slightly activated the ACAT enzyme. Enz-Cholesterol
is thus not only a poor substrate but also a poor activator. It has been proposed that
the substrate binding site on ACAT enzyme prefers to bind with cholesterol and the
interaction is stereospecific. It does not allow enz-cholesterol to bind. Enz-Cholesterol
however does bind to the allosteric activating site albeit poorly [27]. These studies
together clearly suggest that the overall shape of the molecule is very critical for
ACAT1 substrate binding and allosteric activating site and not just the orientation of
the C3-hydroxyl group [28, 29].

Bukiya et al. studied the effect of sterol structure on the activity of large-
conductance voltage/Ca**-gated K* (BK) channels. Cholesterol is known to inhibit
BK channels and this may affect regulation of neurotransmitter release and neuronal
excitability. Although small changes in the steroid ring system or the side-chain had
differential efficacy on reducing the activity of the BK channels, some more than
the others, the enantiomer repeatedly failed to reduce the BK channel activity. This
result again signifies the presence of enantiospecific spatial recognition site on the
protein, in this case the BK o subunit [30]. Similar results were observed for bacte-
rial and eukaryotic inward rectifier K* (Kir) channels. Cholesterol was found to
inhibit purified prokaryotic and eukaryotic Kir channel as confirmed by *Rb* uptake
studies. Ent-Cholesterol did not inhibit the **Rb* uptake even though it is expected
to have the same effects on membrane properties as cholesterol. The study con-
firmed that cholesterol-Kir channel interactions are likely enantiospecific and occur
at an evolutionary conserved site [31]. In a separate study conducted to understand
mechanisms underlying cholesterol protection against alcohol-induced BK channel
inhibition and resulting vasoconstriction, Bisen et al. showed that both cholesterol
and ent-cholesterol reduced BK channel inhibition by alcohol in inside-out patches
excised from freshly isolated cerebral artery myocytes. This observation that the
two enantiomers have similar effects on the pharmacological properties of the chan-
nel suggests that either a protein site is not involved or that the protein site involved
has very lax requirements for sterol recognition. It is more likely that this effect is
mediated by non-specific lipid bilayer-mediated mechanism that both the enantiomers
have the ability to affect equally [32].



Chirality Effect on Cholesterol Modulation of Protein Function 11

A B 15
B p—— r LDLR
22 1
20
SREBP-2 S g
22 o5 &
MR- E =
a-tubulin |- ———— [, '° HMGCR
1.5 e
5 g8 1
@ My .E i
20 0 1 % g 0.5 -
588 L | X o
& m g 05 *k E
» = 0 -
0 15
- CD nat-C ent-C 0 SQLE
o 2
2o 11
g2
- L *k
2 Z 051
£
0 r

- CD natC entC

Fig. 4 (a, b) Ent-cholesterol suppresses activation of the SREBP-2 pathway (Adapted from [33])

To understand how cholesterol maintains its homeostasis, Kristiana et al. used
the enantiomer to dissect the direct binding ability and its ability to alter the mem-
brane properties [33]. It is known that low cellular cholesterol levels cause activation
of sterol regulatory element-binding protein-2 (SREBP) transcription factors.
Alternatively at high concentrations, cholesterol binds to SREBP cleavage activat-
ing protein (Scap), causes a conformational change and eventually traps SREBP-2 in
the ER and reduces the cholesterol concentration. In addition, at high concentration,
cholesterol accelerates proteolytic cleavage of squalene monooxygenase (SM), a
key enzyme required for biosynthesis of cholesterol. Understanding how these feed-
back mechanisms change when cholesterol is replaced by ent-cholesterol will allow
elucidation of the role of non-specific membrane effects on regulation of cholesterol
homeostasis. In-vitro assays with CHO-7 cells showed that ent-cholesterol not only
suppressed SREBP-2 processing but also reduced the expression of three SREBP-2
target genes-LDLR, HMGCR, and SQLE (Fig. 4a, b). ent-Cholesterol was also
equally able to induce a conformational change in Scap as determined by a trypsin-
cleavage assay. And finally, ent-cholesterol also accelerated degradation of endog-
enous squalene monooxygenase in SRD-1 cells that lack sterol regulation as well as
in CHO-7 cells that overexpress SM. All these findings suggest that the sterol-
protein interactions involved in regulating cholesterol levels are not enantiospecific
and that ent-cholesterol can also elicit these membrane effects that contribute

significantly to cholesterol homeostasis [33].
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3.2 Effects on Lipid-Modified Proteins

Both lipids and proteins affect formation of cholesterol-rich domains or rafts in mem-
branes [34]. Since both proteins and most lipids are chiral, their interactions with cho-
lesterol could require chiral recognition and affect formation of these rafts. Covey and
coworkers compared capacity of the enantiomers to condense sphingomyelins in a
monolayer system. Lipid-raft-forming capabilities of the enantiomers were compared
by obtaining the surface pressure-average molecular area isotherms for mixtures of
70 mol% egg sphingomyelin and 30 mol% nat- or ent-cholesterol. These isotherms
were identical for the two enantiomers indicating that the absolute configuration of the
sterol does not affect its interaction with lipids such as sphingomyelin or phosphatidyl-
choline. In addition, both the enantiomers reversed to the same extent the enhanced
phosphorylation of the EGF receptor that occurred following depletion of cholesterol
with methyl-p-cyclodextrin [35]. This was direct evidence that the effects of choles-
terol on EGF receptor function are most likely not enantioselective. Separately, Epand
et al. studied how the enantiomers of cholesterol modulate lipid organization by small
peptides. Interactions of two proteins, a 19-amino-acid, N-terminally myristoylated
fragment (myristoyl-GGKLSKKKKGYNVNDEKAK-amide) of the protein NAP-22
[neuronal axonal membrane protein], and the segment LWYIK (Leu-Trp-Tyr-Ile-Lys)
from the gp41 protein of HIV, were studied with nat-cholesterol and ent-cholesterol
using differential scanning calorimetry (DSC) and nuclear Overhauser enhancement
spectroscopy (NOESY-MAS-NMR). Phase transition properties of two lipid mixtures
containing the lipid SOPC (1-stearoyl-2-oleoylphosphatidylcholine) and the phospho-
lipid PtdIns(4,5)P2] were measured using DSC in presence of either cholesterol or
ent-cholesterol. No significant difference was observed when ent-cholesterol replaced
cholesterol. However, when 10 mol% myristoylated fragment of NAP-22 was added, a
large increase in enthalpy of the chain melting transition was observed. The lipid mix-
ture containing cholesterol underwent separation into cholesterol-rich and cholesterol-
depleted domains. When ent-cholesterol was used instead of cholesterol, the chain
melting transition had completely disappeared indicating stereospecific requirement
for peptide-induced formation of cholesterol domains. Additionally, N-acetyl-LW YIK-
amide increased the transition enthalpy of the phospholipid-sterol mixture containing
cholesterol indicating separation of a cholesterol-depleted domain of SOPC. The effect
on chain melting transition with ent-cholesterol was much less pronounced. Very simi-
lar effects were observed with the all D-isomer of N-acetyl-LWYIK providing evi-
dence that peptide chirality is not essential for interaction with cholesterol containing
membranes [36].

3.3 Effects on Sterol-Lipid Interactions

Covey and coworkers subsequently studied enantiospecific interactions between
cholesterol and egg yolk sphingomyelin (SPM) measured as a difference in the plots
of surface pressure (P) vs. mean molecular area (mmA) during the compression of
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mixed monolayers containing the same mol% of either cholesterol enantiomer
cospread on the surface with SPM. It was observed that enantioselectivity increased
as the mol% of sterol is increased to 30%. ent-Cholesterol had a greater condensing
effect on SPM than nat-cholesterol. It was thus proposed that the D-erythro-
sphingosine base of SPM with its two chiral centers undergoes intermolecular
hydrogen bonding with another molecule of SPM. Cholesterol alters these intermo-
lecular SPM-SPM hydrogen bonds enantiospecifically [37]. In addition, Brewster
angle microscopy showed that an additional phase was formed during compression
of ent-cholesterol/egg yolk SPM monolayer that was not observed with nat-choles-
terol/egg yolk SPM monolayer [38]. These experiments indicated that enantioselec-
tive interactions between cholesterol and cell membrane lipids can affect the
physical properties of membranes.

To understand if enantiospecific effects that result from interactions of choles-
terol and proteins occur via direct binding of the steroid to proteins or by modula-
tion of the physical properties of the lipids bilayers, Alakoskela et al. studied the
interaction of the two enantiomers with chiral phospholipid monolayers of 1,2-dipa
Imitoylglycero-sn-3-phosphocholine (L-DPPC) and 2,3-dipalmitoylglycero-sn-1-
phosphocholine (D-DPPC) using fluorescence imaging. These two chiral phospho-
lipids form spiral-shaped solid domains with opposite senses in presence of low
concentrations of cholesterol [39]. When comparing the two enantiomers, the
authors did not observe any difference in domain shapes when cholesterol was
replaced with ent-cholesterol. However, with racemic DPPC mixtures, the residual
chirality with ent-cholesterol was found to be in the direction opposite that for cho-
lesterol. This modest effect was attributed to cholesterol—cholesterol stacking at the
solid-liquid interface leading to slightly different line tensions. The observation
clearly indicated that cholesterol chirality requires solid like domains and is not
likely to play a major role in biological membranes [40].

Cholesterol chirality and structure also affects membrane dipole potential.
Electric dipoles of lipid and water molecules orient themselves in non-random fash-
ion at the membrane interface to generate membrane dipole potential. Bandari et al.
measured the membrane dipole potential using dual wavelength voltage sensitive
fluorescence spectroscopy using POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine) membranes. The membrane dipole potential increased with
increasing concentration of cholesterol. Since generation of dipole potential arises
due to membrane effects, ent-cholesterol that shares identical physicochemical
properties with cholesterol showed comparable increase in the dipole potential.
Epicholesterol however showed a modest decrease in dipole potential, indicating
again that the C3 (a-OH) group significantly alters the physiochemical properties of
the molecule. These effects of steroid structure on membrane dipole potential were
correlated with a serotonin,;, receptor functional assay. Comparable specific bind-
ings of the agonist [*'H]8-OH-DPAT to the serotonin,, receptor were observed for
solubilized hippocampal membranes that were enriched with cholesterol or ent-
cholesterol. However, when epicholesterol was used, the percentage specific bind-
ing of the agonist dropped significantly suggesting that these interactions are
diastereospecific and not enantiospecific [41]. To further confirm that these stereo-
isomers do not restore the specific binding to the serotonin;, receptor simply by
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changing the membrane order, the fluorescence anisotropy measurements with the
membrane probe DPH were conducted. All three stereoisomers including epi-
cholesterol were found to increase fluorescence anisotropy similarly indicating no
change in membrane order when compared to the native membrane [42]. In a sepa-
rate study, Oakes and Domene performed extensive molecular dynamics to estab-
lish an atomic-level description of cholesterol-lipid leading to increase in membrane
dipole potential by cholesterol and ent-cholesterol [43]. The authors performed
molecular dynamic simulations using membranes containing 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine  (POPC) molecules and nat-cholesterol, ent-
cholesterol or epi-cholesterol. Nat-Cholesterol and ent-cholesterol exhibited
greatest and almost identical effect on the biophysical properties of the membrane.
Epi-Cholesterol exhibited weaker lipid-tail organization with increased mean tilt
angles and lower calculated carbon-deuterium order parameter (Scp) values. Both
nat-cholesterol and ent-cholesterol augmented the membrane dipole potential and
epi-cholesterol was found to decrease the membrane potential when compared to
cholesterol-free membranes. Effectively, the authors showed that inclusion of small
molecules with slight structural differences can modulate the dipole potential of the
membranes, an important property that regulates transport processes [43].

3.4 Effects In Vivo

Importance of absolute configuration of cholesterol was established by studying
effect of ent-cholesterol on growth, viability, and behavior of Caenorhabditis ele-
gans. C. elegans is unable to synthesize its own cholesterol [44]. Substituting nat-
cholesterol with ent-cholesterol did not significantly affect the first generation
animals (Fig. 5a); however, all the second generation animals died or were arrested
as embryos or larvae (Fig. 5b). The animals that did hatch were severely para-
lyzed (Fig. 5¢). In contrast, nat-cholesterol animals continued to grow and behave
normally (Fig. 5d). Late stage second-generation animals that survived in presence
of only ent-cholesterol developed severe cuticle defects before dying (Fig. 5e). To
confirm that effects were attributed to ent-cholesterol incorporation into the ani-
mals, the authors extracted and measured cholesterol content of first generation
adult animals. It was confirmed that ent-deuterocholesterol replaced majority of the
nat-cholesterol in the first generation animals. Separately, when animals were
treated with a mixture of ent-cholesterol and nat-cholesterol, specifically in the ratio
of 9:1 and 9.9:0.1, ent-cholesterol enhanced deleterious effects of nat-cholesterol
reduction on the growth, movement and viability of the animals. This indicated for
the first time that enz-cholesterol in fact antagonized essential functions of nat-cho-
lesterol in vivo [45]. Covey and colleagues also compared direct ability of the enan-
tiomers to interact with a protein. Nat-cholesterol was oxidized rapidly by cholesterol
oxidase unlike ent-cholesterol, which was oxidized much more slowly under the
same conditions. This clearly indicated distinct behavior of the enantiomers with a
protein that has a specific sterol binding site [35].
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Fig. 5 Lethal, developmental, and behavioral effects of the enantiomer of cholesterol (Adapted
from [45])

Xu et al. studied the sterol requirement to support mammalian cell growth using
mutant CHO cells that have limited ability to synthesize cholesterol. These auxotro-
phic mutant cells must be provided with sterols exogenously for normal growth.
Numerous sterols with slight modification of the side chain supported robust growth
of these cells and these sterols comprised up to 96% of total cellular sterols after
10 days. These sterols were thus not converted to cholesterol. In addition, it was
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confirmed that residual cholesterol synthesis (about 3%) was critical for cell growth.
Blocking the residual endogenous cholesterol synthesis by treating the cells with
NB-598, a squalene epoxide inhibitor, adversely affected the cell growth. These
cholesterol requirements were surprisingly not enantiospecific confirming that the
essential functions of cholesterol do not depend on its absolute configuration. Ent-
Cholesterol supported the growth of these auxotrophic cells in presence or absence
of NB-598 (Fig. 6). The results indicate that ent-cholesterol not only met the bulk
requirement of the sterol but also satisfied the requirement of small amount of cho-
lesterol itself [46].

Cholesterol absorption and metabolism is a complex process and better under-
standing pathways can provide new therapeutic regimens. Deuterium labeled ent-
cholesterol (d,) and nat-cholesterol (d;) were used to elucidate pathways and
specificity of absorption, secretion, and elimination of cholesterol in hamsters.
Deuterium incorporation allowed easy measurement of the enriched cholesterol via
mass spectrometry. Animals were administered deuterated enantiomers by oral
gavage or via intracardiac injection. Substantial differences in absorption and excre-
tion patterns were observed. Ent-Cholesterol was much more rapidly absorbed
across mucosal membrane and the intestinal concentration peaked at ~1 h.
Subsequently ent-cholesterol was as quickly secreted into the bile indicating possi-
ble enterohepatic recirculation. Finally, the enantiomer was quantitatively excreted
in the stools over 3 days. The intracardiac injection revealed quick and preferential
accumulation of ent-cholesterol in liver and bile. Unlike the enantiomer, orally
administered nat-Cholesterol accumulated in mucosa mostly in the unesterified
form and was absorbed very slowly. It took several days for serum concentration of
nat-cholesterol to peak. The intracardiac administration of nat-cholesterol con-
firmed relatively slower elimination of the nat-cholesterol. This drastic difference in
the rate of absorption and elimination of two enantiomers with identical physical
properties indicates relevance of enantiospecific interactions and differential spatial
recognition of the steroid with chiral proteins and lipids [47].
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Fig. 6 Requirement for cholesterol in mammalian cells is not enantiospecific. Ent-cholesterol
supports growth of auxotrophic CHO cells in presence or absence of NB-598 (Adapted from
[46], Copyright (2005) National Academy of Sciences, U.S.A.)
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4 Summary and Future Considerations

Much progress has been made to understand differential effects of cholesterol and
its stereoisomers on membrane proteins, lipid-modified proteins, and membrane
lipids. Utilization of ent-cholesterol, 3-epicholesterol, and their deuterium labeled
forms has undoubtedly allowed us to understand the complex mechanisms of
cholesterol and distinguish between specific and non-specific interactions of the
steroid. Numerous direct effects of cholesterol with specific proteins have been
established. Many of the effects have been confirmed to simply be due to membrane
effects. The above studies clearly suggest that ent-cholesterol interacts differently
with proteins and lipids. However, there are a number of studies that revealed lack
of chiral discrimination between the enantiomers. In such cases, findings need to be
further investigated. Ent-Cholesterol will continue to be utilized as a valuable probe
and it is expected that advances in synthetic chemistry will allow gram scale synthesis
and easier access to the enantiomer.
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A Critical Analysis of Molecular
Mechanisms Underlying Membrane
Cholesterol Sensitivity of GPCRs

Md. Jafurulla, G. Aditya Kumar, Bhagyashree D. Rao,
and Amitabha Chattopadhyay

Abstract G protein-coupled receptors (GPCRs) are the largest and a diverse family
of proteins involved in signal transduction across biological membranes. GPCRs
mediate a wide range of physiological processes and have emerged as major targets
for the development of novel drug candidates in all clinical areas. Since GPCRs are
integral membrane proteins, regulation of their organization, dynamics, and func-
tion by membrane lipids, in particular membrane cholesterol, has emerged as an
exciting area of research. Cholesterol sensitivity of GPCRs could be due to direct
interaction of cholesterol with the receptor (specific effect). Alternately, GPCR
function could be influenced by the effect of cholesterol on membrane physical
properties (general effect). In this review, we critically analyze the specific and gen-
eral mechanisms of the modulation of GPCR function by membrane cholesterol,
taking examples from representative GPCRs. While evidence for both the proposed
mechanisms exists, there appears to be no clear-cut distinction between these two
mechanisms, and a combination of these mechanisms cannot be ruled out in many
cases. We conclude that classifying the mechanism underlying cholesterol sensitiv-
ity of GPCR function merely into these two mutually exclusive classes could be
somewhat arbitrary. A more holistic approach could be suitable for analyzing
GPCR~—cholesterol interaction.
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Abbreviations

7-DHC 7-Dehydrocholesterol

7-DHCR  3B-Hydroxy-steroid-A’-reductase

24-DHCR  3p-Hydroxy-steroid-A*-reductase

AY 9944  trans-1,4-bis(2-chlorobenzylaminoethyl)cyclohexane

dihydrochloride
CB Cannabinoid receptor
CCK Cholecystokinin receptor
CCM Cholesterol consensus motif
CCR5 CC chemokine receptor 5
CRAC Cholesterol recognition/interaction amino acid consensus
CXCR4 CXC chemokine receptor 4
GalR2 Galanin receptor 2
GPCR G protein-coupled receptor
MBCD Methyl-p-cyclodextrin
MI Metarhodopsin I
MII Metarhodopsin II
mGIuR Metabotropic glutamate receptor
SLOS Smith-Lemli—Opitz syndrome
Smo Smoothened
T2R4 Bitter taste receptor 4

1 G Protein-Coupled Receptors as Signaling Hubs and Drug
Targets

The G protein-coupled receptor (GPCR) superfamily is the largest and an extremely
diverse family of proteins implicated in information transfer across biological
membranes [1-3]. They are characterized by seven transmembrane domain topol-
ogy and include >800 members which are encoded by ~5% of genes in humans
[4]. Signaling by GPCRs involves their activation by a wide variety of extracellular
ligands that trigger the transduction of signals into the cellular interior through
concerted structural rearrangements in their transmembrane and extramembranous
domains [5, 6].

GPCRs are involved in the modulation of cellular responses to stimuli that
encompass a variety of endogenous and exogenous ligands which even include pho-
tons. As a result, GPCRs mediate several essential physiological processes such as
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neurotransmission, cellular metabolism, secretion, cellular differentiation, growth,
and inflammatory/immune responses. GPCRs have therefore emerged as popular
targets for the development of novel drug candidates in all clinical areas ranging
from disorders of the central nervous system to cancer [7—11]. Importantly, ~50%
of clinically prescribed drugs and 25 of the 100 top selling drugs target GPCRs
[12-14]. However, only a small number of GPCRs are currently targeted by drugs
[15, 16]. This presents the exciting possibility that the receptors which are not iden-
tified yet could be potential drug targets for diseases that pose a challenge to the
available repertoire of drugs.

The role of membrane lipids in GPCR organization, dynamics, structure, and
function has emerged as an exciting area in GPCR biology. GPCRs are integral
membrane proteins with their transmembrane helices traversing the membrane
seven times and as a consequence a major part of these receptors is surrounded by
membrane lipids. For example, in case of rhodopsin, molecular dynamics simula-
tions show that the lipid—protein interface corresponds to ~38% of the total surface
area of the receptor [17]. In such a scenario, it is only realistic that the membrane
lipid environment would modulate GPCR structure and function. Cellular mem-
branes comprise of a wide variety of lipids, each of which uniquely modulates the
physicochemical properties of the bilayer [18, 19]. Phospholipids, sphingolipids,
and cholesterol constitute major lipid components of cell membranes, among which
cholesterol has been extensively studied in the context of the organization, dynam-
ics, structure, and function of GPCRs.

2 Membrane Cholesterol in GPCR Function

Cholesterol is a crucial and representative lipid in higher eukaryotic cell membranes
and plays a key role in membrane organization, dynamics, function, and sorting.
The unique molecular structure of cholesterol has been intricately fine-tuned over a
very long timescale of natural evolution [20, 21]. The chemical structure of choles-
terol comprises of the 3pB-hydroxyl group, the rigid tetracyclic fused ring, and the
flexible isooctyl side chain (Fig. 1a). The 3p-hydroxyl group (sole polar group)
helps cholesterol anchor at the membrane interface and is believed to form hydro-
gen bonds with polar residues of membrane proteins. The tetracyclic fused ring and
the isooctyl side chain constitute the apolar component of cholesterol. An inherent
asymmetry about the plane of the sterol ring is generated by methyl substitutions on
one of its faces (Fig. 1b). The protruding methyl groups (constituting the rough 8
face) are believed to participate in van der Waals interactions with the side chains of
branched amino acids such as valine, leucine, and isoleucine. The other side of the
sterol ring (constituting the smooth o face) exhibits favorable van der Waals interac-
tion with the saturated fatty acyl chains of phospholipids (Fig. lc; [22-24]).
Cholesterol is nonrandomly distributed in specific domains (or pools) in biological
and model membranes [22, 25-28]. Membrane cholesterol is essential for a range
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Fig. 1 Structural features of cholesterol and its orientation with respect to membrane components:

(a) Chemical structure of cholesterol with its three structurally distinct regions (shown as shaded
boxes): the 3pB-hydroxyl group, the rigid tetracyclic fused ring, and the flexible isooctyl side chain.
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of cellular processes such as membrane sorting and trafficking [29], signal transduc-
tion [30], and the entry of pathogens [31-35].

Membrane cholesterol has been shown to modulate the organization, dynamics,
and function of several GPCRs (reviewed in [3, 36—42]). Understanding such
dependence of the function of GPCRs on membrane cholesterol assumes signifi-
cance since the function of GPCRs has been found to be compromised in patho-
logical conditions with misregulated cholesterol metabolism [43]. In addition,
cholesterol exhibits an inherent diversity in terms of its distribution across cell,
tissue, and organ types. For example, although the central nervous system consti-
tutes ~2% of the body mass, it accounts for ~25% of the cholesterol content in the
body [44, 45]. Moreover, cellular cholesterol content is age-dependent [46] and
developmentally regulated [47].

In spite of several studies showing the importance of cholesterol in GPCR func-
tion, the exact molecular mechanism underlying this remains elusive [48, 49]. The
cholesterol dependence of the function of GPCRs could be attributed to either spe-
cific (direct) interaction or general (indirect) effect of membrane cholesterol on
physical properties of the membrane in which the receptor is embedded. A combi-
nation of specific and general effects is yet another possibility. In this review, we
discuss the cholesterol sensitivity of GPCRs with examples highlighting specific
and general effects of membrane cholesterol on GPCR function, along with experi-
mental strategies to explore such interactions.

3 Strategies to Explore Cholesterol Sensitivity of GPCRs

The mechanism of action of cholesterol on GPCRs has been explored using a battery
of experimental strategies, each of which provides a unique perspective to address
the molecular basis of these interactions. The strategies commonly used to study
such interactions rely on the modulation of cholesterol content or its availability in
membranes in order to probe its role in supporting the function and organization of
GPCRs. These techniques, when used judiciously, could be helpful in delineating
the specific and general effects of cholesterol on GPCR function. We discuss below
a few important strategies that are used to explore the nature of the interaction of
membrane cholesterol with GPCRs.

<
<

Fig. 1 (continued) (b) Two faces of cholesterol: asymmetry is due to the methyl groups on one
plane of the sterol ring of cholesterol resulting in a rough (p) face, leaving the other plane with
axial hydrogen atoms (smooth () face). (¢) A schematic showing the possible orientation of cho-
lesterol with respect to membrane components (phospholipid and transmembrane protein seg-
ment). The smooth « face of cholesterol contributes to favorable van der Waals interaction with the
saturated fatty acyl chains of phospholipids and the rough f face interacts with uneven transmem-
brane domains of integral membrane proteins. Adapted and modified from [22]. See text for more
details
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3.1 Solubilization and Reconstitution

Solubilization is an important method used to understand the structural and func-
tional aspects of GPCRs. Solubilization involves the isolation of the receptor from
its native membrane environment and dispersing it in a relatively purified state using
suitable amphiphilic detergents. The process of solubilization leads to dissociation
of proteins and lipids which are held together in the native membrane, ultimately
resulting in the formation of small clusters of protein, lipid, and detergent in an
aqueous solution [5S0-54]. Solubilization has been utilized as an effective strategy to
study GPCR-lipid interactions and probe lipid specificity by reconstitution of the
receptor with specific lipids [54, 55]. The process of reconstitution involves removal
of detergent, followed by incorporation of the receptor into membrane-mimics such
as micelles, bicelles, liposomes, nanodiscs, and planar lipid bilayers [55, 56]. This
strategy has been earlier utilized to explore the role of cholesterol in the function of
the serotonin,, receptor [54]. Using this strategy, we further explored the structural
stringency of cholesterol in the function of the serotonin,, receptor by reconstitut-
ing the solubilized receptor with close structural analogs (biosynthetic precursors
and stereoisomers) of cholesterol [57-60].

3.2 Inhibition of Cholesterol Biosynthesis

Biosynthesis of cholesterol is carried out in a stringently regulated multi-step enzy-
matic pathway [61]. A physiologically relevant approach to study the role of choles-
terol in GPCR function is metabolic (chronic) depletion by inhibiting specific
enzymes in its biosynthetic pathway. A common strategy that has been used to
chronically deplete cellular cholesterol is the use of statins [62, 63]. Statins are
competitive inhibitors of HMG-CoA reductase, the enzyme that catalyzes the rate-
limiting step in the cholesterol biosynthetic pathway (Fig. 2a; [64]). In addition,
distal inhibitors such as AY 9944 (trans-1,4-bis(2-chlorobenzylaminoethyl)cyclo-
hexane dihydrochloride) that inhibits 3-hydroxy-steroid-A’-reductase (7-DHCR),
and triparanol which inhibits 3p-hydroxy-steroid-A*-reductase (24-DHCR) have
been extensively utilized [65, 66]. Inhibition of 7-DHCR and 24-DHCR that cata-
lyze final steps in the Kandutsch-Russell pathway [67] and Bloch pathway [68]
results in the accumulation of 7-dehydrocholesterol (7-DHC) and desmosterol,
respectively (Fig. 2a). Importantly, malfunctioning of 7-DHCR and 24-DHCR has
been identified as major factors for lethal neuropsychiatric disorders such as Smith—
Lemli—Opitz syndrome (SLOS) and desmosterolosis [69, 70]. Therefore, inhibitors
of 7-DHCR and 24-DHCR have been successfully utilized to generate cellular and
animal model systems to study these disease conditions [65, 66, 71, 72]. We previ-
ously utilized this strategy to generate a cellular model for SLOS using AY 9944,
and explored the function of the serotonin, , receptor (an important neurotransmitter
receptor) in this neuropsychiatric disease condition [43].
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Fig. 2 Strategies to explore cholesterol-dependence of GPCR function. (a) A schematic represen-
tation of biosynthetic inhibitors of cholesterol. The role of cholesterol in GPCR function can be
analyzed utilizing inhibitors of cholesterol biosynthesis that allow chronic depletion of cholesterol
in a physiologically relevant manner. Statins inhibit the first rate-limiting step that involves the
conversion of HMG-CoA to mevalonate at an early step in the cholesterol biosynthetic pathway.
Inhibitors of the final steps in the Kandutsch-Russel and Bloch pathways of cholesterol biosynthe-
sis include AY 9944 and triparanol that inhibit the synthesis of cholesterol from their immediate
precursors, 7-dehydrocholesterol and desmosterol, respectively. (b) The chemical structure of
methyl-p-cyclodextrin (MPCD), a specific carrier of cholesterol that selectively depletes mem-
brane cholesterol. R denotes a methyl group. (¢) Chemical structure of nystatin, a representative
complexing agent

3.3 Specific Carriers

A commonly utilized strategy for acute and specific modulation of membrane
cholesterol content is by using specific carriers. Methyl-p-cyclodextrin (MBCD), a
member of the cyclodextrin family, is an oligomer of seven methylated-glucose
residues that exhibits specificity for cholesterol over other membrane lipids
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(see Fig. 2b; [34, 73, 74]). MPCD has been utilized as the carrier of choice to study
the effect of cholesterol on GPCR function, organization, and dynamics in a large
number of studies [36, 37]. The relatively small size and polar nature of MBCD
allows its close interaction with membranes, thereby enabling efficient and selective
modulation of cholesterol content. This strategy has been utilized to explore the
cholesterol-dependent function of several GPCRs such as rhodopsin [75], oxytocin
[76], galanin [77], serotonin,;, [78, 79], cannabinoid [80-82], and bitter taste T2R4
receptors [83]. We have successfully utilized MBCD for controlled modulation of
membrane cholesterol to study its role in the function of the serotonin,, receptor
[78, 79, 84]. We further utilized MBCD to replace cholesterol with its various close
structural analogs in order to explore the structural stringency of cholesterol for sup-
porting receptor function [54]. Interestingly, we have recently shown that although
both inhibition of cholesterol biosynthesis and specific carriers modulate choles-
terol levels in cell membranes, the actual effect could differ a lot (even at same
cholesterol concentrations), since the membrane dipolar environment in these cases
turn out to be very different [85].

3.4 Enzymatic Oxidation

Specific modulation of membrane cholesterol could also be achieved by its oxida-
tion using the enzyme cholesterol oxidase. Cholesterol oxidase catalyzes the oxida-
tion of cholesterol to 4-cholestenone at the membrane interface [86], thereby
modifying the chemical nature of cholesterol without physical depletion from mem-
branes. Oxidation of cholesterol exhibits mild effect on global membrane properties
relative to its physical depletion, and minimizes nonspecific effects of cholesterol
modulation. This strategy has been earlier utilized to explore the structural speci-
ficity of cholesterol (the hydroxyl group in particular) in the function of several
GPCRs such as the serotonin,, receptor [87, 88], oxytocin and cholecystokinin
(CCK) receptors [76], galanin-GalR2 receptors [77], rhodopsin [89], and chemo-
kine receptors CXCR4 and CCRS5 [90].

3.5 Complexing Agents

Modulating availability of cholesterol in the membrane, rather than physical deple-
tion, is yet another method to explore the cholesterol sensitivity of GPCR function.
Cholesterol-complexing agents such as digitonin, filipin, nystatin, amphotericin B,
and perfringolysin O [91-95] at appropriate concentrations partition into mem-
branes and sequester cholesterol, thereby making it unavailable for interaction with
GPCRs. These agents could be used to address the interaction of cholesterol with
GPCRs by restricting cholesterol availability. Figure 2c¢ shows the chemical
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structure of nystatin, a representative complexing agent. This strategy has been
earlier utilized to probe the requirement of membrane cholesterol for the function of
the serotonin; [96, 97], oxytocin [76], and galanin [77] receptors.

4 Mechanisms of Cholesterol Sensitivity of GPCRs

Cholesterol sensitivity of GPCRs is well documented. However, the underlying
molecular mechanism remains elusive. The ongoing efforts to understand the struc-
tural and functional correlates underlying cholesterol sensitivity of GPCR function
have provided evidence in favor of both specific interaction and general (membrane)
effects. We discuss below representative studies on cholesterol sensitivity of GPCRs.

4.1 Specific Requirement of Membrane Cholesterol for GPCRs
4.1.1 Serotonin;, Receptor

The serotonin,, receptor is a key neurotransmitter GPCR that is implicated in the
generation and modulation of various cognitive, behavioral, and developmental func-
tions [98—102]. The serotonin;, receptor is the most well-studied GPCR in terms of
specificity of cholesterol in the organization, dynamics, and function of the receptor.
Earlier work from our laboratory has comprehensively demonstrated the specific
requirement of membrane cholesterol for the function of the serotonin; receptor uti-
lizing an array of experimental approaches. By modulating the availability of mem-
brane cholesterol by employing (1) MBCD [57, 78], (2) biosynthetic inhibitors such
as statin [63] and AY 9944 [43], and (3) complexing agents such as nystatin [96] and
digitonin [97], we have shown the requirement of cholesterol in receptor function. We
generated a cellular model for SLOS (a fatal neuropsychiatric disorder) using AY
9944 and showed that the function of the serotonin,, receptor is compromised under
this disease-like condition [43]. We have recently generated a rat model of SLOS by
oral feeding of AY 9944 to dams for brain metabolic NMR studies. Importantly, enzy-
matic oxidation of cholesterol [87, 88] led to a change in receptor function, without
any appreciable effect on membrane order (as reported by fluorescence anisotropy
measurements), thereby suggesting specific requirement of cholesterol for receptor
function. We further demonstrated the structural stringency of cholesterol in support-
ing the function of the serotonin,, receptor by replacing cholesterol with its immedi-
ate biosynthetic precursors (7-DHC and desmosterol) [58, 59, 103] and stereoisomers
of cholesterol ([60]; reviewed in [54]). In addition, we showed that the stability of the
serotonin,, receptor is enhanced in the presence of cholesterol using biochemical
approaches [104], molecular modeling [105], and all atom molecular dynamics simu-
lations [106]. Taken together, these studies bring out the cholesterol sensitivity of the
serotonin, , receptor function, which in some cases (such as treatment with cholesterol
oxidase) could have a specific mechanism.
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4.1.2 Oxytocin Receptor

The oxytocin receptor plays an important role in several neuronal functions and in
reproductive biology [107]. Cholesterol dependence of oxytocin receptor function
was explored using multiple approaches [76, 108]. Modulation of membrane cho-
lesterol content using MBCD resulted in a change in the affinity state of the receptor
for oxytocin, with the receptor in a high affinity state in the presence of cholesterol
[108]. In addition, utilizing cholesterol-complexing agent filipin, mere complex-
ation of cholesterol was shown to be sufficient to modulate receptor function [76].
Importantly, treatment with cholesterol oxidase modulated the function of the
receptor without a significant change in membrane order. The structural stringency
of cholesterol for the function of the oxytocin receptor was demonstrated by replac-
ing cholesterol with an array of its structural analogs [76]. Further, the oxytocin
receptor was shown to be more stable in the presence of cholesterol [109]. These
results point out the role of specific mechanism in the cholesterol-dependent func-
tion of the oxytocin receptor.

4.1.3 Galanin Receptor

Galanin receptors upon binding to the neuropeptide galanin mediate diverse physiolog-
ical functions in the peripheral and central nervous systems. The requirement of cho-
lesterol for galanin receptor (GalR2) function was shown by modulating cholesterol
content in cellular membranes using MBCD or by culturing cells in lipoprotein-deficient
serum [77]. Depletion of membrane cholesterol led to decrease in affinity of ligand
binding to the receptor. In addition, complexation of cholesterol with filipin and enzy-
matic oxidation of cholesterol led to significant reduction in ligand binding activity of
the receptor. The mechanistic basis of cholesterol sensitivity was evident from experi-
ments in which cholesterol was replaced with its structural analogs, thereby implying
a possible specific mechanism responsible for cholesterol sensitivity of GalR2 [77].

4.1.4 Chemokine Receptors

Chemokine receptors are important GPCRs implicated in immunity and infection.
A wide range of chemokines bind to these receptors and mediate specific immune
responses. Membrane cholesterol has been shown to be essential for stabilizing the
functional conformation and signaling of CCR5 and CXCR4 receptors, members of
the chemokine receptor family [90, 110, 111]. The cholesterol sensitivity of the
function of CCRS5 was shown using conformation-specific antibodies, whose bind-
ing to the receptor exhibited cholesterol dependence [110]. Treatment with choles-
terol oxidase [90] resulted in reduction in binding of epitope-specific antibodies to
CCRS along with loss in receptor function. In addition, replacement of cholesterol
with 4-cholesten-3-one showed reduction in specific ligand binding to the receptor
[110]. Similar results were observed for CXCR4 where depletion or oxidation of
membrane cholesterol resulted in reduction in binding of conformation-specific
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antibodies and signaling of the receptor [90, 111]. These effects were reversed upon
replenishment with membrane cholesterol.

4.1.5 Bitter Taste Receptors

The human bitter taste receptors (T2Rs) are chemosensory receptors with signifi-
cant therapeutic potential [112]. Earlier work from our laboratory has shown that
the T2R4 receptor, a representative member of the bitter taste receptor family,
exhibits cholesterol sensitivity in its signaling [83]. The molecular basis of such
cholesterol dependence of receptor function could be attributed to the putative cho-
lesterol recognition/interaction amino acid consensus (CRAC) motif (see below),
since mutation of a lysine residue in the CRAC sequence led to loss of cholesterol
sensitivity of the receptor [83].

4.1.6 Cannabinoid and Cholecystokinin Receptors

Cannabinoid receptors are activated by endocannabinoids which mediate a variety
of physiological and neuroinflammatory processes, and are implicated in several
neurodegenerative and neuroinflammatory disorders. The cholesterol sensitivity of
type-1 cannabinoid (CB1) receptors was shown from dependence of specific ligand
binding and signaling of the receptor on membrane cholesterol [80, 81, 113].
Importantly, such a sensitivity of CB1 receptor function to membrane cholesterol is
lost upon mutation of a lysine residue in the putative CRAC sequence. Interestingly,
the type-2 cannabinoid (CB2) receptor has glycine instead of lysine (as in CB1
receptor) in the CRAC sequence [113] and does not show cholesterol dependence
for its function [82, 113]. These studies point toward the possible involvement of the
CRAC motif in cholesterol sensitivity of CB1 receptors.

Similar observations were reported for subtypes of cholecystokinin CCK1 and
CCK2 receptors [114, 115]. CCK1 receptors were shown to be sensitive to mem-
brane cholesterol by analyzing active conformation of the receptor, probed using
fluorescence of a specific fluorescent ligand and intracellular calcium response
[114]. Interestingly, a closely related subtype CCK2 receptor has been shown to be
insensitive to membrane cholesterol [115]. Importantly, mutation in CRAC motif
region in CCK1 receptor resulted in the loss of its cholesterol sensitivity.

4.2 Structural Evidence in Support of GPCR-Cholesterol
Interaction

The specificity of cholesterol for the function of GPCRs has gained support from
recently reported high-resolution crystal structures of GPCRs with bound choles-
terol molecules. Crystal structures of several GPCRs have been resolved with bound
cholesterol molecules over the last decade (see Table 1). Cholesterol was found to



32

Table 1 GPCR structures with bound cholesterol®

Md. Jafurulla et al.

Receptor PDB ID #Chol® | Reference
f3,-adrenergic receptor 2RHI1 3 [116]
3D4S 2 [117]
3NYA, 3NYS, 3NY9 2 [118]
3PDS 1 [119]
5JQH 1 [120]
5SD5A, 5D5B 3 [121]
5X7D 2 [122]
SD6L 3 [123]
Adenosine A,, receptor 4EIY 3 [124]
5K2A, 5K2B, 5K2C, 5K2D 3 [125]
5104, 51U7, 51US, STUA 4 [126]
51UB 3 [126]
S5UVI 3 [127]
SNLX, SNM2, SNM4 3 [128]
5SMZJ, 5SN2R 3 [129]
SMZp 4 [129]
5JTB 3 [130]
5VRA 3 [131]
6AQF 3 [132]
SOLH, 50LO 3 [133]
50M4, 50LV, 50M1, 50LG, |4 [133]
50LZ
k-opioid receptor 6B73 1 [134]
p-opioid receptor 4DKL 1 [135]
5CIM 1 [136]
Metabotropic glutamate receptor 1 40R2 6 (per [137]
dimer)
Smoothened S5L7D 1 (per [138]
dimer)
6D35 1 [139]
Serotonin,y receptor 41B4 1 [140]
4NC3 1 [141]
STVN 1 [142]
Cannabinoid receptor 1 5XR8, SXRA 1 [143]
CC chemokine receptor type 9 SLWE 1 (per [144]
dimer)
Endothelin receptor type-B 5X93 1 [145]
US28 in complex with the chemokine | 4XT1 2 [146]
domain of human CX3CL1 5SWB2 2
P2Y, receptor 4XNV 1 [147]
P2Y, receptor 4PXZ 1 [148]
4NTJ 2 [149]

“The list was generated by searching the PDB database for GPCR structures with cholesterol as a

small molecule ligand

"Number of cholesterol molecules bound per GPCR monomer
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be bound between transmembrane helices (interhelical) within the receptor or
between monomers of a receptor dimer. Interestingly, cholesterol sensitivity has
been demonstrated in few of these GPCRs. We discuss below examples of GPCRs
(see Fig. 3) which display cholesterol sensitivity in their function.

4.2.1 B,-Adrenergic Receptor

One of the first high-resolution crystal structures of a GPCR with bound cholesterol
molecules was for the f,-adrenergic receptor, in which three cholesterol molecules
were found per receptor monomer (Fig. 3a; [116]). In addition, in a subsequent
structure, two cholesterol molecules were identified in a shallow cleft formed by
transmembrane helices [-IV of the receptor (Fig. 3b; [117]). Importantly, this struc-
ture was instrumental in defining one of the putative cholesterol interaction sites in
GPCRs, the cholesterol consensus motif (CCM) (see below). The cholesterol depen-
dence of the stability and function of the f3,-adrenergic receptor has been previously
reported [150-153].

4.2.2 Adenosine A,, Receptor

The high-resolution crystal structure of the adenosine A,, receptor showed three
bound molecules of cholesterol, all of them located at the extracellular half of the
transmembrane helices of the receptor (Fig. 3c; [124]). The three cholesterol mol-
ecules were found between transmembrane helices II/III, V/VI, and VI/
VII. Interestingly, transmembrane helix VI which is implicated in ligand binding
appears to be stabilized by cholesterol [124], and could provide structural basis for
the reported cholesterol sensitivity of adenosine A,, receptor function [154].

4.2.3 Opioid Receptors

In case of k-, p-, and d-opioid receptors, cholesterol has been shown to modulate
the affinity of ligand binding and signaling [62, 155, 156]. Recent crystal struc-
tures of the k-opioid receptor ([134]; Fig. 3d) and p-opioid receptor [135, 136];
Fig. 3e) showed cholesterol bound to transmembrane helices of the receptors.
Cholesterol was found to interact with the transmembrane helices VI and VII of
the p-opioid receptor.

4.2.4 Metabotropic Glutamate Receptor
Unlike class A GPCRs discussed above in which transmembrane domains consti-

tute predominant sites for ligand binding, the metabotropic glutamate receptor
mGluR belongs to class C and has large extracellular domain(s) responsible for
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u-opioid receptor

(9)

Metabotropic glutamate \{ Smoothened
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Fig. 3 Crystal structures of representative GPCRs with bound cholesterol molecules. Bound cho-
lesterol molecules have been identified in crystal structures of several GPCRs (the corresponding
PDB IDs are indicated in parentheses): (a, b) p,-adrenergic receptor (2RH1, 3D4S), (¢) adenosine
A, receptor (4ELY), (d) k-opioid receptor (6B73), (e) p-opioid receptor (4DKL), (f) metabotropic
glutamate receptor 1 (4OR2), and (g) smoothened (5L7D). Snapshots of cholesterol-bound
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ligand binding. It has been earlier shown that membrane cholesterol modulates the
ligand binding affinity and signaling of the mGIuR [157, 158]. However, it was not
clear how membrane cholesterol could modulate ligand binding at the extracellular
domain of the receptor. The structural basis of such modulation of receptor function
by membrane cholesterol was recently shown in a cholesterol-bound crystal struc-
ture of the mGluR [137]. In the receptor structure, six cholesterol molecules were
bound symmetrically in the extracellular side of transmembrane helices I and II at
the dimer interface (Fig. 3f). These structural evidences could form the basis of the
observed role of cholesterol in mGluR function.

4.2.5 Smoothened Receptor

One of the most compelling functional correlates of cholesterol interaction with
GPCRs was shown in the recently reported structure of the sterol binding frizzled
(class F) GPCR, smoothened (Smo) [138, 139, 159]. Smo is a component of the
hedgehog signaling pathway involved in embryonic development and programmed
cell death, and the role of cholesterol in this pathway is well documented [160].
Cholesterol acts as the endogenous activator of Smo by inducing conformational
changes in the receptor that stimulates the hedgehog pathway. The structure of Smo
showed a cholesterol molecule bound to the extracellular cysteine-rich domain of
the receptor which is crucial for transduction of hedgehog signals (Fig. 3g).
Importantly, the structure helped to predict key residues for this interaction, mutat-
ing which impaired hedgehog signaling [159].

We would like to end this section with a cautionary note. Although crystallogra-
phy is an excellent technique to resolve detailed high-resolution structures of
GPCRes, it suffers from some inherent limitations. Despite the fact that the extra-
membranous regions of GPCRs play crucial roles in receptor function and signaling
[161-163], the flexible loops corresponding to these regions are generally stabilized
using a monoclonal antibody or replaced with lysozyme [116, 164, 165], since the
inherent conformational flexibility of the loops poses a problem for crystallography.
In addition, crystallography is often carried out in detergent dispersions or lipidic
cubic phases using a heavily engineered (mutated) and antibody-bound receptor.
In spite of the popularity of lipidic cubic phase membranes for GPCR crystalliza-
tion [166], the physiological significance of bound cholesterol molecules in GPCR
crystal structures in lipidic cubic phases is not clear [167]. It is possible that the
bound cholesterol molecules and the CCM site could be specific to membrane lipid
environment (which is different in lipidic cubic phase relative to the lamellar phase).
It would therefore be prudent to be careful in extrapolating bound cholesterol in
crystal structures of GPCRs to their cholesterol-sensitive function.

<
<

Fig. 3 (continued) (cholesterol shown in green with its hydroxyl group in red) structures of
GPCRs were generated from their respective PDB structures using PyMOL Molecular Graphics
System (version 2.0.6 Schrodinger, LLC). Function of these GPCRs has been shown to be sensitive
to membrane cholesterol. See text and Table 1 for more details
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4.3 Cholesterol Interaction Motifs

The specific association of cholesterol with GPCRs that could possibly mediate
cholesterol-dependent function is proposed to be manifested through conserved
sequence motifs on these receptors. We discuss here few putative cholesterol
interaction motifs that have been identified in GPCRs.

4.3.1 Cholesterol Recognition/Interaction Amino Acid Consensus
(CRAC) Motif

CRAC motif is one of the most well-studied sequence motifs proposed to be impli-
cated in the interaction of proteins with cholesterol. The CRAC motif is character-
ized by the sequence -L/V-(X),.5-Y-(X),.s-R/K- (from N-terminus to C-terminus of
the protein), where (X),.s represents between one and five residues of any amino
acid [24, 168]. Subsequent to the first report on the presence of CRAC motif in the
peripheral-type benzodiazepine receptor [169], the motif has been identified in sev-
eral membrane proteins such as HIV transmembrane protein gp41 [170], caveolin-1
[171], and receptors implicated in pathogen entry [35]. We reported, for the first
time, the presence of CRAC motifs in representative GPCRs such as rhodopsin, f3,-
adrenergic receptor, and the serotonin; receptor [172].

We have previously shown that the serotonin,, receptor consists of three CRAC
motifs in transmembrane helices II, V, and VII ([172]; see Fig. 4a). Interestingly,
coarse-grain molecular dynamics simulations identified high cholesterol occupancy
at the CRAC motif in transmembrane helix V of the serotonin, , receptor ([173]; see
Fig. 4b). A characteristic feature of these sites is the inherent dynamics exhibited by
cholesterol, ranging from ns to ps timescale. The corresponding energy landscape of
cholesterol association with GPCRs can be described as a series of shallow minima,
interconnected by low energy barriers (see Fig. 4c; [40]). Ongoing work in our labo-
ratory aims to elucidate the role of CRAC motifs in the function of the serotonin;,
receptor. In addition, CRAC motifs have been identified and correlated to choles-
terol-dependent function of GPCRs such as CB1 [113], CCK1 [115], and bitter taste
T2R4 receptors [83]. Importantly, as described earlier (see Sect. 4.1), mutation of
key residues in the respective CRAC motifs in these GPCRs led to the modulation of
cholesterol sensitivity of their function.

4.3.2 CARC: An Inverted CRAC Motif

The search for cholesterol interaction sites led to the recent identification of CARC,
a motif which is similar to CRAC sequence, but with opposite orientation along the
polypeptide chain, i.e., -(K/R)-X,.s-(Y/F)-X,.s-(L/V)- [24, 174]. The CARC motif
was first identified in the nicotinic acetylcholine receptor and was found to be
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Fig. 4 (a) A schematic representation depicting the topological features and amino acid sequence
of the human serotonin,, receptor embedded in a membrane bilayer consisting of phospholipids
and cholesterol. The serotonin, , receptor consists of three CRAC motifs in transmembrane helices
II (boxed in blue), V (boxed in red), and VII (boxed in green). Adapted and modified from [172].
(b) Residue-wise maximum occupancy of cholesterol at the serotonin,;, receptor, obtained by
coarse-grain molecular dynamics simulations. Maximum occupancy time (defined as the longest
time a given cholesterol molecule is bound at a particular residue) of cholesterol at each amino acid
of the serotonin,, receptor was averaged over simulations carried out at varying concentrations of
cholesterol. Transmembrane helices are represented as gray bands, and CRAC motifs are high-
lighted as in (a). The high cholesterol occupancy observed at the CRAC motif on transmembrane
helix V is noteworthy. Adapted and modified with permission from [173] (copyright 2018 American
Chemical Society). (¢) Energy landscape corresponding to cholesterol interaction sites in GPCRs.
The interaction of cholesterol with GPCRs is weak, yet dynamic with varying occupancy times
ranging from ns to ps timescale. This feature of the interaction of cholesterol with GPCRs is
reflected in the energy landscape of cholesterol interaction which shows a series of shallow minima
interconnected by low energy barriers. Adapted from [40]
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conserved over natural evolution among members of this family of receptors [174].
Interestingly, the CARC motif was found in several GPCRs such as rhodopsin, f,-
adrenergic receptor, 5-opioid receptor, galanin receptor type 1, metabotropic gluta-
mate receptor, and chemokine receptor CXCR4 [174]. Some of these receptors
display cholesterol sensitivity in their function. The simultaneous presence of the
CARC and CRAC motifs in two leaflets of the membrane bilayer in membrane
proteins has been proposed as a potential “mirror code” [175].

4.3.3 Cholesterol Consensus Motif (CCM)

CCM was one of the first putative cholesterol interaction sites identified in GPCRs
from the crystal structure of the P,-adrenergic receptor [117]. On the basis of
homology, the CCM site has been defined as [4.39-4.43(R,K)]-[4.50(W,Y)]-
[4.46(1,V,L)]-[2.41(FY)] (according to the Ballesteros—Weinstein nomenclature
[176]). We have previously shown high cholesterol occupancy at the CCM site
located at the groove of transmembrane helices II and IV of the p,-adrenergic
receptor using coarse-grain molecular dynamics simulations [177]. We have earlier
identified a characteristic CCM in the serotonin,, receptor which was found to be
evolutionarily conserved [49].

However, it should be noted that mere presence of cholesterol interaction motif(s)
does not necessarily translate to cholesterol-dependence of receptor function.
For example, the neurotensin receptor 1 does not exhibit cholesterol sensitivity for
its function, although the receptor has CCM in its sequence [178].

4.3.4 The Accessibility Issue: Nonannular Binding Sites

In the context of cholesterol binding sites in GPCRs, we previously proposed that
these sites could represent “nonannular” binding sites whose possible locations could
be inter or intramolecular (interhelical) protein interfaces [49]. Transmembrane pro-
teins are surrounded by a shell (or annulus) of lipid molecules, termed as “annular”
lipids [179]. The rate of exchange of lipids between the annular lipid shell and the
bulk lipid phase was shown to be approximately an order of magnitude slower than
the rate of exchange of bulk lipids [37, 179]. In addition, it was previously proposed
that cholesterol binding sites could be “nonannular’ in nature [180, 181]. Nonannular
sites are characterized by relative lack of accessibility (due to their location in deep
clefts or cavities on the protein surface) to the annular lipids [182], and therefore it is
proposed that lipids in these sites are difficult to be replaced by competition with
annular lipids [181]. Binding to the nonannular sites is considered to be more specific
compared to annular sites. Interestingly, a recent study, employing experimental and
simulation approaches, has proposed that membrane cholesterol could enter the deep
orthosteric ligand binding pocket in the adenosine A, receptor [183].
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5 General Effects of Membrane Cholesterol on GPCRs

The influence of cholesterol on bulk (global) membrane properties has been exten-
sively studied. Cholesterol has been shown to modulate membrane physical properties
such as fluidity, curvature, phase, elasticity, dipole potential, and thickness [184—193].
Such effects of cholesterol on general membrane properties have been shown to
modulate the organization and function of GPCRs (see Fig. 5; [75, 76, 194-196]).
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Fig. 5 A schematic representation depicting general effects of cholesterol on membrane physical
properties. (a) Changes in membrane fluidity and adaptation to hydrophobic mismatch could mod-
ulate GPCR function. (b) Dipole potential of membranes containing cholesterol and its close struc-
tural analogs. Membranes containing cholesterol and ent-cholesterol exhibit higher dipole potential
(shown as arrows, the length of which represents the magnitude of dipole potential) relative to
7-dehydrocholesterol (7-DHC) and epi-cholesterol. Such changes in membrane dipole potential
have implications in GPCR function. See text for more details
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As discussed above, the specific requirement of cholesterol has been implicated in the
function of several GPCRs. The other mechanism by which membrane cholesterol
could modulate GPCR function is by affecting general (bulk) membrane properties.
What follows below is a brief overview of some of the studies on representative
GPCRs where cholesterol-induced modulation of general membrane properties has
been implicated in receptor function.

5.1 Rhodopsin

Rhodopsin is a photoreceptor of retinal rod cells and upon exposure to light, under-
goes a series of conformational changes. Light-activated rhodopsin exists in equi-
librium with a number of intermediates, collectively termed metarhodopsins.
Cholesterol is known to regulate the activation of rhodopsin by influencing the equi-
librium between the inactive metarhodopsin I (MI) and active metarhodopsin II
(MII) states of the receptor [197, 198]. Membrane cholesterol has been shown to
stabilize the inactive MI state of the receptor by inducing ordering of membrane
lipids, thereby reducing the equilibrium MII (active state) concentration [199].
By increasing the lipid acyl chain ordering, cholesterol reduces the free volume in
membrane bilayers [75, 200]. This change in free volume by cholesterol is implied
in the observed shift in equilibrium of MI and MII states of rhodopsin [75].
Interestingly, the extent of MII formation displayed a positive correlation with free
volume in membranes over a range of cholesterol concentration.

In addition, a variety of mechanisms such as adaptation of rhodopsin to bilayer
thickness (in case of hydrophobic mismatch) and membrane curvature have been
proposed to regulate MI-MII equilibrium [195]. Interestingly, cholesterol is known
to modulate membrane thickness [186] and induce membrane curvature [188]. It is
therefore possible that the observed effects of cholesterol on rhodopsin function
(MI-MII equilibrium) could be partly due to its effect on membrane thickness
(hydrophobic mismatch) and curvature.

5.2 Serotonin;, Receptor

The role of cholesterol in the function of the serotonin;, receptor has been well
worked out by our laboratory [3, 37, 40, 42, 201]. Utilizing multiple approaches, we
showed that serotonin;, receptors exhibit stringent requirement for cholesterol to
support their function, with evidence pointing toward a specific mechanism in many
cases (see Sect. 4.1). However, the role of bulk membrane effects of cholesterol on
the receptor function cannot be ruled out. With an overall objective of addressing
the role of membrane physical properties in receptor function, we monitored the
microviscosity of membranes of varying cholesterol content using a fluorescent
molecular rotor which allows measurement of membrane viscosity through its
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characteristic viscosity-sensitive fluorescence depolarization [196]. A noteworthy
feature of our results was that specific agonist binding by the serotonin;, receptor
exhibited close correlation with membrane viscosity. This prompted us to speculate
that global membrane properties modulated by cholesterol are important in the
function of the serotonin;, receptor.

Along similar lines, we measured membrane dipole potential of membranes of
varying cholesterol content using an electrochromic fluorescent probe [202]. This
provides a convenient method to measure dipole potential, utilizing the probe fluo-
rescence, which is sensitive to the electric field in which the probe is localized
[192]. Membrane dipole potential is the potential difference within the membrane
bilayer, generated due to the nonrandom arrangement (orientation) of amphiphile
dipoles in the membrane interfacial region [203]. Importantly, membrane dipole
potential has been shown to play a role in the function of membrane proteins and
peptides [204, 205]. In this case too, we noted a correlation between membrane
dipole potential and receptor activity [202], reinforcing the above conclusion that
global membrane properties could be crucial for the function of the serotonin,,
receptor, even if that may not be the whole story.

5.3 Cholecystokinin Receptor

The function of cholecystokinin receptors has been shown to be sensitive to mem-
brane cholesterol content [76]. Interestingly, replacement of membrane cholesterol
with sterol analogs that restored membrane fluidity (to levels comparable to mem-
brane fluidity when cholesterol was used) supported the function of the receptor.
The specific ligand binding to the receptor exhibited a positive correlation with
membrane fluidity, thereby implying the general effect of cholesterol on receptor
function.

6 Conclusions

While examples of membrane cholesterol sensitivity of GPCR function have
increased over the years, the mechanism underlying such phenomena remains elu-
sive. The notion that cholesterol sensitivity of GPCR function has two underlying
mutually exclusive mechanisms appears somewhat arbitrary (although may have
provided some early insights). A major reason for this is the fact that it is not always
possible to dissect out specific and general effects in a cooperative molecular assem-
bly such as membranes. We would like to illustrate this with recent work done by us
[60, 206] and others [207]. In our ongoing work on the role of membrane cholesterol
on the function of the serotonin, , receptor, we utilized two stereoisomers of choles-
terol, ent-cholesterol and epi-cholesterol [60]. These are enantiomer and diaste-
reomer of cholesterol, respectively. While enz-cholesterol is the non-superimposable
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mirror image of natural cholesterol, only the orientation of the hydroxyl group at
carbon-3 is inverted relative to natural cholesterol in epi-cholesterol. Interestingly,
ent-cholesterol is often used to distinguish specific interaction of cholesterol from
nonspecific effects [208-211]. Typically, enantiomers are characterized by identi-
cal physicochemical properties (except for the direction of rotation of plane-
polarized light).

We showed that ent-cholesterol, but not epi-cholesterol, could replace choles-
terol in supporting the function of the serotonin; receptor [60]. In other words, our
results demonstrated that the requirement of membrane cholesterol for the seroto-
nin; 4 receptor function is diastereospecific, but not enantiospecific. A direct impli-
cation of these results is that a key structural feature of natural cholesterol in terms
of its ability to support the function of the serotonin,, receptor is the equatorial
configuration of the 3-hydroxyl group. We attributed these results to the fact that
epi-cholesterol, differing with cholesterol only in the axial orientation of the
3-hydroxyl group, was unable to support receptor function. We therefore con-
cluded that the interaction of membrane cholesterol with the serotonin,, receptor
is specific in nature [60]. A recent paper reported the detailed physical properties
of membranes containing epi-cholesterol determined by atomistic molecular
dynamics simulations [207]. A closer examination of this paper reveals that physi-
cal properties of membranes such as lipid headgroup area, tilt angle, order param-
eter, and extent of interdigitation are different for membranes containing cholesterol
and epi-cholesterol. Similar observations were also reported earlier [212]. In addi-
tion, we earlier reported that dipole potential of membranes containing cholesterol
and epi-cholesterol is very different ([206]; see Fig. 5b). Keeping in mind all of the
above, whether the difference in receptor function reported by us [60] could be due
to these differences in membrane physical properties, or difference in specific inter-
action due to the orientation of the 3-hydroxyl group, remains a moot question.
At this point in time, it is not easy to dissect out a precise answer to this question
with available approaches. In addition, specific and general effects of cholesterol
may not be mutually exclusive and the observed effect could be a combination of
both. Clearly, a judicious combination of experimental and computational
approaches would provide more holistic insight into the mechanism of cholesterol
sensitivity of GPCR function.
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Regulation of BK Channel Activity
by Cholesterol and Its Derivatives

Anna N. Bukiya and Alex M. Dopico

Abstract Cholesterol (CLR) is an essential structural lipid in the plasma membrane
of animal cells. In addition, CLR has been widely recognized as a critical modulator
of protein function, including ion channels. Voltage- and Ca?**-gated K* (BK) chan-
nels control a wide variety of physiological processes, including cell excitability,
smooth muscle contractility, sensory perception, neurotransmitter release, and hor-
mone secretion. Thus, disruption of BK currents has been implicated in the patho-
physiology of prevalent human diseases. The current chapter reviews the literature
documenting CLR modulation of BK channel function at a variety of levels ranging
from organ systems to artificial lipid bilayers. We discuss the use of CLR isomers
and structural analogs as a tool to help in discerning the mechanisms underlying
CLR-driven modification of BK current. The chapter is finalized with an overview
of the phenomenology and potential mechanisms that govern CLR control over the
alcohol (ethyl alcohol, ethanol) sensitivity of BK channels. Studies on CLR regula-
tion of BK currents may ultimately pave the way for novel therapeutic approaches
to combat prevalent pathophysiological and morbid conditions.
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MPBCD  Methyl-p-cyclodextrin

PGD Pore-gate domain

RCK Regulator of conductance of potassium (domain)
SPM Sphingomyelin

™ Transmembrane

VSD Voltage-sensing domain

1 Introduction

Cholesterol (CLR) is an essential structural lipid in the plasma membrane of animal
cells. In addition, CLR has been widely recognized as a critical modulator of protein
function, including ion channels. Voltage- and Ca**-gated K* (BK) channels control
a plethora of tissue functions, including cell excitability, smooth muscle contractil-
ity, sensory perception, neurotransmitter release, and hormone secretion. Thus, dis-
ruption of BK currents has been implicated in the pathophysiology of prevalent
human diseases. The current chapter reviews the literature documenting CLR mod-
ulation of BK channel function at the organ level, on individual cells, in isolated
membrane patches, and in artificial lipid bilayers. First, we will introduce the reader
to BK channel basic structure, subunit composition, and physiological roles. Second,
we will review the phenomenology of BK channel regulation by CLR. This section
contains two sub-sections, in which we describe CLR modulation of BK current
following manipulation of CLR levels in vivo and in vitro. The section on phenom-
enology is followed by an overview of the diverse mechanisms that govern CLR
modulation of BK channel function. These include cellular mechanisms, lipid mem-
brane microdomain mechanisms, protein—protein interactions, and the contribution
of differential subunits to the BK channel sensitivity to CLR. We will emphasize the
use of CLR isomers and other structural analogs to discern between membrane- and
protein-mediated effects of CLR on BK channel function. Finally, we will review
the literature that describes the CLR control of alcohol (ethyl alcohol, ethanol)
effect on BK currents in cell-free systems: artificial lipid bilayers and excised mem-
brane patches. While the mechanisms of CLR control over alcohol effect on BK
channels remain a topic of investigation, we will highlight the use of the enantiomer
of CLR to elucidate the driving forces behind CLR-alcohol interactions that modify
BK currents.

2 BK Channels: Protein Structure, Macromolecular Subunit
Composition, and Physiological Role

Functional BK channels are formed by a tetramer of channel-forming proteins
usually termed slo (invertebrates), slol (vertebrates), or alpha subunits. This protein
is the product of the KCNMAI gene in mammals [1]. Slo1 channels belong to the
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Fig.1 Schematic structure of BK channel. (a) Side view of two alpha subunits. CTD cytosolic tail
domain, EC extracellular, /C intracellular, RCK regulator of conductance of potassium (domain).
(b) Top view of the mammalian BK channel complex. Functional BK channels are formed by
alpha subunit tetramers. In most mammalian tissue types, alpha tetramers are accompanied by
accessory subunits of beta and/or gamma type. Stoichiometry of alpha, beta, and gamma assembly
remains a topic of investigation [112]. (¢) Representative single-channel recordings obtained after
incorporation of BK channel-forming alpha subunit protein cloned from rat cerebral artery myo-
cytes (cbvl) into control, CLR-free (top recordings), or CLR-containing (bottom recording)
POPE/POPS (3:1 wt/wt) bilayers. Channel openings are shown as upward deflections; arrows
point at the baseline level (channel closed). The membrane potential was set to 0 mV (asymmetric
K*) and free calcium bathing BK CTD was set at ~10 pM. Po open probability

superfamily of six transmembrane domain (TM6) voltage-gated ion channels [1].
Following the design that is common for these superfamily members, BK alpha
subunits include an S1-S6 “core” that is highly conserved with that of purely
voltage-gated potassium channels (Fig. 1). The core contains a voltage-sensing
domain (VSD) formed by segments S1-S4, and a pore-gate domain (PGD) formed
by S5-S6 [2]. In addition, BK alpha subunits also possess two unique features that
set BK aside from other voltage-gated potassium channels. First, the BK alpha sub-
unit includes an SO segment added to the S1-S6 core, which places the BK alpha
N-terminus outside the cell [1-3]. The SO segment contributes to voltage-gating [4],
and has also been implicated in BK alpha subunit interactions with accessory pro-
teins (see below) [5]. Second, the BK alpha protein includes a large (>800 amino
acids) C-terminal, referred to as the cytosolic tail domain (CTD) [2]. The CTD hosts
two regulator of conductance of potassium domains, RCK1 and RCK?2 [2] that con-
tain high-affinity sites for calcium recognition [6]. In addition to calcium- and
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voltage-sensing, the alpha subunit activity is governed by magnesium interaction
with a low-affinity, divalent site, often referred to as a magnesium-binding site [7-9],
which has been mapped to the RCK1 region [2].

A variety of BK alpha protein isoforms results from pre-mRNA processing by
alternative splicing, editing, and regulation by miRNA, followed by an array of
post-translational modifications such as phosphorylation and glycosylation, among
others [10-12]. The functional diversity of BK channels, however, is further
enhanced by accessory proteins globally known as BK regulatory subunits. Thus, in
most mammalian tissues, slol channels are tightly associated with proteins that
constitute the family of BK beta subunits (Fig. 1) [13]. These accessory proteins
contain around 200 amino acids, and are composed of short N- and C-termini, and
two TM domains connected by a loop. Four beta subunit types have been identified,
each encoded by a different gene (KCNMB1-4) [14-16]. It is noteworthy that BK
beta subunit expression is highly tissue-specific. While BK betal is almost uniquely
expressed in smooth muscle [13, 15, 16], the beta2 subunit is present in adrenal
chromaffin cells and, to a lesser extent, in central neurons [13, 15]. In turn, the beta3
subunit (several isoforms exist) accompanies slol channels in skeletal muscle,
while beta4 is highly prevalent in central neurons throughout the brain [14, 15, 17].

Notably, BK beta subunits cannot form functional channels themselves, rather
they substantially modify the slo1 current phenotype, including its pharmacological
properties. Furthermore, betal subunit co-expression with slol slows down the
macroscopic current activation and deactivation kinetics, and increases the apparent
calcium sensitivity of the channel [15, 18]. The BK betal subunit confers sensitivity
of the BK channel complex to the activating properties of lithocholic acid, leukotri-
ene B4, and the synthetic non-steroidal compound HENA [19-22]. These activators
are presumed to form a hydrogen bond with Thr169 of betal, which is not present
in any other type of beta subunits [20-23].

BK beta2 subunit co-expression with slol results in fast inactivation of BK cur-
rent, while partial inactivation is observed in the presence of the beta3, 3b-V4
subunit variant [13, 15, 24]. The latter also right-shifts the voltage dependence of
ionic current activation [24]. In contrast, the beta4 subunit decreases BK channel
activity at low intracellular calcium concentrations (1 pM) but increases channel
activity at high (50 pM) concentrations [15]. The beta4 subunit also confers unique
resistance of the BK channel complex to the peptide blockers, iberiotoxin and
charybdotoxin [25].

In addition to beta subunits, the leucine-rich repeat-containing (LRRC) protein
family has been identified as BK channel accessory proteins and termed BK gamma
subunits [26]. Like beta subunits, LRRC26 and its paralogous proteins, LRRC52,
LRRC55, and LRRC38, have a differential tissue expression profile. However,
unlike beta subunits, BK gamma subunits contain a single membrane-spanning
domain with N- and C-termini protruding from the membrane [26]. Gamma subunit
association with the BK channel pore-forming alpha subunit leads to an increase in
the apparent Ca?*-sensitivity of the channel [26]. Moreover, LRRC26 assembly with
the BK channel allows channel opening at physiologically relevant voltages in the
absence of intracellular calcium [26].
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BK channels critically control a wide array of cellular processes. These include
the circadian clock, tumor progression, neuronal firing, neurotransmitter and hormone
release, sensory function, smooth muscle contractility, and arterial tone [27-32].
Moreover, BK channel and its coding genes are critical targets for alcohol, one of
the most widely abused drugs worldwide [33]. In addition to the plasma membrane,
BK channels of intracellular location have been found in the mitochondria, nuclear
envelope, endoplasmic reticulum, and the Golgi apparatus [34]. Studies on the
physiological role of these intracellular channels are only emerging [34-38].

Considering the critical contribution of BK channels to the most fundamental
physiological processes, pharmacological targeting of BK channels has been consid-
ered for the treatment of prevalent health disorders such as asthma, stroke, cancer,
and hypertension, among others [28, 39—41]. In this regard, studies with a focus on
BK channel modulation by endogenous compounds gain additional significance, as
they may improve our understanding of BK function in physiology and pathology,
and the influence of endogenous mediators on modification of BK channel function
by exogenous compounds.

3 Phenomenology of BK Channel Regulation by CLR

3.1 BK Channel Function Modification by Manipulations
of CLR Levels In Vivo

The current interest in BK channel modulation by cholesterol stems not only from
the key roles that BK channels play in physiology and pathology (see previous sec-
tion), and the increasing recognition of cholesterol as a lipid that modulates protein
function, but also from the high prevalence of elevated blood cholesterol levels and
their influence on human health. It is estimated that 1 out of 3 US adults may require
treatment with cholesterol-lowering medications (https://www.cdc.gov/cholesterol/
facts.htm, retrieved June 6, 2018). Clinically defined hypercholesterolemia is
reached when blood CLR level exceeds 240 mg/dL in blood serum.
Hypercholesterolemia represents a risk factor for a variety of health disorders,
including hypertension, stroke, atherosclerosis, and cognitive deficits [42—45].
Noteworthy, not only increased (hypercholesterolemia), but also decreased blood
CLR levels (hypocholesterolemia) pose an enhanced risk for disease and death [46].
Indeed, hypocholesterolemia accompanies major trauma, infectious conditions, and
poor evolution from surgery, and serves as a negative prognostic factor in critically
ill patients [47-50]. Understanding the fundamentals of blood cholesterol influence
on physiology and pathology, as well as the development of effective therapeutic
interventions, requires addressing molecular mechanisms that underlie the effects
of CLR on its molecular targets. The latter include BK channels [51, 52].

Several reports, including work from our lab, underscore the sensitivity of
plasmalemmal BK channels to modifications in blood cholesterol. Considering the
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well-established link between fluctuations in blood CLR and cardiovascular health,
the majority of studies focus on cholesterol modulation of BK channel function in
the cardiovascular system. For instance, an increase in the open probability of BK
channels was observed in cell-attached patch recordings from human vascular myo-
cytes in areas of atherosclerotic plaque in coronary arteries compared to recordings on
myocytes from extra-plaque regions [53]. However, this difference disappeared when
the comparison of BK channel activity was made using excised (i.e., “cell-free”),
membrane patches [53]. It was thus proposed that an unidentified cytosolic signal(s)
may play a role in the link between blood cholesterol and BK channels [53].

Animal models of hypercholesterolemia provided further insights into the influ-
ence of blood CLR influence over BK channel activity and, ultimately, organ func-
tion [54]. Hypercholesterolemia can be achieved by subjecting laboratory animals
to a high-CLR diet as reviewed elsewhere [55, 56]. In this regard, rabbits are one of
the most sensitive animal models to manipulation of blood CLR levels by dietary
CLR [56]. An in vivo study on rabbits that were subjected to a high-CLR diet versus
normal chaw showed a similar degree of vasodilation in response to aortic injection
of sodium nitroprusside [57]. However, vasodilation by aortic injection of acetyl-
choline or bradykinin was significantly smaller in high-CLR diet-fed animals when
compared to the control group [57]. This difference persisted in the presence of the
nitric oxide synthase antagonist N-nitro-L-arginine methyl ester (L-NAME). In
addition, the tetraethylammonium-sensitive component of vasodilation elicited by
acetylcholine was reduced in CLR-fed rabbits as compared to the control group
[57]. These observations led to the conclusion that a high-CLR diet and the resulting
hypercholesterolemia modify the contribution of potassium currents to organ
function.

Similar to the above hindlimb findings in vivo, a study on endothelium-dependent
and independent in vitro relaxations of carotid artery rings from hypercholesterol-
emic rabbits failed to detect differences between control and high-CLR diet-fed
rabbits in their vasodilation to sodium nitroprusside [58]. Relaxation by nitric oxide
and 8-bromoguanosine 3’,5'-cyclic monophosphate was also similar in the two
groups [58]. However, nitric oxide-driven relaxation of artery rings from hypercho-
lesterolemic animals was more sensitive to the BK channel blocker charybdotoxin.
This suggested that hypercholesterolemia increased the contribution of BK chan-
nels to nitric oxide relaxation or, alternatively, up-regulated BK channel activity.

Our group studied BK channel contribution to the regulation of cerebral artery
diameter in a rat model of high-CLR diet. The latter resulted in a significant increase
in both total CLR in blood serum and CLR content within de-endothelialized cere-
bral artery [59]. Paxilline-induced constriction of in vitro pressurized arteries from
rats on high-CLR diet was diminished when compared to that from control rat donors
[59]. Yet, arteries from both groups showed similar sensitivity to depolarization-
induced vasoconstriction evoked by 60 mM KCI [59]. These results were in agree-
ment with findings obtained using the rabbit model. In these studies it was shown
that, while basic responses of arteries to vasomodulator stimuli remained unmodi-
fied, BK channel contribution to the regulation of artery diameter was reduced by the
high-CLR diet [57]. The reduction in paxilline-induced cerebral artery constriction
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by high-CLR diet and the resulting hypercholesterolemia may stem from several
mechanisms that may not be mutually exclusive. These may include a decrease in the
number of functional BK channels in arterial smooth muscle, modification of the
channel’s affinity to the blocker, or reduction in the channel’s basal activity, and
thereby the ability to regulate vascular smooth muscle contractility.

Interestingly, we detected up-regulation of the BK betal subunit-associated fluo-
rescence signal following immunofluorescence staining and confocal microscope
imaging of myocytes that were isolated from cerebral arteries of rats on high-CLR
diet compared to their controls [59]. Consistently, daily administration of the anti-
hyperlipidemic drug atorvastatin to rats on high-CLR diet decreased the amount of
BK betal subunit-associated fluorescence signal [60]. In contrast to our findings,
immunohistochemical staining and Western blots suggested downregulation of BK
betal protein level in the Oddi sphincter circular smooth muscle strips from rabbits
on high-CLR diet [61]. Thus, there may be tissue and/or species differences in the
effect of high-CLR diet with resulting hypercholesterolemia on the amount of BK
protein subunit levels.

In summary, several studies demonstrate that in vivo manipulations of CLR
levels affect the influence of the BK channel activity on organ function. In particular,
BK channel complex protein amounts in smooth muscle are sensitive to CLR levels
in the blood.

3.2 BK Channel Function Modification by Manipulations
of CLR Levels In Vitro

The most straightforward way of manipulating the CLR amount in the membrane is
to create artificial phospholipid membranes with a known amount of CLR in the
lipid mixture. Multiple studies of native brain or recombinant BK channels incorpo-
rated into artificial lipid bilayers consistently correlated a decrease in the channel’s
open probability with an increase in the molar fraction of CLR in the bilayer lipid
mixture up to 50 mol% (Fig. 1c) [62-65].

Manipulation of CLR levels in cellular membranes is usually achieved using
chemical carriers for steroids. In particular, CLR depletion is achieved by exposing
cells to methyl-p-cyclodextrin (MBCD). The opposite effect is accomplished by
incubating cells in MPCD complexed with CLR [66]. In addition, in some tissue
types, a mild increase in CLR level can be obtained by incubation in low-density
lipoprotein (LDL) media [67].

BK current sensitivity to the modulation of membrane CLR levels has been
reported in a wide range of cell types including human and rabbit aorta cultured
myocytes [51, 68], human myometrial cultured myocytes [69], melanoma IGR39
and glioma cell lines [70, 71], bovine aortic endothelial cells [72], rat uterine [73],
ureteric [74], cardiac myocytes [75], pituitary tumor GH3 cells [76], mouse colonic
epithelial cells [77], and chicken hair cells [78]. Most studies concur that CLR
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depletion in vitro enhances BK currents while CLR enrichment depresses the
currents. However, these findings are not universal and, when considered at the
cellular level, the CLR effect on BK current varies as a result of a variety of mecha-
nisms (see below) [52].

4 Mechanisms and Sites of CLR Action on the BK Channel

4.1 Cellular Mechanisms

Unexpectedly, CLR depletion from mouse portal vein myocytes did not facilitate BK
currents but inhibited them [79]. A similar phenomenon was observed in glioma cells
[71]. CLR depletion-driven reduction of BK current was not attributed to internaliza-
tion or a change in calcium sensitivity of glioma cell BK channels. Rather, CLR
depletion disrupted BK channel activation by calcium release from inositol 1,4,5-tri-
sphosphate (IP;) receptors [71]. Another study documenting an unexpected decrease
in BK currents upon CLR depletion used rat uterine myocytes to demonstrate that
such a decrease could be driven by channel internalization from the plasmalemma
[73]. Thus, at the cellular level, the final effect of manipulating CLR levels is deter-
mined by several factors, which include the amount of channel-forming protein
within the plasma membrane and/or modulation of BK channel activity by physio-
logical stimuli that, in turn, could be modified by CLR.

4.2 Microdomain Mechanisms and Protein—Protein
Interactions

Several reports have linked CLR-driven modification in BK currents in native cells
to a preferential location of BK channels in membrane rafts. Indeed, studies in
IGR39 human melanoma cells, rat ureter myocytes, mouse colonic epithelial cells,
and Madin-Darby canine kidney cells demonstrated that the BK alpha subunit pro-
tein was preferentially located in the membrane fraction representing detergent-
resistant “raft-like” domains [70, 74, 77, 80]. Moreover, BK channels have been
found to reside in caveolae of human myometrium [69] and rat ureter [74] myo-
cytes. Indeed, BK channels physically associate with caveolin-1 via a binding motif
located in the CTD of the BK channel alpha subunit [72, 81]. Such association has
been proposed to tether the CTD of slol to the membrane [81]. CLR depletion
results in a decrease of caveolin-1 in the caveolae fraction [81] and drives the BK
channel into the detergent-soluble membrane areas [77].

Raft disruption by CLR depletion is generally reported to increase BK currents.
This has been shown in IGR39 human melanoma cells [70], mouse colonic epithelium
[77], and GH3 pituitary tumor cells [76].
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4.3 Contribution of Different Subunits to BK Channel
Sensitivity to CLR

In mammalian tissue, the BK channel-forming tetramer of alpha subunits is usually
accompanied by accessory proteins (see above). A nearly universal finding of BK
currents modulation by CLR favors the idea that CLR action does not require a
specific BK subunit combination. Indeed, BK current sensitivity to CLR has been
documented in Madin-Darby canine and human embryonic kidney cells following
transfection with pore-forming alpha subunit cloned from human brain (hslol1)
[80, 82]. Thus, BK accessory subunits are not necessary for CLR modulation of BK
currents. This conclusion is further supported by reports on artificial lipid mem-
branes showing CLR-induced BK currents’ inhibition upon incorporation of alpha
subunit protein into the bilayer [63—65].

Whether accessory subunits are able to modify the effect of CLR on the BK
alpha protein remains largely unknown. A study in planar lipid bilayers demon-
strated that co-incorporation of the BK alpha subunit with the betal protein into
an artificial lipid membrane did not alter the CLR-induced inhibition of BK cur-
rents [64]. However, the study was performed at a single CLR molar fraction
(33 mol%) and at a fixed concentration of calcium (=10 pM) bathing the CTD of
the BK alpha protein. The presence of functional betal subunits within the BK
complex was confirmed by an increase in the BK channel apparent calcium sensi-
tivity: the open probability-voltage curve of the betal-containing BK complex
displayed a leftward shift compared to the curve of the homomeric channel. It
remains to be determined, however, whether the betal protein can modify the
sensitivity of the BK channel to CLR over a wide range of CLR molar fractions in
the membrane-forming lipid mixture, and over a wide range of calcium levels
being sensed by the CTD of the BK alpha protein. Moreover, detailed analysis of
CLR-driven modifications in BK channel gating in the absence versus presence of
the betal subunit is currently being performed in our lab. This analysis will deter-
mine whether the accessory betal subunit contributes to the effect of CLR on BK
channel function.

The role of the BK beta2 and beta4 subunits in CLR sensitivity of BK channels
has been studied using hslo1 channels transfected into HEK293 cells [83]. In this
study, 10 pM CLR did not evoke modifications in the amplitude of macroscopic
currents resulting from either beta2- or beta4-containing BK channels. The concen-
tration of CLR used in this work was rather small. Thus, it is possible that CLR
levels in the membrane did not reach the critical value required for modification of
BK current amplitude. An alternative explanation is that beta2 and beta4 are involved
in a negative feedback mechanism that controls the sensitivity of the BK channel-
forming alpha subunit on CLR, or even confer CLR resistance to the channel
protein. Detailed analysis of beta2 and beta4-driven modifications in BK channel
CLR sensitivity is yet to be performed. A possible role of beta3 and gamma subunits
in the CLR sensitivity of BK complex also remains to be explored.
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In summary, regardless of the complexity of the mechanisms that may contribute
to the final effect of CLR on BK current, a simple model of CLR modulation of BK
channel function only requires including the BK channel-forming alpha subunit and
its immediate lipid environment.

4.4 Cell-Free Mechanisms: Use of CLR Derivatives

CLR is able to modulate BK channel activity in cell-free environments such as the
one obtained following BK protein reconstitution into 1-3 lipid species bilayers.
Whether using native BK [62] or recombinant slol proteins [63-65, 82], all of the
studies performed using a lipid bilayer came to similar conclusions. Specifically,
elevation of CLR level in the bilayer-forming lipid mixture significantly decreased
the open probability of BK channels in a concentration-dependent manner. The ECs,
for reducing channel activity by CLR was approximately 15-20 mol% [63, 64]. This
CLR level was at the lower end of the physiologically relevant CLR levels commonly
found in native cellular membranes [84, 85]. The reduction in the open probability of
BK channels resulted from both a decrease in mean open and an increase in mean
closed times [62, 63, 65]. One study reported that in addition to a reduction in the
open probability of BK channels, an increase in cholesterol levels also led to a minor
(~7%) decrease in the unitary conductance of the channel [62].

CLR modulation of the open probability of BK channels may arise from two
mechanisms that may not be mutually exclusive. First, CLR insertion into mem-
branes is known to alter the bulk physical properties of the lipid bilayer. Indeed, a
CLR-driven increase in lateral elastic stress, modifications in phospholipid fatty
acid tails order parameter, and membrane “fluidity,” membrane curvature, thick-
ness, and membrane dipole have all been reported [86-90]. Second, CLR may
directly interact with a sensing region on the BK alpha subunit. In an attempt to
distinguish between these two possible mechanisms, our group incorporated the BK
alpha subunit into planar POPE:POPS (3:1 w/w) bilayers that contained the enan-
tiomeric CLR isomer, ent-CLR [91]. Ent-CLR constitutes a “mirror” image of the
CLR molecule, in which the stereochemistry at all chiral centers is opposite to the
stereochemistry in natural CLR (Fig. 2a, b). As optical isomers, CLR and ent-CLR
share the same relative configuration and conformations of all four rings, and do not
extensively differ in their modification of membrane physical properties [82, 92].
As such, the specificity of the protein response to a particular enantiomer of the two
optical CLR isomers is considered to reflect the involvement of a CLR-recognizing
protein site [93-95]. Studies of homotetramers of the BK alpha subunit reconsti-
tuted in lipid bilayers demonstrated that ent-CLR failed to decrease the open prob-
ability of the channel (Fig. 2c) [91]. This suggests that the changes in BK currents
observed following alterations in CLR levels require recognition via a CLR-sensing
protein site. This conclusion was further bolstered by data demonstrating that
cholestanol and coprostanol were both effective in reducing the open probability
of the BK channel (Fig. 2c) despite the striking differences in the abilities of
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Fig. 2 Structural requirements for CLR and analogs to inhibit homomeric BK channel following
reconstitution of BK pore-forming o subunit protein (cbv1) into planar lipid bilayers. (a) Chemical
structure of BK channel-inhibiting CLR and its derivatives. (b) Molecular structures of CLR ana-
logs that failed to inhibit BK channel activity efficiently. (¢) Average open probability (Po) values
show that CLR, coprostanol, and cholestenol, but not their epi-isomers, ent-CLR, or CLR trisnor-
cholenic acid significantly reduced BK channel activity when compared to steroid-free bilayers
(control). *Significantly different from control (p < 0.05). Control refers to steroid-free POPE/
POPS (3:1 wt/wt) bilayer

coprostanol, cholestanol, and CLR to modify several major bilayer physical properties
such as lipid condensing [96, 97].

In contrast, none of the steroid epimers at carbon atom 3 (C3) studied (epiCLR,
epicoprostanol, and epicholestanol) were able to reduce BK current [91]. Indeed,
steroid inhibition of BK channel activity required the  configuration of the hydroxyl
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group at C3 (Fig. 2). Moreover, we established that BK channel inhibition was
favored by the hydrophobic nature of the alkyl side chain at C17, as CLR trisnor-
cholenic acid failed to decrease the open probability of the BK channel (Fig. 2b, ).
Together, these findings support a protein-mediated mechanism of the CLR effect
on the BK channel alpha subunit. The CLR-sensing site, however, has lax struc-
tural selectivity toward the steroid nucleus, while having strict specificity toward
the orientation of the steroid single hydroxyl group and the hydrophobicity of the
steroid’s alkyl side chain.

4.5 CLR-Sensing Sites in the BK Alpha Subunit Protein

CLR recognition amino acid consensus (CRAC) motifs have been widely accepted
as plausible CLR-sensing regions [98, 99]. The BK alpha subunit protein sequence
contains ten CRAC motifs: three in the SO—S6 transmembrane core and seven in the
CTD (Fig. 3a). To pinpoint the slo1 subunit CLR-sensing region(s) we probed CLR
on an engineered slol protein that resulted from truncating the BK alpha subunit
cloned from rat cerebral artery myocytes (cbvl) immediately after S6, between
Ile322 and Ile323. Single channel protein function was evaluated under identical
recording conditions after channel reconstitution into CLR-free or CLR-containing
(25 mol%) POPE:POPS (3:1 w/w) bilayers. The truncated cbv1 (trcbv1S6) chan-
nels retained the basic characteristics of the BK currents, but were insensitive to
CLR [100]. This result indicated that the CTD was necessary for CLR inhibition of
BK channel activity [100]. Whether the CTD actually provided CLR-recognition
sites or rather a distant control over CLR-sensing via the transmembrane core
remains unknown.

Further work, however, helped to elucidate the contribution of the CTD CRAC
regions to the CLR-sensitivity of BK currents. Cbvl CTD contains 7 CRAC motifs
that are scattered over the CTD sequence (Fig. 3a). Computational protein homol-
ogy modeling based on the crystal structure of the hslol CTD (Protein Data Bank
ID 3MTS5, [101]) allowed mapping of the CRAC motifs on the folded intracellular
part of the protein. Such mapping shows scattered distribution of CRAC motifs over
the CTD globular structure in the aqueous media (Fig. 3b). The role of individual
CRAC motifs within the CTD in CLR-sensing is currently under investigation.
However, CRAC4 seemed to play a critical role in CLR modification of BK cur-
rents: tyrosine 450 substitution to phenylalanine (Y450F) within CRAC4 resulted in
a decrease in CLR-induced BK channel inhibition (Fig. 3c) whereas a similar

>
>

Fig. 3 (continued) computational homology modeling (Molecular Operating Environment soft-
ware; Chemical Computing Group) based on a template of hslol CTD crystal structure [Protein
Data Bank (PDB) ID 3MTS5; 101]. The CRAC motifs are color-coded, the numbers reflect the
sequential numbering of the CTD CRAC motifs from 4 through 10. (¢) Averaged inhibition of
wild-type cbv1 versus cbv1Y450F channel activity by CLR. *Significantly different from CLR-
induced inhibition of unmutated cbv1 (p < 0.05). With modifications from [100]
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« subunit protein CTD region is necessary for CLR-induced reduction in open probability of the
homomeric BK channel. (a) Schematic structure of CRAC motifs identified within the BK channel
sequence (cloned from rat cerebral artery myocytes, cbvl). CRAC motifs are consequently num-
bered from 1 to 10. Three CRAC motifs are identified within transmembrane core of the protein,
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channels. J. Biol. Chem. 2012; 287: 20509-20521. © the American Society for Biochemistry and
Molecular Biology. (b) Location of CRAC motifs on the CTD structure that was built using the
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substitution (Y429F) located upstream of CRAC4 did not affect CLR modification
of the open probability of the BK channel. Remarkably, sequential substitution of
central tyrosine residues into phenylalanine in CRACs4-10 gradually ablated the
sensitivity of the BK channel to CLR. However, when the cbvl channel was
truncated after CRAC4 (i.e., rendering a CRAC5-10-lacking sequence), the Y450F
substitution within CRAC4 totally ablated CLR-induced BK channel inhibition.
This outcome suggested that CTD CRAC motifs might interact among themselves
for CLR-sensing. Future work will shed light on the mechanisms that underlie this
phenomenon.

5 CLR Modulation of BK Channel Responses to Alcohol

Alcohol (ethyl alcohol, ethanol) is one of the most widely used drugs worldwide.
Indeed, a recent National Survey on Drug Use and Health revealed that around 86%
of people 18 years and older consumed alcohol at some time point in life while 56%
of people reported consumption within the past month (https://www.samhsa.gov/
data/sites/default/filess/NSDUH-DetTabs-2015/NSDUH-DetTabs-2015/NSDUH-
DetTabs-2015.htm#tab2-41b, retrieved June 9, 2018). In excessive amounts, alco-
hol poses substantial health risks: approximately 88,000 people are estimated to die
from alcohol-related causes each year. This statistic places alcohol misuse at third
place in the list of leading preventable causes of death in the USA (https://www.
niaaa.nih.gov/alcohol-health/overview-alcohol-consumption/alcohol-facts-and-sta-
tistics, retrieved June 9, 2018). Remarkably, the BK channel constitutes one of the
molecular targets of ethanol [102, 103].

Ethanol effect on BK channels is tuned by several factors, including subunit
composition, post-translational modification of the slo1 subunit, the lipid microen-
vironment, the duration and pattern of ethanol exposure, and the level of free cal-
cium at the intracellular part of the protein [17, 33]. When calcium levels were
below 10 pM, ethanol concentrations reached in the blood during intoxication (15—
75 mM) led to an increase in BK currents [104-106]. At higher levels of calcium,
on the other hand, ethanol-induced inhibition of homomeric BK channels was
observed [105, 106]. These effects of ethanol on the BK alpha subunit homotetra-
mers were due to modification in the open probability of the BK channel along with
only a slight, if any, effect on the unitary current amplitude of the channel [104].
Moreover, ethanol-induced increase in the open probability of the BK channel could
be observed in cell-free systems such as two-lipid species (POPE:POPS 3:1 w/w)
artificial bilayers [63, 65]. The effect of ethanol on the open probability of the BK
channel was facilitated by a decrease in the average duration of BK channel long
closures, and by a shift of channel closures from long to rather brief events. The
channel open times did not undergo such apparent changes. The ethanol-driven
increase in the open probability of the BK channel homotetramer was opposite to
the effect of CLR, and CLR antagonism of ethanol-induced activation of the BK
channel was observed in cell-free lipid bilayers [63]. It was observed that CLR
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prevented ethanol from modifying channel dwell times, namely that CLR prevented
ethanol effect on long closure events [63]. Thus, it has been proposed that CLR and
ethanol may share common pathway(s) in regulating BK channel activity, with
these pathways not requiring the presence of complex cytoarchitecture or proteo-
lipid domain organization.

Modifications in the membrane lipid profile qualitatively changed the pattern of
CLR control over the effect of ethanol on the BK channel. In particular, hslo1 pro-
tein incorporation into a DOPE:sphingomyelin (SPM) (3:2 molar ratio) bilayer ren-
dered an ethanol-induced increase in the channel’s open probability in the presence
of <20 mol% CLR. Higher CLR levels, on the other hand, resulted in ethanol-
induced BK channel inhibition. Such a complex profile of ethanol effect on BK
currents in a bilayer-forming lipid mixture as a function of the concentration of
CLR has been linked to a modification in the bilayer thickness [82]. SPM-containing
bilayers are of particular interest, as CLR and SPM form lipid microdomains that
model lipid raft behavior of native membranes [107-110]. Ent-CLR at either low
(20 mol%) or high (40 mol%) concentrations in the lipid mixture failed to modulate
the effect of ethanol on the BK channel when compared to natural CLR [82]. In
summary, data from artificial lipid bilayers led to the conclusion that although the
CLR modification of the effect of ethanol on the BK channel is tuned by the sur-
rounding lipids, there is very likely a protein site that could sense CLR but not ent-
CLR in controlling the channel’s ethanol sensitivity.

An additional layer of complexity is introduced by the BK channel accessory
betal subunit. In betal subunit-containing BK channels, ethanol-induced activation
was only seen at low micromolar calcium levels, while ethanol-driven inhibition
could be observed when calcium exceeded 2 pM [106]. Indeed, application of
50 mM ethanol to rat or mouse cerebral artery myocyte BK channels for 3—10 min
resulted in a significant decrease in the open probability of the channel [65, 111].
Moreover, ethanol-induced inhibition of the betal-containing BK channel could not
be observed in CLR-free bilayers or upon CLR depletion by MPCD from membrane
patches excised from freshly isolated cerebral artery myocytes [65]. Such depletion
decreased CLR level by 50% [65].

Surprisingly, rat or mouse cerebral artery myocyte enrichment with CLR using
different carriers (either MPCD or LDL-CLR) also blunted ethanol-induced BK
channel inhibition (Fig. 4a, b) [67]. In this case, the CLR-enriching treatment
increased the CLR levels up to 1.5 times on an average compared to control [59, 65,
67]. Thus, CLR represents a critical component in ethanol sensitivity of the betal
subunit-containing BK channel: there is an optimal level of CLR that supports
ethanol effect on BK current. While ent-CLR in lipid bilayers largely failed to
modulate open probability [91] and ethanol sensitivity [82] of homotetrameric BK
channels, enrichment of rat cerebral artery myocytes with ent-CLR resulted in
blunting of the ethanol effect on BK currents (Fig. 4c). This effect was similar to the
action of natural CLR (Fig. 4b, c) [67].

The difference between ent-CLR action on BK ethanol sensitivity in bilayers
versus native membranes may be due to several key differences between these
experimental settings. First, the differences observed in ent-CLR action on ethanol
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Fig. 4 CLR and ent-CLR similarly protect against ethanol-induced BK channel inhibition in mem-
brane patches from rat cerebral artery myocytes. (a) Original records demonstrating ethanol-induced
inhibition of BK currents in membrane patches excised from cerebral artery myocytes of rat. Arrows
point at baseline (all channels are closed). Recordings were performed with 30 pM calcium bathing
the intracellular membrane leaflet; the transmembrane voltage was set at —40 mV. (b) Averaged
changes in BK channel open probability (NPo) over time in myocyte membrane excised patches
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channel inhibition. Here and in (¢), “Control” refers to application of patch-clamp recording bath
solution; “Ethanol” refers to application of 50 mM ethanol in the bath solution. Washout was per-
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sensitivity of BK currents may arise from differences in amino acid sequence
between the rat cerebral artery myocyte BK alpha subunit protein (cbvl) and the
hslo1 cloned from human brain used in the studies with the DOPE:SPM (3:2 molar
ratio) lipid bilayers. This scenario is unlikely as cbv1 and hslo1 share >99% identity
in their CTD amino acid sequences. It is noteworthy that ent-CLR failed to modu-
late BK current generated by cbv1l [91] and hslo1 [82]. Thus, the differential effect
of CLR and ent-CLR on ethanol sensitivity is dissociated from the ent-CLR effect
on the channel’s basal function. Of note, alcohol- and CLR-sensing sites in slol
proteins appear to be spatially separated in the folded alpha subunit CTD (Fig. 4d).
If such separation indeed exists, it would favor the idea that CLR (and ent-CLR)
modulation of BK ethanol sensitivity involves third-party mechanisms and/or addi-
tional channel regions that link steroid and alcohol sensing.

These mechanisms may involve modulation by membrane lipid composition
including the presence of BK channel modulatory proteins. BK channels in patches
excised from cerebral artery myocytes contain functional betal subunits [16, 106].
Thus, the presence of this subunit could constitute a critical factor contributing to
the differential profile of the sensitivities of BK currents to CLR versus ent-CLR
and to ethanol-induced modulation of BK channels in artificial bilayers versus
native membranes. Notably, the BK betal subunit contains two CRAC domains in
its sequence. The role of these domains in CLR control over ethanol sensitivity of
the betal subunit-containing BK channel is currently under study in our group.

Using a rat model of high-CLR diet, our group has established that high-CLR
dietary intake significantly increased CLR levels within the cerebral artery, and thus
protected against ethanol-induced constriction of cerebral vessels in vitro and
in vivo [59]. Conceivably, widely prescribed CLR-lowering atorvastatin removed
excessive CLR from cerebral arteries and restored arterial sensitivity to the constric-
tive effect of ethanol [60]. The consequences of CLR modulation of BK channel's
alcohol sensitivity in organs other than cerebral vessels remain unknown.

6 Conclusions

An overview of the current literature shows that despite several decades of studies
into the modulation of BK channel function by CLR, our knowledge about both the
phenomenology and the underlying mechanisms of such modulation is far from
complete. First, in an overly simplified system that includes the BK alpha subunit
protein incorporated into two species-phospholipid bilayer, there is a multitude of
possible CLR-recognition sites presented by CRAC motifs and perhaps others yet
to be determined. The individual contribution of each motif to the overall effect of
CLR on BK currents remains to be established. Second, the phenomenology of CLR
effect on BK current is diverse, with both current activation and inhibition by CLR
being reported. Thus, systematic studies are needed to further elucidate the causes
of this diversity. Third, the recent discovery of an accessory gamma subunit in the
BK complex raises the question of a possible contribution of this subunit to CLR
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effect on BK currents. Last but not least, the ability of a high-CLR diet and statin
therapy to modulate the effect of a widely used drug such as alcohol via modulation
of CLR content in target organs (i.e., the cerebral artery) sets a precedent for further
investigation of the ability of CLR level manipulation to modulate BK channel-
dependent physiological processes.

The use of CLR isomers and structural analogs will help to shed light on the
variegated roles played by CLR in tuning the functional and pharmacological pro-
file of the BK channel complex. Further studies are necessary to unveil mechanisms
and structural requirements for CLR modulation of BK currents at all levels of reso-
lution spanning from atomistic to organismal.
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Chiral Specificity of Cholesterol
Orientation Within Cholesterol Binding
Sites in Inwardly Rectifying K* Channels

Nicolas Barbera and Irena Levitan

Abstract Cholesterol is an integral component of cellular membranes and has been
shown to be an important functional regulator for many different ion channels,
including inwardly rectifying potassium (Kir) channels. Consequently, understand-
ing the molecular mechanisms underlying this regulation represents a critical field
of study. Broadly speaking, cholesterol can mediate ion channel function either
directly by binding to specific sites or indirectly by altering surrounding membrane
properties. Owing to the similar effects of cholesterol and its chiral isomers (epicho-
lesterol and ent-cholesterol) on membrane properties, comparative analysis of these
sterols can be an effective tool for discriminating between these direct and indirect
effects. Indeed, this strategy was used to demonstrate the direct effect of cholesterol
on Kir channel function. However, while this approach can discriminate between
direct and indirect effects, it does not account for the promiscuity of cholesterol
binding sites, which can potentially accommodate cholesterol or its chiral isomers.
In this chapter, we use docking analyses to explore the idea that the specificity of
cholesterol’s effect on Kir channels is dependent on the specific orientation of cho-
lesterol within its putative binding pocket which its chiral isomers cannot replicate,
even when bound themselves.

Keywords Kir channels - Cholesterol binding - Cholesterol stereoisomers

1 Introduction

A crucial feature of many organic molecules is the specific geometric arrangement
of their constituent atoms with respect to molecular symmetry. This feature arises
from the tendency of carbon atoms to form bonds arranged tetrahedrally and means
that, depending on the different moieties bond to a given carbon atom, even very
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simple molecules with identical chemical formulas can adopt structurally distinct
geometries, called stereoisomers. The importance of these different arrangements is
that stereoisomers cannot be superimposed on one another and represent unique,
separate molecules in their own right with distinct chemical and physical properties.
In biological systems, specific ligand—protein interactions are typically stereo-
specific, meaning that the functional interaction occurs only with a specific isomer
but not with its chiral analogue. In contrast, non-specific interactions are typically
not stereo-sensitive. Multiple studies, therefore, use comparative analysis of stereo-
isomers to determine the specificity of the particular interaction between proteins
and different ligands.

In the last two decades, several groups including ours pioneered this approach to
discriminate between two general mechanisms of cholesterol regulation of ion
channels: specific sterol-protein interactions and regulation of channel function by
changes in the physical properties of the lipid bilayer [1-5]. The rationale of this
approach is that cholesterol stereoisomers have similar effects on the physical prop-
erties of the membrane bilayer but are expected to be strongly distinct in their ability
to interact with the proteins via specific sterol—protein interactions. It is important
to note, however, that as discussed below, these assumptions are not always correct.
First, it must be acknowledged that while stereoisomers are identical in an achiral
environment, cholesterol interactions with phospholipids have a degree of stereo-
specificity, which may affect their impact on the physical properties of the lipid
bilayer [6, 7]. Extensive studies, however, documented how cholesterol stereoiso-
mers affect the properties of the lipid bilayer and found that the differences are
rather minor [8, 9]. It also became clear that a specific interaction of cholesterol
with a channel protein is not always stereo-specific, as some channels have “lax”
cholesterol binding sites that can accommodate not only cholesterol but also its
chiral isomers, as was shown for nicotinic acetylcholine receptor (nAChR) [2].
Thus, while the stereo-specificity of cholesterol’s effect on a channel provides
strong evidence for a specific sterol—protein interaction, a lack of stereo-specificity
does not exclude this possibility. Furthermore, our studies provide an increasing
amount of evidence for a new possibility: a cholesterol binding site that has lax
binding requirements, accommodating both cholesterol and its isomers, but a
stereo-specific orientation of the isomers within the binding site which leads to a
stereo-specific functional effect.

Our studies focus on elucidating the mechanism of cholesterol regulation of
inwardly rectifying K* channels. Inwardly rectifying K* channels (Kir) form a major
class of K* channels responsible for the maintenance of membrane potential and K*
homeostasis in multiple cell types [10—12]. Most of our studies focused on Kir2
channels, a major sub-family of Kir, that are ubiquitously expressed in a variety of
cell types, including neurons, cardiomyocytes, smooth muscle cells, endothelial
cells, and macrophages [13]. Kir2 channels are known to be critically involved in
regulating membrane excitability in cardiac and smooth muscle cells [14-16] and
neurovascular coupling [17]. Early studies from the Davies group also showed that
Kir channels expressed in vascular endothelial cells are sensitive to a mechanical
force generated by fluid shear stress [18] leading to the hypothesis that endothelial
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Kir channels may be one of the putative shear stress sensors [19]. As expected from
their biophysical profiles, endothelial Kir channels were later identified as Kir2.1
and Kir2.2 [20, 21] and our recent studies demonstrated that Kir2.1 channels play a
major role in endothelial control of vascular tone via activation of endothelial nitric
oxide synthase (eNOS) regulation of NO release [21]. Furthermore, most recently,
we established that cholesterol-induced suppression of endothelial Kir2.1 channels
has a major impact on vascular function in dyslipidemia: it is responsible for the
impairment of flow-induced vasodilation and augments the development of athero-
sclerosis [22]. It is clearly critical, therefore, to elucidate the molecular basis of
cholesterol regulation of these channels.

2 Stereo-Specific Cholesterol Regulation of Kir2 Channels

Structurally, cholesterol (3p-hydroxy-5-cholestene) has a distinct shape composed
of an asymmetric tetracyclic ring system with a smooth a-face and a methylated
“rough” B-face with a single hydroxyl group oriented toward the B-face. Cholesterol
has eight distinct stereocenters, which all inform the chirality of the cholesterol
analogue in question. These are located at C3, C8, C9, C10, C13, C14, C17, and
C20. The two commonly used chiral isomers of cholesterol are the synthetic ana-
logues epicholesterol (3a-hydroxy-5-cholestene) and ent-cholesterol (enantiomeric
cholesterol). Epicholesterol has an almost identical structure to cholesterol, with the
sole difference being the placement of its hydroxyl group at the 3a position rather
than the 3 position of C3. In contrast, ent-cholesterol is the mirror image of choles-
terol with an opposite arrangement at each of the eight stereocenters of cholesterol
(Fig. 1). Both analogues constitute powerful tools to elucidate the nature of the
molecular interactions between sterols and the channels. It is important to keep in
mind, however, that as described in our recent review [23], the difference between
the orientation of the stereocenters of epi-cholesterol and ent-cholesterol yields
major differences in the 3-dimensional structures of these analogues and their
position within the bilayer, a distinction that will become important in our analy-
sis of the interactions of these sterols with the cholesterol binding site in Kir2.2
channels.

Differential effects of cholesterol stereoisomers on ion channels were first discov-
ered for GABA, receptors [24], a pentameric ligand-gated chloride channel, belong-
ing to the Cys loop ligand-gated ion channel superfamily, which also includes
nicotinic acetylcholine receptors and glycine receptors [25]. Similarly to nAChR,
depletion of membrane cholesterol resulted in a loss of agonist-dependent opening
of GABA, and in the case of GABA, this effect was stereo-specific, as repleting
cells with epicholesterol failed to support channel function [24]. At the same time,
enriching cells with cholesterol also had a detrimental effect on GABA , function and
this effect could be supported by the addition of epicholesterol [24]. The authors
concluded that “normal” cholesterol level in the membrane is required to maintain
the functionality of GABA, but that the excess of cholesterol should regulate the
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Fig. 1 Cholesterol Chirality. The chemical structures of (a) cholesterol, (b) epicholesterol, and (c)
ent-cholesterol are shown with the 27 constituent carbon atoms labeled by number. The solid
wedges indicate bonds pointing above the plane of the page and dashed wedges indicate bonds
pointing below the plane of the page. The chiral centers are identified with red dots in each

channels in a non-specific way via changes in membrane fluidity [24]. This conclusion,
however, should be challenged in light of later studies of nAChR, another pentameric
Cys loop ligand-gated ion channel, where it was shown that cholesterol and epicho-
lesterol can both bind to the channel protein [2]. Thus, while it is clear that
cholesterol has a complex effect on GABA,, the contributions of the specific
and non-specific effects remained unclear. One of the difficulties in interpreting
these observations is the uncertainty about the levels of cholesterol/epicholesterol
substitutions in these experiments.
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In applying this approach to elucidate the mechanism of cholesterol regulation of
Kir2 channels, our first goal was to develop a system to quantitatively substitute
native membrane cholesterol with epicholesterol in a mammalian cell. Similarly to
previous studies, cells were exposed either to methyl-p-cyclodextrin (MBCD) alone
(empty MPCD), MBCD saturated with cholesterol (MBCD-cholesterol) or MBCD
saturated with epicholesterol (MPCD-epicholesterol) [1]. The levels of the sterols
were quantified using gas-liquid chromatography (GLC). As expected, exposing
endothelial cells to empty MPCD resulted in cholesterol depletion and exposing the
cells to MBCD-cholesterol resulted in cholesterol enrichment. The degree of choles-
terol depletion is highly dependent on MBCD concentration and the duration of the
exposure, and could be as high as a 90% decrease (tenfold decrease in free mem-
brane cholesterol). At this level of cholesterol depletion, however, cell viability is
jeopardized and in most of our experiments, we maintained the level of cholesterol
depletion at 50%. The dynamic range of cholesterol enrichment is significantly
smaller than that of cholesterol depletion: exposing cells to MBCD-cholesterol con-
sistently increased the level of cellular cholesterol up to twofold. Prolonging the
exposure from 1-2 h, which is a standard protocol, to 24—48 h did not enhance the
level of the incorporation suggesting that the system become equilibrated between
the membrane and the MBCD-cholesterol shuttle. Also, this range is not unique for
endothelial cells, as the same twofold increase was consistently found in cells
exposed to MPCD-cholesterol for several other cell types [26-28]. It is important
to note that a twofold increase range is specific for the “free cholesterol” or choles-
terol that is found in cellular membranes and not applicable for cholesterol-ester, a
modification of free cholesterol that can be accumulated in much higher amount
inside the cells. Notably, a twofold increase in cellular cholesterol is found not
only in cells exposed to MPBCD-cholesterol in vitro but also in cells isolated from
hypercholesterolemic animals [29].

In terms of cholesterol/epicholesterol substitution, we determined using GLC
that while, as expected, cholesterol and epicholesterol peaks overlap, they are dis-
tinct enough to discriminate between the two stereoisomers and determine their
levels in the cellular lipid extracts (Fig. 2a), [1]. This allowed us not only to verify
that epicholesterol is indeed incorporated into the cells but also analyze the relative
amounts of epicholesterol and native cholesterol in the same cells. The incorpora-
tion of epicholesterol can be detected as a shoulder of the cholesterol peak at low
incorporation levels and as a clear second peak when the levels of cholesterol and
epicholesterol in the cells are comparable (Fig. 2b). We found that exposing the
cells to MPCD-epicholesterol results in an efficient incorporation of epicholesterol
and that this incorporation is not in addition to the normal levels of cholesterol but
rather there is an exchange of native cholesterol by epicholesterol. The latter finding
was not really surprising because as MPBCD is a high affinity sterol shuttle [30], it is
expected that when MPCD-epicholesterol releases its epicholesterol into the cellular
membrane, it can bind to the available cholesterol removing it from the membrane.
As aresult, we could optimize the conditions of the exposure in such a way that about
50% of native cholesterol was substituted with a similar amount of epicholesterol
resulting in the total sterol amount being unchanged.
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Fig. 2 Chromatographic profiles of cholesterol and epicholesterol in lipid extracts of endothelial
cells exposed to MBCD-epicholesterol. Cholesterol and epicholesterol separated and quantified
using GLC: peak 1—CME (internal standard), peak 2—epicholesterol, peak 3—cholesterol. (a)
The chromatographic profiles of: a—lipid extracts of the cells treated with 5 mM MpBCD-
epicholesterol for 60 min, b—mixture of CME and cholesterol, c—mixture of CME and epicho-
lesterol [1]. (b) The chromatographic profiles of lipid extracts of the cells treated with 10, 100 or
1000 pM MBCD-epicholesterol for 60 min

Using this system, we showed that while an increase in membrane cholesterol
resulted in a strong suppression of Kir current in these cells, partial substitution of
cholesterol by epicholesterol led to an opposite effect and resulted in a strong aug-
mentation of the current [1]. This was surprising first of all because at that time, the
prevailing belief was that ion channels should be regulated by cholesterol via non-
specific changes in the physical properties of the lipid bilayer, in which case removal
of cellular cholesterol and substituting it with a similar amount of epicholesterol
should have little or no effect on the currents. The opposite effects of cholesterol and
epicholesterol on Kir currents could not be explained by subtle differences in their
effects on the physical properties of the bilayer because while not fully identical, the
effects of the two sterols on the physical properties of the bilayer are similar and
definitely not opposite [8, 9, 23]. We interpreted these findings, therefore, as evi-
dence that cholesterol regulates Kir channels by specific sterol—protein interaction.
It is important to note, however, that this observation alone cannot be interpreted as
evidence that cholesterol binds directly to the channel, as sometimes is done mistak-
enly. The specificity of cholesterol regulation of an ion channel or any other protein
in the complex milieu of the plasma membrane may also indicate a specific interac-
tion between cholesterol and a regulatory protein, which in turn may affect channel
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function. This possibility can be directly addressed only by using purified systems,
as was done in our further studies described below. Furthermore, the fact that enrich-
ing cells with epicholesterol resulted in an increase in Kir current density, suggested
to us that epicholesterol actually competes with cholesterol for a binding site either
on the channel itself or on an intermediate regulator. This was one of the first indica-
tions that cholesterol regulates ion channels by specific sterol—protein interactions.

Our further studies identified Kir2.1 and Kir2.2 channels as the major compo-
nents of endothelial Kir current [31] and reconfirmed that both Kir2.1 and Kir2.2
are strongly suppressed by the elevation of membrane cholesterol, whereas two
other members of Kir2 family, Kir2.3 and Kir2.4 are less cholesterol sensitive [26].
Overall, cholesterol sensitivity was observed in all Kir families with the predomi-
nant effect being suppression of the channel function [32]. Interestingly, however,
some of the Kir channels, specifically belonging to the Kir3 family (G-protein cou-
pled Kir channels, GIRK) were found to be enhanced by cholesterol enrichment
[32-34] but the stereo-specificity of this effect has not been established yet. The
stereo-specificity of cholesterol-induced suppression of Kir2.1 channels and the
opposite effects of cholesterol and epicholesterol on Kir2.1 function were also
reconfirmed in a heterologous expression system when the channels were over-
expressed in a null cell line, in this case CHO cells [35].

To address the question of whether the stereo-specificity of cholesterol-induced
suppression of Kir can be a result of its binding to a regulatory intermediate, we
turned to purified channels incorporated into liposomes, a system that lacks any
regulatory intermediates. Using this approach with a bacterial homologue of Kir
channels, KirBac1.1, we demonstrated that the channels are still sensitive to choles-
terol and confirmed the stereo-specific effect [36]. The same approach was used to
reconfirm the stereo-specificity of Kir2 channels in a purified system [37].

Differential effects of cholesterol and epicholesterol on ion channel function are
definitely not unique to Kir channels and growing number of studies demonstrate
that stereo-specificity is a prevailing feature of cholesterol effects on different types
of ion channels (Fig. 3). Specifically, consistent with our studies of Kir channels
described above, but in contrast to previous belief that cholesterol regulates Large-
conductance Ca**-sensitive K+ channels (BK) by altering lateral stress in the lipid
bilayer [38, 39], Bukiya et al. [4] demonstrated strong differences between choles-
terol and two of its chiral analogues, epicholesterol and ent-cholesterol in regulation
of BK. Furthermore, comparative analysis of an array of steroids known to have
different impact on the physical properties of the lipid bilayer strengthen their con-
clusion that cholesterol regulates BK channels via specific sterol-protein interac-
tions, which was further tested and confirmed in their subsequent studies, as
described in detail in their recent review [40]. The stereo-specificity of cholesterol
effects was also demonstrated for TRPV1 channels, a major member of the family
of transient receptor potential channels, which were shown to be inhibited by cho-
lesterol but not by epicholesterol [5]. Notably, cholesterol has multiple diverse
effects on different members of the TRP family, including both inhibitory and facili-
tatory effects, as well as direct effects on channel function and effects on channel
trafficking [41].With the exception of cholesterol-induced suppression of TRPV1
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Stereospecific cholesterol

regulation ' HO!

Non-stereospecific cholesterol

regulation

Fig. 3 Ion channels known to be regulated by cholesterol in a stereo-specific and non-stereo-
specific way. Chemical structures of cholesterol and epi-cholesterol are shown, highlighting the
difference in hydroxyl groups as well as schematic representations of Kir, TRPV1, Kv, BK¢,, P2X,
and nAChR, sorted according to their regulation. Channels shown to be regulated by cholesterol
stereo-specifically are grouped on top. The channel nAChR, which was regulated by cholesterol in
a non-stereo-specific manner, is shown below

channels, the stereo-specificity of these effects is not known and it would be very
interesting to establish whether cholesterol may regulate different types of TRP
channels by both direct and indirect mechanisms. Interestingly and surprisingly,
a recent study by Minke et al. demonstrated that cholesterol can also regulate inver-
tebrate TRP channels (TRPL), even though these channels are not exposed to
cholesterol in their native environment [42]. This leads us to the question of possible
promiscuity of cholesterol binding sites.

A striking example of a cholesterol binding site that can accommodate different
sterols including epicholesterol is nicotinic acetylcholine receptor (nAChR).
Cholesterol regulation of nAChR has been extensively studied, as discussed in
several excellent reviews [43, 44]. Briefly, in terms of cholesterol stereo-specificity
and binding, it was shown that while the effect of cholesterol on these channels is
not stereo-specific [2], it binds directly to the channels, as evidenced using photo-
activatable cholesterol analogues that cross-linked with the nAChR [45, 46]. A lack
of stereo-specificity was also found for cholesterol-induced suppression of volume-
regulated anion channels (VRAC) [3] but since at that time, the molecular identity
of the channels was unknown, it was impossible to probe further whether the effect
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could be non-stereo-specific by direct. Recent identification of I as a protein
underlying VRAC current [47] opens the possibility to explore this possibility in
the future.

Taken together, these experiments lead to several key points and conclusions.
One, the stereo-specificity of cholesterol effect on a specific ion channel provides
strong evidence for specific sterol-protein interaction: if the effect of cholesterol
cannot be substituted by its analogues or even more so, if chiral analogues of
cholesterol yield opposite effects on the channel function, it is possible to claim
with confidence that specific sterol—protein interactions play a key role in this
effect. The opposite, however, is not true and as is clearly seen in case of nAChR, a
lack of stereo-specificity does not exclude specific direct binding.

This led us to the next question—what is the mechanistic basis of the stereo-
specificity of cholesterol effects on ion channels. Traditionally, it is believed that
“stereo-specific” indicates a lack of binding of an isomer to the binding site. This is
definitely true for numerous ligands and proteins. However, the lax nature of choles-
terol binding sites in nAChR, as well as expected predominance of hydrophobic
interactions within the binding site, led us to question this assumption. Instead, we
hypothesize that even when the effect of cholesterol is stereo-specific, it is possible
that stereoisomers can still bind to the same binding site. If this is the case, it will
indicate that the stereo-specificity of the regulatory effect does not come from the
lack of binding but from the specific configuration of the sterol within the binding
site. This idea is explored computationally in the next part of the chapter.

3 Stereo-Specific Interaction of Cholesterol with the Kir2.2
Cholesterol Binding Site

As described above, we discovered that a partial substitution of membrane cholesterol
with epicholesterol not only abrogates the inhibitory effect, but also increases the
channel activity. This led us to hypothesize that epicholesterol acts as a competitive
inhibitor of cholesterol, occupying cholesterol binding sites without affecting chan-
nel function. If this is indeed the case, then the key factor determining cholesterol’s
functional effect is its specific conformation and orientation within the channel
binding site as compared to epicholesterol. Thus, after our initial studies established
the stereo-specific effect of cholesterol on the regulation of Kir channels, the next
step was to uncover the specific sites within these channels where cholesterol is
directly interacting and mediating channel function.

3.1 Identification of Kir2 Cholesterol Binding Sites

Earlier studies identified two types of cholesterol binding motifs in ion channels and
membrane receptors: (1) the Cholesterol Recognition Amino Acid Consensus
(CRAC) motif ((L/V)-X5-(Y)-X,s-(K/R)) and the reverse CARC motif
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((K/R)-X_5-(Y/F)-X,_s-(L/V)) found in multiple ion channels including nAChR,
TRPV1, BK channels, KV channels, and GPCRs, and (2) the Cholesterol Consensus
Motif (CCM) first identified in human fp2-andrenergic receptors [43, 48, 49].
Interestingly, these cholesterol binding motifs were found in both the transmembrane
and cytosolic domains of different channels. Specifically, in the nicotinic acetylcho-
line receptor (nAChR) and in transient receptor potential vanilloid 1 (TRPV1) chan-
nels, the CRAC/CARC motifs are found in the transmembrane domains [41, 43]. This
is to be expected, as cholesterol is an integral membrane lipid and should interact with
the transmembrane domains of the channels. There are also several examples when
CRAC/CARC motifs are found in the cytosolic domains of the channels, as was
shown for BK [40, 50], KV [51] and P2X [52]. Specifically, with respect to BK chan-
nels, ten CRAC motifs were identified, seven of which were located in the cytosolic
domain. Since the authors showed that removal of cytosolic part of the protein totally
blunted cholesterol sensitivity, they focused on the cytosolic CRAC motifs. However,
while mutations in the cytosolic CRAC motifs were shown to blunt the sensitivity of
the channels to cholesterol, it is still not clear how membrane cholesterol can interact
with these cytosolic motifs, and whether such cytosolic motifs directly bind choles-
terol or act to translate cholesterol binding at membrane sites into channel activity.

Our search for the known cholesterol binding motifs in Kir2 channels yielded
mixed results [53]. Only one partial CRAC domain and two CARC domains were
identified in Kir2.1, and of these three, two are located at the interface of the slide
helix and the transmembrane domain. No CRAC/CARC domains were identified in
the transmembrane region of the channel. Consequently, we decided to apply a dif-
ferent strategy, which was not limited to previously known cholesterol binding
motifs. Our approach followed a three-step process: (1) molecular docking (2)
molecular dynamics simulations, and (3) mutagenesis and electrophysiology exper-
iments [53]. A docking analysis was used to predict which locations within the
transmembrane region of the protein could contain favorable cholesterol-channel
interactions. The advantage of this approach is that it is data agnostic, and in absence
of any information provides a useful starting point for identifying interaction sites.
With respect to Kir2, since the crystal structures of none of the Kir2 channels were
known at the time, we used a homology model of Kir2.1 constructed based on the
structure of the TM domain of a bacterial analogue of Kir, KirBac1.3, and the cyto-
solic domain of Kir3.1 [54]. Docking analysis of cholesterol on the entire trans-
membrane region of the Kir2.1 homology model was performed, and yielded five
different predicted clusters for possible cholesterol interaction sites. Each of the
predicted conformations was then verified with molecular dynamics simulations to
measure their stability and it was found that the five predicted docking sites
converged into two “cholesterol recognition regions.” Within these two cholesterol
recognition regions, several residues were identified as interacting with cholesterol
during the simulations and confirmed by site-directed mutagenesis and electro-
physiological studies. These residues formed the basis of the prediction for the
binding sites.

More recently, after the crystal structure of Kir2.2 channel was published, Fiirst
et al. [55] undertook a similar study to identify a putative cholesterol binding site in
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Kir2.2. In their approach, docking analyses of both cholesterol and ent-cholesterol
were performed. Predicted cholesterol poses were considered only when the
hydroxyl group was oriented towards the intra- or extracellular leaflet, and the sterol
moiety was found entirely in one half of the membrane or the other. Only these
poses were considered because of the orientation of cholesterol in a native mem-
brane environment: it was assumed that when cholesterol diffuses to a binding
pocket, it does so in a similar orientation to its native membrane orientation. Putative
binding clusters were then identified by comparing high frequency cholesterol poses
to ent-cholesterol poses. It was assumed that due to the lack of effect of ent-
cholesterol on Kir, the most physiologically relevant poses would be those that exist
for cholesterol but not ent-cholesterol. Consequently, those poses with minimal
cholesterol/ent-cholesterol overlap or large predicted energy differences were fur-
ther tested through MD simulations. Two of the predicted residues were verified
with electrophysiological experiments. Significantly, the putative binding site iden-
tified in this study is similar to one of the cholesterol recognition regions identified
in our previous work. Furthermore, as in our studies, cholesterol binding CRAC and
CARC domains were not identified in Kir2.2, suggesting a CRAC-independent
interaction mechanism for cholesterol with Kir channels. This idea is further sub-
stantiated by the recent work of Rosenhouse-Dantsker, who showed that CRAC,
CARC, and CCM form only a subset of the existing cholesterol binding sites in
crystallized protein structures [56].

The identification of cholesterol binding sites on Kir2 channels provided the
basis to elucidate the nature of the stereo-specific effect of cholesterol on the
channel’s function. This was done through a comparative docking analysis of the
interactions of cholesterol, epicholesterol, and ent-cholesterol with a recently iden-
tified crystal structure of Kir2.2. Our expectation was that if the stereoisomers of
cholesterol also directly interact with the channel (that is to say, direct binding itself
is not stereo-specific), then docking analyses would predict similar binding pockets
and similar binding energies for the three sterols. Indeed, our analysis showed that
this is in fact the case. As discussed in detail below, we found that all three stereoiso-
mers of cholesterol directly interact with the channel with similar binding energies
but different orientations within the binding sites.

3.2 Differential Docking of Cholesterol Isomers to Kir2.2
Binding Site

In molecular docking, the general goal is to simulate the interactions between a
target receptor and ligand in order to find the optimal conformation of the ligand
with minimized energy (i.e., in the most favorable position) [57, 58]. This technique
is used extensively in the drug pipeline, and is as an effective method for screening
potential drug candidates and estimating their binding affinity [59, 60]. Molecular
docking can be divided into two parts: the search algorithm and the scoring
function. The search algorithm simulates an ensemble of configurations for the
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ligand on the surface of the receptor. Typical molecular docking programs consider
four types of molecular interactions between ligands and receptors: electrostatic
forces (dipoles/charges), electrodynamics forces (van der Waals), steric forces
(entropy), and solvent-related forces (hydrogen bonds and hydrophobic interac-
tions), with these interactions usually estimated through a force field. The resulting
poses are then clustered together according to their similarity, and scored according
to a scoring function. With respect to our docking analyses, this scoring function is
based on the predicted binding energy of the cluster, with clusters ranked in order of
highest predicted binding affinity. As described above, in the case of cholesterol and
Kir2 channels, molecular docking allowed for an unbiased scanning of the channel
for potential binding sites independent of the previously identified motifs leading to
the identification of novel cholesterol binding regions [56] (Fig. 4).

In our more recent study, we used a similar approach to compare the putative bind-
ing sites and the binding affinity of cholesterol and its stereoisomers [23]. In this
study, comparative molecular docking of cholesterol, epicholesterol, and ent-
cholesterol was done using AutoDock 4 [61]. The general methodology of the
AutoDock program is as follows: a search space is defined on the target receptor, and
this search space is discretized into a grid. After a search space is defined, the ligand
is randomly placed into the grid for a configuration search. For our studies, we used a
grid with 0.375 A spacing (the default for AutoDock) centered on Val'®%, right above
the glycine hinge, similar to the center of the search space we defined in our previous
study. The grid size was 90 x 78 x 126 grid points, or 33.75 x 29.95 x 48 A. These
dimensions were chosen because they covered the entire transmembrane region of the
protein across two subunits. By doing so, we could search for potential sites on a

A B

Fig. 4 Kir-cholesterol binding site shows no overlap with known cholesterol binding motifs. The
putative binding site of cholesterol in Kir2.2 is visualized as a “cloud” of cholesterol poses, as
predicted by docking analysis. The two CARC motifs present in Kir2.2 are rendered in brown and
green, respectively. (a) A top-down view of the channel. (b) A side view of the channel, showing
the predicted location of cholesterol binding relative to the two CARC motifs
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single subunit and between two subunits. Moreover, due to the “random seeding”
process inherent in AutoDock’s algorithm, we performed three separate docking
analyses for each of the three sterol isomers. The results of the separate docking
analyses for each sterol were compared with one another to identify the most repro-
ducible sites. The results of each docking analysis were clustered according to their
configurational similarity and their location in the search space by calculating
pairwise root-mean-square deviation (RMSD) values and grouping together those
in the population with RMSDs that are less than 2 A (Fig. 5). These clusters were

Fig. 5 Overlap of predicted sterol binding sites. Docking analyses predicted a similar binding site for
cholesterol, epi-cholesterol, and ent-cholesterol. (a) The predicted binding site for cholesterol, repre-
sented as a “cloud” of representative poses from the docking analysis. (b) the predicted binding site
for ent-cholesterol, also represented as a “cloud”. (¢) Overlay of the cholesterol and ent-cholesterol
clouds. (d) A single representation of the most energetically favorable poses for cholesterol (red),
ent-cholesterol (blue), and epicholesterol (yellow). Modified from Barbera et al. [23]
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ranked according to their predicting binding affinity. Typically, each cluster represents
a putative binding site. However, it is important to note that within each cluster
there is a “cloud” of configurationally similar predicted poses, and that the pre-
dicted binding energy for the cluster corresponds to the binding energy of the most
favorable pose within the cluster. In comparing the results of the separate sterols, our
initial observation was that the predicted binding conformations for cholesterol, epi-
cholesterol, and ent-cholesterol show considerable overlap in predicted conformation,
binding location, and energetic favorability.

For cholesterol, we found that while nine total clusters were generated, 70% of
all predicted poses were grouped together into one large cluster. Furthermore, this
cluster represented the most energetically favorable cluster, with a predicted bind-
ing energy of —9.75 kcal/mol, and showed good agreement with a similarly pre-
dicted binding configuration in Fiirst et al.: the orientation of cholesterol is such that
the methyl groups of the “rough” face of cholesterol (carbon atoms C18 and C19 in
Fig. 1a) are oriented towards away from the slide helix and towards the center of the
protein, with the hydroxyl group oriented towards the cytoplasmic region. Similarly,
for ent-cholesterol, we also found that 75% of the poses were grouped in one most
energetically favorable cluster with practically identical predicted binding energy of
—9.9 kcal/mol. The two clusters strongly overlap: both are in a non-annular region
between the two alpha helices of the transmembrane region, just above the slide
helix of the channel. Furthermore in comparing the arrangement of the poses, the
sterol groups of cholesterol and ent-cholesterol almost perfectly overlap when over-
laid on one another.

However, and most interestingly, while the clusters of cholesterol and ent-
cholesterol poses strongly overlap in space, we also found a difference in their
preferred orientations within the binding site. For cholesterol, the most favorable
orientation is such that the methyl groups of the “rough” face of cholesterol are
oriented away from the slide helix, towards the center of the channel, with the
hydroxyl group oriented towards the cytoplasmic region. In contrast, for ent-
cholesterol the most favorable predicted configuration was oriented in a mirror
image to cholesterol, with the tetracyclic rings of cholesterol and ent-cholesterol
overlapping and the methyl and hydroxyl groups facing opposite directions. While
the bulk of the two sterols overlap in their predicted pose, this mirroring of orienta-
tion affects the residues predicted to interact with the sterols. Based on the docking
analysis, both sterols are predicted to interact with ten residues, and of these, eight
are identical between the two (Fig. 6). One of the differences is in the location of
their hydrogen bonds: in the case of cholesterol, the hydroxyl group is oriented
towards Lys'®, on the adjacent subunit. In contrast, ent-cholesterol is predicted to
interact with Trp”™ on the adjacent subunit. In both of these cases, the other sterol is
not predicted to interact with the residue. Additionally, cholesterol is predicted to
interact with Ala%, while ent-cholesterol is predicted to interact with Cys™ through
one of its methyl groups.

For epicholesterol, two configurations were predicted (56 and 40% of poses).
Similar to ent-cholesterol, the location of the predicted poses overlapped with the
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Fig. 6 Binding residues predicted by comparative docking analysis. Each docking analysis
yielded a set of residues predicted to interact with the most energetically favorable pose of choles-
terol (red), ent-cholesterol (blue), or epicholesterol (yellow). Shown here are pairwise comparisons
between cholesterol and ent-cholesterol (a), as well as comparisons between cholesterol and the
two most favorable poses of epicholesterol (b, ¢). Residues shown in white are predicted to interact
with both cholesterol and the given sterol. Residues represented in pink are those predicted only to
interact with cholesterol. Residues represented in cyan and light yellow are residues predicted only
to interact with ent-cholesterol and epicholesterol
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predicted pose of cholesterol, situated between the slide helix and the two alpha
helices of the transmembrane region. Notably, only one of the two predicted confor-
mations for epi-cholesterol also showed similar overlap with the tetracyclic rings of
cholesterol as ent-cholesterol. In this orientation, the methyl groups are oriented
similarly to cholesterol, but the hydroxyl group is oriented in the opposite direction
to cholesterol, instead facing Ala®, not Lys'®. Furthermore, the predicted binding
energy is very similar to that of cholesterol, —9.8 kcal/mol. In the other configura-
tion, the sterol rings are mirror and the methyl groups are aligned in the same direc-
tion as those of ent-cholesterol. In this configuration, the hydroxyl group is oriented
towards Trp” and Arg'®, as in ent-cholesterol. The predicted binding energy in this
case was —10.4 kcal/mol.

Overall, these docking analyses suggest key differences in the specific residues
interacting with cholesterol versus epi- or ent-cholesterol. In our analysis, both
ent-cholesterol and epi-cholesterol were predicted to interact with a very similar set
of residues as cholesterol. However, only in the case of cholesterol was the sterol
predicted to interact with both Ala® and Lys'®. While either epi-cholesterol or ent-
cholesterol was predicted to interact with one of these, in none of the other cases
was the sterol configured such that interaction with both of these residues occurs.
We propose that the differences in the specific interactions of the cholesterol and its
isomers with the channel residues within its binding site are responsible for their
differential effects on the channel function.

4 Conclusions and Future Directions

Cholesterol regulation of ion channels was found to be stereo-specific in the majority
of cases analyzed so far by different labs including ours. Our recent computational
work with cholesterol stereoisomers and Kir2.2 channels suggests, however, that
envisioning the different regulatory effects of these sterols from the perspective of
“binding vs non-binding” provides an incomplete picture. As was shown in the case
of nAChR, cholesterol binding sites on ion channels can indeed be promiscuous.
Likewise, our docking analyses here imply that cholesterol, epi-cholesterol, and ent-
cholesterol can interact in the same binding site with very similar binding configura-
tions. If indeed this promiscuity is a consistent phenomenon in a range of ion channels,
it requires then a much more detailed look at the binding process of cholesterol. It is
not sufficient to ask whether cholesterol or a chiral isomer binds. Rather, it must also
be asked: how is it oriented in its bound state, and what interactions are unique to
cholesterol that are absent for epi-cholesterol and ent-cholesterol?
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Abstract In this chapter, we review the physical properties of lipid/cholesterol
mixtures involving studies of model membranes using solid-state NMR spectros-
copy. The approach allows one to quantify the average membrane structure, fluctua-
tions, and elastic deformation upon cholesterol interaction. Emphasis is placed on
understanding the membrane structural deformation and emergent fluctuations at an
atomistic level. Lineshape measurements using solid-state NMR spectroscopy give
equilibrium structural properties, while relaxation time measurements study the
molecular dynamics over a wide timescale range. The equilibrium properties of
glycerophospholipids, sphingolipids, and their binary and tertiary mixtures with
cholesterol are accessible. Nonideal mixing of cholesterol with other lipids explains
the occurrence of liquid-ordered domains. The entropic loss upon addition of cho-
lesterol to sphingolipids is less than for glycerophospholipids, and may drive forma-
tion of lipid rafts. The functional dependence of 2H NMR spin-lattice relaxation
(R,,) rates on segmental order parameters (Scp) for lipid membranes is indicative of
emergent viscoelastic properties. Addition of cholesterol shows stiffening of the
bilayer relative to the pure lipids and this effect is diminished for lanosterol.
Opposite influences of cholesterol and detergents on collective dynamics and elas-
ticity at an atomistic scale can potentially affect lipid raft formation in cellular
membranes.
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1 Introduction

Cholesterol is an essential component of mammalian cells constituting up to about
50 mol% of the total lipids in the plasma membrane [1, 2]. It plays key roles in
maintaining the membrane integrity and regulating cell permeability [3]. Cellular
functions are modulated by cholesterol in two different ways: either indirectly by
affecting membrane properties due to lipid-cholesterol interactions [4—7] or directly
by cholesterol-protein interactions [8—10]. As a steroid molecule, cholesterol has
four fused rings and a hydrocarbon chain, which are hydrophobic, and a polar
hydroxyl group making it overall amphiphilic as for other lipids (Fig. 1). Due to its
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Fig. 1 Selected glycerophospholipid chemical structures, cholesterol, and lanosterol. The polar
head groups vary in size, hydrogen bonding, and charge. Examples are shown for zwitterionic
phosphocholine (PC) and phosphoethanolamine (PE) head groups, and for the anionic phosphoser-
ine (PS) head group. Nonpolar acyl chains differ in length and degree of unsaturation, as illustrated
by oleic acid (18:1w-9) and docosahexaenoic acid (22:6w-3). Cholesterol differs in the absence of
methylation at the a-face relative to its biological precursor lanosterol. Figure adapted from [11]
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chemical composition, most of the steroidal core structure fits into the lipid bilayer,
with the fused rings in close proximity and interacting with the hydrocarbon chains
of the lipids, while the polar hydroxyl group orients the molecule at the aqueous
interface. When cholesterol is present in the liquid-ordered (/,) phase, the lipid
hydrocarbon chains become more ordered relative to the cholesterol-free (liquid-
disordered, I;) state. The lipid chain ordering induces alterations in the structural,
dynamical [12], and physical properties of the lipid membrane, and thus can affect
cellular signaling. The balance of attractive and repulsive forces for the membrane
lipids is the consequence of both the polar headgroups and the nonpolar moieties,
and yields a substantial polymorphism involving both lamellar and nonlamellar
phases [13-20]. Notably, the structural and dynamical properties of biomembranes
are mediated by the lipid composition and interactions with the proteins, water,
cholesterol, and surfactants [7, 21-33]. Membrane remodeling requires mesoscopic
elastic deformations of the lipids [30] that can play a central role in biological func-
tioning with regard to lipid-protein interactions [6, 34, 35], domain formation, and
various nano- and microstructures implicated in key cellular functions [34, 36-38].
Because the composition of lipids and cholesterol in cell membranes influences the
lipid organization and membrane properties, it is not surprising that disorders in
cellular cholesterol levels are implicated in various diseases [39, 40].

Many of the molecular species of lipids and proteins in membranes do not mix
ideally [19, 20, 41-47]—cholesterol is one such component that is unequally dis-
tributed in cellular membranes, allowing for the presence of liquid-ordered raft-like
domains [19, 20, 32, 42, 46-52]. Such raft-like domains have attracted considerable
attention as platforms for signaling regulation in cellular biology and pharmacology
[53-60]. The concept that biomembranes are homogeneous two-dimensional fluids
with randomly distributed proteins (the fluid mosaic model) is challenged by the
hypothesis that cellular membranes may contain such areas of lateral segregation
[20, 55, 61-73]. By analysis of the liquid-ordered (/,) phase [74, 75] and its possible
connection with rafts in biological membranes [76, 77], the effect of cholesterol on
domain formation in liquid-crystalline bilayers has been of great interest for mem-
brane biophysicists [78]. For instance, raft-like domains are believed to occur in
lipid systems with coexisting liquid-disordered (/;) and liquid-ordered (/,) phases.
The [, phase in these systems typically contains highly unsaturated lipids with a low
phase-transition temperature, while the /, phase predominantly consists of saturated
glycerophospholipids or a sphingolipid component and cholesterol [2, 77].
Moreover, various proteins are endowed with the ability to interact with cholesterol
via specific sensing mechanisms. The cholesterol recognition/interaction amino
acid consensus (CRAC) sequence motif [79-82] is an example of such a recognition
element. In some cases, they include cationic clusters that allow interactions with
phosphatidylinositol 4,5-bisphosphate (PIP,) in a cholesterol-dependent manner.
Notably, such CRAC domains are found in the Rhodopsin (Family A) G-protein-
coupled receptors (GPCRs) [83], and moreover posttranslational lipid modifications
[84, 85] can promote sequestration into cholesterol-rich regions or microdomains.

Improving our understanding of complex lipid mixtures is an important aspect
for current research in pharmacology, biophysics, and biochemistry as well as in
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cellular biology. Various experimental methods have been used to study lipid—cho-
lesterol interactions, including electron spin resonance (ESR) [86-94], Raman
[95-97], Fourier transform infrared (FT-IR) [98, 99], and fluorescence spectros-
copy [100-102]; atomic force microscopy (AFM) [103-105]; multidimensional
nuclear magnetic resonance (NMR) spectroscopy [70, 73, 106, 107]; solid-state
NMR spectroscopy [65, 101, 108—119]; and X-ray [72, 120, 121] and neutron dif-
fraction methods [122—124]. Still, a thorough understanding of the physical basis
for these observations in relation to the intricate lipid compositions of many bio-
logical membranes remains a conundrum [20, 51, 71, 125, 126]. This chapter cov-
ers recent developments in understanding lipid—cholesterol interactions in model
membrane systems and implications for cellular function as seen by solid-state
nuclear magnetic resonance (NMR) spectroscopy. First, we give a brief introduc-
tion to solid-state NMR methods for nonexperts to appreciate the results as applied
to lipid-cholesterol systems. Next, we explain how solid-state NMR technology is
applied for obtaining membrane structural and dynamical properties. We then dis-
cuss the sterol interactions with phospholipids in model membranes, including the
role of configurational entropy in lipid raft formation. Emphasis is placed on how
the average material properties emerge from the atomistic level interactions in lipid
bilayers, as investigated by combining NMR spectroscopy with relaxation methods
[11, 111, 112, 127].

2 Solid-State NMR Spectroscopy of Lipid Membranes

Solid-state NMR spectroscopy [29, 128-130] offers a versatile and noninvasive
method for studying the molecular organization of lipids within membranes. In par-
ticular, isotopic substitution of *H for 'H constitutes a minimal structural perturba-
tion [131]. Interpretation of the ’H NMR spectra is relatively straightforward, due to
the intramolecular nature of the quadrupolar interaction that dominates the line-
shape. There are a number of reviews that give a comprehensive treatment of H
NMR spectral analysis [30, 128, 129, 131-135]. An essential feature of H NMR
spectroscopy is that one introduces site-specific *H-labels, corresponding to the
individual C—H bonds. In this way, we obtain atomistically resolved information
for noncrystalline amorphous or liquid-crystalline systems. Because the coupling
interactions in solid-state NMR are sensitive to orientation and/or distance, their
values correspond to the average structure of the system of interest. On the other
hand, molecular motions are manifested by the relaxation parameters that are also
accessible in NMR spectroscopy. A unique feature is that in solid-state ?H NMR of
biomolecular systems, we acquire both lineshape data [118] and relaxation times
[136] for investigating structural dynamics. Measurement of the 2H NMR line-
shapes yields knowledge of the average structure through the principal values of the
coupling tensor as well as the principal axis system. Yet, if we only determine the
coupling tensors, then the method mainly provides us with structural knowledge as
in X-ray crystallography. An important feature of solid-state ?H NMR spectroscopy
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is that information is also obtained regarding the molecular motions, encompassing
a range of different timescales. Through the combined measurement of residual
quadrupolar couplings (RQCs) and relaxation rates, we thereby obtain knowledge
of the geometry as well as investigate the multiscale molecular motions and their
amplitudes in the membrane systems of interest. An analogous approach is intro-
duced in the case of solid-state *C NMR spectroscopy of membrane lipids and
biomembranes at natural isotopic abundance.

2.1 Deuterium Solid-State NMR Spectroscopy

Notably, 2H NMR spectroscopy gives us a particularly simple illustration of the
principles of magnetic resonance as applied to molecular solids, liquid crystals, and
biomembranes. This is because the very large electric quadrupolar interaction domi-
nates over the magnetic dipolar couplings of the ?H and 'H nuclei as well as the 2H
chemical shifts [134, 136]. The *H nucleus has a spin of / = 1, and hence there are
three Zeeman energy levels due to projecting the nuclear spin angular momentum
onto the magnetic field direction. The three eigenstates Im) =10) and |+1) are given
by the Hamiltonian H , for interaction of the nuclear magnetic moment with the
static magnetic field. We learn in quantum mechanics that the transitions between
adjacent spin energy levels are allowed, which yields the two single-quantum
nuclear spin transitions. Moreover, the degeneracy of the allowed transitions in *H
NMR is removed by the quadrupolar coupling. Here, the perturbing Hamiltonian
I:IQ is due to interaction of the quadrupole moment of the *H nucleus with the elec-
tric field gradient (EFG) of the C—>H bond. It follows that for each inequivalent site,
two spectral branches are observed in the experimental spectrum.

In solid-state ’H NMR spectroscopy, the experimentally observed quadrupolar
coupling is given by the difference in the frequencies Avg =Avg—Av, of the
spectral lines due to the perturbing Hamiltonian. The result for the quadrupolar
frequencies (vé ) thus reads:

N n
A LGRS LIV CICH) | NS

In the above formula, A= e 2qQ/h is the static quadrupolar coupling constant, 7,
corresponds to the asymmetry parameter of the EFG tensor, D( ) (Q ) is a Wigner
rotation matrix element, and Qp; = (apr, fpr, Ypn) are the Euler angles [137] relating
the principal axis system (PAS) of the EFG tensor (P) to the laboratory frame (L)
[29, 128, 136]. Furthermore, it turns out that the static EFG tensor of the C—>H bond
is nearly axially symmetric (17, &~ 0), which leads us to the simpler result:

. 3
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The experimental quadrupolar splitting is thus given by:

3
AvQ =—Xo D(()g)

2 1008 (@) ®

Now in liquid-crystalline membranes, the motions of the constituent molecules
are often cylindrically symmetric about the bilayer normal, an axis known as the
director. The overall rotation of the principal axis system of the coupling tensor to
the laboratory frame, described by the Qp; Euler angles, can thus be represented by
the effect of two consecutive rotations. First, the Euler angles Qpp(?) represent the
(time-dependent) rotation from the principal axis frame to the director frame, and
second the Euler angles Qp,; represent the (static) rotation from the director frame to
laboratory frame. Using the closure property of the rotation group [136], and con-
sidering the cylindrical symmetry about the director, we can then expand Eq. (3),
which now reads

3
Av, = 5 %o <D<()<2;) (QPD)> Dy (Qp1) (4a)
=E)C l<3coszﬁ —1>l(3cos2[3 —1) (4b)
273 ) ro

Here, fp. = 0 is the angle of the bilayer normal to the static external magnetic field.
The segmental order parameter Scp is given by:

Sep = %<3 cos” By, —1) (5)

where the angular brackets denote a time/ensemble average. It follows that

3
Av, = > XoSen P (cos By ) (6)

where P,(cos ffp) = (3cos? i — 1)/2 is the second-order Legendre polynomial. The
above expression describes the dependence of the quadrupolar splitting on the
(Euler) angles that rotate the coupling tensor from its principal axes system to the
laboratory frame, as defined by the main magnetic field. Figure 2 illustrates the
effect of cholesterol on the solid-state deuterium NMR lineshape for 1,2-diperdeu-
teriomyristoyl-sn-glycero-3-phosphocholine (DMPC-ds,) bilayers. A gradual
increase in the quadrupolar splittings (Avy) for the acyl segments is observed as
cholesterol concentration is increased, which reflects increased orientational order
of the acyl chain segments with respect to the bilayer normal. This finding explains
the well-known condensing effect of cholesterol at the molecular level, involving a
reduction of the area per phospholipid molecule at the aqueous interface, accompa-
nied by an increase in the bilayer hydrocarbon thickness.
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Fig. 2 Solid-state ’H NMR spectra demonstrate the reduction in conformational degrees of free-
dom for the acyl chain orientation due to cholesterol: (a) DMPC-ds, in the liquid-disordered (/y)
phase, and (b—d) DMPC-ds, containing various mole fractions of cholesterol in the liquid-ordered
(l,) phase. Data were acquired at a magnetic field strength of 11.7 T (76.8 MHz) at =44 °C. Powder-
type spectra (green) of randomly oriented multilamellar dispersions were numerically inverted
(de-Paked) to yield sub-spectra corresponding to the € = 0° orientation (blue). Note that a distribu-
tion of residual quadrupolar couplings (RQCs) corresponds to the various C’H, and C*H; groups
with a progressive increase due to cholesterol. Data are taken from [112]
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We can now introduce simplifying precepts from statistical mechanics to further
explain the solid-state NMR lineshapes in terms of membrane structural dynamics.
For detailed explanations and applications of the statistical mean-torque theory, the
interested reader is referred to the literature [30, 65, 70, 73, 138]. The microscopic
observables from ?H NMR spectroscopy can then be related to the nano- or micro-
structure of the membrane lipid assembly. Structural quantities of interest for the
lamellar state correspond to the mean interfacial area (A), together with the average
thickness D¢ of the bilayer hydrocarbon region, and the mean aqueous distance
separating the lamellae [28, 128, 139-142]. Clearly, the area per lipid molecule
plays an important role in molecular dynamics (MD) simulations of lipid mem-
branes [71, 124, 142—148]. The various nanostructures are the result of a balance of
forces acting at the level of the polar head groups and hydrocarbon chains [5, 13, 16,
138, 149, 150]. Notably, the deformation of a membrane film away from the equi-
librium state is characterized by four material constants: (1) the surface tension y
(which is zero for a membrane bilayer at equilibrium), (2) the area expansion modu-
lus K, or alternatively the lateral compressibility C, = 1/K,, (3) the bending rigidity
K¢, and (4) the monolayer spontaneous H, curvature. The above structural quantities
are fundamental to the forces governing the nano- and microstructures of assem-
blies of membrane lipids and amphiphiles. Representative applications of solid-
state ’H NMR spectroscopy to lipid membranes include studies of the influences of
cholesterol [151-153] as well as acyl chain polyunsaturation [36, 67, 143, 150,
154-158].

2.2 Temperature—Composition Phase Diagram of Lipid/Sterol
Mixtures

Lipid-lipid interactions have been investigated for a variety of systems and are
important determinants of membrane organization. The lipid composition of the
outer leaflet of a typical mammalian plasma membrane mainly comprises sphingo-
myelin (SM), cholesterol, and unsaturated phosphatidylcholine (PC) [59, 159].
Preferential association of SM and cholesterol has been observed in various mem-
brane environments including enrichment in detergent-resistant membranes [53,
160]; formation of ordered phases in three-component giant unilamellar vesicles
[64]; and the direct observation of small domains in the membranes of living cells
[161]. Despite the research efforts by many groups into lipid-cholesterol interac-
tions, however, important questions remain concerning the role of cholesterol and
other sterols in forming the tightly packed liquid-ordered (/,) phase. For instance,
liquid-disordered (I;) and ([,)phases coexist in 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC)/sterol model membranes [75, 162]. Still, the two phases remain
submicroscopic in size. Because their small size makes these dynamic domains
invisible by most imaging techniques, it has been postulated that /,//, phase coexis-
tence is absent in DPPC/cholesterol model membranes. An alternative explanation
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for membrane heterogeneity invokes lipid compositional fluctuations due to prox-
imity to a critical point [126, 163, 164]. Complicating matters further in biological
membranes is the asymmetric distribution of lipid molecules between the inner and
outer leaflets [165]. In this regard, theoretical descriptions of phospholipid/sterol
interactions are extensive [74, 166—170]. The original PC/sterol condensed complex
model [166] has been modified to predict phase coexistence in DPPC/cholesterol
model membranes above the main transition temperature [171] as well as DPPC
phase diagrams with ergosterol [172] and lanosterol [173]. Research in this area
remains very active as molecular simulations improve, and experimental input
parameters become more accurate [174].

Using solid-state 2H NMR spectroscopy, influences of cholesterol on both the
lipid head groups [151] and the acyl chains [152] have been extensively investigated.
Cholesterol is located beneath the polar head groups, where it can interact strongly
with the acyl chains and act as a spacer molecule, as first suggested [151] in terms of
an umbrella-like model. Influences of the acyl chain ordering and dynamics are fur-
ther discussed below. Previous NMR spectra of DPPC gave the first detailed phase
diagram of this cholesterol/lipid mixture [74, 75] and entailed acquiring solid-state
’H NMR spectra for temperatures from 25 to 70 °C and cholesterol concentrations
from O to 30%. Recently, the binary cholesterol/DPPC phase diagram has been con-
firmed and extended with 1-palmitoyl-2-perdeuteriopalmitoyl-sn-glycero-3-phos-
phocholine (DPPC-d;;)/cholesterol membranes [175]. Analogous experiments have
been conducted for DPPC-dy, using ergosterol [162] and lanosterol [173] as well as
N-perdeuteriopalmitoyl-D-erythro-sphingosylphosphorylcholine (PSM-d;;). These
comparative studies allow insightful comparisons to be made for data obtained using
palmitoyl chains with similar conformations. Partial phase diagrams for multilamel-
lar dispersions of sn-2 palmitoyl chain-perdeuterated DPPC-d;,/cholesterol and for
N-linked palmitoyl chain-perdeuterated PSM-d;,/cholesterol mixtures have been
constructed solely from ?H NMR measurements. Examples of the phase diagrams
for the DPPC-d; /cholesterol and PSM-d;,/cholesterol multilamellar dispersions
obtained from the ?H NMR spectral analysis for various temperatures and cholesterol
compositions are shown in Fig. 3. The phase diagrams are very similar and exhibit
solid-ordered (s,) + ([,) and I, + [, coexistence regions with a clear three-phase line
separating them [75, 175]. Three regions of two-phase coexistence and a three-phase
line are identified in DPPC-d;;/cholesterol multilamellar dispersions, as well as in
the PSM-d;,/cholesterol multilamellar dispersions, thus confirming the basic features
of the phase diagram [75]. Narrowing of the /; + [, coexistence region at high tem-
perature implies a critical point that corresponds to a cholesterol concentration
between ~25 and 30 mol%.

Notably, macroscopic (micron-sized) coexistence of /; and /, phases is not
observed with solid-state 2H NMR spectroscopy. Instead, spectral line broadening
in the /; + [, coexistence region points to intermediate exchange of lipids between
the two types of domains. The length scales associated with the domains are esti-
mated to be 75-150 nm for DPPC-d5,/cholesterol and PSM-d5,/cholesterol model
membrane mixtures [175]. Distances have been estimated between [4/[, domain
interfaces in DPPC/cholesterol and PSM/cholesterol multilamellar dispersions to be
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Fig. 3 Partial phase diagrams of: (a) PSM-d;,/cholesterol and (b) DPPC-d;,/cholesterol mem-
branes obtained from solid-state H NMR spectroscopy. Symbols denote (filled circles) the
midpoint of the transition obtained from the de-Paked *H NMR spectra as a function of tem-
perature; the onset or end of the transition as obtained (open triangles) by inspection of the
temperature-dependent spectra, (open squares) from spectral subtractions, (open diamonds)
from first-moment M, curves, or (filled diamonds) by inspection of the de-Paked spectra against
cholesterol concentration; and lastly (filled triangles) the onset of the transition in the first-
moment M,(T) curves. Data are for multilamellar dispersions having cholesterol concentrations
of 25 or 28.1 mol% in (a) PSM-d;,/cholesterol bilayers and 25 mol% in (b) DPPC-d;,/choles-
terol bilayers. Figure modified from [175]
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~80 nm. The sizes are on the order of the dimensions of putative rafts in cellular
membranes [165]. Hence, if rafts exist in cell membranes, they will be strongly
governed by lipid/lipid interactions. The high cholesterol concentration found in
many plasma membranes suggests that their preferred physical organization is most
likely similar to the [, phase. With the availability of a detailed picture of the DPPC/
cholesterol and PSM/cholesterol binary systems in hand, future >H NMR studies of
ternary raft-like systems [65, 113] can be then conducted to gain added insight into
the behavior of lipid rafts in cellular plasma membranes.

2.3 Separated Local-Field ’C NMR Spectroscopy: C-'H
Dipolar Couplings Allow Calculations of Lipid Bilayer
Structure

Lipid membrane systems clearly can benefit from precise structural characterization
using solid-state NMR methods. As explained in the previous section, solid-state 2H
NMR spectroscopy is prominent among these methods. However, such applications
are foreshadowed by the need for *H-isotope labeling involving synthetic organic
chemistry [154, 176]. By the introduction of dipolar-recoupling methods, it is pos-
sible to extend the approaches originally developed with regard to solid-state 2H
NMR spectroscopy to other classes of biologically relevant lipids, as they occur in
a membrane environment. In this regard, separated local-field (SLF) '3*C NMR spec-
troscopy [70, 73, 115, 177, 178] at natural abundance expands the range of applica-
tions of solid-state NMR spectroscopy in membrane biophysics. For example,
sphingolipids and other natural lipids may be investigated, together with their inter-
actions with cholesterol in raft-like lipid mixtures and with membrane proteins.
Additional applications of natural abundance *C NMR methods to polyunsaturated
lipid bilayers [178, 179] have been described. In these examples and others, we are
interested in how the molecular properties of membrane lipids explain their biologi-
cal functions within the broad context of structural biophysics [5, 6, 18, 180].

In what are called separated local-field (SLF) experiments, typically measure-
ments of the direct *C—'H dipolar couplings are carried out involving liquid-crys-
talline systems, such as lipid bilayers at natural isotopic abundance. Through-space
direct *C~'H dipolar interactions report on the orientations of the individual *C—
'H bonds with respect to the bilayer normal, and are mathematically isomorphous
to the C—*H bond order parameters, measured in solid-state ’H NMR spectroscopy.
Various SLF methods include for example dipolar-recoupling methods [70, 73,
106, 115, 177, 181], switched-angle spinning, and off-magic-angle spinning
experiments [182]. Segmental order parameters can be unambiguously determined
by SLF methods, and hence it is a useful technique for lipid structural studies. In
lipid systems, correspondingly the segmental order parameters are defined as:
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Sen = %<3 cos’ Ben — 1> (7

where fcy is the instantaneous angle between the *C—'H bond direction and the
bilayer normal. Based on the geometrical considerations, the Scy order parameters
for a polymethylene chain are negative. Note that here we refer to the absolute order
parameters |Scyl, which are calculated from the relation:

|SCH| = @®)

In the above formula, Xp = (—/lo VeYul 4’ )<rc'3> is the dipolar coupling constant
(40.783 kHz corresponding to bey/27z = 20.392 kHz for an aliphatic '*C-"H bond),
X = 0.393 is the pulse sequence scaling factor [73, 177], and Avp, is the measured
residual dipolar coupling (RDC) evaluated at the 8 = 90° orientation of the lineshape
(Pake powder pattern). An illustration of the results obtained for mixtures of lipids
and cholesterol using the dipolar recoupling with shape and scaling preservation
(DROSS) experiment is shown in Fig. 4 [73]. The solid-state NMR spectra show
well-resolved "*C chemical shifts on the horizontal axis and the site-specific 'H-'3C
dipolar couplings on the vertical axis. A representative INEPT '*C NMR spectrum
showing highly resolved '*C chemical shift resonances for POPC lipid and choles-
terol is provided in Fig. 5 [73], which is indicative of the applicability of separated
local-field NMR experiments for obtaining the site-specific information about lipid
bilayers and lipid mixtures.

3 Molecular Distributions of Lipids are Obtained Using
Solid-State 2ZH NMR Spectral Lineshapes

The solid-state 2H NMR spectrum for 1,2-diperdeuteriomyristoyl-sn-glycero-
3-phosphocholine (DMPC-ds,) at 30 °C shown in Fig. 2a is illustrative of applica-
tions to phospholipids with perdeuterated chains in the physiologically relevant,
liquid-crystalline state [111, 127]. Because the sample consists of bilayers randomly
oriented in the aqueous medium relative to the direction of the magnetic field, the
spectrum is a powder-type pattern that is a superposition of signals from the lamel-
lae at all orientations. At each angle, the signal consists of doublets from the chain
methyl and methylene positions along the perdeuterated chains [183]. The resulting
spectrum has well-defined edges at ~+15 kHz due to a roughly constant order for
the acyl methylene segments nearest to the head group of the lipid molecule.
Individual peaks within the spectrum arise from less ordered methylene groups in
the lower portion of the chains, and the highly disordered terminal methyl group
produces the central pair of peaks [128]. From the distribution of the RQCs, struc-
tural quantities such as mean area per lipid (A) and volumetric bilayer thickness D¢
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Fig. 5 Experimental INEPT "*C NMR spectrum of the unsaturated lipid 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) in the presence of 33% cholesterol (chol) at 30 °C. The INEPT
experiment is used as part of the separated local-field experiment DROSS. Several highly resolved
13C chemical shifts for POPC and cholesterol show the applicability of separated local-field NMR
experiments for obtaining site-specific information on the lipid/cholesterol mixtures. Data obtained
from [73]

are readily derived by a mean-torque (MT) model, and can be related to the corre-
sponding material constants or elastic moduli [28, 30, 138]. The significant increase
in the observed RQCs upon addition of cholesterol to DMPC bilayers is also shown
in a series of spectra from Fig. 2b—d.

3.1 Bilayers Containing Cholesterol Enable Testing
of Theories for Dynamical Structures of Membrane
Assemblies

In general, lipid bilayers containing cholesterol allow an excellent model for testing
theories for the configurational ordering and structural dynamics of liquid-crystal-
line membranes [30]. As we can see in Fig. 6, for the DMPC-d5s, bilayer, both in the
absence and presence of cholesterol, a well-defined profile of the segmental order
parameters Sg,)) versus the acyl segment position (7) is evident. An approximate
order parameter plateau occurs over the middle part of the chains, followed by a
progressive decrease, which manifests the end effects within the bilayer central
hydrocarbon core (Fig. 6). In addition, due to the orientation of the glycerol back-
bone nearly perpendicular to the membrane surface, the sn-1 and sn-2 acyl chains
are inequivalent [29, 129, 132]. The initial chain geometry leads to smaller order
parameters for the beginning of the sn-2 chain [143, 184]. Beyond the first few seg-
ments, the order parameters of the sn-2 chain become larger than those of the sn-1
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Fig. 6 Comparison of theoretical and solid-state ’H NMR spectroscopy results for the configura-
tional ordering and structural dynamics of liquid-crystalline membranes. The bilayer dimensions
correspond to the interfacial membrane area per lipid (A) and volumetric thickness Dc. Structural
parameters are calculated from the acyl chain volume V. and moments (cos /) and (cos® f3) obtained
from the order parameter plateau, where f is the angle between the virtual bond connecting two
neighboring carbons of the ith segment and bilayer normal [138]. Profiles of segmental order
parameters Sg[), as a function of acyl chain position (i) for DMPC-ds, and DMPC-ds,/cholesterol
(1:1) are shown at 7'= 44 °C [111]. Filled and open symbols refer to inequivalent sn-1 and sn-2
acyl chains, respectively. Reference order parameters are indicated for limiting cases of an oil-drop
model with Scp = 0, a crankshaft model having Scp = —1/3, and an all-frans rotating chain with
Scp = —1/2. Data are taken from [153]

chain [154]. Smaller statistical fluctuations are associated with greater travel (flux)
of the sn-2 chain to compensate for the initial position closer to the aqueous inter-
face. The order profile clearly suggests that variations in the degree of acyl chain
entanglement occur as a function of depth within the bilayer hydrocarbon region. As
a result, it is unlikely that the phospholipids move individually within the bilayer,
even in the presence of cholesterol [153, 185, 186].

The approach of using a model membrane, comprising a lipid that forms a fluid
bilayer together with a lipid known to form a more ordered bilayer, as well as cho-
lesterol in varying amounts, is probably most accessible as a mimic of biomem-
branes with a vast number of components [1, 15]. Interestingly, cholesterol has two
different functions in model membrane systems: on the one hand, it increases the
hydrophobic mismatch of the lipids at low concentrations and thereby enhances
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phase separation. On the other hand, it functions as a mixing agent at high concen-
trations. Let us consider in greater detail the results in Fig. 6 for the DMPC-ds,
bilayer, both in the absence and presence of cholesterol. To calibrate our intuition,
at this point it might be helpful for readers to consider some simple motional models
as heuristic guides or limiting cases. Referring again to Fig. 6, the first example is
an all-trans rotating polymethylene chain, where Eq. (2) with fpp = 90° then yields
Scp = —1/2 as areference value. Next, we can consider a crankshaft model involving
a polymethylene chain that is saturated with kink configurations gauche*-trans-
gauche™, leading to Scp = —1/3 for comparison. Last, the classical oil-drop model
completely neglects tethering of the acyl chains to the aqueous interface, in which
case the isotropic motion gives Scp = 0 as a limit. One can then compare the experi-
mental order profiles to the above limiting cases as benchmarks.

As we have already seen in Fig. 2, for the DMPC-ds,/cholesterol (1:1) binary
mixture, in the liquid-ordered (/,) phase there is a dramatic increase in the RQCs
versus the liquid-disordered (/4) phase of DMPC-ds, alone. This is due to a substan-
tial reduction of the degrees of freedom of the flexible phospholipids, coming from
the van der Waals interactions with the rigid sterol frame. The corresponding pla-
teau in the order profile, cf. Fig. 6, can be understood in terms of a relatively con-
stant probability of the acyl chain configurations, resulting from their tethering via
the polar head groups to the aqueous interface, together with their travel (flux)
toward the bilayer interior. For the top part of the acyl chains, the segmental order
parameters approach the limiting value of Scp = —1/2 when cholesterol is present,
as expected for an all-frans rotating polymethylene chain [112]. However, there is
still an approximate plateau indicating entanglement of the chain ends. Note that in
the absence of cholesterol, the additional acyl disorder can arise from internal
degrees of freedom of the phospholipids, e.g., due to segmental isomerizations,
molecular motions, or collective thermal excitations of the bilayer. These additional
degrees of freedom lead to smaller absolute Sc, values for the DMPC-ds, bilayer.
Provided that the disorder of the DMPC-ds, bilayer is due mainly to rotational isom-
erism, then the acyl chains fall somewhere between the limiting crankshaft model
with Scp = —1/3, and the classical oil-drop model for which Scp = 0. For the
DMPC-ds, bilayer, both in the presence and absence of cholesterol, the acyl chains
are more disordered within the hydrocarbon core to fill in the free volume that
would otherwise be present due to chain terminations, approaching the classical
“oil-drop” limit only in the center of the bilayer.

3.2 Order Parameter Profiles of Binary Mixtures
of Cholesterol with Phospholipids and Sphingolipids:
Implications for Rafts in Cellular Membranes

In addition to glycerophospholipids, most eukaryotic cells contain sphingolipids and
sterols as additional classes of lipids (30—40 mol% cholesterol and 10-20 mol% sphin-
gomyelin). Notably, plasma membranes of animal cells are enriched in cholesterol,
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which is metabolically derived from lanosterol by removal of the methyl groups from
the a-face of the molecule, raising the question of their evolution and function in the
organization of the bilayer. Despite extensive research, whether the well-known order-
ing effect of cholesterol for sphingomyelin and other saturated glycerophospholipids
leads to lateral phase segregation and microdomains remains under discussion, as the
situation in vivo is far too complex to be exactly determined. However, the structural
properties and phase-transition temperatures of sphingomyelins near body tempera-
ture (37 °C) suggest that they may play an important role in the formation of special-
ized domains in membranes, such as lipid rafts [47, 55, 69, 187].

Various studies have been reported on the comparison of order parameter profiles
for sphingolipids and phospholipids, and their binary and tertiary mixtures with
cholesterol [65, 73, 113, 152, 153]. Results have been obtained from solid-state 2H
NMR lineshapes of both POPC-d;; and PSM-d;; in a complementary way in the
corresponding ternary systems. Addition of cholesterol at 20 mol% has been shown
to have a major impact on the spectra of PSM-d;; in ternary mixtures with POPC
(1:1). The range of phase coexistence is increased by the addition of POPC, thereby
resisting the formation of the /; phase from the /, phase. By contrast, addition of
PSM shows an increased ordering effect on the palmitoyl chain in POPC relative to
the PSM-free POPC-d5,/cholesterol mixture. Analysis of solid-state ’H NMR data
using a first-order mean-torque model [65, 138] has uncovered interesting insights
into the effect of cholesterol on the lateral organization of lipid-cholesterol mix-
tures. As described by Bartels et al. [65], the addition of cholesterol initially drives
the phase separation (/—/,) by inducing greater lateral order in sphingomyelin than
in POPC lipids. However, at 20 mol% cholesterol, discrete components due to
POPC-d;, and PSM-d;; phase separations are observed. At physiological tempera-
ture, the lipids in the ternary mixture (1:1 PSM/POPC with 20 mol% cholesterol)
show distinct structural parameters (bilayer thickness and area per lipid). Structural
parameters of POPC are highly temperature dependent, whereas sphingomyelin
shows resistance to thermally driven structural deformation, and stronger affinity of
cholesterol that can drive the formation of membrane domains. In mixtures with
high amounts of cholesterol (33 mol%), saturation of the ordering effect for PSM
seems to facilitate ideal mixing of the components, and hence similar results are
observed. These observations naturally bring the intuition that the phase separation
is driven by hydrophobic mismatch of the acyl chains of the various lipids, e.g., it is
assumed the thickness difference is induced by unequal sterol partitioning into the
two phases.

Another study using solid-state *C NMR spectroscopy [73] has shown that the
cholesterol-mediated structural perturbations are less pronounced for egg-yolk
sphingomyelin (EYSM) than for POPC. In Fig. 7, the order parameter profiles
derived using separated local-field (SLF) '*C NMR spectroscopy for EYSM and
POPC bilayers are shown. The influence of cholesterol for the /, phase of POPC and
EYSM is clearly distinguishable. The higher-order parameter values for both the
lipid bilayers at various carbon positions are an arresting indication of the /, phase
[6, 65,92, 106, 111-113, 188-190], due to interaction with cholesterol [191-193].
In addition, the nonequivalence of the segments of the sn-1 and sn-2 chains [132] is
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clearly reflected in the case of the POPC bilayers (Fig. 6a, b). Monounsaturation of
the oleoyl chain at the C9 and C10 sites renders the two vinyl *C—'H positions ori-
entationally nonequivalent, both to each other and to the other saturated chain seg-
ments. The terminal methyl groups of the acyl chains exhibit very small residual
dipolar couplings (RDC), because of the reorientation and three-fold symmetry of
the methyl *C—'H bonds. The largest couplings of these sites are observed at the C3
position, which may participate in interfacial exchange-type C3—-OH hydrogen
bonding, and/or C3—OH acceptor and NH donor hydrogen bonding. The large value
is suggestive of a glycerol backbone conformation that is stabilized through lipid
packing assisted by hydrogen bonding in the /; phase.

Most striking, upon addition of 50 wt% cholesterol, the increment in segmental
order parameters is AlScyl &~ 0.25 for POPC and = 0.12 for EYSM, as indicated in
Fig. 7 (comparisons are for the maximum absolute IS¢yl values due to the plateau
region of the IScpl profiles). Correspondingly, the increment in the hydrocarbon
thickness and condensation of the area per lipid for EYSM is lower than for
POPC. Such a remarkable difference indicates that EYSM is in a relatively ordered
state in the single-component membrane. The higher acyl segmental order parame-
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Fig.7 Segmental order parameter Scy profiles from solid-state *C NMR spectroscopy (separated
local-field) indicate lipid-specific loss of conformational disorder due to cholesterol. Absolute
order profiles are plotted for: (a) the sn-2 oleoyl chain of POPC, (b) the sn-1 palmitoyl chain of
POPC, (c) the sn-2 sphingosine chain of EYSM, and (d) the sn-1 palmitoyl chain of EYSM. Circles
represent pure lipids and squares represent lipid mixtures with cholesterol (1:1). For POPC, data
are shown at two temperatures, 7' = 28 °C (gray-filled symbols) and 7'= 48 °C (solid symbols), and
for EYSM at T = 48 °C. Note that upon adding cholesterol the absolute Sy order parameters
increase more for POPC than in EYSM. Figure adapted from [73]
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ters in single-component bilayers at a given temperature, for EYSM relative to
POPC, indicate the high propensity of self-association for the hydrophobic moieties
of sphingomyelin lipids [55, 69]. Notably, these observations suggest that upon add-
ing cholesterol, the entropic loss is less pronounced for EYSM than for POPC, as
discussed in [29]. Mixing of cholesterol is more favorable for sphingolipids com-
pared to phosphatidylcholines, potentially driving the formation of lipid rafts in
multicomponent biomembranes [194, 195]. In other words, like dissolves like, as
we learn in our introductory chemistry courses.

4 Nuclear Spin Relaxation Reveals Multiscale Dynamics
of Membrane Lipids

An important further aspect is that analysis of the nuclear spin relaxation rates
yields experimental information about the molecular dynamics that is unobtainable
with other biophysical methods [128]. The possible types of motions that occur in
lyotropic liquid crystals are: (1) segmental motions due to rotational isomerizations
of the flexible surfactant or lipid molecules; (2) slower effective rotations of the
entangled molecules; and (3) collective deformations of the bilayer which span a
broad range, and can influence interactions involving the assembly [29, 111, 112,
129, 196]. At the high frequencies, bond stretching and bending vibrations are most
likely too fast to influence significantly the nuclear spin relaxation, but rather lead
to a pre-averaging of the coupling tensor [196, 197]. Identifying the predominant
contributions within the various motional regimes, and characterizing their ener-
getic parameters, would reveal the atomistic interactions that lead to bulk material
properties based on the current NMR technology [29]. For liquid-crystalline mem-
branes, elastic deformations (modeled as splay, twist, and bend) within the hydro-
carbon core are interpreted as collective lipid dynamics on the order of membrane
dimensions [127]. It follows that NMR relaxation studies of lipid membranes in the
I, and [; phases can strongly benefit our understanding of the atomistic lipid—choles-
terol interactions, leading to changes in bulk membrane physical properties, with
striking biological consequences.

4.1 Fluctuating Molecular Interactions Due to Various Types
of Lipid Motions Within the Bilayer Cause the Nuclear
Spin Relaxation

The process of NMR relaxation is due to fluctuations of the coupling Hamiltonian,
on account of the various possible motions of the lipid molecules within the bilayer.
According to time-dependent perturbation theory, these fluctuations give rise to tran-
sitions between the various adjacent energy levels [136]. In 2H NMR relaxometry of
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liquid-crystalline membrane lipids, one is often interested in the spin-lattice (R,z)
relaxation rates. Experimental R, relaxation rate measurements involve perturbation
of the magnetization away from the equilibrium value, and then following the attain-
ment of equilibrium by observing the magnetization recovery as a function of time.
The observable relaxation rates are related to the spectral densities of motion in the
laboratory frame by:

3

R, = an 15[, (@) +47, (20,) . 9)

In the above expression, R, is the spin—lattice (longitudinal) relaxation rate, and
J..(@p) denotes the irreducible spectral densities of motion, where m =1, 2, and w, is
the deuteron Larmor frequency. The spectral densities J,,(w,) describe the power
spectrum of the motions as a function of frequency w, in terms of fluctuations of the
Wigner rotation matrix elements for transformation of the coupling (EFG) tensor
from its principal axis system to the laboratory frame. They are the Fourier trans-
form partners of the orientational correlation functions G,,(f) which depend on time,
and characterize the C—*H bond fluctuations.

4.2 Generalized Model-Free Aspects of the Nuclear Spin
Relaxation of Membrane Lipid Bilayers

Here, we give a brief introduction to the model-free interpretation of the relaxation
rates for general readers, while dealing with actual lipid relaxation data. For a more
complete description of generalized model-free (GMF) analysis, readers are referred
to the review by Xu et al. [136]. Contributions to the nuclear spin relaxation from
motions with different characteristic mean-squared amplitudes and timescales are
possible in terms of a hierarchical energy landscape [185]. They include: (1) the
static coupling tensor that is modulated by rapid local segmental motions, such as
trans-gauche isomerizations of the hydrocarbon chains of the lipid or surfactant
molecules; and (2) the residual coupling tensor (leftover from the fast motions) that
is further modulated by slower motions. The slower motions in principle might
include whole-molecule motions of the flexible phospholipids, or alternatively col-
lective thermal excitations involving the various lipid molecules [146, 198]. Clearly,
the segmental order parameters depend only on the amplitudes of the C—*H bond
fluctuations. On the other hand, the relaxation rates depend on both the orientational
amplitudes and the rates of the C—H bond fluctuations. According to the GMF
approach of relaxation rate analysis [136, 197, 199], a simple linear dependence of
the R, rates on the squared segmental order parameters (SéD) (square-law) along
the chain would result (Fig. 8). In the limit of short-wavelength excitations, on the
order of the bilayer thickness and less, the spectral density reads [200]:

5 (o 2 2
(@)= 3500 10 (02 ) | a0
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Fig. 8 Solid-state ’H NMR relaxation at 76.8 MHz (11.8 T) shows emergence of membrane elastic
fluctuations and their suppression by sterols. Striking differences are uncovered in membrane elas-
tic fluctuations from cholesterol versus lanosterol at the atomistic level. (a) Dependence of spin—
lattice relaxation rates R,(’Z) on squared order parameters Sg,)) for resolved *H NMR splittings of
DMPC-ds, showing influences of cholesterol in the liquid-ordered (/,) phase at 7' = 44 °C. The
presence of cholesterol leads to a large decrease in the square-law slopes, corresponding to a pro-
gressive reduction in bilayer elasticity. An opposite increase is seen for bilayers containing C,,E;
nonionic detergent at 7' = 42 °C. Data are taken from [129]. (b) Dependence of spin-lattice relax-
ation rates RI('Z) on squared order parameters Sg])) in liquid-ordered phase (1,) for resolved *H NMR
splittings of DMPC-ds, showing influences of lanosterol and cholesterol at 7= 55 °C. Note that the
decrease in the square-law slopes is consistent with a gradual reduction in bilayer elasticity on
going from lanosterol to cholesterol. Data are taken from [112]

Here, w is the angular frequency, D is the viscoelastic constant, d is the dimension-
ality, and D® indicates the second-rank Wigner rotation matrix [137]. The irreduc-
ible spectral densities J,(w) depend on the square of the observed Scp order
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parameters, and the slope of the square-law plot is inversely related to the softness
of the membrane. For 3D quasielastic fluctuations, the viscoelastic constant is given

by D= 3kBT\/; /572K’ S?, where a single elastic constant K is assumed, in
which 7 is the corresponding viscosity coefficient, S, is the order parameter for the
relatively slow motions, and other symbols have their usual meanings. No distinc-
tion is made between splay, twist, and bend deformations. In addition to the bending

modulus «, the compression modulus K may come into play [141].

4.3 Nuclear Spin Relaxation of Lipid Membranes
in the Liquid-Ordered Phases Reveals Atomistic
Lipid-Cholesterol Interactions and Bulk Membrane
Physical Properties

In the example presented here, a solid-state 2H NMR relaxation study of effect of
cholesterol on lipid bilayers shows that a square-law functional dependence of the
R, rates versus the order parameters Scp is evident along the entire acyl chain for
the multilamellar dispersions of DMPC-ds4/cholesterol bilayers (Fig. 8a) [111].
This dependence on the motional amplitudes signifies relatively slow bilayer
motions that modulate the residual coupling tensors leftover from faster segmental
motions (Fermi’s golden rule). Given a simple composite membrane deformation
model [196, 201], the R, rates are due to a broad spectrum of 3D collective bilayer
excitations, with effective rotations of the lipids. Transverse 2H NMR spin relax-
ation studies also provide evidence for 2D collective motions of the membrane film,
albeit at lower frequencies [202-205]. By contrast, local trans-gauche isomeriza-
tions along the chains modulate the same static NMR coupling tensor, and do not
yield such a square-law. With regard to splay deformations, the so-called bending
rigidity is k ~ Kz, where t = 2D is the bilayer thickness, giving a x~* dependence
of the Ry, rates [127]. Moreover, 3D director fluctuations (d = 3) yield a w~"? fre-
quency dispersion as a characteristic signature [185, 206]. In this case, the reduction
in the square-law slope, cf. Fig. 8a, b, reflects an increase in k and/or S, due to short-
range cholesterol-phospholipid interactions. One should also note that at the molec-
ular level, a dynamical protrusion of cholesterol across the midplane, i.e., between
the apposed monolayers, is suggested by quasielastic neutron scattering studies
[27, 207]. Indeed, the square-law functional dependence as first discussed [185] is
a model-free correlation among the experimental observables, and it does not rest
on any specific molecular interpretation. For the longitudinal relaxation rates of
liquid-crystalline lipid membranes, the above analysis is expected to be generally
applicable.
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4.4 The Progressive Increase in Bilayer Rigidity
Jfrom Lanosterol to Cholesterol Parallels the Metabolic
Pathway of Sterol Biogenesis

Influences of cholesterol on the physical properties of DMPC bilayers have also
been compared to its metabolic precursor lanosterol in a related study [112]
(Fig. 8b). Notably, cholesterol is a two-faced molecule—the a-face is smooth and
the f-face is molecularly rough due to the methyl substituents. Even so, lanosterol
is methylated on both the a-face and the p-face (Fig. 1), and it presents a more bal-
anced countenance to the phospholipids [208]. In terms of biomolecular NMR spec-
troscopy, it has been observed that the slope of the square-law plot is greater for
lanosterol than for cholesterol, consistent with the bilayer stiffness being less for
lanosterol versus its metabolic product cholesterol [25, 112, 209]. Again, it is found
that the site-specific analysis of the solid-state NMR results based on atomistic
observables matches the results for the macroscopic bilayer elasticity [207, 210]
(Fig. 9). The more molecularly smooth van der Waals surface of the a-face of cho-
lesterol [92, 193, 211, 212] enables a large increase in bilayer rigidity and stabilizes
the liquid-ordered phase to an even greater degree than lanosterol. Figure 9a illus-
trates the comparison of the bending rigidity (modulus) (x) for the DMPC bilayers
using deuterium NMR relaxometry and thermal shape fluctuation data. The pro-
gressive increase in the bilayer rigidity on going from lanosterol to cholesterol
(Fig. 9b) parallels the metabolic pathway of sterol biogenesis [162, 173, 213-217],
and may be related to the optimization or evolution of the biophysical properties of
cholesterol. In a similar study, the effect of several sterols on the lipid order and
bilayer rigidity has been investigated for macroscopically aligned bilayers of DMPC
or DPPC using ’H NMR spectra and spin-lattice relaxation rates [25]. The bending
modulus of the bilayers was calculated from plots of the relaxation rates versus the
square of the order parameter. Clear differences were obtained in the efficiency of
the sterols to increase the stiffness of the bilayers. These differences are correlated
to the ability of the sterols to induce the liquid-ordered phase in binary as well as in
ternary systems.

5 Biophysical Conclusions and Outlook

Solid-state NMR methods offer excellent experimental techniques in medicine and
biology. They uniquely probe the physical properties of lipid membranes and pro-
vide information complementary to other spectroscopic methods. Interestingly,
owing to their physiological liquid-crystalline nature, membrane elastic deforma-
tions together with their multiscale molecular dynamics clearly fall in the solid-state
’H NMR time- and length scales. The membrane stiffening effect upon addition of
sterols has been investigated at an atomistically resolved level, showing a direct cor-
respondence with bulk elasticity. Phase separation in bilayers of ternary lipid



122 T. R. Molugu and M. F. Brown

a T T T T T
7t . '
n
A
3
30 I
o 10
] 0.8
.%, 51206 2
£ 2 04 _
% 02
4 F 0 12 14 16 |8 - il
Ne
1 " L i 1 i 1 " 1
-36 -32 -28 -2.4 -2.0
In (k/t)
b
4 o
3 -
Kk 3.4
| -/
0 I L] I L] L
& k) " N " N
Tl . S
& & & & & E
Q Y & & o o
¥ v & ¥ §
) o > -3
& F & F o

Fig.9 Bending rigidity of lipid bilayers obtained from solid-state ’H NMR relaxation analysis. (a)
Comparison of solid-state ?’H NMR square-law slopes to bending rigidity « obtained from thermal
shape fluctuation data for lipid vesicles. Results for homologous series of PCs with acyl carbon
lengths of n, = 12, 14, and 16 in the liquid-disordered (/y) phase at 55.4 MHz (squares); data at
76.8 MHz for DMPC/cholesterol mixtures with X = 0, 0.33, and 0.50 in the liquid-ordered (/)
phase (triangles). The inset shows the values of x estimated from the 2H NMR model for the
homologous series of PCs. Bending rigidity estimates from solid-state ’H NMR are in good agree-
ment with the values obtained from thermal shape fluctuation data. Figure adapted from [111]. (b)
Comparison of bending rigidities of DMPC lipid bilayers obtained by solid-state ’H NMR relax-
ation at various compositions of DMPC and cholesterol (Chol/DMPC), and DMPC and lanosterol
(Lan/DMPC) mixtures. Significant difference is seen in the influence of cholesterol versus lanos-
terol on the elastic properties of DMPC membrane bilayers. Data taken from [112]
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mixtures occurs mainly due to dissimilar affinities for different cholesterol concen-
trations. It is likely that configurational entropy plays a major role in the formation
of the lipid domains called rafts [73]. It has also been shown in model membranes
[20, 46, 47, 218] that formation of such domains entails Gibbs free energies that are
lower than those for protein-lipid interactions, which therefore may indicate a role
for proteins in domain formation. Further detailed information regarding protein—
lipid interactions can contribute to understanding the lateral organization of cellular
plasma membranes, and how lipid rafts may be implicated in their functional mech-
anisms. Moreover, nuclear spin-lattice relaxation studies of fluid lipid bilayers
manifest their quasielastic deformation on short length and timescales, on the order
of the membrane thickness and less. Interpretation of the atom-specific NMR relax-
ation data is in broad agreement with molecular dynamics (MD) simulations of
flexible surfactant films and lipid membranes [51, 142, 146, 198, 219]. Molecular
simulations [219] show that local trans-gauche isomerizations are accompanied by
concerted isomerizations about multiple bonds in the assembly of lipid acyl chains.
The continuum model for NMR relaxation approximates the collective excitations
in mathematical closed form, wherein the influences of cholesterol and the mem-
brane thickness correspond to the bilayer bending energy. A key remaining question
is how the bilayer softness as studied with NMR relaxation may be significant to
lipid—protein interactions in fluid membranes [6, 220-222], where elastic curvature
deformation may play an important role.
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Effect of Cholesterol on the Dipole
Potential of Lipid Membranes

Ronald J. Clarke

Abstract The membrane dipole potential, v, is an electrical potential difference
with a value typically in the range 150-350 mV (positive in the membrane interior)
which is located in the lipid headgroup region of the membrane, between the link-
age of the hydrocarbon chains to the phospholipid glycerol backbone and the adja-
cent aqueous solution. At its physiological level in animal plasma membranes (up to
50 mol%), cholesterol makes a significant contribution to y;, of approximately
65 mV; the rest arising from other lipid components of the membrane, in particular
phospholipids. Via its effect on y;, cholesterol may modulate the activity of mem-
brane proteins. This could occur through preferential stabilization of protein confor-
mational states. Based on its effect on y;, cholesterol would be expected to favour
protein conformations associated with a small local hydrophobic membrane thick-
ness. Via its membrane condensing effect, which also produces an increase in y,
cholesterol could further modulate interactions of polybasic cytoplasmic extensions
of membrane proteins, in particular P-type ATPases, with anionic lipid headgroups
on the membrane surface, thus leading to enhanced conformational stabilization
effects and changes to ion pumping activity.

Keywords Lipid headgroup - Oxysterols - Lipid packing - Hydrophobic thickness
- Ion channels - Ton pumps

1 Introduction

The plasma cell membrane and organellar membranes of all animal cells contain
significant amounts of cholesterol, with between 5 and 50 mol% of the total mem-
brane lipid composed of cholesterol [1]. The largest percentages are found in the
plasma membrane, between 10 and 30 mol% up to 50 mol% [2]. The membranes of
intracellular organelles, in contrast, contain significantly lower percentages, with
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the endoplasmic reticulum, Golgi apparatus and mitochondrial membranes, all with
<10 mol% cholesterol [2]. It is highly likely that these variations in cholesterol
composition between different animal membranes, which occur even within a sin-
gle cell, are related to different functions of the plasma membrane versus organellar
membranes and those of the proteins that they contain. In the subsequent volume of
this series modulation of protein function by direct interactions between cholesterol
and a variety of proteins is discussed. However, cholesterol is known to cause
changes in a number of physical properties of lipid membranes, which could, by a
variety of mechanisms, indirectly modify protein function. In this chapter we con-
centrated predominantly on the effect of cholesterol on the membrane dipole poten-
tial and how cholesterol-induced changes in dipole potential might modulate
membrane protein function.

2 Membrane Dipole Potential

The membrane dipole potential, y, is an electrical potential difference which drops
across the lipid headgroup region of a lipid bilayer (see Fig. 1), i.e., approximately
from the position of the glycerol backbone of phospholipids and the nearest neigh-
bouring aqueous solution (cytoplasm, extracellular fluid or organellar lumen,
depending on the membrane concerned). It arises because of the anisotropic structure
of a lipid membrane, with the polar lipid headgroups pointing towards the aqueous

Fig. 1 Electrical potential, y, profile across a lipid bilayer. The transmembrane potential, Ay, is
due to the difference in anion and cation concentrations between the two bulk aqueous phases. The
surface potential, y, arises from charged residues at the membrane—solution interface. The dipole
potential, y,, results from the anisotropic arrangement of dipoles associated with the lipid head-
groups and their solvating water molecules. It is defined at the potential drop from interior of the
membrane (at the level of the linkage between lipid glycerol backbone and the hydrocarbon chains)
to the adjacent aqueous solution. Reproduced from [3] with permission from Springer Nature
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phase and the hydrocarbon chains pointing towards the centre of the membrane.
Because the lipids are anisotropically arranged, then any dipolar groups associated
with them (including hydrating water dipoles) must also be anisotropically arranged.
This necessarily gives rise to an electrical potential difference, v, across the head-
group region of the membrane. The same is true for any other self-assembled
molecular colloidal system, e.g., micelles and microemulsions [4, 5]. In the case of
lipid membranes, although its origin is not entirely resolved, it appears likely that
the major contribution to the magnitude of y; is oriented water dipoles, which
hydrogen-bond to the carbonyl oxygen in the ester linkage between the glycerol
backbone and the sn-2 hydrocarbon chain of ester phospholipids [6—10].

The dipole potential is much less widely known and investigated than the trans-
membrane electrical potential, Ay, or the surface potential, y;. One reason for this
is that Ay and y; can be relatively easily directly measured or controlled by electro-
physiological or electrophoretic techniques. In contrast, the measurement of y, an
electrical potential difference located totally within the membrane and which drops
over a distance of not more than 0.5 nm [11], relies mostly on indirect observations,
e.g., the effect it has on the transport rates of ions across the membrane or the elec-
tronic polarization that it causes to membrane-bound probes [12—14]. However, just
because it is difficult to measure doesn’t mean that it is unimportant. Depending on
the lipid concerned, the magnitude of y;, has been estimated to be in the range
100400 mV, positive in the membrane interior, which would be expected to pro-
duce local electric field strengths of 105-10° V m~! [13], i.e., at least an order of
magnitude greater than the field strengths produced by the transmembrane poten-
tial, Ay, which is known to be capable of regulating the opening and closing of
voltage-sensitive ion channels [15]. Thus, it seems reasonable to expect that vy
could play a significant role in modulating the activity of membrane proteins.

The existence of the dipole potential was discovered in 1969 by two Russian
scientists, Liberman and Topaly [16]. In studies using the hydrophobic ions tetrap-
henylborate (TPB~) and tetraphenylphosphonium (TPP*) as models to investigate
the carrier-mediated mechanism of ion transport, they discovered that TPB~ pro-
duced a bilayer phospholipid membrane conductance approximately 10° times
greater than TPP*, although the two ions have virtually identical radii and very simi-
lar chemical structures. They reasoned that there must, therefore, be a greater energy
barrier for the transport of cations across the membrane than anions, i.e., dipoles
associated with the lipid headgroups and their hydrating water molecules must be
arranged so that the positive ends of the dipoles point on average more towards the
centre of the membrane, whereas the negative ends point more towards the aqueous
phase. Based on the relative magnitudes of the membrane conductances towards
these two ions it is possible to estimate a value of y, [7, 17, 18]. Depending on the
lipid concerned, these purely experimental values vary between around 100 and
230 mV. However, as many authors have pointed out [7, 17, 18], the calculation of
these values relies on an assumption that there is no difference in the free energies
of hydration of TPB~ and TPP*, and this assumption is unlikely to be completely
true. Indeed, theoretical calculations indicate that TPB~ is more strongly hydrated
than TPP* [19, 20]. Using conductance ratios again, but correcting for the difference
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in hydration energies, yields values of y, which are at least 60 mV more positive,
i.e., in the range 150-350 mV [20]. This is in reasonable agreement with values of
y, estimated from the change in electrical surface potential produced on spreading
a lipid monolayer above an aqueous subphase in a Langmuir trough [21, 22].

Before discussing the effect of cholesterol on y,, it is useful to review the factors
which have been found to influence the magnitude of v, because this will help later
to explain the origin of changes caused by cholesterol. If the dipole moments of all
the molecules within the lipid headgroup region of the membrane were precisely
known, then, in principle, y;, could be theoretically calculated from the Helmholtz
equation for a parallel-plate capacitor:

H,
= — 1
Vi Agye M

where y, is the average component of the lipid molecular dipole moment (including
membrane-associated water dipoles) perpendicular to the plane of the membrane, A
is surface area of the membrane, ¢, is the permittivity of free space and e is the local
dielectric constant. From this equation it can be seen that ys, is directly proportional
to the dipole packing density (u,/A). This theoretical prediction has been borne out
in experimental results. Thus, an increase in the degree of saturation of phospho-
lipid hydrocarbon chains causes a decrease in y;, [23]. Cis double bonds produce a
larger drop in y, than trans double bonds because a cis double bond produces a kink
in the hydrocarbon chain, and, thus, causes a greater decrease in lipid packing den-
sity than a frans double bond. Similarly, the introduction of a heteroatom in the
hydrocarbon chain reduces y, [9]. Peterson et al. [9] found that the replacement of
a CH, carbon atom of a hydrocarbon chain by sulphur causes a drop in y, but that
the magnitude of the drop depends on the position of substitution. If the substitution
is near the end of the chain, close to the terminal CH; group, there is no significant
effect on y, but if the substitution is at the other end of the hydrocarbon chain, close
to the headgroup, there is a significant drop in y;. This result seems perfectly logi-
cal, since one would expect that a disruption to lipid packing near the headgroup
would be magnified along the chain, as the hydrocarbon tails continue to spread
towards the centre of the bilayer. A further result strongly supporting the role of
lipid packing as an important determinant of the magnitude of y, was obtained by
Warshaviak et al. [24], who showed that membrane expansion due to the exposure
of lipid vesicles to osmotic stress causes a drop in ;.

A further important factor in determining the magnitude of y, is the chemical nature
of the linkage between phospholipid hydrocarbon tails and the headgroup. As dis-
cussed earlier, a lipid with an ester linkage, i.e., including a carbonyl group, produces a
significantly greater y;, than the corresponding lipid with an ether linkage [7, 23].
Because the carbonyl bond is itself a dipole, the cause for the difference in y;, between
ester and ether lipids is most likely not simply due to changes in lipid packing, but
rather a change in the component of the average dipole moment perpendicular to the
membrane, y, (see Eq. (1)). Experiments comparing a single-chain ester phospholipid
to its corresponding double-chain derivative [10] have shown that the single-chain lipid
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has a much lower p,. The likely cause of this difference is the orientation of the
carbonyl group relative to the membrane surface. In a single-chain lipid the car-
bonyl bond is expected to be oriented on average more parallel to the membrane
surface, similar to the carbonyl of an sn-1 hydrocarbon chain [6, 7]. In double-chain
ester phospholipids, on the other hand, the carbonyl bond of the extra chain, i.e., the
sn-2 chain, is expected to be oriented more perpendicular to the membrane, thus
contributing to the membrane inside-positive polarity of y;, [6, 7]. However, the
orientation of the sn-2 chain’s carbonyl is likely to have a further effect on y, in addi-
tion to the contribution of its dipole moment. The oxygen atom of the carbonyl can
act as a hydrogen bond acceptor and thus cause an alignment of hydrating water
molecules, with the positive hydrogen-end of the water dipole directed towards the
membrane interior. This would further increase the positive magnitude of y,.

The chemical nature of the phospholipid headgroup is another important factor
which can alter the magnitude of ;. In the case of the phosphatidylcholine (PC)
headgroup, the P—N* dipole between the phosphate group and the nitrogen of the
choline is thought to lie approximately parallel to the membrane surface and, there-
fore, not be a major contributor to y,. Nevertheless, NMR studies have shown that
the angle it makes to the membrane surface can change with the surface charge of the
membrane, which could lead to a modulation in v, [25]. However, substitution of the
PC headgroup by the negatively charged phosphatidylserine (PS) has not been found
to cause major changes in y, [10, 11]. Presumably the negative charge on the carbox-
ylate residue of the PS group is far enough out into the adjacent aqueous solution that
it is effectively screened by physiological levels of salt. A similar situation seems to
exist in the case of the negatively charged phosphatidylglycerol (PG) headgroup,
which also shows very little effect on y, relative to PC [10]. The hydroxyl dipoles of
the PG headgroup are probably sufficiently far out into the aqueous phase that the
electric fields they produce are screened by the surrounding water dipoles with a
dielectric constant of 80. In contrast, the zwitterionic phosphatidylethanolamine
(PE) headgroup causes a significant increase in y,. A possible reason for this is a
difference in hydration of the PE versus the PC headgroup. Rand and Parsegian [26]
have shown that as the degree of methylation of the nitrogen of the headgroup
increases from O in PE to 3 in PC, there is an increase in the number of hydrating
water molecules. If the additional water molecules of PC polarize themselves so as
to oppose the existing v, then this could account for the higher y, of PE relative to
PC. Finally, the small negatively charged headgroup of phosphatidic acid (PA)
causes a significant increase in yy [10]. This result stresses the importance of the
precise location of charges relative to the membrane surface. The increase in y,
caused by PA implies that its negative phosphate group is located close to the mem-
brane surface at the level of the negative pole of the dipole potential, so that the
electrical potential gradient is magnified and vy, increases (see Fig. 2).

The change in y, caused by PA can be compared to the effects of ion binding to
the membrane from the adjacent aqueous phase. Anions with relatively low
hydration energies, such as perchlorate, have been found to bind to PC membranes
and cause a significant drop in y, [27]. The drop could be accounted for by binding
within the membrane at the level of the positive pole of the dipole potential,
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Membrane H,0

Fig. 2 Mechanism for the increase in y, by the incorporation of phosphatidic acid (PA) into a
phosphatidylcholine (PC) membrane. The solid lines represent the profile of the electrical poten-
tial, y, for PC alone. The dotted lines represent the profile of y for a PC membrane incorporating
PA. The electrical potential is defined to be zero in the aqueous solution far from the membrane
surface. y,*“ and y,™ represent the dipole potentials of a pure PC membrane and one in which PA
has been incorporated, respectively. PC, because it has a zwitterionic headgroup, is assumed to
produce no surface potential, whereas PA with its negatively charged phosphate group produces a
negative surface potential. Reproduced from [10] with permission from Springer Nature

thus yielding a partial neutralization and hence a y, decrease. Binding of divalent or
trivalent cations has also been found to produce a drop in y, [27]. It might seem
paradoxical that both anions and cations cause a change in y; in the same direction.
However, divalent and trivalent cations have very high hydration energies relative to
monovalent anions and are, thus, unlikely to bind very deeply within membranes.
Their hydrophilic nature makes it much more likely that they bind to a negatively
charged polar site at the membrane surface, i.e., to the phosphate residue of PC.
Binding at this position would cause a partial neutralization of the negative pole of
the dipole potential, thus yielding the observed decrease in y,. In principle then,
because y; arises from the alignment of dipoles, the membrane binding of anions
and cations could produce either an increase or a decrease in y, depending on where
in the membrane they bind.

Before turning to the effect of cholesterol, there is one further factor worth men-
tioning. From the Helmholtz equation (see Eq. (1)) it can be seen that there is an
inverse relationship between y, and the local dielectric constant, &, of the medium.
Thus, any decrease in lipid packing density which allows further mobile water
dipoles (as opposed to oriented water) to penetrate into the lipid headgroup region
will result in an increase in €. The polarization of these water molecules around
existing oriented dipoles will lead to a further decrease in y,, thus magnifying the
drop caused by the decrease in dipole packing density alone. Similarly, any increase
in lipid packing density could cause the exclusion of some mobile water from the
headgroup region, thus causing a drop in € and a further increase in y, above that
caused by the increase in y,/A alone.



Effect of Cholesterol on the Dipole Potential of Lipid Membranes 141
3 Influence of Cholesterol on the Dipole Potential

The fact that cholesterol is able to significantly alter the magnitude of the dipole
potential of a lipid bilayer was first recognized by Szabo [28], who found that the
addition of cholesterol to the membrane caused an increase in membrane conduc-
tance towards TPB~ of up to 30-fold and a decrease in conductance towards TPP* of
up to 100-fold. Based on the conductance changes Szabo [28] estimated choles-
terol-induced increases in y, of up to approximately 100 mV. However, he did not
speculate on the molecular origin of the effect. Subsequent studies using a variety
of cholesterol derivatives have shown that sterol-induced changes in y;, are very
sensitive to the sterol’s molecular structure [29-31] (see Fig. 3). 6-Ketocholestanol,
for example, causes an increase in y, which is even greater than that produced by
cholesterol [30, 32]. For this reason 6-ketocholestanol has sometimes been used
as a y,-enhancing molecule in the testing of dipole potential probes [11, 33].
Other cholesterol derivatives, however, have been found to decrease y,. Thus, the

Fig. 3 Chemical structures
of cholesterol and some of
its oxidized derivatives. (a)
Cholesterol, (b)
6-ketocholestanol and (¢)
5-cholesten-3f-ol-7-one
(7-ketocholesterol)
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incorporation of 5-cholesten-33-ol-7-one (hereafter referred to by its more common
name 7-ketocholesterol) into phosphatidylcholine vesicles causes a significant drop
in y, [30]. It has been found [30] that the magnitude of the effect of a range of cho-
lesterol derivatives on y;, correlates with the component of the derivatives’ dipole
moments perpendicular to the membrane, y,, assuming as a first approximation that
each adopts the same orientation within the membrane as cholesterol itself [34, 35].
Such a correlation would be expected based on the Helmholtz equation (Eq. (1)).
However, the magnitudes of the changes in y; are far too large to be accounted for
by the dipole moments of the cholesterol derivatives alone. Starke-Peterkovic et al.
[30] estimated that the derivative’s dipole moments could only account for approxi-
mately 20% of the observed y, changes.

A further important effect to consider is the influence that cholesterol and its deriv-
atives have on lipid packing, i.e., on the value of y,/A in Eq. (1). It has long been
known that cholesterol has a condensing effect on lipid membranes [36-39]. However,
the observed cholesterol-induced increase in v, is still significantly greater than what
one would expect from the combined effect of cholesterol’s dipole moment plus the
increase in lipid packing density of the phospholipid [30]. Therefore, in addition to
these two effects, it seems that there must be some cholesterol-induced structural
reorganization of the lipid headgroup region. A possibility could be that cholesterol
causes an increase in the local dielectric constant, &, perhaps either by increasing the
proportion of oriented immobilized water molecules within the membrane or by
decreasing the penetration of mobile orientationally polarizable water molecules into
the membrane. A decrease in ¢, by either of these mechanisms, would be expected to
further enhance cholesterol’s effect on y, (see Eq. (1)).

The effect of 7-ketocholesterol on y, is particularly interesting and also physio-
logically relevant, because it is a major oxidation product leading from the choles-
terol biosynthetic pathway. It is produced either directly from cholesterol or from its
precursor in the pathway 7-dehydrocholesterol [40]. 7-Ketocholesterol has been
found to accumulate in atherosclerotic plaques and to cause apoptosis in vascular
cells [41, 42]. As explained above, 7-ketocholesterol has been found to cause a sig-
nificant reduction in y [30], i.e., the complete opposite of the effect of cholesterol.
Measurements of lipid monolayers using a Langmuir trough have shown, however,
that, although significantly less effective than cholesterol, 7-ketocholesterol also
causes a lipid condensation effect, i.e., an increase in lipid packing density [43—45].
In the absence of any reorganization of the lipid interface, one would expect the
increase in phospholipid packing density caused by addition of 7-ketocholesterol to
cause a smaller increase in y;, than observed on addition of cholesterol, but not to
completely reverse the direction of the y;, change. To explain this effect one can
think of y;, consisting of two components, one due to the phospholipids (plus associ-
ated water dipoles) within the membrane, x,™, and one due to 7-ketocholesterol
molecules (plus associated water dipoles), u,X¢. The resultant y, would then be
given by an expanded form of the Helmholtz equation:

Ny
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In the absence of any change in &, the only way that addition of 7-ketocholesterol to
the membrane could lead to a decrease in y,; would be if the modulus lx,*l is
greater than l,P" |. The subtraction in Eq. (2) signifies the opposite polarity of the
dipole moments due to phospholipid and 7-ketocholesterol. Thus, the compression-
induced drop in the component of y;, caused by 7-ketocholesterol must overcom-
pensate for the increase expected from the phospholipid component of y. It is
possible that this massive difference in the effects of cholesterol and its common
oxidative product 7-ketocholesterol on y, may to some extent be involved in
7-ketocholesterol’s cytotoxic effects. It has even been proposed that a cause of neu-
rodegenerative diseases, such as Parkinson’s and Alzheimer’s disease, could be an
overproduction of oxysterols [46].

Another interesting effect of cholesterol and some of its oxidized derivatives
on y, is that the concentration profile is biphasic [30]. Thus, up to a level of
approximately 40 mol%, cholesterol steadily increases y,, but if one incorporates
more cholesterol into the membrane, y, starts to drop again. It is interesting that
40 mol% corresponds to the level of cholesterol often found physiologically in the
plasma membrane of animals [1, 2]. Thus, it appears that for some reason the
cholesterol content of the plasma membrane is optimized to maximize the value
of . This could perhaps be to minimize the cation permeability of the lipid com-
ponent of the membrane, as suggested by Szabo [28], or it could be due to an
effect of y, on the activity of transmembrane proteins, which will be discussed in
the following section. The precise reason why the effect of cholesterol on y, goes
through a maximum at 40 mol% is not entirely clear. However, it is not com-
pletely surprising. Optimal concentrations are often observed in three-dimen-
sional solvent mixtures, e.g., boiling point maxima or minima at a particular
mixture composition. These are attributed to differences in the strengths of the
intermolecular forces between the components of the mixture. Cholesterol is
thought to interact more strongly with the hydrocarbon chains of phospholipids
than with itself [47-49]. Therefore, as the cholesterol composition increases, the
overall net strength of intermolecular forces in the membrane and its stability
would be expected to initially increase. However, if the cholesterol composition
increases too far and the membrane becomes too cholesterol-rich, the lower
strength of the forces between two cholesterol molecules relative to a cholesterol
molecule and a phospholipid would be expected to cause a drop in the strength of
intermolecular forces. The fact that y, goes through a maximum at a particular
cholesterol concentration is an indication of the key role that intermolecular
forces play in determining its magnitude.

Another interesting observation is that the effect of cholesterol on the magnitude
of y, varies depending on the phospholipid composition of the membrane. Removal
of cholesterol via treatment with methyl-p-cyclodextrin from lipid vesicles formed
from lipids extracted from a variety of animal tissues has shown [30] that choles-
terol makes a contribution of approximately 65 mV to the total y,. However, in
experiments with synthetic phospholipid vesicles, it has been found [30] that cho-
lesterol produces a far greater increase in y, when the hydrocarbon chains of the
phospholipid are saturated than when they are unsaturated. This would seem to be
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further evidence supporting an important role of intermolecular forces in determining
cholesterol’s effect on vy, in this case a differential interaction between cholesterol
and saturated versus unsaturated hydrocarbon chains.

4 Physical Basis of Modulation of Membrane Protein
Function

The activity of many membrane proteins is critically dependent on the composition
of their surrounding lipid environment, and there are many possible mechanisms by
which lipid sensitivity could come about. Here the discussion is limited purely to
the mechanisms by which y; could modulate membrane protein activity. Because vy
produces an electric field within the headgroup region of the membrane, ion-
transporting membrane proteins, e.g., ion channels and ion pumps, first come to
mind as possible candidates that could potentially be sensitive to the value of y in
their surrounding membrane. Therefore, we will first concentrate on this class of
proteins.

In spite of the large electric field strength that y, produces of 10%-10° Vm™!, it
seems that, apart from small pore-forming peptides such as gramicidin and syringo-
mycin [50, 51], y; has little effect on binding or conduction of ions through mem-
brane proteins. Theoretical calculations indicate that the reason for this is that most
ion channels or pumps are so large that the electric field strength originating from
y, is effectively screened from the ion binding sites by the intervening protein mass
[52, 53]. However, this only means that ion conduction rates are not affected, not
that ion channel or ion pump activities are totally insensitive to ;. As a prime
example, let us consider the voltage-gated Na* channels of neurons.

From cell-attached patch clamp measurements of Na* channels of neuroblastoma
cells, Zhang et al. [54] found that, although the single-channel conductance was
constant regardless of where on the cell it was measured, the kinetics of activation,
i.e., the gating of the channel, varied across the surface of the cell. In previous mea-
surements [55] the same group had already found that the magnitude of y; also
varies spatially across the cell surface. Comparison [54] of the spatial variations of
y, with those of channel activation showed that they matched. This suggests, there-
fore, that Na* channel gating kinetics are dependent on the local value of v, in the
membrane surrounding the protein, Because the plasma membrane contains such a
high proportion of cholesterol, and cholesterol is known to modulate y,, Bedlack
et al. [55] suggested that the local variations in y, arise because of local variations
in the cholesterol composition across the surface of the membrane.

The measurements of Zhang et al. [54] on ion channels are consistent with results
on ion pumps. In particular, it has been found [53, 56] that the kinetics of ion occlu-
sion reactions are dependent on the local value of y; even though, based on electro-
physiological studies [57-62], ion occlusion reactions do not involve significant
movement of the transported ions, i.e., they are non-electrogenic reactions. Both the
ion occlusion reactions of ion pumps and the gating reactions of ion channels are
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protein conformational changes. Therefore, the question is, how could a conforma-
tional change of a membrane protein be sensitive to y,. A possible mechanism
which has recently been presented [53, 63] will now be described.

Any conformational change of a membrane protein, whether it be a channel,
pump, secondary transporter or a receptor is likely to lead to some change in the
protein’s hydrophobic thickness. In order to avoid any exposure of protein hydro-
phobic regions to the surrounding aqueous medium, the membrane can undergo
local deformations around the protein so that the hydrophobic thickness of the pro-
tein matches that of the membrane [64—67]. Any distortion to the membrane must
be associated with a change in the density of lipid packing and hence in the value of
y, (see Eq. (1)). Any membrane distortion will also involve a change in energy,
which must be considered as a component of the total energetics describing the
conformational change a membrane protein undergoes. Here we consider the energy
changes which arise due to changes in y alone.

Because the dipoles which give rise to y are aligned more or less parallel to one
another, the energy of interaction is repulsive, or destabilizing. For an infinite planar
lattice of parallel dipoles the energy of interaction, E, is given by:

2
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where r is the distance between two neighbouring dipoles of dipole moment, y, and
M is termed a Madelung constant and represents the factor by which the energy
changes on going from a pair of dipoles to an infinite lattice. The value of M depends
on the geometrical arrangement of the lattice. For a hexagonally close-packed array
of dipoles, M has been estimated to have a value of 10.2. For such a lattice, if one
considers each net dipole to be associated with a single lipid within the membrane,
r is related to the cross-sectional area, A, occupied by a lipid in the membrane by:

r=~A/cos30 4)

Substituting this expression for r into Eq. (3) and including the value of M of 10.2
yields the following repulsive energy per mole of lipid:
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In order to use this equation to estimate E one first needs to know values of y, A and
. Based on a typical y, value of 300 mV, an A of 0.65 nm? [23] and an & of 75
(i.e. a polarity slightly less than water) [53, 68] one can estimate the value of y to be
1.3 x 1072 Cm or 39 D. Inserting these values into Eq. (5) yields a repulsive energy
of interaction of 19 kJ mol~'. This is comparable to the attractive energy of interac-
tion on hydrogen bond formation. If one considers that any membrane protein is
surrounded by many annular lipids and membrane distortions due to protein
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conformational changes are likely to extend much further out from the protein than
the annular lipids, then it is clear that the repulsive energy of interaction associated
with y, could play a substantial role in determining the relative stabilities of protein
conformations, e.g., between the open and closed state of channels or the occluded
and deoccluded states of pumps. For example, the Na*,K*-ATPase and the sarco-
plasmic reticulum Ca’-ATPase possess approximately 35 and 20 annular lipids,
respectively [69]. The repulsive energy of interaction due solely to the 35 annular
lipids of the Na*,K*-ATPase amounts to 665 kJ mol~'. Even if a membrane distor-
tion caused a relatively small perturbation of 10% to this repulsive energy, this
would be of the same order of magnitude as the energy released by ATP hydrolysis
of approximately — 60 kJ mol~". Thus, even relatively small changes in y, could be
expected to result in significant changes in ion pump kinetics.

Now let us consider at a more molecular level the effects of y;, on the conforma-
tional equilibrium of a membrane protein. Figure 4 shows an exaggerated picture of
a membrane protein conformational change in which a large change in protein
hydrophobic thickness occurs. In the protein conformation on the left the protein
has a large hydrophobic thickness. In this situation the membrane must increase its
own thickness in order to cover the protein’s hydrophobic domains. The only way
the membrane can do this is by extending the hydrocarbon chains of the surround-
ing lipids. This necessarily causes an increase in lipid packing and thus an increase
in the local y;, around the protein. Conversely, in the protein conformation on the
right the protein has a small hydrophobic thickness and the membrane must,
therefore, thin so that its own hydrophobic thickness matches that of the protein.
The only way this can occur is if the hydrocarbon tails of the lipids spread. This
naturally causes a local decrease in the lipid packing density and a decrease in .
Thus, protein conformations with a large hydrophobic thickness are expected to be
associated with a large local y, and conformations with a small hydrophobic thick-
ness are expected to be associated with a small local y,. Now if a molecule is added

high ¥,

Fig. 4 Conformational transition between two membrane protein conformational states with
large (left) and small (right) hydrophobic thicknesses. Adapted from [63] with permission from
Elsevier
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to the membrane that changes y;, the distribution of the protein between the two
states would be expected to change. This can be explained qualitatively using Le
Chatelier’s principle, i.e., any equilibrium shifts in order to decrease the magnitude
of a perturbation. Thus, if one adds cholesterol to a membrane, and it is known that
cholesterol increases y, then the equilibrium must shift to decrease y;, again. This
necessitates a shift to the protein conformation on the right, with a lower y,. Based
purely on the energetics of dipole—dipole interactions at the membrane interface,
increasing cholesterol concentrations, up to the physiological level, would, there-
fore, be expected to favour protein conformational states with a small hydrophobic
thickness. In contrast the addition of substances to the membrane which decrease y,
would be expected to favour protein conformational states with a large hydrophobic
thickness. The theoretical framework described here for the effect of y,; on mem-
brane protein conformational transitions arose out of the author’s work on the lipid
sensitivity of the Na*,K*-ATPase. Recently it has also been applied by others [70] to
explain the effects of activators of the hERG (human Ether-a-go-go Related Gene)
K* channel, which is involved in coordinating beating of the heart. Interference in
the activity of the hERG channel can potentially lead to sudden death via the con-
dition known as long QT syndrome. For this reason the Food and Drug
Administration of the USA requires that all new drugs be tested for any effect on
the hERG channel. If the hERG channel is in fact sensitive to y,, it would seem
advisable that any new drugs, whatever their planned therapeutic purpose, be ini-
tially screened for their effect on . It is hard to imagine a more severe side effect
of a drug than sudden death.

5 Membrane-Binding Terminal Extensions of Membrane
Proteins

The calculations presented in the previous section indicate that any membrane
bending required to accommodate changes in protein hydrophobic thickness would
be expected to be associated with very significant changes in energy. However,
rather than the membrane distorting to encompass a protein’s changing hydrophobic
thickness, another possibility is that the protein could change its orientation relative
to the membrane. Thus, if a membrane protein can tilt in the membrane sufficiently
so that any expansions to its hydrophobic domains are moved into the membrane,
the membrane’s hydrophobic thickness could remain unchanged and still fully
cover the hydrophobic domains of the protein. Indeed evidence for such a mecha-
nism has recently been found from X-ray crystallographic studies on the sarcoplas-
mic reticulum Ca?*-ATPase [71]. This paper presented the first structures of a P-type
ATPase in which the surrounding lipid bilayer could be resolved. The results
revealed that between different protein conformational states, the protein tilts rela-
tive to the membrane plane by angles up to 18.4° (see Fig. 5). Such a mechanism
would minimize effects of y;, on the protein’s function via the mechanism described
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Fig. 5 Changes in orientation of the sarcoplasmic reticulum Ca?*-ATPase molecule during its ion
pumping reaction cycle. The horizontal solid lines show each side of the membrane. The inclined
dotted lines show the previously thought position of the membrane, in alignment with the protein’s
M7-M10 transmembrane helices. The angle values associated with the arrows between different
protein conformational states indicate the rotation of the protein relative to the membrane surface
required for it to proceed to the next conformational state. Reproduced from [71] with permission
from Springer Nature

in the previous section, i.e., preferential stabilization of conformational states with
small protein hydrophobic thicknesses with increasing ;.

However, if membrane proteins do rock backwards and forwards in the membrane
in order to avoid membrane bending, other mechanisms need to be considered to
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explain the effect of their membrane environment on protein activity. It is now clear
that many membrane proteins contain polybasic sequences, i.e., clusters of lysine
and arginine residues, which can interact with the headgroups of negatively charged
phospholipids such as phosphatidylserine on the cytoplasmic face of the plasma
membrane [72]. Such an interaction has been clearly shown from experiments with
model membrane systems and synthetic peptides and polyamino acids (e.g. polyly-
sine) [73-75]. Prime examples are the Na*,K*-ATPase and its closest relative among
the P-type ATPase family, the gastric H*,K*-ATPase, which is responsible for the
acidification of the stomach, necessary for activation of the digestive enzyme pep-
sin. Both of these proteins possess lysine-rich N-termini on the proteins’ cytoplas-
mic face [76]. The N-terminus of the H*,K*-ATPase from the Chinese carnivorous
fish Siniperca chuatsi even has seven consecutive lysine residues. Based on both
equilibrium and kinetic experiments it appears that the N-terminus interacts electro-
statically with negatively charged phospholipids in the surrounding membrane and
that this interaction stabilizes the enzymes’ E2 conformational state [76—78], which
is the state to which K* ions preferentially bind. Now that it is known from the X-ray
studies on the Ca?*-ATPase [71] that these enzymes rock backwards and forwards in
the membrane as the enzyme cycles between E1 and E2 conformations, this pro-
vides a structural basis to understand the conformational preference of the
N-terminus—membrane interaction. It seems possible then that this membrane inter-
action could continually be switching on and off as the proteins pump ions across
the membrane. What the purpose of this might be is still unclear. A possibility is that
the interaction may provide a membrane anchoring, thus locking in E2-like confor-
mations and helping to drive the pumping cycle forward by inhibiting back reac-
tions. The interaction could also be involved in the occlusion process of the
transported ions or in regulation of the proteins’ activities. However, whatever the
functional purpose, if a membrane interaction exists, this would seem to be an obvi-
ous locus to seek an explanation for the strong sensitivity of the activity of the
Na*,K*-ATPase on the cholesterol content of the membrane [69, 79-82].

As mentioned earlier, cholesterol is known to cause an increase in lipid packing
density [36-39]. Any increase in the cholesterol content of the inner cytoplasmic
leaflet of the plasma membrane, which is known to contain a high level of nega-
tively charged lipids such as phosphatidylserine, would be expected to increase the
negative surface charge density of the membrane, thus promoting interaction with
the positively charged N-terminus of the Na*,K*- or H*,K*-ATPase and stabilizing
the E2 conformation. Any stabilization of one conformation over another will alter
the kinetics of the entire ion pumping cycle and could lead to either pump stimula-
tion or inhibition. What role the y,; may have in this mechanism of membrane pro-
tein modulation awaits further investigation. In principle this depends on the degree
of penetration of the N-terminus into the membrane. If the interaction is purely at
this surface, y,; may have minimal effect, but if the penetration extends to the level
of the phospholipid glycerol backbone, where the gradient of y, is expected to be at
its greatest, then y;; may play a significant role.
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6 Conclusions

It is clear that the cholesterol molecule has a significant effect on the magnitude of
;. That much at least is certain. The exact origin of cholesterol’s effect on y, is less
clear, but several possibilities have been here discussed. How and by how much
cholesterol affects the function of membrane proteins via its influence on y, is also
in need of further investigation. Whatever the mechanism, any effects on ion-
transporting membrane proteins are likely to be on the kinetics of protein conforma-
tional changes (i.e. gating or occlusion reactions), not ion conduction.

The effects of lipids, including cholesterol, on membrane proteins are normally
classified as being either general membrane-mediated (i.e. due to the physical prop-
erties of the membrane) or specific (i.e. due to a direct interaction between the pro-
tein and a specific lipid). Effects of y,; on membrane proteins would normally be
classed in the first category. However, it is worthwhile pointing out that such clas-
sifications, although sometimes useful, tend to impose a limitation to the imagina-
tion. In actual fact there is no reason why a mechanism by which cholesterol
modulates membrane protein function couldn’t combine both general and specific
aspects. The final mechanism presented in the previous section of this chapter is a
case in point. It is proposed that a specific section of a protein, its N-terminus inter-
acts with a negatively charged membrane surface. There is no suggestion at this
stage that cholesterol interacts directly with the N-terminus, but it modulates a gen-
eral physical property of the membrane, namely lipid packing, and alters surface
charge density (and, as described in Sect. 3, also y), thus influencing the strength
of the N-terminus interaction with the membrane. This mechanism is also in need of
further investigation and how widely applicable it is remains to be seen. The final
message, however, is that a complete understanding of the role that cholesterol
plays in membrane function requires an open mind willing to consider the possibil-
ity of complex mechanisms which are not able to be pigeon-holed as either specific
or general.
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Mass Spectrometry Imaging of Cholesterol

Stephanie M. Cologna

Abstract Mass spectrometry imaging (MSI) has evolved as a significant tool to
map biomolecules in situ without tags. This chapter describes advancements in
mass spectrometry imaging technology and applications focused on mapping
cholesterol. Secondary ion mass spectrometry (SIMS), matrix-assisted laser
desorption/ionization (MALDI), and desorption electrospray (DESI) modes are
described. These MSI technologies range in spatial resolution, and therefore
different levels of mapping ranging from intracellular to whole tissue can be
achieved. A variety of technical examples showing methods for cholesterol and
cholesterol-derived molecular imaging are provided as well as imaging results from
membrane dynamics, and genetic and drug treatment models. This emerging
application of MSI for mapping cholesterol in biological specimens provides a new
means to gain a deeper understanding of cholesterol distribution, and thereby
insights into function.

Keywords Label-free imaging - Isotope - Mapping - Cholesterol - Mass
spectrometry

1 Introduction to Mass Spectrometry Imaging

Mass spectrometry imaging (MSI) is a label-free technique to spatially map mole-
cules according to an X-Y position and accurate mass measurement. A typical
experimental setup includes the surface to be analyzed and an ion beam, laser, or
other source that is focused on the sample. Mass spectra are collected across the
surface such that each collection represents a pixel. Following data acquisition, an
ion image is generated for any given mass-to-charge (m/z) ratio. The applications of
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MSI are diverse and cross many different disciplines. This chapter is focused on the
modern methods for MSI with a focus on the analysis of cholesterol. Ionization
modes, applications, and novel methodologies are presented.

2 Cholesterol

Cholesterol is a critical component of cell membranes [1] that serves as a signaling
molecule for a number of cellular processes [2, 3]. Disturbances in cholesterol
homeostasis, synthesis, and signaling have been implicated in a number of human
diseases ranging from cancer to cardiovascular disease and neurodegeneration
among others [4-7]. Therefore, the ability to map cholesterol location and abundance
has been at the forefront of a growing number of biophysical studies. Furthermore,
cholesterol dysregulation is implicated in a number of human diseases, and therefore
has significant clinical importance.

Mass spectrometry (MS)-based measurements of cholesterol have encompassed
a variety of ionization modes and instrumentation. Gas chromatography (GC)
coupled with electron ionization is one of the most standardized methodologies to
measure cholesterol amounts. More recently, liquid chromatography (LC) coupled
with either electrospray ionization (ESI) or chemical ionization has been
implemented for routine cholesterol measurements [8, 9]. While these hybrid mass
spectrometry approaches have proven extremely valuable for identification and
quantification of cholesterol from a variety of sources, the absence of spatial
information highlights the need for more advanced techniques. This need is further
heightened in view of the limited number of resources for molecular approaches
(e.g., chemical stains, and antibodies) to address this need. Recent advancements in
MSI technology and their applications to cholesterol mapping are discussed in the
sections below.

3 Secondary Ion Mass Spectrometry

Secondary ion mass spectrometry (SIMS) utilizes an ion beam or cluster to generate
secondary ions following bombardment of the sample of interest [10]. The choice of
primary ion beam in part dictates the type of secondary ions that are generated. For
example, high-energy sources typically cause the fragmentation of molecules into
individual atomic or polyatomic species, and is thereby referred to as atomic
SIMS. Significant efforts have been focused on the development of source
conditions, techniques, and experimental approaches to generate molecular ions in
SIMS experiments. This approach allows for the direct measurement of molecular
species according to accurate mass measurement, and benefits from large mass
range measurements [11]. With regard to cholesterol, two approaches can be used,
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either incorporation of an isotope label or observation of the molecular ion [12].
Owing to the relatively small (micro- to nanometer scale) source beam size, the
spatial resolution obtained on SIMS instruments is high [13].

Cholesterol imaging using SIMS instruments has been widely implemented in a
number of biological applications (Fig. 1). These include plasma membrane

8Q-enrichment factor

Fig. 1 SIMS imaging of cholesterol in NIH3T3 fibroblasts. (a) Image of approximate MSI analysis
area. (b) Distribution of cholesterol based upon metabolic incorporation of '*0. Image courtesy of
Mary L. Kraft, University of Illinois—Urbana Champaign. Reproduced with permission from [14]
under the Creative Commons Attribution License
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distributions of cholesterol in blood cells [15], and mapping of cholesterol in
macrophages [16, 17] as well as in other single-cell systems [18]. Additionally, a
variety of tissue sections including brain [19, 20], kidney [21], cartilage [22], and
colon tissue [23] among others have been investigated to understand normal and
perturbed cholesterol distributions.

Another area of imaging using SIMS instrumentation has been in artificial sys-
tems such as lipid membrane mimics. For example, Sostarecz et al. [24] imaged
cholesterol in Langmuir-Blodgett model membrane of cholesterol while
investigating phospholipid composition differences. More recently, the effect of the
chemical composition of the leaflets of a cell membrane on membrane domain
formation has also been studied using a similar approach [25]. Similarly, SIMS
imaging coupled with atomic force microscopy has been utilized to study the effect
of cholesterol on a predominant phospholipid in the inner leaflet of the cellular
membrane [26].

4 Matrix-Assisted Laser Desorption/Ionization (MALDI)

MALDI-MS has been employed for imaging experiments successfully for a
number of years and across many disciplines. MALDI as a soft ionization method
is ideal for measuring protonated and de-protonated molecules and when cou-
pled with time-of-flight (TOF) or ion cyclotron resonance (ICR) mass analyzers
can result in the collection of high and ultrahigh mass resolution. For MALDI
imaging, the sample is typically adhered to a stainless steel plate or conductively
coated glass slide. Matrix application techniques have included inkjet printing
[27], sublimation [28], spraying devices [29], and most recently, 3D printing
devices [30], among others. For data collection, the laser (commonly UV) is
rastered across the sample in which a mass spectrum is collected at each “pixel.”
Reconstructed images are obtained for any given m/z value measured in the
experiments. The spatial resolution obtained from these instruments is dictated
by the laser spot size and the crystal size. Modern commercial instruments have
recently boasted 5-pm lateral spatial resolution, and this will be a continually
developing area for such instruments [31, 32].

Work using MALDI-MS for imaging has spanned over two decades. An exam-
ple of cholesterol imaging by MALDI in the cerebellum of a mouse is provided in
Fig. 2. Regarding cholesterol imaging, Zaima et al. [33] reported the images of
cholesterol esters in atherosclerosis lesions, while cholesterol sulfate mapping was
reported on skin tissue sections. In addition to tissue section mapping, a study by
Schober and coworkers [34] focused on single-cell imaging in which cholesterol
has been mapped on individual HeLa cells. Other examples of cholesterol imaging
by MALDI demonstrating changes in cholesterol levels include traumatic brain
injury [35], atherosclerosis aortic plaques [36], and materials suitable for joint
implants [37].
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Fig. 2 Example of
cholesterol (m/z 369)
imaging by MALDI-MS
on a sagittal section of
mouse cerebellum. Animal
age was 9 weeks

5 Desorption Electrospray Ionization

Desorption electrospray ionization (DESI) was first introduced in 2004 by Graham
Cook’s laboratory [38]. The working principle of DESI is desorption of analytes on
surfaces by introducing electrosprayed droplet sources focused to the surface. The
original studies provided proof-of-concept ionization of a wide range of molecules
from various surfaces [38]; however, ionization of cholesterol itself remained
challenging to achieve by traditional DESI. Not surprising, the benefit of this
ionization mode for imaging applications was quickly realized, albeit with lower
lateral spatial resolution compared to MALDI and SIMS. Rat brain tissue was
evaluated for cholesterol distribution using DESI coupled with charge labeling [39].
Subsequently, similar studies were performed in atheroma [40] and adrenal tissue
[41] as well. DESI imaging has been widely used as a screening tool for cancer. In
particular, cholesterol sulfate has been mapped in human prostate cancer tissues
[42, 43]. An example of prostate cancer imaging is depicted in Fig. 3. As evident in
these examples, DESI imaging is still in its infancy, and with regard to cholesterol
imaging, new approaches are needed for spatial mapping.

6 Novel Methodologies for Imaging

There have been numerous reports of novel strategies to map cholesterol. Each of
these strategies has relied on derivatives of the core approaches described above.
For this reason, only examples of novel approaches to perform mass spectrometry
imaging with a focus on cholesterol are provided.
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Fig. 3 Cholesterol sulfate imaging of human prostate tissue. (a) DESI imaging of cholesterol
sulfate in prostate tissue. (b) H&E staining of respective tissues. Adapted from Eberlin et al. [42]
with permission

Matrix Enhanced (ME)-SIMS One approach of a hybrid methodology has been
the combination of SIMS and MALDI features for imaging applications. Matrix
enhanced-SIMS includes deposition of an organic acid followed by analysis using
traditional SIMS imaging. A unique feature of this approach is the extension in
m/z range that can be measured. Cholesterol mapping from the freshwater snail
Lymnaea stagnalis has been imaged in such a manner [44]. Other applications
include ionic liquid matrices [45] as well as imaging of brain tissue using
ME-SIMS [46].

3D Imaging While imaging of biological specimens including cells and tissues has
been invaluable, a challenge has been in representing a 3D structure in 2D space.
Therefore, efforts have been focused on developing an approach that would ade-
quately represent 3D structures. One such approach, which is related to SIMS imag-
ing, involves depth profiling that allows image reconstruction in the Z-axis.
Cholesterol images in 3D have been obtained in oocytes from Xenopus laevis [47].
3D imaging has also been performed on kidney cells using metabolic labeling for
cholesterol [48]. More recently, SIMS has been coupled with the ultrahigh resolu-
tion mass analyzer, the orbitrap, for multidimensional labeling [49].

IR-MALDESI A hybrid approach to traditional MALDI imaging has been
reported with the coupling of an infrared (IR) laser to an electrospray source
[50]. This approach has been termed IR-MALDESI [51]. In addition to offering
a new way for ionization and detection of various analytes, IR-MALDESI has
also been incorporated in the imaging mode [52]. The IR-MALDESI approach
has been successfully utilized to perform imaging experiments of cholesterol in
tissue sections [53].

Metal Incorporation The addition of metals in imaging experiments of cholesterol
has spanned multiple ionization modes. In SIMS experiments, rat kidney sections
were treated with a thin silver layer, and signals were compared to untreated sections
[54]. Generally, signal enhancement was observed for treated sections that included
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silver cationized cholesterol. Similarly, gold has been added for SIMS imaging of
neuroblastoma cells in which enhanced cholesterol signals were observed [55].

The neutral nature of the cholesterol structure makes protonation difficult in soft
ionization experiments. The most commonly observed ion for cholesterol (denoted
M) mapping is the dehydrated, protonated molecule ([M — H,O + HJ*). Efforts to
enhance cholesterol signal in tissue imaging include the addition of silver ions to the
matrix [56] as well as silver sputtering [57]. Furthermore, addition of silver
nanoparticles or implantation [35] of such nanoparticles has also been investigated
in conjunction with MSI experiments [58]. These ever-evolving methodologies
indicate the interest in cholesterol imaging and also the continual efforts to improve
ionization efficiency, speed, and resolution.

7 Implications for Biophysical and Biomedical Applications

With these new technological advances in place, the scope of applications that can
be utilized to elucidate cholesterol dynamics is clearly broad. Investigators must
understand, however, the limitations of these approaches, particularly with lateral
spatial resolution required for evaluating either cell culture populations or more
broadly tissue sections. The ability to gain functional insight either by drug treat-
ment or via genetic manipulation using mass spectrometry imaging of cholesterol
has been demonstrated in several studies. For example, co-localization studies pro-
vide insight into cell membrane structure and organization. As shown in Fig. 4, Frisz
et al. [14] used nanoSIMS to investigate the sphingolipid and cholesterol localization
in the plasma membrane of fibroblasts. While sphingolipids (Fig. 4b) appear to be
nonuniformly dispersed, the authors observe cholesterol to be uniformly distributed
(Fig. 4c¢).

In an example from a genetic model, Smith-Lemli—Opitz syndrome (SLOS)
which is caused by mutations of DHCR7, the enzyme that reduces 7-dehydrocholes-
terol to cholesterol in biosynthesis (as reviewed in [59]). Patients with SLOS have
elevated 7-dehydrocholesterol levels compared to unaffected controls. Xu and
coworkers [60] performed silver sputtering to visualize silver adducts of cholesterol
and 7-dehydrocholesterol on cell monolayers using MALDI coupled with ion mobil-
ity mass spectrometry. Image alignment and co-localization provided pixel-based
ratios of the two sterols. The authors suggested that this was a rapid methodology to
obtain sterol ratios as compared to more standard approaches.

Very recently, the effects of cisplatin treatment on pheochromocytoma cells
(PC12) was investigated with a focus on lipid imaging [61]. In general, the authors
observed a decrease in lipid species upon drug treatment. With regard to cholesterol,
adecrease was observed upon treatment with cisplatin. Notably, similar observations
were made in a study that employed tissue imaging experiments [62]. Based on
these results, the authors proposed an exocytotic mechanism, and eventually
apoptosis [61].
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Fig. 4 Fibroblast imaging. (a) Scanning electron microscopy image of a fibroblast cell. (b)
Distribution of sphingolipids in the plasma membrane. (¢) Cholesterol imaging in the same cell
plasma membrane. Reproduced with permission from [14] under the Creative Commons Attribution

8 Concluding Remarks

This chapter has provided a summary of technological and experimental approaches
to image cholesterol in biological specimens. The ability to perform imaging in situ
without the need for tags highlights the strength of mass spectrometry imaging.
While advances have improved the lateral spatial resolution achieved, continued
efforts are being focused on further improving the spatial resolution.

The application of MSI to studies involving cholesterol specifically continues to
expand, and has been included in a variety of biomedical and biophysical
applications. These include membrane dynamics, genetic modification, and drug-
induced changes. The potential impact of MSI in understanding cholesterol
dynamics in biological systems is endless. While single-molecule tracking is not
available currently with these methods, individual cell types can be analyzed to
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evaluate differences in cholesterol distribution, and include membrane changes at
the subcellular level.

In terms of diagnostics, DESI imaging demonstrates significant promise in clinical
applications for disease diagnosis. While currently premature to rely on this approach
solely, many examples of DESI imaging show feature differences in disease versus
control tissues suggesting that this approach is providing new technologies for clini-
cal diagnostics. The different technological methods presented here highlight the
array of options for mapping cholesterol. Furthermore, the range in biological speci-
mens analyzed also underscores the potential application of these technologies for
mapping whole organismal samples. New applications of MSI continue to be reported
regularly, and the ability to utilize these approaches for uncovering the diverse func-
tions and distribution of cholesterol in biological systems will remain paramount to
biomedical research.
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Abstract Biomembranes separate a live cell from its environment and keep it in an
off-equilibrium, steady state. They contain both phospholipids and nonphospholip-
ids, depending on whether there are phosphate groups in the headgroup regions.
Cholesterol (CHOL) is one type of nonphospholipids, and one of the most abundant
lipid molecules in humans. Its content in plasma membranes and intracellular mem-
branes varies and is tightly regulated. Voltage-gated ion channels are universally
present in every cell and are fairly diversified in the eukaryotic domain of life. Our
lipid-dependent gating hypothesis postulates that the controlled switch of the
voltage-sensor domains (VSDs) in a voltage-gated potassium (Kv) channel between
the “down” and the “up” state (gating) is sensitive to the ratio of
phospholipids:nonphospholipids in the annular layer around the channel. High
CHOL content is found to exert strong inhibitory effects on Kv channels. Such
effects have been observed in in vitro membranes, cultured cells, and animal models
for cholesterol metabolic defects. Thermodynamic analysis of the CHOL-dependent
gating suggests that the inhibitory effects of CHOL result from collective interac-
tions between annular CHOL molecules and the channel, which appear to be a more
generic principle behind the CHOL effects on other ion channels and transporters.
We will review the recent progress in the CHOL-dependent gating of voltage-gated
ion channels, discuss the current technical limitations, and then expand briefly the
learned principles to other ion channels that are known to be sensitive to the CHOL—
channel interactions.
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1 Introduction

All lipids in eukaryotic cell membranes contain hydrophilic headgroups and hydro-
phobic fatty acyl tails. They belong to two main groups—phospholipids (group I)
and nonphospholipids (group II) (Fig. 1). Group I includes glycerophospholipids
and sphingomyelin phospholipids, both of which contain phosphate groups in their
headgroup regions in an equivalent location. Group II includes mainly cholesterol
(CHOL), glycolipids, and other sphingolipids and cationic lipids. The molar ratio of
phospholipids to nonphospholipids (PL/non-PL) varies from cell to cell or from one
membrane patch to another in the same cell. In a major fraction of human cells, PL/
non-PL ratio may be significantly smaller than unity, meaning that Group II lipids
may be an overwhelming majority in certain cell membranes.

Group I lipids include mainly phosphatidylcholine (PC), cardiolipin, phosphati-
dylethanolamine (PE), phosphatidyl-glycerol (PG), phosphatidylserine (PS),
phosphatidyl-inositols (PI), phosphatidic acid (PA), and sphingomyelin. Their acyl
tails can vary in length and unsaturation level. Phospholipids are known to be
important for the functions of specific ion channels. Anionic phospholipids, such as
PS, PG, cardiolipin, PA, etc., are important for the normal function of bacterial
MscL channels [1, 2]. Phosphatidyl-inositol-4,5-bisphosphate (PIP,) is known to
regulate specific ion channels [3-9]. PG was found to be associated with the KcsA
channel and important for its function [10, 11]. Crystallographic studies revealed
potential phospholipid-binding sites in a Kv2.1 chimera channel and PIP,-binding
pockets in the IRK channel [4, 12]. PC content was found to be a key regulator for
the topogenesis of lactose permease in bacteria [13]. Cardiolipin is a structural and
functional component for the supercomplex of the electron transport chain in

Group | Group I

Fig. 1 Two main groups of lipid molecules in eukaryotic cell membranes. Group I are phospho-
lipids, include (1) glycerol-phospholipids. The group X could be choline (PC), ethanolamine (PE),
glycerol (PG), serine (PS), inositol (PIs), or proton (PA). (2) Sphingosine phospholipids. Group X’
refers to mainly choline. Group II are non-phospholipids, and include (3) glycerol-glycolipids; (4)
Sphingosine-glycolipids. Group Y represents different sugar groups, mono-saccharides or oligo-
saccharides. (5) Cholesterol (CHOL). (6) Cationic glycerol-lipids
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mitochondria [14, 15]. Because of the relative random distribution of the phospho-
lipids in their specific leaflets of asymmetric cell membranes and the fact that nearly
all known monogenic lipid metabolic defects in humans affect the cellular and sys-
tems homeostasis of nonphospholipids (group II), we will not focus our discussions
on the effects of different types of phospholipids on ion channels.

Group II lipids are both structural and signaling components [16]. Figure 1
shows the structures of four main types of Group II lipids. C40-based ether lipids,
which are usually seen in extremophiles, are not diagramed here, nor are the deriva-
tives of cholesterol, monoacyl-glycerol, ceramides, or long unsaturated fatty acids.
Diacylglycerol (DAG), a product from the hydrolysis of phosphatidylinositol
4,5-bisphosphate (PIP2) by phospholipase C (PLC), is a second messenger that acti-
vates protein kinase C (PKC). DAG also is a ligand for MunC13, which is a critical
regulator for the fusion competence of synaptic vesicles [17, 18], and a coactivator
for transient receptor potential canonical (TRPC) cation channels (TRPC3/6/7)
[19-22]. Cerebrosides, which include both monoglycosylceramides and oligogly-
cosylceramides, are important structural constituents in the plasma membranes of
animal muscle and nerve cells, may cause higher phase-transition temperatures of
biological membranes, and are capable for forming multidentate H-bonding interac-
tions among them in order to stabilize membranes containing them [23].
Galactosylceramides are major constituents of gray matter (2% dry weight) and
white matter (12% dry weight) in nervous tissues [23-25]. Cholesterol (CHOL) is
literally the most abundant nonphospholipids in mammalian cells. It is the precursor
for different steroid hormones. Its analogs in fungi and protozoans are called ergos-
terols and in plants phytosterols. Xenopus oocyte membranes contain ~21 mol%
cholesterol [26, 27]. For the CHOL-dependent gating of voltage-gated ion channels,
we will discuss animal sterols (dominantly CHOL), and phytosterols and ergoster-
ols may share strong chemical similarities. We therefore will focus on CHOL con-
tent in the plasma membranes of animal cells. The average CHOL levels in plasma
membranes (PMs) are between 15 and 50 mol% whereas net content of 5—-10 mol%
CHOL is present in endoplasmic reticulum (ER) membranes. However, CHOL in
PMs is distributed between CHOL-poor and CHOL-rich areas, which depends on
the organization of proteins and various types of lipids. In humans, brain contains
~25% of total body CHOL even though it normally accounts for merely 2-3% of
body weight [28], suggesting high CHOL content in both neuronal and glial cells.
CHOL affects nAChR, Kir, BK, and TRPV channels [29].

Voltage-gated ion channels are a must for all cells [32]. Their dysfunction may
cause severe diseases [33—45]. Except voltage-gated proton channels, all known
canonical voltage-gated channels have four subunits/domains, each of which has six
transmembrane segments (TMs). They contain a pore domain flanked by four VSDs
(Fig. 2A). Gating of a voltage-gated channel refers to a controlled switch of its
VSDs or the pore between “down’ and “up” or between “closed” and “open” states,
respectively. The fourth TM (S4) of a VSD has evenly spaced positively charged
residues believed to move inside a gating pore (Fig. 2B). Outer (or “upper”) and
inner (or “lower”) crevices of the gating pore are separated by a central “hydropho-
bic gasket,” also called the gating charge transfer center [30, 46]. The gating charge
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Fig. 2 Architecture of a Kv channel and variations in VSD structures. (A) KvAP model after the
Kv2.1 structure showing a central pore domain (red circle) and four VSDs. (B) Five VSD struc-
tures in alignment. Arginine residues on S4 are aligned across the gating pore. Outer (upper) and
inner (lower) crevices separated by a hydrophobic gasket (red). In a full resting (down) state, all
four Arg residues move to the inner crevice, and drive the pore domain into the closed state [30, 31].
Panel B was modified from [30]

selectivity was proposed to rely on a conserved Phe residue, which is missing in
some of the VSDs, possibly allowing structural variations in the modes of the pro-
posed charge movements. Structures of multiple VSDs in detergents determined by
X-ray or cryoEM represent “up” or “intermediately closed” states and exhibit sig-
nificant structural diversity among VSDs and in the coupling of VSDs to pore
domains [47-54]. Recently reported Kv structures by cryoEM further strengthened
the structural diversity [50, 51, 53, 55].

Past biophysical and physiological studies have revealed abundant information
about the voltage-gated ion channels at the protein level [12, 30, 31, 49, 56-102].
Key residues contributing to voltage sensing and chemical basis for ion selectivity
are established, revealing a broad range of gating charge per channel [49, 85, 103-113].
Multiple structures reveal significant differences among “up” and intermediately
“down” states of the VSDs. More congruent structural features in the pore domains
are established, but the allosteric coupling between VSDs and pore domains may
vary strikingly (Fig. 2b) [12, 46, 49-51, 53, 55, 72, 75, 85-87, 114-118]. The pub-
lished data have proposed that the voltage-driven conformational changes of the
VSDs may have the following components of physical movement: (1) a simple slid-
ing of the S4 helix “up” and “down” in the gating pore to pass individual arginine
(or lysine in some channels) residues through the gating charge transfer center, with
or without possible switch of one short segment of the S4 between a regular alpha
helix and a 3, helix; (2) a short sliding and rotation of the S4 helix through the
focused electrostatic field across the “hydrophobic plug; (3) the toggling of the
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VSDs between “outward-facing” and “inward-facing” conformations as a transporter
when the tilting of helices is rearranged; and (4) the movement of S3 together with
S4 and the leaning of the S1/S2 helical pairs against the S3/S4 helical pairs.

Structural studies of the VSDs from Ciona voltage-sensitive phosphatase (Ci-VSP)
in two different states revealed a one-register movement (~5 A translation and ~60°
rotation) of the S4 and minor changes in the other three VSD helices, which largely
accord with the intermediately “down” states seen in the NavAb and TPCs [47—49,
84]. This mode of movement, to some extent, agrees with a short vertical movement
of the KvAP voltage-sensor paddle in the gating pore (not directly in lipids), an S4
movement of 6-10 A for the focused field model, or the sliding 3;¢-helix in the S4
by a similar distance as predicted by Rosetta modeling of the NavAb [56, 74, 75, 78,
90], even though the structural diversity in VSDs may still allow different conforma-
tional changes to achieve functional differences. Despite these models, a structure
has so far not been available for a canonical voltage-gated ion channel that is fully
kept in the resting state with all four VSDs in a complete “down” state. It is still not
feasible to compare directly the VSDs of the same channel in “up” and “down”
states. In the past, it has been taciturnly assumed that despite the diversified VSDs
in sequence, the voltage-driven conformational changes among all, or at least a
majority, of VSDs are very similar, if not identical. The structural variations in
Fig. 2b, the functional diversities among various different types of voltage-gated ion
channels, especially the Kv channels, and the altered gating properties of voltage-
gated ion channels in different cell types or in different locations of the same cells
make it plausible to consider that an alternative thinking may be needed to reconcile
the different views of the voltage-gating mechanisms. Lipid-dependent gating
hypothesis represents a new proposal in this direction.

2 Overview of CHOL Effects on Voltage-Gated Ion
Channels

As integral membrane proteins, Kv channels are expected to be sensitive to their
lipid environments. When Xenopus oocytes were used as a heterogeneous expres-
sion system for Kv channels and cell-attached patches were formed to record chan-
nel activity, it has been long known that functional Kv channels on the surface of the
oocytes appear clustered in hot spots, especially in regions of the animal pole that
are close to the boundary between the dark-colored animal pole and the faintly col-
ored vegetal pole. When a pore-blocking toxin, CTX or AgTx2, was mutated and
conjugated with a nanogold particle, and used to detect Shaker K channel on the
surfaces of Xenopus oocytes, it was observed that the channels were randomly dis-
tributed on the surfaces (QXJ, unpublished observations). Similar observations of
nonfunctional voltage-gated ion channels were made on the surface of cultured cells
and neurons. These could be attributed either to channel proteins that were not fully
matured or to the lipid environments in cell membranes [119, 120]. For example,
Kv2.1 is delivered to different regions of a neuronal cell, but only a fraction of the
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channels are functional when recorded by cell-attached patches. When expressed in
cultured cells, the Kv2.1 channels in puncta, which refer to microdomains that con-
sist of both proteins and special lipids, are usually not active [121, 122].
Phosphorylation and dephosphorylation were proposed as a possible mechanism. In
view of the strong lipid-dependent gating effects and well-known or characterized
cholesterol-rich domains, it is very likely that the special lipids around the proteins
might contribute to the inhibitory effects on the channel activity [122].

Chemical treatments to alter CHOL content led to either inhibitory or stimula-
tory effects on voltage-gated ion channels [123—138]. The partial or nearly complete
depletion of CHOL with methyl-p-cyclodextrin (MBCD) in different cells has
caused different effects. Changes in current density, activation/deactivation kinetics,
inactivation rate, and shifts in G-V relation were reported. For example, 1 mM
MBCD treatment of NG108-15 neurons overexpressing Kv3.1 channels led to
slower activation/deactivation and decrease in firing frequency of action potential
(AP’s) [124]. Contrastingly, in rat hippocampal neurons, MBCD treatment increased
the firing frequency of AP’s by increasing the current density of delayed rectifier Kv
channels and accelerating the activation and deactivation of the A-type Kv channels
[126]. The opposite effects for different Kv channels in neurons and other cells have
been puzzling. On the other hand, MBCD treatment has been demonstrated to cause
severe structural changes in cells. 1-3 mM MBCD treatment of mouse fetal skeletal
muscle cells for 1 h at 37 °C caused obvious decrease in caveolae and T-tubule area
[131]. Such complications from chemical treatment raised serious concerns and
cast strong doubt on all past data collected from voltage-gated ion channels in
MBCD-treated cells.

More consistent data, however, were obtained in cells loaded with MBCD-
CHOL, where the inhibitory effects of higher CHOL content were observed for
L-type Ca** channels (Cav1.2) in mouse fetal skeletal muscle cells [131], Kv1.3 in
T lymphocytes [127, 132, 136], L-type Ca®* channels in coronary artery smooth
muscle cells [139], Kv11.1 in adult canine ventricular myocytes [140], and Kv
channels in coronary arteriolar smooth muscle cells [139]. The main reason for such
consistency among different channels in cultured cells or in primary tissues is prob-
ably attributable to intrinsic effects of high content of CHOL and its analogs on
membrane stability and the voltage-gated ion channels, which could only be quan-
titatively studied in a well-controlled membrane system.

3 Lipid-Dependent Gating Predicts Strong
CHOL-Dependent Inhibition of Kv Channels

My laboratory started the investigation of the lipid-dependent effect in a well-
controlled system, where the channels were completely pure and the lipids in defined
composition formed fluidic membranes. Under such conditions, we first discovered
that the phosphate groups in the lipid bilayers were essential for a Kv channel to
reach its open state [73], which was echoed by findings from Dr. Zhe Lu’s lab where
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sphingomyelinases were used to treat cell membranes and alter activities of various
eukaryotic Kv channels [141, 142]. After carefully studying the conformational
states of both the voltage-sensor domains and the channel pore in different lipids, we
concluded that in homogeneous membranes, Group II lipids favor the KvAP in a
resting state with its VSDs in the “down” conformation. Moreover, the lipid-stabi-
lized “resting” state is equivalent or tightly connected to the native one driven by
hyperpolarization in transmembrane electrostatic potential [143], leading to our
hypothesis of “lipid-dependent gating” (Fig. 3) [144]. Physicochemically, we may
speculate that the lipid-dependent gating mainly stems from the nonphospholipids
in the annulus around a channel. These lipids cause energetic difference between
different gating states of the VSDs. This hypothesis explains partial gating charge
immobilization caused by sphingomyelinase treatment of cells [141] and may
explain the clusters of nonconducting Kv channels in cholesterol-rich domains in
cultured cells [120] or gating charge immobilization of the Kv4.3 channels in mid-
brain dopamine neurons directly caused by endocannabinoids (besides faster
inactivation effect) [145]. Similar lipid-dependent conformational changes in the
VSDs were reported for hyperpolarization-activated MVP channels [146].

Studies by my laboratory and later by other groups in other channels suggest a
self-coherent explanation for various lipid effects we have observed. There is thus a
good reason to believe that our hypothesis of lipid-dependent gating may underlie a
more general inhibitory effect of nonphospholipids on Kv channels. Among all the
Group II lipids, CHOL is probably the most studied because of its importance to
public health and the available technologies and reagents in analyzing CHOL in
different cells and tissues. The lipid-dependent gating hypothesis predicts that
CHOL exerts strong inhibitory effects on a variety of eukaryotic Kv channels. We
will call this prediction the CHOL-dependent gating of Kv channels. As reported
before, hypercholesterolemia caused inhibitory effects on Cav2.1 channels in
coronary arterial smooth muscle cells [134]. The CHOL-dependent gating effects
may be expanded to both Cav and voltage-gated Na* (Nav) channels, depending on
the accessibility of their VSDs [147]. On the other hand, such gating effects might

Group I Group |

/

Fig. 3 Simplified scheme for lipid-dependent gating. A VSD (blue bars with + charges in red)
flanking a pore domain (green cylinder) switches between resting (“down” state of the VSDs) and
activated (“up” state of the VSDs) state in Group II and Group I lipids at AV = 0, showing the inner
and outer crevices of the gating pore. The VSD is assumed to take an inward-facing conformation
in the resting state and an out-ward-facing conformation in the activated state
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be less prominent for voltage-gated Na* (Nav) or Ca** (Cav) channels [123-138],
probably because eukaryotic Nav and Cav have four different VSDs and their VSDs
may be shielded (at least partially) from annular lipids by auxiliary transmembrane
subunits [54, 94, 148, 149]. Recent results did show that Nav1.9 in DRG neurons
could be relieved from CHOL-dependent inhibition when inflammation lowers cho-
lesterol content in these neurons and causes Navl.9 to be repartitioned from
“CHOL-rich lipid rafts to CHOL-poor non-raft regions” [147]. It is therefore neces-
sary to take into account potential complications from channel proteins, accessory
proteins, and lipid environments when we apply the lipid-dependent gating effects
to experimental observations.

4 Cholesterol Distribution in Membranes and Cholesterol-
Dependent Phase Separation

As a key component in cell membrane, CHOL may be equally or asymmetrically
distributed between two leaflets. Even though the small polar headgroup (-OH) of
CHOL allows relatively easy flipping across the hydrophobic core, transbilayer
asymmetry of CHOL has been observed in plasma membranes of different mam-
malian cells due to active transport from the inner to the outer leaflet and the reten-
tion of CHOL in the outer leaflet [ 150]. The cholesterol content in plasma membranes
of a cell may vary in the range of 15-50 mol%. Presence of CHOL fills in crevices
between packed fatty acyl tails in the hydrophobic region and leaves gaps in the
layer of the headgroups such that CHOL-rich membranes tend to have smooth phase
transition, instead of a sharp switch from the fluidic phase to the crystalline gel
phase during cooling. The gaps left by CHOL molecules in the headgroup layer are
believed to increase the disorder of the headgroup layer.

Preferential packing of CHOL and sphingomyelin (SPhM) has been proposed to
form dynamic lipid rafts in membranes or more stable structures like caveolae
[152-156]. Super-resolution imaging suggests that the dynamic lipid rafts might be
of 120-150 nm in diameter in cell membranes [157]. Secondary ion mass spec
(SIMS) imaging indeed failed to detect large structures made by co-clustering of
sphingomyelin and CHOL [158, 159]. Physicochemical studies also showed that in
a ternary system made of PC/SPhM/CHOL, all lipids might be organized into a
CHOL-poor phase with individual CHOL-rich islands [160, 161]. CHOL-dependent
gating thus depends on the distribution of voltage-gated ion channels in the CHOL-
rich domains, CHOL-sparse phase, or the boundary between the two.

Unfortunately with the current super-resolution fluorescence microscopy or
high-resolution cryo-electron microscopy, it is still not possible to discern individ-
ual lipid molecules around each ion channel in a cell membrane. Quantitative
analysis of CHOL-dependent gating thus requires a homogeneous system, which
allows more precise control of lipid composition, CHOL content, phase behavior,
channel density, and orientation. We developed a bead-supported unilamellar mem-
brane system (bSUM) in order to achieve these effects (Fig. 4) [151]. In this system,
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Fig. 4 bSUMs for preferred directional insertion of ion channels in CHOL-rich membranes.
Chemical functionalization added ligand to the surface of silica beads (A). Channels bind to the
ligands and orient themselves (B). Addition of detergent-solubilized lipids and slow removal of the
detergents by BioBeads (C) leads to the formation of one bilayer membranes around each bead
(D), which is the bSUM. The channels in bSUMs can be patched using a planar glass electron for
electrical recordings (E). Adapted from [151]

a high density of surface ligands on a bead is used to sequester and select affinity-
tagged channel proteins. The bSUM is advantageous in several aspects: (a) A major-
ity of channels, if not all, are in the same orientation; (b) channels mediate the
formation of the lipid bilayer; (c) there is one and only one bilayer; (d) lipids are
changeable and the bead sizes can be varied from 0.1 to 20 pm; (e) channels can be
recorded by patch clamp; (f) fast voltage-clamp speed (0.2-0.5 ms) is suitable for
studying Kv channels with fast kinetics; and (g) it is suitable to measure the fluidity
or phase separation in the membranes. Because of the fast gating kinetics of Nav,
Cav, and many eukaryotic Kv channels, bSUMs will be better than almost all of the
other in vitro membrane systems, such as bilayer membranes, glass-supported bio-
membrane, etc., and more stable than giant unilamellar vesicles (GUVs).
Cholesterol differs from phospholipids in another peculiar aspect. Chemical
structures showed in Fig. 2 suggest that the electronegative OH group endows
partial positive charges at the hydrophobic terminus of cholesterol. The stronger
ester groups in a phospholipid for linking the fatty acyl chains endow higher partial
positive charges to the hydrophobic core than a cholesterol molecule. It means that
with the incorporation of more cholesterol, the positive potential in the middle of a
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regular phospholipid bilayer would become weakened. A decrease of the hydropho-
bic core dipole potential from ~+500 mV to ~+200 mV in the membrane might be
a contributing factor to favor the VSDs of a Kv channel in a specific gating state
[162]. Such an effect has not been studied, and still awaits future investigations.

5 A Thermodynamic Model for Lipid—Channel Interactions

A canonical gating model for the Shaker K* channel can be used to address the
energetics behind the CHOL-dependent gating effects (Fig. 5). In this model, the
switch of four VSDs from the “down” to the “up” state must happen first before a
concerted coupling of the VSDs and the pore domain that leads to the pore opening
(Cx — O) [110]. We assume that all the low-affinity binding sites for the CHOL
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Fig. 5 A gating model for CHOL-dependent gating. The fully resting state (C,) switches to the C,
state in four independent steps because of four VSDs. The concerted coupling between four VSDs
and the pore domain leads to the closed state immediately before the channel opening (C,). The
open state (O) can become inactivated (I) so as the closed state (C, as an example). Cholesterol as
the ligand (L) can be partitioned around channels in each state. The measured activation rate
[kon(V)] will be determined by the forward rate-limiting step. The deactivation rate [k.u(V)] will be
determined by the closing rate of O
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molecules in the annular layer of lipids next to the channel remain even though
these sites may change their affinity during the gating transition. The general
ON-rate (the activation rate) for channel opening represents the allosteric change
from a closed state to the open state. The ON-rate is dominated by the rate-limiting
step or the combination of a few steps that together determine the apparent rate of
voltage-dependent activation. The OFF-rate for closing the open channel is defined
by a combination of the kinetic constants for the two pathways that are connected to
the O state. The OFF-rate can be determined from the mean life-time of the O state,
assuming that there is one and only one open state here.

CHOL-dependent inhibition of the channel activity is ultimately to shift the
channels away from the two open states—the O and O.L states. Collectively, the
difference in free-energy change (AAG) between the closed states and the open
states is resulted from the binding of CHOL to multiple sites on probably different
subunits with similar or quite different affinities for CHOL. Based on the dimension
of a Kv channel and the diameter of a typical lipid molecule, there is enough space
for ~120 lipid molecules in the annular layer next to each channel. A significant
AAG may come from a combination of a few high-affinity binding sites and/or low-
affinity binding sites among the ~10 mol% CHOL among these annular lipids if
each CHOL contributes an energetic difference of ~3 kT, which is equivalent to
merely a three to eightfold change in the apparent binding affinity at each binding
site. The summed energetic change of ~25 KT is sufficient to cause a significant shift
of the Q-V (gating charge versus membrane potential) or G-V (relative conduc-
tance versus membrane potential) curve by 100-200 mV with an apparent gating
charge similar to a Shaker-like K channel, which has a total gating charge of 10-13
elementary charges, and an apparent charge of ~4 elementary charges from its G-V
relation. Such a consideration suggests that a small change in binding affinity for
multiple CHOL-binding sites together can cause a major shift in G-V and Q-V.

More numerical calculations for the kinetic model will not be presented here.
Instead, we will use the macroscopic k,,(V)/k,;( V) to reach a conceptual understand-
ing. The rate-limiting forward step leading to the opening of the channel and the
rate-limiting deactivation step will dominate the distribution of the channels between
the closed states and the open state. CHOL binding to multiple low-affinity binding
sites may decrease the k,,(V)/k,;(V) and exert strong inhibitory effects on the chan-
nel opening, and disfavor the activated state (Fig. 3). The scheme in Fig. 5 may
make it more complicated if the cholesterol effect is caused by the energetic differ-
ence in the switching of the VSDs. It might cause a similar increase in k,,(V) and
ko(V), leading to only small apparent shift of G-V, but a decrease in open channel
activity (current density) through changes in open probability and dwell time for the
open state. Direct measurement of VSDs movement will be needed in such cases.

Because the details in the gating scheme may differ among the various Kv chan-
nels, especially the rate-limiting steps in the forward transition, the possible subcon-
ductance steps, the inactivation steps, and the movement of the VSDs in different
lipid conditions, it is expected that the inhibitory effects of CHOL-dependent gating
may be manifested differently when we compare the activation/deactivation/inacti-
vation rates, the G—=V/Q-V curve shifts, the open probability and dwell time of open
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states, the steady-state currents after inactivation, etc. Other complicating factors
such as channel density, lipid composition around individual channels, cell conditions
under chemical modifications or genetic manipulations, etc. may also complicate
the effects. These considerations will be necessary when direct lipid—channel inter-
actions are used to account for CHOL-dependent gating or lipid-dependent gating
in cell membranes.

6 Kv Channels Are Sensitive to Cholesterol Content

The above considerations make it important to use a well-controlled system to study
the fundamental principles behind the CHOL-dependent gating without the interfer-
ences from uncontrolled factors in cellular environments. We initially used a
solvent-based planar lipid bilayer system and found that a small amount of CHOL
likely introduced significant inhibitory effects [143]. The lipid bilayer system has
three limits: (1) It was difficult to control the fusion of CHOL-containing vesicles
with the bilayer membrane; (2) the chemical nature of CHOL might drive its selec-
tive partition into the solvent (decane) islands or annulus in a bilayer membrane;
and (3) the clamp speed is slow such that channel activity with fast gating kinetics
cannot be resolved well. These limitations might have contributed to the observa-
tions by Finol-Urdaneta et al., who detected no CHOL-dependent gating when fus-
ing KvAP channels in PE/PG vesicles into bilayer membranes made of PE/PG/
CHOL, due to possible partition of cholesterol into the decane phases [125].

Our bSUMs were developed in order to overcome these technical limitations
[151], and we were able to control CHOL content in membranes using a predefined
molar ratio (mol%). With ~10 mol% CHOL, KvAP only started to show activity
when the membrane potential (V,,) was > +60 mV [151]. Studies of DOPC/CHOL
membranes showed that 9.6 mol% CHOL membrane is highly fluidic [163]. The
channel identity was verified with a 33H1Fv, which was derived from a monoclonal
antibody. The reconstitution process removed all detergents and achieved random
insertion of both CHOL and DOPC into the bSUMs, which allows the predefinition
of DOPC/CHOL ratio. Comparing the G-V curves of KvAP in DOPC with 4.0 and
9.6 mol% CHOL (Fig. 6A, B) revealed significant shifts, which are +210 mV in
9.6 mol% CHOL and +160 mV in 4.0 mol% (brown and red traces in Fig. 6C).
Consistent with our hypothesis, 9.6 ml% CHOL stabilized KvAP in a closed state by
~18 kcal/mol, using the apparent gating charge of 4.0 elementary charges. Such a
free-energy change (AAG) could only be partially accounted for by changes in ON-
and OFF-rates (~3.3 kcal/mol; not shown), suggesting that CHOL effects on VSDs
probably dominate the stabilizing effect, which differs from the proposed replace-
ment of phospholipids bound at the S4/S5 linkers to affect the concerted opening step
during activation [8, 138]. In a homogeneous membrane, the CHOL effect is much
stronger than what was reported in chemically treated cells [130, 132], which were
probably lessened by the presence of CHOL-free domains, changes in types and
levels of membrane proteins, vesicle fusion, or endocytosis. Without these complica-
tions, our analysis in bSUMs is direct and more accurate and quantitative.
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Fig. 6 CHOL inhibits KVvAP in bSUMs. (A) Activity of KvAP in bSUMs made of PE:PG (3:1),
pulsed from —160 to 180 mV at 10 mV steps. (B) Recordings from KvAP channels in bSUMs
made of DOPC with 9.6 mol% of CHOL. (C) G-V for KvAP in bSUMs of DOPC (blue; n = 3),
PE:PG (3:1, black; n = 4), DOPC/CHOL (4.0 mol% in red and 9.6% in brown; n = 3) and PE/PG
3:1 BLMs (grey; n = 3). Boltzmann fittings (solid lines) yielded (Zo, V) (e, mV) for channels in
BLM (3.0, —47.5), PE/PG bSUMs (2.0, —45), DOPC bSUMs (1.6, —42.0), 4.0 mol% CHOL (1.6,
118) and 9.6 mol% CHOL (2.0, 162) in DOPC bSUMs. Error bars: s.d
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7 Genetic Mutations that Affect Cholesterol Content in Cell
Membranes

Virtually, all human lipid metabolic defects affect Group II lipids [164], and all
may cause severe neurological defects and early death [165-167]. Recently in
the acutely isolated dopaminergic neurons, it was found that the endocannabi-
noids and its analogs directly inhibit Kv4.3 channels by altering the inactivation
rate and causing partial immobilization of gating charge [145]. The endocannabi-
noids are analogs of Group II lipids, and their effects suggest that distribution of the
Group II lipids or their analogs around the channels is important to the cholesterol-
dependent gating.

There are three pathways for cholesterol homeostasis in a human cell: uptake of
LDL particles from outside, de novo synthesis of cholesterol in the ER, and the
recycling of cholesterol from lysosome to the plasma membranes. Autophagosomes
may contribute to the recycling pathway. There are different knockout mouse mod-
els for multiple genes in the pathway for cholesterol synthesis. Nonfunctional
enzymes for cholesterol synthesis will lead to the decrease of cholesterol level in ER
and ultimately in other cell membranes. NPC1 and NPC2 are the two enzymes
responsible for the recycling of cholesterol [168, 169]. Their malfunction leads to
severe lysosome-storage disease due to the accumulation of cholesterol in the lyso-
somes and autophagolysosomes. In cultured cells, knockout of NPC1 and NPC2
leads to significantly lower cholesterol content. In knockout mice, both NPC1-/- and
NPC2-/- cause severe neurological symptoms, mirroring the severe neurological
phenotypes in human patients [170]. The LDL-uptake is achieved through receptor-
mediated endocytosis. Disruption of one or more of the three pathways will decrease
cholesterol content in cell membranes and exert strong effects on at least some of
the voltage-gated ion channels by removing part of the CHOL-dependent inhibition.
The decreased cholesterol content in plasma membranes has the potential to cause
higher activity of Kv channels and in turn lower excitability in the neurons that are
affected. If such effects are more prominent in the inhibitory pathways, the net
effect will become excitatory and cause hyperexcitability. Studies of Kv channels in
cultured cells or knockout mice with defects in the three pathways will provide
important information on the physiological significance of the CHOL-dependent
gating of Kv channels in the future.

Structural comparison in Fig. 1 of the nonphospholipids and phospholipids sug-
gests that there is a special role of the phosphate layer in shaping the electrostatic
field across the bilayer, which has not been well understood. In the current molecule
dynamics model, the difference between the DOTAP membrane and the DOPC
bilayer was thought to be trivial because the salts in solution appeared sufficient to
shield the effects of phosphates [171]. But, the experimental difference was very
dramatic when a voltage-gated channel (or its VSDs) was used as a lipid sensor.
Without a good atomistic model for these two types of lipids, calculations for ener-
getic difference of any protein in them would fail to certain extent. The nature of the
force field for the two groups of lipids might need to be better defined in order to
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make good testable predictions. Quantum mechanical treatment of the atoms around
the phosphodiesters plus molecular dynamics will be a possible avenue towards
understanding the role of phosphates in distinguishing the Group I and II lipids.

8 Kbv Channels as Sensors for Changes in Cholesterol
Content

Our studies of KvAP in bSUMs (Fig. 6) demonstrated significant sensitivity of the
VSDs to changes in CHOL content. In eukaryotic systems, multiple Kv channels
have been found to be co-localized with marker proteins for lipid rafts or caveolae
[131, 172-174]. The Kv channels in cholesterol-rich domains are expected to expe-
rience significant inhibitory effects. It appears that the Kv channels are much more
sensitive because all four VSDs must undergo significant conformational changes in
order to gate the channel pore and all VSDs are directly exposed to annular lipids
(CHOL). No previous study has been able to determine specific factors that affect
the delivery of a Kv channel into the CHOL-rich domains. Nor has it been possible
to count the channels in CHOL-rich domains, CHOL-poor phases, and the bound-
ary between them.

From an evolutionary viewpoint, our hypothesis predicts that the diversified
sequences of Kv channels, especially the VSD sequences, and the distribution of
various Kv channels in different cells with contrastingly different lipids may reflect
the coevolution of specific Kv channels and the lipid environments in specific cells.
For example, the lipid composition of the plasma membranes in a glial cell, a neu-
ron, and an adipocyte is known to be fairly different. A glial cell has high content of
plasmalogens [175]. A neuronal cell harbors high level of gangliosides. An adipo-
cyte contains a large fraction of surface area covered by caveolae. Kv channels in
these cells are expected to experience contrastingly different lipid environments and
therefore may manifest the CHOL-dependent gating effects to different extents. It
might be feasible to transduce these native cells with a viral vector to overexpress
Kv2.1 or other channels in order to study their gating property in different regions
of the cell membranes.

On the other hand, the current patch clamp techniques and imaging methods are
not sufficient to reveal the annular lipids around individual channels. Other methods
need to be tested. For example, a combination of super-resolution imaging of
fluoresterol or other probes for CHOL and a labeled Kv channel (say Kv2.1) with
cell-attached patch clamp recordings using a small-bore electrode will likely be suit-
able to reveal new insights on the direct distribution of cholesterol around a small
number of Kv channels in cells. But, the limited resolution at 50-200 nm is not able
to reach single-lipid resolution. CryoEM analysis of individual channels will need to
average images of hundreds or thousands of ion channels in order to reveal the posi-
tions of stably bound structural lipids, not necessarily the lipids that are involved in
gating modulation [176]. Secondary ion mass spectrometry is not able to reach single-
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lipid resolution for imaging individual lipids, either. Molecular dynamic simulations
using better force field to account for the differences between Group I and Group II
lipids may be feasible in the near future. A completely new experimental method is
thus needed in order to reach high-resolution imaging of annular lipids around indi-
vidual channels. It is speculated that exposure to high-brilliance beam of either X-ray
or electrons will potentially allow the structure determination for small membrane
patches from a high-density sampling of Fourier components.

9 Other Ion Channels that Are Sensitive to Change
in Cholesterol Content

Ton channel sensitivity to CHOL content has been more extensively studied for
nAChR (nicotinic acetylcholine receptor) and G-protein-gated inward rectifier K
channel (GIRK) [29, 177-180]. nAChR has an annular CHOL at the interface
between M4 and M1 + M3, in proximity to the pore-lining M2 transmembrane helix.
The M4 lipid sensor model proposes that the binding of lipids at the M4 site in the
outer leaflet has direct effects on the transition of the channel into an uncoupling
state. CryoEM averaging revealed recently potential empty spaces at the M1 and M4
interface for an annular CHOL in the outer leaflet, consistent with the M4 lipid sen-
sor model deduced from the functional studies, even though still being complicated
by uncertainty in averaging out the density for a disordered headgroup [176]. Further,
the bound lipids are proposed to exert strong gating control to the channel. DAG was
proposed to be a strong nAChR activator, which might be able to account for the
empty space in the cryoEM density equally well. The biophysical nature of the
CHOL and DAG binding in terms of their positions and functional effects on ion
channels needs further characterization.

For GIRK interaction with CHOL in a stereo-sensitive manner, there are a few
recent reviews discussing high-affinity binding sites based on structural studies
[29]. CHOL binding acts mainly as an agonist in potentiating the function, and as
an antagonist in a few cases. The “principal” CHOL-binding site in the crevice
between the TM1 and TM2 in the outer leaflet is in proximity to the selectivity filter.
The “transient” binding site in the inner leaflet is next to the inner gate and the cou-
pling site at the intracellular surface, close to the PIP,-binding site. In consideration
of the relatively equal distribution of cholesterol in both leaflets, it is likely that
these identified CHOL-binding sites will play a significant role when the channels
are relocated between CHOL-rich and CHOL-poor regions in cell membranes.

In both nAChR and IRKs, CHOL binding is in close coupling to the gate of the
channel pore and the stability of the open state. It is not expected that CHOL binding
or unbinding would cause major conformational changes despite the proposed
M4-movement for the nAChR after cholesterol binding. This view is fairly different
from the proposed conformational changes of the VSDs in the Kv channels (Fig. 3).

Many other channels may have direct sensors for the annular lipids. Nav1.9 chan-
nels were recently identified as a sensor for plasma membrane cholesterol in DRG
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(dorsal root ganglion) neurons that sense inflammatory pain. The pain sensitivity
was higher when Nav1.9 channels were redistributed from CHOL-rich domains to
CHOL-poor ones [147]. TRPV1 was found to have stably bound lipids in the nano-
discs which do not have a complete annular layer of lipids [181]. It would be interesting
to study the lipid-dependent gating of TRPV1 in a well-controlled lipid environment,
such as the bSUMs, or in native cell membranes after genetic manipulations of lipid
homeostasis of the neurons. The same is probably true for multiple other TRPs, espe-
cially those that function in plasma membranes and lysosomal membranes.

10 General Conclusions and Future Perspectives

The lipid-dependent gating is probably a more general steady-state gating modality
for voltage-gated ion channels. The chemical treatment by MBCD-CHOL to
increase CHOL content has shown consistent inhibitory effects on different voltage-
gated ion channels in different cells, all of which agree with the strong inhibitory
effects observed in bSUMs (Fig. 6). The depletion of CHOL by MBCD is expected
to cause severe structural heterogeneity and functional changes in cells and may
alter channel density and its delivery to or retrieval from the cell membrane. Voltage-
gated ion channels are thus adapted to their physiological lipid environments, and
sensitive to changes in lipid composition caused by lipid metabolic defects in their
native niches, some of which result in significant changes in the gating properties of
voltage-gated ion channels and severe pathological phenotypes. Multiple low-
affinity binding sites in the annular layer are sufficient to exert strong collective
effects and change the gating property of a Kv channel. So far, we still lack a high-
resolution tool to reveal the dynamic interactions between annular CHOL and
voltage-gated ion channels. Structural studies of a Kv channel in a CHOL-rich
bilayer membrane may provide a direct view in the future.
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