Accepted Manuscript

From hopanoids to cholesterol: Molecular clocks of pentameric ligand-gated
ion channels

Francisco J. Barrantes, Jacques Fantini

PIl: S0163-7827(15)30030-8

DOI: doi: 10.1016/).plipres.2016.03.003
Reference: JPLR 909

To appear in:

Received date: 29 November 2015
Revised date: 22 March 2016
Accepted date: 24 March 2016

Please cite this article as: Barrantes Francisco J., Fantini Jacques, From hopanoids to
cholesterol: Molecular clocks of pentameric ligand-gated ion channels, (2016), doi:
10.1016/j.plipres.2016.03.003

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.


http://dx.doi.org/10.1016/j.plipres.2016.03.003
http://dx.doi.org/10.1016/j.plipres.2016.03.003

From hopanoids to cholesterol: molecular clocks of pentameric ligand-gated ion channels

Francisco J. Barrantes'* and Jacques Fantini’

!Laboratory of Molecular Neurobiology, Institute for Biomedical Research (BIOMED),

Faculty of Medical Sciences, UCA-CONICET, Av. Alicia Moreau de Justo 1600,

C1107AFF Buenos Aires, Argentina, and ’EA-4674, Interactions Moléculaires et Systemes

Membranaires, Aix-Marseille Université, Marseille, France.

*To whom correspondence should be addressed at rtfijpl@gmail.com

Running head: Lipid evolution and channel tuning

The abbreviations used are: nAChR, nicotinic acetylcholine receptor; ELIC, pentameric ligand-
gated ion channel protein found in Erwinia chrysanthemi; GIuCl, anion-selective glutamate-
gated chloride channel from the planarian worm Caenorhabditis elegans; GLIC, pentameric
ligand-gated ion channel from the cyanobacterium Gloeobacter violaceus; pLGIC, pentameric

ligand-gated ion channels.



ABSTRACT

Pentameric ligand-gated ion channels (pLGIC) and their lipid microenvironments appear to have
acquired mutually adaptive traits along evolution: 1) the three-ring architecture of their
transmembrane (TM) region; 2) the ability of the outermost TM ring to convey lipid signals to
the middle ring, which passes them on to the central pore ring, and 3) consensus motifs for
sterol recognition in all pLGIC. Hopanoids are triterpenoid fossil lipids that constitute invaluable
biomarkers for tracing evolution at the molecular scale. The cyanobacterium Gloeobacter
violaceus is the oldest known living organism in which the X-ray structure of its pLGIC, GLIC,
reveals the presence of the above attributes and, as discussed in this review, the ability to bind
hopanoids. ELIC, the pLGIC from the bacillum Erwinia chrysanthemi is the only other known
case. Both prokaryotes lack cholesterol but their pLGICs exhibit the same sterol motifs as
mammalian pLGIC. This remarkable conservation suggests that the association of sterols and
hopanoid surrogate molecules arose from the early need in prokaryotes to stabilize pLGIC TM
regions by means of relatively rigid lipid molecules. The conservation of these phenotypic traits
along such a long phylogenetic span leads us to suggest the possible co-evolution of these

sterols with pLGIC.
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1. Prokaryotic and eukaryotic ion channels and their membrane habitats

The appearance of a thin sub-nanometric lipid barrier in autonomous self-replicating
units of prokaryotic stem to isolate their internal contents from the environment was an
attainment common to Archaea and Bacteria. This trait was adopted by Eukaryotes billions of
years later. Proteins localized in these boundary interfaces called membranes had to optimize
their relationship not only with the external and internal milieu but also with their constituent
surrounding lipids. It is likely that this process involved multiple choices of partner molecules
along evolution, making it all the more remarkable that certain partnerships appear to have
been implemented early on and conserved over billions of years ever since. One superfamily of
membrane proteins exemplifies this phenomenon: the pentameric ligand-gated ion channels
(pLGIC)[1-3] .

pLGICs descend from an ancestral “proto-channel” which occurred before the
Prokaryote-Eukaryote dichotomy [4].The identification of several structural homologues of the
eukaryotic pLGIC in unicellular prokaryotic organisms [4] constitutes a pioneer work
establishing the structural conservation of key features in this superfamily of ion channel
proteins along phylogeny. Seven years were to elapse before Hilf and Duzler [5] produced the
first crystallographic structure of a full-length prokaryotic pLGIC: ELIC, a protein found in
Erwinia chrysanthemi (Figure 1). The causal agent of an outbreak of bacterial heart rot of
pineapple in Hawaii in 2003, Erwinia chrysanthemi (now reclassified as Dickeya sp.) is a Gram-
negative phytopathogenic bacillus in the family Enterobacteriaceae, closely related to

Escherichia coli, causing soft rot diseases in many crops, and is also an aphid pathogen. The



structure of ELIC presumably corresponds to a non-conducting, closed conformation of the ion
channel [6-8]. The structure of GLIC, a prokaryotic pLGIC orthologue present in the
cyanobacterium Gloeobacter violaceus [7, 9-11], was elucidated next and its crystal structure is
consistent with an open channel conformation [7, 10-12] (Figure 1).

In physiological terms, both GLIC and ELIC are cation-selective ion channel proteins, as
are the nicotinic acetylcholine receptor (nAChR) and the serotonin 5-HT3 receptor, two
representative members of the eukaryotic pLGIC. GLIC is a peculiar channel which upon
activation by low pH -generated by an increase in extracellular H* concentration [9]- exhibits a
low single-channel conductance (~8 pS) resulting in an unknown number of protonated amino
acid side chains in the protein —at least one in its TM region [13]. Unlike several eukaryotic
pLGIC and ELIC, GLIC does not undergo desensitization. Its gating kinetics, in parallel with the
crystal structures of the liganded-closed and liganded-open states, have recently been
characterized using a combination of electrophysiological and X-ray crystallographic
techniques[14].

ELIC conforms more closely to the characteristics of eukaryotic channels, being activated
upon ligand binding to canonical sites in the extracellular moiety: it can be stimulated by
primary amines such as propylamine and cysteamine and, more interestingly, y-aminobutyric
acid, GABA [8, 15], the endogenous neurotransmitter acting on GABA, and GABA( receptors,
also members of the pLGIC superfamily and main mediators of inhibitory signals in mammalian
brain. ELIC has a high single-channel conductance (84-96 pS) and its channel behavior

resembles in some respects that of the eukaryotic nAChR [8, 15], although curiously



acetylcholine acts as a competitive antagonist [16]. ELIC shares most mechanistic channel
properties with the GABA, receptor, albeit with slower kinetics [15, 17-20]. Marabelli et al. [21]
have produced a detailed analysis of ELIC’s channel kinetics, concluding that this bacterial pLGIC
behaves very much like an ancestral ortholog of the eukaryotic GABA, receptor, to the point
that benzodiazepines, prototypic man-tailored ligands of this receptor, also modulate GABA-
activated currents in ELIC[8].

The first crystal structure of an anion-selective glutamate-gated chloride channel, GluCl,
from a metazoan (the planarian worm Caenorhabditis elegans) was solved by X-ray diffraction
at a resolution of 3.3 A [22]. The dimensions of this eukaryotic channel appear to correspond to
an open conformer, similar to that of the prokaryotic homologue GLIC [7, 10]. In addition to the
GluCl, the collection of high resolution X-ray crystallographic data on pLGIC and homologous
proteins like the acetylcholine binding protein, AChBP (reviewed in [23]), has recently grown
with the incorporation of the human GABA4 receptor B3 subunit homopentamer [24], the
mouse 5-HT3 receptor A subunit homopentamer [25], a chimaeric al glycine receptor-GLIC
protein coined “Lily”and the glycine receptor al subunit in complex with strychnine, glycine or
ivermectin (solved by cryoelectron microscopy at resolutions of 3.8-3.9 A)[26]. The

pharmacological implications of the crystallographic data have recently been reviewed [27].

2. Evolutionarily conserved three-ring design in pLGIC TM architecture



Various topographical regions have been distinguished in the eukaryotic pLGIC
macromolecules: an extracellular domain exposed to the synaptic gap, a TM region composed
of hydrophobic segments having 20—30 amino acids each, and the cytoplasmic domain made up
of loops linking the TM segments [28]. All members of the pLGIC share a conserved overall
architecture, with five identical or homologous subunits symmetrically arranged around a
central ion channel (Figure 1). But as recently reviewed [3], there is more that has been
conserved: in addition to the oligomeric organization of the pentamer, observation of their
structures reveals a concentrically layered topology of the TM region, as early gained from the
cryoelectron microscopy experiments of Unwin and coworkers on the nAChR [29-31], currently
reaching a resolution of ~4 A [32]. The early data already revealed hitherto unknown features
of the membrane-embedded domains. One such feature is the arrangement of the TM region in
three coaxial rings [3, 33]: (i) the narrow inner ring exclusively made up of five TM2 segments,
constituting the walls of the nAChR ion pore. This inner ring has no contact with the membrane
bilayer lipid since its outer rim is shielded by the middle ring; (ii) the middle ring, formed by 10
helices from the TM1 and TM3 segments. This middle ring is separated from the inner five-
member ring of TM2s, and its outer face is exposed to lipids and also to (iii) the outermost ring,
which consists of five TM4 segments. Although the proton-gated ion channel GLIC shares only
20% amino acid identity with the homomeric a7 neuronal nAChR [9], both share the same
three-ring motif present in the TM region of all pLGIC known to date (Figure 2). The latter
feature is clearly observed in the X-ray structure of GLIC [10, 34] as well as in that of its

orthologue, the ELIC protein from Erwinia chrysanthemi, also resolved by X-ray diffraction at a



resolution of 3.3 A, which exhibits only 16% sequence identity with the nAChR [34]. Yet, the
crystal structure of ELIC, the first pLGIC high-resolution structure solved by X-ray diffraction
techniques, clearly shows the three concentric ring motif in the TM region [35]. Not
surprisingly, the 3-ring architecture is conserved in all eukaryotic nAChRs, GABAA, GABA, GluCl
and 5-HT; receptors [33]. When we noted an identical design in the bacterial homologues GLIC

and ELIC, the finding came as a total surprise [36, 37].

3. Shared phospholipid and lipophilic ligand (e.g. general anesthetic) sites in pLGIC TM rings
General anesthetics are known to be positive allosteric modulators of some members of
the eukaryotic pLGIC, the GABA, or glycine receptors [38], whereas they exert the opposite
effect, i.e. negative allosteric modulation, on the nAChR [39] and on the prokaryotic pLGIC, GLIC
[40]. In general, small volatile general anesthetics like halothane exhibit multiple sites in pLGIC.
Halothane binds to both intra- and inter-subunit sites in the muscle-type and in the neuronal-
type a4B2 nAChR [41]. Fluorescence quenching by halothane of intrinsic Trp fluorescence
helped to define the binding site of this anesthetic on the bacterial homologue GLIC [42].
Cannabinoids, which exert analgesic effects via glycine receptors, appear to establish direct
contacts at a cavity in the TM region of the protein, involving the lipid-exposed residue Ser296
in the TM3 middle ring and surrounding lipids, as suggested by solution NMR experiments [43].
Similarly, when studied by X-ray diffraction techniques, the general anesthetic molecules
propofol and desfluorane were found to bind to GLIC at sites located at the TM-lipid interface,

close to the surface of the extracellular membrane hemilayer. The sites are also cavities,



accessible from the lipid bilayer, and preexisting in the anesthetic-free, apo-form of the
bacterial protein [44]. In the crystal structure, propofol lies closer to the entrance of the
general-anesthetic cavity and competes for occupancy with the phospholipid molecule seen in
the apo- and desflurane structures lying in the crevice between TM1 and TM4: the lipid
“guarding” the entrace of the cavity is displaced in the propofol-bound structure.

Well-defined densities are observed in the grooves between the TM4 outer ring and the
TM1-TM3 middle ring in the crystal structure of GLIC, surrounding the protein like a belt, with
the five TM4 segments wedged in between and interrupting the continuity of the boundary[10].
The densities lie close to residues that are photoaffinity labelled by hydrophobic probes in
Torpedo nAChR [45-47]. The densities in GLIC correspond to endogenous glycerophospholipids
present in the native membrane where the protein is inserted, and not to exogenous lipids
added in the purification/crystallization steps [10]. The finding of tightly-bound lipids in a pLGIC,
early disclosed by electron-spin resonance (ESR) experiments with Torpedo nAChR[48]
constitutes the first direct experimental observation of the protein-vicinal lipid or lipid belt
region in a channel protein. Nury and coworkers suggested that the alteration of GLIC-
phospholipid interactions caused by binding of the general anesthetic molecules might
contribute to functional inhibition by competing with endogenous allosteric modulators [44]:
phospholipids in the case of GLIC, or phospholipids, cholesterol, neurosteroids or fatty acids in
the case of eukaryotic pLGIC. In fact, an intra-subunit cavity similar to that found in GLIC

appears to be present in the Torpedo nAChR TM domain [49].



In the prokaryotic channel ELIC, general anesthetics bind more promiscuously to
multiple sites. One site is located at the ion channel proper and is presumably responsible for
the non-competitive type of blockage that general anesthetics exert on ELIC and other ion
channels [50]. The second site is present at the TM region in a crevice formed at the interface
between two subunits. The walls of the crevice are formed by the middle (TM1) and outer
(TM4) rings of one subunit and the middle ring (TM3) of another subunit. General anesthetics
may thus compete with endogenous lipids not only in the case of GLIC but also in ELIC. In the
latter case, given the functional similarities with the GABA, receptors, competition may be
established with cholesterol or with neurosteroids [51-53]. Using molecular modeling
simulations, changes in the lipid cavities caused by motions of TM2 and TM3 were also
reported [44], suggesting that the shape and volume of the cavity are coupled to channel
gating. The observation of changes in the shape of the lipid cavities upon binding of the general
anesthetic propofol was also recently reported by Gosh et al. [54] for GLIC.

The nematode C. elegans does not biosynthesize but does require cholesterol [55]. The
worm harbors an anion-selective glutamate-activated chloride channel (GluCl) that is an
important member of the rapid pLGIC superfamily present in neurons and a target of
pharmacologically diverse compounds such as barbiturates, benzodiazepines, volatile
anesthetics, alcohols and strychnine. The structure of the channel was first resolved in a co-
crystal with the antiparasitic drug ivermectin[56]. A subsequent crystallographic study revealed
the presence of the phospholipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) at a

cavity within the membrane-embedded region of the protein. The lipid site, found at the



interface between two different subunits, was flanked by the TM1 helix from one subunit and
the TM3 helix from an adjacent subunit, and delimited by one amino acid at the outer surface
of TM2 at its deepest level [57] (Figure 3). Molecular dynamics simulations also identified the
phospholipid pocket as an inter-subunit crevice transiently occupied by, on average, four lipid
molecules per pentamer [58]. Interestingly, the phospholipid site at the protein—lipid interface
extensively overlaps with the binding site of ivermectin, and has been proposed to correspond
to the site used by several other lipophilic molecules in pLGIC, such as steroids in the GABA,
receptor [52, 59] or cholesterol in the nAChR [60, 61]. In fact the recent work of Hénin and
coworkers on cholesterol sites in another pLGIC, GABA,, places the cyclohexanol ring of
cholesterol in the position of the six-membered ring of the benzofuran moiety of ivermectin
[59]. Further proof of the commonality of these sites across the pLGIC superfamily is the
observation that ivermectin behaves as a positive allosteric modulator of the a7-type neuronal

NAChR [62]. This type of compound binds to nAChR TM regions.

4. Lipid sensing, the role of the outermost TM4 ring, is another evolutionarily conserved trait
With the aim of learning about the gating kinetics of nAChR, molecular dynamics
simulations were conducted on the entire TM region of the receptor in a hydrated lipid bilayer

[63]. An unexpected outcome of the work was the finding that the most external TM4 ring
undergoes substantial motions in the time window explored, extensively alternating between
contact with the lipids surrounding its outside boundaries and with the middle ring (TM1-TM3)

helix bundle inside its perimeter. The data led us to explicitly suggest: “the outer ring of TM4
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acts as the vehicle to transfer the influences of the lipid surroundings to the conformational
changes of the whole channel” [63]. We further expanded that this ability of the TM4 ring
provided a foundation for the effect of mutations in aTM4, BTM4 and yTM4 on channel
function, and for the influence of the lipid environment on the stability of nAChR functional
states, as well as on how several pharmacologically relevant ligands that partition in the lipid
bilayer affect NnAChR channel function [63, 64]. Electrophysiological studies of Auerbach and his
group [65] pointed to the extensive motions of TM4 in the course of nAChR gating.

If lipids in contact with the outermost perimeter of the nAChR exert influence on
channel gating, governed by the relatively distant ion permeation pathway lined by the inner
ring of TM2s residues, mutations of amino acids in the TM4 lipid-sensing region should affect
the TM4-TM2 functional coupling. Furthermore, in order to sustain the hypothesis that the
TM4 is the locus of a phylogenetically maintained lipid-sensing function, this should be
conserved along evolution. Both premises appear to be the case. Firstly, a wealth of
electrophysiological studies show that nAChRs mutated in the outer TM4 ring exhibit changes in
channel kinetics, the rate of the transitions between channel states being most affected[66-74].
These mutations in the TM4 region of the eukaryotic nAChR are similarly observed in
prokaryotic pLGIC. Recent alanine-scanning mutagenesis of residues on either the protein-
facing or the lipid-facing surfaces of TM4 in GLIC and ELIC showed altered EC50 values for
channel activation [75]. TM4 mutations in GLIC led to loss of function, whereas in ELIC they
typically led to gain-of-function phenotypes. The latter was interpreted by the cited authors to

suggest that, unlike GLIC, TM4 and/or the interactions between TM4 and TM1-TM3 in ELIC are
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not optimized for channel gating. Furthermore, deletion of aromatic residues at the interface
region between TM4 and the TM1-TM3 in GLIC reduces the interaction between the two rings,
affecting the normal assembly of the pentamer [76]. More recent work provides additional
evidence that mutations in the TM4 region of ELIC and GLIC, which alter the interactions of the
TM4 lipid sensing domain with the TM1-TM3 helix bundle, reduce the crosstalk of TM4 with the
lipid microenvironment [77]. Conversely, engineering new aromatic interactions at the TM4-
TM1/TM3 interface promotes effective interactions between the outer and middle rings [77].
The concept of TM4 acting as a lipid sensor has been extended to assign a functional
role to a region of the nAChR beyond the lipid bilayer, and hence termed “post-M4” [78]. In the
extended hypothesis, residue GIn435, located in the post-M4 extracellular region, interacts with
Phel37, located in the extracellular Cys-loop[78], and thus functionally couples agonist binding
with channel gating. Moreover, the post-M4 region outside the lipid bilayer would also be
subject to lipid modulation, and ineffective coupling would lead to a non-functional,
“uncoupled” state of the channel [78, 79]. Early mutagenesis studies which truncated part of
TMA4, thus effectively shortening its length, were invoked to claim lack of influence of TM4 on
nAChR channel function [80], a statement which is currently overturned by the wealth of
information on the involvement of TM4 in channel activity. It has also been argued that the
post-M4 C-term domain in bacterial homologues of pLGIC is too short to reach the B6-B7 loop
in the extracellular domain, and that the shorter TM4 length would preclude its involvement in
the extracellular-TM coupling [78, 79]. These authors further speculate that the emergence of

lipid sensitivity coincided with the increasing demands of an evolving nervous system. Here we
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argue that lipid sensitivity had already emerged in unicellular prokaryotic species much earlier
than the appearance of the nervous system. Cumulatively, the data provide strong support to
the hypothesis that the alternating crosstalk of TM4 with its surrounding lipids outside, or the
TM1-TM3 bundle inside, coupled the lipid sensing region with the ion permeation domain of
pLGIC, giving rise to the lipid sensing hypothesis [63] -which appears to be conserved in

prokaryotic and eukaryotic pLGIC.

5. Cholesterol motifs are conserved among prokaryotic and eukaryotic pLGIC

Photoaffinity labeling techniques have been the experimental choice in the search for
cholesterol binding sites on the nAChR protein. Early experiments aimed at the labeling of
individual subunits [81, 82]. A decade later photoactivatable cholesterol analogues were used
to dissect subunit labeling into individual TM segment labeling [83, 84]. The most recent work
along these lines [85] confirmed the occurrence of sterol-recognition sites in the TM4, TM3,
and TM1 segments of each subunit, fully overlapping the lipid-exposed rings of the nAChR. The
TM4 segment showed the most extensive labelling with the cholesterol analogues.
Incorporation of azido-cholesterol in aTM4 occurred in amino acid residues that lie in a rather
shallow region of the membrane. Using fluorescence quenching techniques, sterol sites were
also identified in all NAChRs TM segments, and their depth in the membrane bilayer was also
found to be close to the polar head region [86].

Early ESR experiments revealed that steroid spin label androstanol displayed affinity for

the immediate perimeter of the nAChR protein [48]. The interaction was also characterized in
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terms of selectivity and stoichiometry [87-91]. A total number of about 15 cholesterol
molecules were calculated to be bound to the outer perimeter of the nAChR [92]. In silico
studies of the nAChR in the presence or absence of cholesterol revealed multiple cholesterol
binding sites [61], some of which correspond to non-annular cavities located between the TM
a-helices, deeply buried in the protein, and others to those located at the nAChR-lipid interface
identified by photoaffinity labelling, fluorescence and ESR techniques (reviewed in [60]).
Cholesterol-recognition motifs have been identified in the TM region of all nAChR proteins
using an algorithm which we coined “CARC”: (K/R)-X1-5-(Y/F)-X1-5-(L/V) from the N-term
ending to the C-term ending [93]. The CARC consensus domain (Figure 4) was found not only in
all nAChRs but also in all eukaryotic and prokaryotic members of the pLGIC, as well as in other
TM proteins such as the GPCR superfamily [93, 94].

The CARC motif was originally identified in the TM domains of the nAChR protein [93],
basically as a reverse version of the previously characterized CRAC algorithm (L/V)-X1-5-(F)-X1-
5)-(K/R) [95]. It has since been found in a broad range of cholesterol-binding proteins, including
some membrane receptors [94, 96]. Although covalent cross-linking with a radiolabeled
cholesterol derivative has experimentally demonstrated the existence of cholesterol-binding
sites in the TM domains of Torpedo nAChR [97], the membrane-spanning regions of nAChRs
from various species do not display CRAC domains. Instead, we found a series of inverse CRAC
motifs —CARC motifs- in the terminal part of the TM domains that appeared to be appropriately
positioned to interact with cholesterol. In fact there are some CRAC motifs in the nAChR, but

not in TM domains [93]. This situation perfectly illustrates a common caveat of the CRAC
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definition: the motif can be found in proteins that do not interact with cholesterol or in specific
protein regions for which an interaction with cholesterol is unlikely [98-100]. In contrast, single
mutations in the CRAC domain of various cholesterol-binding proteins have been found to
significantly affect or even abolish cholesterol binding or cholesterol-dependent functions [95,
99, 100]. For instance, the large conductance Ca’*-and voltage-gated K*(BK) channel displays
several CRAC domains whose integrity is mandatory for proper cholesterol modulation of
channel functions [101]. Convergent results were obtained through site-directed mutations of
functional CRAC domains in several proteins, including ATP-gated cation channels [102], GPCRs
[103], the glucose transporter GLUT-1 [104] or the major peripheral myelin protein [105]. In
most cases, molecular modeling studies comparing wild-type and mutant proteins support the
view that cholesterol could bind to these CRAC domains and that the mutations which affect

cholesterol-dependent properties impair cholesterol binding [106].

A similar rule applies for the CARC domain. For instance the TRVP1 ion channel displays
a linear motif [579-RFMFEVYL-585] which has been erroneously considered as “CRAC” by Picazo-
Judrez et al. [107] but is actually a typical CARC domain. This case is particularly interesting
because there are two human TRVP1 variants which differ by one amino acid in this CARC
domain. The one with a native CARC [579-RFMEVYL-585] is inhibited by cholesterol. The second
one, which has an lle residue instead of Leu at position 585 [579-RFMFVYI-585] is not
cholesterol-sensitive. Moreover, mutations of either R-579 or F-582 in the CARC domain of rat
TRVP1 abrogated cholesterol-dependent properties of the channel. On the basis of

electrophysiological and molecular modeling data, the authors concluded that all three amino
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acid residues that define the CARC motif (R-579, F-582 and L-585) are part of a functional
cholesterol-binding domain [107]. In line with these findings, recent experimental data have
shown that a synthetic peptide derived from the 4th TM domain of the nAChR y subunit, which
possesses a characteristic CARC domain, binds cholesterol with high affinity [108]. Replacing
the central aromatic amino acid of this CARC domain with an alanine residue (F-452/A mutant)
strongly affected the insertion of this peptide in cholesterol monolayers. Furthermore, nuclear
magnetic resonance studies with reconstituted phosphatidylcholine bilayers with or without
cholesterol confirmed the capacity of the CARC motif to functionally interact with cholesterol.

Finally, the CARC-cholesterol interaction proved to be both lipid-specific and saturable [108].

Taken together, these data support the notion that the presence of a CARC (or a CRAC)
motif within a TM domain is consistent with a specific interaction with cholesterol. Whether
cholesterol binding actually occurs may depend on the availability of cholesterol around the TM
domain. Both CARC and CRAC are vectorial motifs displaying a basic amino acid (Lys or Arg) at
one terminus and a branched aliphatic one (Leu or Val) at the opposite end. This specific
topology implies that the basic residue is located near the polar/apolar interface of the TM
domain, in either the inner or the outer leaflet of the plasma membrane [94, 108]. Because of
their apolar nature, the remaining residues of CARC and CRAC (i.e., Y/F and L/V) are frequently
found in TM domains. In this respect, the predictive value of CARC and CRAC algorithms
appears to be most accurate when those motifs are found in TM domains [106]. The situation
may be different for globular proteins because in these cases a significant part of the motif

could be buried in the apolar core of the protein and thus not accessible to any ligand. This
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caveat may explain the poor reliability of the CRAC algorithm for the detection of cholesterol-

binding sites outside TM domains [94].

The strategies developed for identifying cholesterol-binding sites in ion channels has
already led to remarkable findings, as is the case with the GABA4 receptor. This receptor is one
of the main targets of endogenous neurosteroids [52, 53]. Cholesterol sites have been recently
postulated at the TM surface of the human GABAAR using the X-ray coordinates of the
glutamate-gated GluCl from C. elegans as a template [59] and a combination of several
molecular modelling approaches, one of them based on the analogy with the crystallographic
structure of the ivermectin-GluCl complex [22].

The presence of cholesterol-binding domains in organisms that do not synthesize
cholesterol is, at first sight, quite puzzling. Indeed, this finding raises a series of unresolved
guestions: are these domains functional for binding lipids? And if so, which lipids? Could
modern sterols bind to these ancient domains? Resolving these issues will fill a gap in our

comprehension of lipid-protein co-evolution over several billion years.

6. Evolutionary sterol chemotaxonomy: from sterol surrogates in ancient bacteria to
cholesterol in eukaryotes

All eukaryotes exhibit a requirement for sterols, a diverse class of triterpenoid lipids
[109, 110]. Sterols serve important functions in cells, ranging from structural building blocks of
cell membranes to developmental regulators and precursors of steroid hormones, bile acids,
and vitamin D in metazoa. Cholesterol, the key sterol in eukaryotic membranes, is absent from

prokaryotes [111]. However, the hopanoids, a class of pentacyclic triterpenoid lipids with a five-
17



membered E-ring derived from squalene (Figure 5), appear to play similar roles in bacterial
membranes [112]. As such, they are considered the prokaryotic predecessor of eukaryotic
sterols [112-114], and therefore referred to as biohopanoids.

The widespread use of nucleic acid sequencing has enabled the bacterial species that
synthesize hopanoids to be clearly identified. Approximately 10% of all sequenced bacterial
genomes contain genes coding for hopanoid biosynthetic enzymes, the majority being found in
cyanobacteria, acetobacters, ethylotrophs and purple nonsulfur bacteria. Most importantly, the
gene coding for squalene-hopene cyclase is present in the genome of Gloeobacter violaceus
[115]. This enzyme catalyzes the conversion of squalene into the pentacyclic triterpenes that
form the hopane backbone [116]. In contrast, enterobacteria do not appear to express enzymes
involved in hopanoid synthesis [117].

Bloch [118] clearly summarized sterol synthesis in relation to evolution: “sterol synthesis
occurs in two stages; one, the anaerobic phase terminates with squalene, the acyclic sterol
precursor; during the second, aerobic phase, squalene is oxygenated, cyclized, and the
tetracyclic product lanosterol modified oxidatively to yield eventually cholesterol or related
sterols” and further on: “..It is therefore tempting to argue that the sterol pathway, although it
began in some prokaryotic cells, was fully developed only by eukaryotes”. Hopanoids are
products of the mevalonate pathway, but do not require O, for their synthesis [119]. As a
result, they lack the 3B-hydroxyl group of sterols [120]. Nes [121] was among the first to think
about the key appearance of sterol biosynthetic enzymatic pathways along phylogeny, pointing

to the A**-reduction-alkylation pathway bifurcation as a key landmark in the evolutionary
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differentiation of the animal from the plant kingdom. Rohmer et al. [122] have discussed the
plausible phylogenetic evolution from hopanoids (pentacyclic triterpenoids) to sterols
(tetracyclic triterpenoids); both are cyclization products of squalene, albeit hopanoids are
cyclized through a simpler mechanism, via the squalene-hopene cyclases. These cyclases, which
produce hopanoids from squalene and sterols and pentacyclic triterpenoids from
oxidosqualene, are closely related and clearly reflect evolutionary changes in the sterol
biosynthetic pathway over time [123, 124]. The cyclization reaction product is a ternary cation
[125] that is subsequently deprotonated to obtain the simplest hopanoid, i.e. diploptene
[126]. Lipid analysis of a broad range of bacteria has revealed that the most common hopanoids
are diploptene, diplopterol and Css bacteriohopanetetrol [113] (Figure 5). Diplopterol is
obtained by hydration of the cyclization product, whereas C3s needs a polyfunctionalized side

chain whose backbone is derived from a ribosugar [127, 128].

7. Hopanoids, proton gradients and pLGIC function

An intriguing function that has been attributed to bacterial hopanoids is a potential role
in the adjustment of cell membrane permeability in adaptation to extreme environmental
conditions. Since cell membranes maintain proton electrochemical gradients as energy
transducers, proton leakage constitutes a waste of energy. It has been speculated that
hopanoids fulfill a unique role in acidophile membrane structure, namely the prevention of
inward leakage of protons[129]. Alkaliphile bacteria synthesize the polyisoprene squalene, a

critical precursor of cholesterol in higher organisms [130]. Neutrophile bacteria do not usually
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synthesize isoprenes, although tetracyclic isoprenoids, referred to as “sporulenes”, have been
identified in Bacillus subtilis spores [131]. Squalene synthesis increases with increasing pH of
the culture medium. At high pH, isoprenes constitute over 40 mol% of the lipids, of which 10-
11% is squalene. Hauss et al. [132] speculate that squalene acts as a proton permeability barrier
to impede proton leakage through prokaryotic membranes. B. cenocepacia is a bacterium of
importance in human pathology, causing opportunistic infections in cystic fibrosis patients and
other immune-compromised individuals. Deletion of the gene coding for the squalene-hopene
cyclase in B. cenocepacia halts hopanoids biosynthesis, resulting in altered motility and, in
particular, low pH tolerance, and membrane damage at low pH conditions [133]. Similarly,
mutation of squalene-hopene cyclase in Rhodopseudomonas palustris, resulting in the inability
to produce hopanoids, has been associated with sensitivity to low pH [134]. Hopanoid
biosynthesis is apparently not needed at neutral pH [133]. Bacteria employ transporters and
efflux pumps to move protons in and out of their cytoplasm, and this ability appears to be
correlated with their hopanoid content. Acidophile bacteria have the largest concentrations of
hopanoids, almost exclusively in membranes holding large proton gradients [129, 132, 135]. It is
therefore conceivable that in G. violaceus, the cyanobacterium harboring GLIC, the pLGIC gating
cation permeation upon lowering the extracellular pH, is subjected to similar hopanoid
modulatory mechanisms for stabilizing and regulating membrane fluidity and permeability
under conditions of extreme proton gradients. In the last part of this review we will attempt to

address how these evolutionary distant lipids interact with structurally conserved ion channels.
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8. Hopanoids vs. cholesterol: what chemical structures reveal

The chemical formulae of cholesterol and diploptene are shown in Figure 6. Both lipids
are polycyclic compounds that share a common typical triad of 6-carbon rings (numbered |, Il
and lll or A, B and C). Since diploptene lacks the -OH group of cholesterol, it cannot be oriented
in a membrane like an amphipathic molecule. Instead, the common ring triad can be used as a
topological reference for superimposing diploptene onto the cholesterol structure (Figure 6).
This geometry exercise reveals some interesting features, in particular the fact that both lipids
occupy approximately the same volume; in fact they can be included in a 6 A diameter cylinder,
with a length of 17 A for cholesterol and 15 A for diploptene. These molecular dimensions,
which were deduced from energy-minimized structures [94, 136], are consistent with those
initially published by Rohmer et al. [122], although the refined models obtained by molecular
dynamics simulations are slightly more condensed than the extended theoretical formulas used

by these authors.

At first glance, cholesterol could be considered as a hopanoid-derived compound
displaying two specific chemical groups located at each end of the molecule, i.e. a polar -OH
group and a branched aliphatic chain CH-(CHs),. However, there is an important feature that
should not be overlooked when comparing the 3D structure of cholesterol and diploptene
(Figure 7). In the case of cholesterol, all the aliphatic groups (methyl and iso-octyl) linked to the
ring structure are located on the same face, referred to as the B-face according to the
nomenclature of cyclic compounds[137]. This unique topology creates a “rough” surface [136].

In contrast, the a-face of cholesterol is “smooth” because it consists exclusively of CH bonds.
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This dissymmetry is consistent with the formation of a ternary complex in which the beta face
of cholesterol interacts with a TM domain belonging to a channel and the alpha face with a
sphingolipid belonging to a raft domain [136]. In the case of diploptene, both faces are rough
because its methyl groups protrude equally from each side of the ring backbone (Figure 7).
Thus, although diploptene might well be accommodated on the TM domains of eukaryotic ion
channels and exert a functional condensing effect on these membrane-spanning domains, it
would not be particularly well suited for an interaction with “more modern” lipids such as raft-
forming sphingolipids [106]. In this respect, one could consider that an important consequence
of the diploptene/cholesterol substitution in eukaryotic membranes is the possibility to form

functional ternary complexes involving a TM domain, a sphingolipid and a polycyclic lipid.

Both diplopterol and Css bacteriohopanetetrol are built on the same hopane structure
as diploptene (Figure 5). Therefore, all the structural properties discussed above for diploptene
also apply for these hopanoids. However, in marked contrast with the neutral diploptene
molecule, diplopterol and C3s bacteriohopanetetrol display -OH groups (one and four groups,
respectively). One might assume that the presence of such -OH groups linked to the hopane
backbone would render these bacterial lipids more “cholesterol-like” than diploptene. This
would make sense if the -OH groups were linked to the first ring of the hopane backbone, in a
“cholesterol-like” topology. However, examination of the chemical structures in Figure 5 shows
that this is clearly not the case. In both diplopterol and Css hopanoids, the -OH groups are
linked to a chemical group attached to the 5t ring of hopane. If we consider that hydroxylated

hopanoids have a “cholesterol-like” orientation in a biological membrane, which is highly

22



|II

probable from a physicochemical point of view, we obtain a striking “anti-cholesterol” effect in
terms of molecular flexibility. Indeed, in cholesterol the -OH group is linked to the more rigid
part of the molecule, i.e. the first ring of sterane. The mobility of this -OH group is particularly
restricted because it is often fixed by a hydrogen bond formed with a vicinal lipid or protein.
This “freezing” is compensated by the conformational flexibility of the iso-octyl chain that can
optimally adapt its shape to the apolar environment provided by lipid acyl chains of TM
domains of proteins. If we apply this reasoning to diplopterol and C3s hopanoids, we can see
that in this case the “freezing” may occur at both ends of the lipid, i.e. the -OH group(s)
potentially involved in a hydrogen bond network, and in the hopane backbone deeply
embedded in the apolar phase of the membrane. In conclusion, although all three hopanoids
may induce a common “cholesterol-like” ordering effect on bacterial membranes [112], there
are crucial traits of hopanoid molecules that may reflect i) specific capabilities for molecular
interactions with vicinal membrane components, and ii) some obvious evolutionary limitation
due to the restricted flexibility of the apolar parts of these lipids. In this respect, it is interesting

to find that the evolutionary jump from hopanoids to sterols follows robust physicochemical

and biochemical rules.

9. Co-evolution of lipid sites and pLGIC

Gloeobacter violaceus constitutes a unique bacterium: it is the only known oxygenic
organism that lacks intracellular thylakoid membranes. G. violaceus evolved before the
appearance of thylakoids and instead harbors the photosynthetic complexes in its single plasma

membrane[138]. Besides this singularity, what makes G. violaceous particularly interesting in
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the context of our current hypothesis are three sets of interrelated data: 1) G. violaceus is a
hopanoid-producing cyanobacterium [115]; 2) it exhibits lateral membrane heterogeneity
[138], one of the common structural features involving sterols or hopanoids for modulating
membrane order [139] and 3) its plasma membrane generates a proton gradient and harbors
GLIC, one of only two prokaryotic pLGICs crystallized and analyzed by X-ray diffraction to date
[9-11]. Cyanobacteria engage in oxygenic photosynthesis; accordingly, the occurrence of
hopanoids in 2.7 billion-year-old sediments was taken as evidence that photosynthetically
derived O, first appeared on Earth at least that long ago. The appearance of cyanobacteria
preceded the so-called Great Oxygenation event (GOE) by several hundred million years [123,
140], and G. violaceus is a unique early-branching member from the cyanobacterium clad,
probably as old as the original progenitor bacterium. This is not too distant from the emergence
of the ancestral proto-channel -the “mother of all channels”- on planet Earth [141].

It has been surmised that the emergence of sterol-like ordering was likely a critical step
in the evolution of biological membranes, providing the means to modulate their
physicochemical status —fluidity in particular- and to organize them into functionally distinct
lateral domains. Kannenberg et al. [142] early pointed out that hopanoids “condensed”
bacterial membranes. Sdenz et al. [112, 139] have recently provided evidence showing that
from a physicochemical point of view hopanoids behave in bacteria as sterols do in eukaryotes,
with the ability to order saturated lipids and to form a laterally segregated liquid-ordered phase
(Lo) in model membranes. These properties led these authors to propose that all membrane

polycyclic isoprenoids share a common, conserved feature along the evolutionary scale. The
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presence of C,7-C3q steranes in 2,700 million-year-old Australian rocks was initially suggested to
mark the emergence of eukaryotic cells on Earth [143], but this dating has been recently
challenged due to probable surface contamination of Archean rocks by hydrocarbon
biomarkers [144]. Others trace this crucial transition in macroevolution to 2,100-1,800 million
years ago [145]. In fact, the oldest fossil evidence is ca. 2,150 million years old for cyanobacteria
and 1,780-1,680 million years old for eukaryotes [140]. The rare steroid 24-
isopropylcholestane constitutes a more recent molecular clock found in pre-Ediacaran to Early
Cambrian sedimentary rocks, also present in the Animal Kingdom in unicellular sponges [146].
G. violaceous and E. chrysantemii do not possess cholesterol. However, GLIC and ELIC,
the two pLGIC proteins of prokaryotic origin so far identified in these two bacteria, possess
cholesterol-recognition consensus motifs in their membrane-embedded region, sharing this
evolutionarily conserved structural feature with all the other members of the eukaryotic pLGIC
[93], reviewed in ref. [94]. The presence of such domains in bacteria is puzzling. Do they
mediate the interaction of non-annular lipids with prokaryotic ion channels? If this hypothesis
proved to be correct, then we are facing a fascinating case of lipid-protein co-evolution that has
arisen very early in the evolution of living organisms. It is assumed that the three domains of
Bacteria, Archaea and Eukaryota derive from a primeval cell, probably a hyper-thermophilic
“last universal common ancestor” [123]. Others have hypothesized that this ancestor is a non-
thermophilic proto-eukaryote from which Archaea and Bacteria emerged by reductive
evolution [147]. The evolution of lipid biosynthetic pathways appears to have followed similar

steps. Recent studies suggest that the capacity to synthesize hopanoid was likely horizontally
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transferred from the Alphaproteobacteria into the Cyanobacteria after the Cyanobacteria's
major divergences [148]. Ricci et al. [148] further suggest that the ancestral function of
hopanoids was not related to oxygenic photosynthesis but instead to a trait already present in
the Alphaproteobacteria, thought to be ancestrally aerobic, leading these authors to infer that
hopanoids arose after the oxygenation of the atmosphere. Tasneem et al. [4] speculated that
the phyletic patterns and phylogenetic relationships suggest the possibility that the metazoan
pLGIC emerged through an early lateral transfer from a prokaryotic source, before the
divergence of extant metazoan lineages. It is thus likely that lateral transfer of genes also
involved concomitant changes in TM proteins involved in signal transduction —receptors and
channels in particular-, as some evidence on the evolution of TM proteins’ extracellular
domains driven by changes in molecular oxygen suggest [149]. These evolutionary changes in
receptors and channels may have also been contemporary with the acquisition of motifs for
sterol-like molecules on their bilayer lipid-exposed surfaces, to ensure structural stability in the
membrane environment, a trait which apparently entailed a clear gain-of-function, the proof of
which lies in the striking conservation in pLGIC along evolution. Nevertheless, one important
issue remains to be resolved to demonstrate that this trait is not coincidental: can hopanoids

bind to bacterial channels?

10. Hopanoid binding to bacterial channels: what in silico studies reveal

Hopanoids have long been considered as sterol surrogates in living organisms that do

not express cholesterol. In this respect, the presence of cholesterol-binding motifs in bacterial
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channels raises the possibility that hopanoids are able to physically interact with these
channels, a hypothesis which remains to be confirmed by appropriate physicochemical
approaches. Meanwhile, in silico approaches could help identify membrane-spanning domains
that sustain hopanoid binding. For instance, a potential region to study is the 234-245 segment
of the 1° TM domain of GLIC (Uniprot entry Q7NDNS8), which fulfills the criteria of the CARC
algorithm: 234-RQYFSYIPNIIL-245 (alternatively numbered 192-203 if we take into account the
cleavage of the signal peptide). Interestingly, this region in the GLIC protein is involved in the
binding of the general anesthetic propofol [44]. It has been suggested that the mechanism of
anesthetic action could locally affect the organization of lipid domains through specific effects
on protein-lipid coupled systems[150]. Moreover, in silico approaches revealed that propofol
has a cholesterol-like ordering effect on phosphatidylcholine in the fluid phase [151]. Thus, the
co-localization of the propofol and the potential hopanoid binding sites within a conserved
CARC motif is in full agreement with the notion that hopanoids could stabilize bilayer-exposed

regions of pLGIC through a general membrane-ordering effect.

Docking of diploptene onto this CARC domain further supports the notion that hopanoid
may bind to GLIC. The binding site identified in this study involves Arg-192, Tyr-197, lle-201 and
lle-202, with a predicted energy of interaction of -42.7 kJ/mol (Figure 8A). Interestingly, the first
cycle of diploptene interacts with the apolar part of the arginine side chain, i.e. the methylene
groups. As expected, there is no possibility of interaction between hopanoid and the charged
guanidinium group. This point is perfectly illustrated by the fact that the position of the lateral

side chain of Arg-192 remained virtually unchanged during several nanoseconds of simulations.
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Fitting this CARC-diploptene complex with the structure of the whole GLIC channel shed some
light on the hopanoid-channel interaction. Indeed, the hopanoid appeared to occupy an
internal cavity formed by the TM helices of each channel subunit (Figure 8A). This type of
interaction, which involves several TM domains, is consistent with the presence of spiking

methyl groups on each side of the hopanoid, as discussed above (Figure 7).

Since the CARC motif of this prokaryotic channel existed long before cholesterol ever
appeared on earth, it was especially interesting to assess whether cholesterol could bind to this
motif as diploptene does. To explore this possibility, we replaced the diploptene molecule
bound to the GLIC structure with cholesterol and performed a series of molecular dynamics
simulations of the GLIC/cholesterol system (Figure 8B). Overall, we found that cholesterol could
perfectly interact with the CARC motif of GLIC. Most importantly, the -OH group of the sterol
comes closer to the guanidinium group so that the energy of interaction rose to -53.9 kJ/mol.
The snapshots of the complex during the simulation process clearly indicate that the side chain
of Arg-192 is progressively re-oriented so that it eventually faces the -OH group of cholesterol.
Moreover, the iso-octyl chain of cholesterol also improves the interaction with lle-202, which
further contributes to raise the energy of interaction of the cholesterol/GLIC complex. Overall,
these considerations raise the intriguing possibility that the CARC motif has been in fact
primarily "designed" for hopanoids and that evolution has subsequently used this domain for
sterol binding. In other words, what worked with hopanoids worked even better for cholesterol

and this might explain why such sequences are conserved.
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Finally, we would like to comment further on the respective topologies of
CARC/cholesterol and CARC/hopanoid complexes. Due to its amphipathic structure, cholesterol
is bound to the domain at the polar-apolar interface of the membrane. We have previously
shown that the -OH/e-NHs" interaction between cholesterol and the first basic residue of CARC
is at the basis of this phenomenon [93]. Diploptene lacks such an -OH group, but may still bind
to the aliphatic chain of those residues which, due to the snorkeling effect of Lys and Arg
residues, are generally buried in the apolar phase of the membrane, whereas the charged ¢-
NHs'group “breathes” at the membrane surface [152, 153]. However, the absence of a polar
head group in the hopanoid is clearly a severe drawback, because diploptene could otherwise
penetrate more deeply into the apolar phase of the membrane, where it might still interact
with the aromatic and aliphatic signature amino acids of the CARC motif. One could challenge
this hypothesis by arguing that two other important hopanoids, diplopterol and C35
bacteriohopanetetrol, have -OH groups. However, as discussed above, these -OH groups are
linked to chemical groups on the 5t ring of hopane, so that they can be considered as
functional surrogates for the -OH group of cholesterol. Overall, these elements indicate that
although the CARC domain appeared first during the evolution of living organisms, and was
initially used for hopanoid binding, it was only after the appearance of cholesterol that it
revealed all its striking functional properties. In other words, the CARC domain is evolutionary
conserved but although it can bind both hopanoids and cholesterol, it fulfills distinct functions

in Prokaryotes and Eukaryotes.
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11. Conclusion and perspectives

Hopanoids found in Archean rocks have been used for decades as unique calibrators
that serve as molecular clocks to count evolutionary times [126]. The biological origin of these
molecules is no longer a matter of debate, even though a considerable time reset has been
required to provide a more accurate estimation of the probable date of appearance of
Eukaryotes on Earth [140]. In parallel, hopanoids were studied for what they are, i.e. a category
of membrane lipids selectively expressed in Prokaryotes. A substantial analogy with the
structure of cholesterol was soon recognized [122] and subsequently substantiated through
appropriate physicochemical approaches [112, 139]. In this review we have suggested and
discussed a third dimension of the striking biological impact and significance of hopanoids. This
new level takes into account the chemical structure of these lipids, a basic property that
controls the manner in which they interact with vicinal membrane components. Until now,
these molecular interactions had received scant attention and one of the goals of this review
was therefore to stimulate further structural research. The evolution of pLGIC from bacteria to
Eukaryotes is analyzed from the perspective of cholesterol-binding domains that might have
initially been designed by Nature to interact with hopanoids, and subsequently evolved to
satisfy the structural requirements of sterols, in a striking protein-lipid co-evolution process
that took place over several hundred million years. We hypothesize that this molecular
evolution pathway is punctuated by two critical milestones, hopanoids and cholesterol, which
we suggest to be molecular clocks in the phylogenetic evolution of pentameric ligand-gated ion

channels.

30



Acknowledgements. Experimental work from our laboratory quoted in this article was
supported by grant PIP No. N° 112-201101-01023 from the National Scientific and
Technical Research Council of Argentina (CONICET). Thanks are due to Dr. C.J. Baier,
from the Institute of Biochemistry in Bahia Blanca for providing Figure 4, and to Dr.
Gordon Love, Dept. of Earth Science, UCR, for clarifying our query on the age of sterol

precursors in geological records.

31



Figure captions

Figure 1: Common structural organization of eukaryotic and prokaryotic pentameric ligand-

gated ion channels.

Two views (top and lateral) of representative examples of the two types of channel are shown.
Alpha-helices are in red, beta strands in blue and coil regions in grey. The structure of Torpedo
nicotinic acetylcholine receptor (nAChR) has been retrieved from PDB # 2BG9 [154]. GLIC, the
pentameric ligand-gated ion channel homologue from the bacteria Gloeobacter violaceus has
been retrieved from PDB # 3EAM [10]. ELIC, the pLGIC from Erwinia chrysanthemi has been

retrieved from PDB # 2YOE [8].

Figure 2: Common three-ring organization of the TM region in eukaryotic and prokaryotic

pentameric ligand-gated ion channels.

The conservation of the three-ring structure from Prokaryotes to Eukaryotes is schematically
depicted. The inner ring is formed by TM2 domains (green) and the outer one by TM4 domains
(red). The middle ring is formed by TM1 and TM3 domains (blue). The structure of Torpedo
nicotinic acetylcholine receptor (an eukaryotic nAChR) has been retrieved from PDB # 2BG9
[154]. The bacterial Gloeobacter violaceus pLGIC homologue (GLIC) has been retrieved from

PDB # 3EAM [10].
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Figure 3: A phospholipid pocket within C. elegans glutamate-activated chloride channel

(Glucl).

A ribbon structure of the whole channel is shown on the left with a phosphatidylcholine
molecule (POPC) in yellow spheres. Alpha-helices are in red, beta strands in blue and coil
regions in grey. POPC lies in a crevice formed by two adjacent subunits (D and E). In particular,
POPC interacts with TM1 of subunit E and TM3 of subunit D. In the TM domains view one can
see that POPC also contacts the outer surface of TM2 in the inner ring. The 3D structure of

GIuCl has been retrieved from PDB # 4TNW [57].

Figure 4: CARC and CRAC, the vectorial cholesterol consensus motifs.

A) Schematic diagram showing the topology of the extracellular loop, the four TM regions and
the TM3-TM4 intracellular loop of the pentameric adult muscle type nAChR, a paradigmatic
member of the pLGIC[1, 3]. The TM domain TM1 is displayed in the lower panel (B) to show the
occurrence of the two vectorial sequences in the five subunits. The CRAC motif is shown in bold
underlined characters and the CARC consensus motif is outlined in yellow with the central Y

residue in bold[93].

Figure 5: Chemical structure of hopanoids.
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A. Diploptene. B. Diplopterol. C. C3s5 tetrahydroxybacteriohopane (also known as
bacteriohopanetetrol). All three hopanoids are shown in the same orientation, with the first
ring of the hopane backbone upside. The rings are numbered from | to V (Roman numerals). D.
Cholesterol. The first ring of the sterane backbone is upside to facilitate the comparison with
hopanoids. E. Comparison of the structure of cholesterol and hydroxylated hopanoids. In this

case, the molecules are oriented with the hydroxyl groups pointing up.

Figure 6: Chemical structures and volume occupancy of cholesterol and diploptene.

Despite significant differences in chemical structure (upper panel), cholesterol and diploptene
occupy roughly the same cylindrical volume (lower panel). This is particularly obvious when

diploptene (in blue) and cholesterol (colored atoms) are superimposed in the same cylinder.

Figure 7: Topological differences between cholesterol and diploptene.

Cholesterol (A) and the hopanoid diploptene (B) have a multi-ring structure (4 rings in
cholesterol and 5 in diploptene, noted A-D and A-E, respectively). However, a most notable
difference is that in the case of cholesterol all the aliphatic groups are on the same face,
whereas they are homogenously distributed over the two surfaces in diploptene. As a
consequence, cholesterol has a dissymmetric topology whereas the hopanoid is almost

symmetrical.



Figure 8: Docking of diploptene and cholesterol on a pLGIC.

Molecular modelling simulations were conducted with the aim of determining whether the
CARC domain of the bacterial Gloeobacter violaceus pLGIC homologue, GLIC, could functionally
interact with diploptene (A) and cholesterol (B). In the case of the hopanoid, a high affinity
complex was obtained after 1 ns of simulations, and this complex remained remarkably stable
after 5 ns (A). The methylene groups of the Arg-192 established a series of van der Waals
interactions with diploptene and the aromatic group of Tyr-197 formed a network of CH-Tt
bonds with the hopanoid. The two residues together accounted for more than 50% of the
whole energy of interaction of the GLIC-hopanoid complex. The location of diploptene in the
structure of the whole pentameric channel is shown in the views of the complex on the right
side (hopanoid in yellow). The channel could also accommodate cholesterol (B) but in this case
the -OH group of the sterol induced a progressive rearrangement of the side chain of Arg-192
so that at the end of the process (i.e. after 5 ns of simulations) a hydrogen bond (H bond) could

be formed. The structure of the GLIC channel has been retrieved from PDB entry 3EHZ [7].
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