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Abstract
Membrane proteins are proteins which are embedded in (integral membrane proteins) or interact
with (peripheral membrane proteins) the plasma membrane. Membrane proteins are responsible
for a wide-range of processes, including transport, signalling and enzymatic reactions. Ion
channels are an important class of membrane protein which enable the passive diffusion of ions
across the membrane. G-protein coupled receptors are another class of membrane protein which
propagate chemical signals between the cell interior and exterior. There is substantial interest in
understanding the molecular behaviour of such membrane proteins in a physiological and
pharmaceutical context, in order to discern how they function and how they can be regulated
when they function incorrectly. Simulation methods, such as classical molecular dynamics, are
can be employed for this purpose. This thesis details the use of molecular dynamics simulations,
and related simulation methods, to analyse phenomena related to membrane transport by ion
channels and G-protein coupled receptors.
Principally, research presented in this thesis has unveiled several novel aspects concerning the
molecular behaviour of K+-channels. The size and dynamics of openings in the surface of ion
channels, known as fenestrations, has been assessed in several K+-channels to delineate their
potential as drug access pathways. By analyses of the archetypal K+-channel KcsA, a bacterial
K+ -channel, and an atypical K+-channel, TWIK-1, from the two-pore domain K+-channel
family, specific residues in the domain of the selectivity filter have been shown to be important
in maintaining the structural stability of the selectivity filter and/or facilitating quintessential
conduction processes. Moreover, the molecular mechanism pairing the dynamics of the KcsA
selectivity filter and phospholipid molecules bound on the channel surface has been outlined.
Simulation methods have also been applied to structures of other membrane proteins, which
have been recently resolved at high-resolution, by either cryo-electron microscopy or X-ray
crystallography. The interfacial regions between the transient receptor potential vanilloid
channel 1 (TRPV1) and several protein assemblies have been predicted. Furthermore,
cholesterol-phospholipid and cholesterol-protein complexes have been characterized, in order to
assess the functional effect of membrane cholesterol on the activation state on the 5-HT1B and 5HT2B G-protein coupled receptors.
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Part I: Introduction

1 Structural Biology of Membrane Proteins
1.1 Introduction
Biological membranes are fundamental components of life, which compartmentalise cells and
regulate transport to and from the inside of cells. The plasma membrane is essentially a
phospholipid bilayer, also containing proteins, cholesterol, and other lipid molecules. Proteins
associated with the membrane, known as integral membrane proteins, perform a diverse range
of biological functions. Channels and transporters, for example, enable the transport of solutes
which cannot pass through the hydrophobic core. Membrane proteins also act as receptors
(involved in cell signalling), enzymes (catalysing chemical process), and are critical structural
constituents of the membrane. The dynamic interrelationship between membrane proteins and
their environment has retarded experimental efforts to determine the three-dimensional structure
of membrane proteins by X-ray crystallography.1 High-resolution crystal structures of
membrane proteins first materialised in 1985.2 However, significant advancements in X-ray
crystallography and nuclear magnetic resonance (NMR) spectroscopic techniques, as well as the
emergence of novel protocols for structure determination, such as cryo-electron microscopy, has
resulted in almost exponential increases in the number of membrane protein structures available
in the years since.3,4
1.2 Ion channels
One class of membrane proteins are ion channels. Ion channels are responsible for the passive
diffusion of ions across the plasma membrane and are therefore critical to regulation of the
membrane potential. In general, ion channels open and close in response to a wide-range of
stimuli, such as membrane potential in voltage-gated ion channels or ligand-binding in ligandgated ion channels. K+-channels are arguably the most widely studied family of ion channels,
which permit the influx and efflux of K+ ions into or out of the cell. The ability of K+-channels
to conduct K+ ions at a rate close to diffusion with tremendous selectivity has been studied
experimentally for more than half a century; early insights include Hodgkin and Keynes’
suggested ‘knock-on’ mechanism of conduction, associated with concerted transitions of
individual ions through a narrow pore,5 several proposed theories of ion selectivity, concerning
the size and hydration free energy of ions,6-8 and the identification of a conserved sequence
(TVGYG) responsible for ionic selectivity, now known as the selectivity filter.9,10
Taking into account structural and functional attributes, three main classes of K+ channel have
currently been characterised: voltage-gated (KV), inwardly rectifying (KIR) and two-pore domain
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(K2P) K+ channels.11 The pore domain is the most highly conserved region of K+ channel in
these major K+ channel families. Channels in KIR family, from subfamilies KIR1-7, permit
inward currents in favour of outward currents, against the electrochemical gradient, which
supports the maintenance of the resting potential.12 The KV channel family, which currently
span subfamilies Kv1-9, display outward rectification and are responsible for restoring the
resting potential following depolarization during the action potential.13 K2P channels generate
leak potassium currents, by weak inward currents.14,15 Six subfamilies of K2P channels have
been identified to date (TWIK, TREK, TALK, TASK, THIK, and TRESK). Impairment of K+channels are the cause of several cardiac, kidney and neurological disorders, such as Bartters
syndrome, long QT syndrome and episodic ataxia.16
The first X-ray crystal structure of a bacterial K+-channel (KcsA from Streptomyces lividans)
revealed the structure of the conserved pore domain (Figure 1A).17 The tetrameric pore domain
is composed of four identical subunits, each containing two transmembrane α-helices connected
by a pore loop. The pore loop contains an additional α-helix and the selectivity filter, which
exhibits a cage-like structure of adjacent binding sites that can hold dehydrated K+ ions in single
file. Directly underneath the selectivity filter, a water-filled cavity enables hydrated K+ ions to
traverse the membrane hydrated. Considering the lack of structures from eukaryotic channels
and the high homology between the pore domain of KcsA and its eukaryotic counterparts, the
KcsA channel has emerged as the conventional model to investigate various phenomena in K+channels. Well-known ideologies concerning ion permeation, selectivity (the process in which
the channel discriminates between ionic species) and gating at both the intracellular (where the
transmembrane helices occlude ion permeation) and the extracellular (where the selectivity filter
occlude ion permeation) sides of the membrane, have been derived from KcsA.

Figure 1. Transmembrane domain structures of (A) KcsA,17 (B) Kv1.218 and (D) TWIK-1.19 In
(A), two subunits are shown for clarity; oxygen, nitrogen and carbon atoms in the selectivity
filter are coloured red, blue and grey, respectively. In (B), a single subunit is shown in grey, and
the remaining three are transparent.
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Nowadays, representative structures from all K+-channel families are available. KIR channels
contain a conserved pore-domain, with two transmembrane α-helices, and a substantial
intracellular domain, first demonstrated by the structure of KirBac1.1 in 2003 (Fig. 1A).20 The
framework of channels in the KV family, was delineated by the crystal structures of prokaryotic
KVAP21 and eukaryotic KV1.2 channels, in 2003 and 2005 respectively.18,22 Here, the
transmembrane domain of each subunit contains six transmembrane α-helices; two helices
constitute the canonical pore domain, with the remaining four helices forming the regulatory
voltage-sensor domain, connected to the by an α-helical linker (Fig. 1B). A ‘domain swap’
assembly is observed whereby the voltage-sensor domain of one subunit interacts with the
transmembrane domain of an adjacent subunit. Structural determination of K2P channels lagged
behind both KIR and KV channels, finally accomplished in 2012 with the structures of TWIK-119
and TRAAK.23 In this case, the pore domain is assembled as a ‘dimer of dimers’, with each
subunit containing the equivalent of two monomers typical of the K+ channel pore domain (Fig.
1C). The exact arrangement of this dimer has several consequences for the permeation pathway
of K2P channels: 1) the cytoplasmic gate is permanently open, 2) a broad extracellular cap
restricts ion diffusion at the extracellular side and 3) the selectivity filter is constituted of two
non-identical sequences. These divergent structural features have been linked to distinct
functional properties of the K2P channel family.
The field of membrane protein structure determination has also been thriving in other families
of ion channels. Structures have been reported for Na+-selective channels and transient receptor
potential (TRP) channels, to name a few. Recent developments concerning Na+-channels are
reviewed in Appendix A. TRP channels are non-selective ion channels which have received
notable interest in recent years, from both structural and functional perspectives. Seven distinct
mammalian TRP channel families are known at present: transient receptor potential ankyrin
(TRPA), canonical (TRPC), melastatin (TRPM), mucolipin (TRPML), no mechanoreceptor
(TRPN), polycystic (TRPP) and vanilloid (TRPV) families.24 TRP channels generate ionic
currents in response to a broad-range of chemical and physical stimuli,25 such as temperature,
membrane potential, membrane composition, extracellular pH, intracellular Ca2+ concentration
and several vanilloid agonists (capsaicin, for example) and animal toxins.26 In line with this,
TRP channels participate on a molecular level in a plethora of physiological mechanisms,
including our response to pain, sight, hearing, touch, smell and taste. A multitude of
channelopathies can also arise from faulty TRP channels;27 in fact, several hereditary diseases
have been attributed to defects in TRP genes. Accordingly, understanding the molecular
behaviour of these channels are important to understand human physiology, and aid relevant
pharmaceutical efforts.
Crystallographic attempts to reveal the architecture of a TRP channel to near-atomic resolution
did not achieve success until 2016, posterior to a landmark 2013 study,28 where single particle
cryo-electron microscopy was utilized to resolve the structure of TRPV1, the prototypical
member of the vanilloid subfamily.29 The TRPV1 structure revealed a transmembrane
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architecture analogous to those observed in voltage-gated ion channels, with each subunit
containing six transmembrane helices. The pore loop exists between the pore-domain helices,
containing the selectivity filter which is specific to TRP channels (GMGD in TRPV1). Ankyrin
repeat domains (ARDs) and a number of transmembrane connector domains (membraneproximal domain, pre-S1 helix, a TRP domain and a C-terminal domain) form the intracellular
domain. The resolution of several TRPV1 structures in distinct activation states, has provided
information regarding gating in the TRP channel family.30 Similar to K+-channels, conduction in
TRPV1 can be obstructed at either the selectivity filter or the C-terminal end of the
transmembrane helices. Structures of TRPA31 and TRPP channels,32 in addition to TRPV
channels,33 have since been resolved using the same technique. TRP channels are
homotetramers, consisting of a transmembrane domain and a cytosolic domain formed from the
N- and C- termini.
1.3 G-Protein Coupled Receptors
Another class of membrane protein that has been studied from a structural viewpoint and will be
examined in this thesis are G-protein coupled receptors (GPCRs). GPCRs are membrane
proteins which initiate intracellular signalling mechanisms, following recognition of
extracellular signalling molecules. This is done via coupling to intracellular heterotrimeric Gproteins following conformational changes in the transmembrane domain of the receptor.
GPCRs respond to hormones, neurotransmitters, and sensory stimuli, in a subtype-dependent
manner. Signal transduction in GPCRs underlies most processes required for basic
physiological function in eukaryotic organisms, from sensory processes to mechanisms critical
for most organ systems.34 Incorrect functioning of GPCRs can therefore contribute to numerous
ailments, including neurological disorders, cardiac failure, cancer and diabetes. Appropriately,
GPCRs represent a major pharmaceutical target.35,36

Figure 2. Transmembrane domain structures of the 5-HT1B receptor structure, which is
representative of the architecture of the GPCR superfamily.37,38
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The structure of the conserved seven α-helical arrangement of the transmembrane domain in
class A GPCRs was first revealed by the crystal structure of light sensitive pigment, rhodopsin.2
Structures are now available for various types of ‘rhodopsin-like’ class A receptors, including
but not limited to adenosine, adrenergic, chemokine, cannabinoid, dopamine, muscarinic
acetylcholine, neurotensin and opioid receptors. The multifarious structures of GPCRs have
disclosed details of the molecular interactions determining binding of ligands, membrane
components and G-protein coupling, in addition to the activation process which connects all
these features. Recently, the structures of several members of the serotonin (5-HT) receptor
family, the largest family of GPCR’s (5-HT1-7 subfamilies, with the exception of 5-HT3, a
ligand-gated ion channel), have been resolved (Figure 2). 5-HT receptors have specifically been
associated with neurological conditions, such as Alzheimer’s disease39 and schizophrenia,40 and
therefore represent a putative drug target.
1.4 Research Overview
The availability of high-resolution structures has motivated the investigation of membrane
protein structural dynamics via simulation methods. In the broadest terms, the work presented in
this thesis pertains to this. In section 2, an outline of the theory and practicalities of
computational analyses of membrane proteins is provided (section 2.2), alongside relevant
applications to illustrate the scope of contemporary research in the field of membrane protein
simulations (section 2.3). The research presented in this thesis poses the following questions, in
line with this:
•

How does the selectivity filter of ion channels regulate ion conduction?

•

How do certain entities (i.e. drug-like compounds, constituents of the plasma
membrane, peptides/proteins) interact with membrane proteins, inciting a functional
response?

The first question is addressed in the context of K+-channels, by examining the selectivity filter
of several channels. The second question is approached from several directions. In the first
instance, the presence of drug-binding cavities in K+-channels are hypothesized and assessed
entirely by molecular dynamics simulations. Thereafter, a combined computationalexperimental approach is utilized. Accordingly, several types of ion channels and membrane
receptors are investigated, considering the availability of structural information and
experimental data from our collaborators. In Part II, published and draft manuscripts are
presented, organized by protein type: TWIK-1 channel (section 3), KcsA channel (section 4),
TRPV1 channel (section 5) and 5-HT1B/5HT2B receptors (section 6).

14

1.5 References
(1)
(2)
(3)

(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)

Carpenter, E. P.; Beis, K.; Cameron, A. D.; Iwata, S. Overcoming the challenges of
membrane protein crystallography. Current Opinion in Structural Biology 2008, 18 (5),
581.
Deisenhofer, J.; Epp, O.; Miki, K.; Huber, R.; Michel, H. structure of the protein
subunits in the photosynthetic reaction center of rhodopseudomonas-viridis at 3a
resolution. Nature 1985, 318 (6047), 618.
Ishchenko, A.; Wacker, D.; Kapoor, M.; Zhang, A.; Han, G. W.; Basu, S.; Patel, N.;
Messerschmidt, M.; Weierstall, U.; Liu, W.et al. Structural insights into the
extracellular recognition of the human serotonin 2B receptor by an antibody. P. Natl.
Acad. Sci. USA 2017, 114 (31), 8223.
Rawson, S.; Davies, S.; Lippiat, J. D.; Muench, S. P. The changing landscape of
membrane protein structural biology through developments in electron microscopy.
Mol. Memb. Biol. 2016, 33 (1-2), 12.
Hodgkin, A. L.; Keynes, R. D. The potassium permeability of a giant nerve fibre. The J.
Physiol. 1955, 128 (1), 61.
Eisenman, G. Cation Selective Glass Electrodes and their Mode of Operation. Biophys.
J.1962, 2 (2 Pt 2), 259.
Eisenman, G.; Horn, R. Ionic selectivity revisited: The role of kinetic and equilibrium
processes in ion permeation through channels. J. Memb. Biol. 1983, 76 (3), 197.
Bezanilla, F.; Armstrong, C. M. Negative conductance caused by entry of sodium and
cesium ions into the potassium channels of squid axons. J. Gen. Physiol. 1972, 60 (5),
588.
Smart, O. S.; Goodfellow, J. M.; Wallace, B. A. The pore dimensions of gramicidin A.
Biophys. J.1993, 65 (6), 2455.
Heginbotham, L.; Lu, Z.; Abramson, T.; MacKinnon, R. Mutations in the K+ channel
signature sequence. Biophys. J.1994, 66 (4), 1061.
Buckingham, S. D.; Kidd, J. F.; Law, R. J.; Franks, C. J.; Sattelle, D. B. Structure and
function of two-pore-domain K+ channels: contributions from genetic model organisms.
Trends Pharmacol. Sci. 2005, 26 (7), 361.
Bhave, G.; Lonergan, D.; Chauder, B. A.; Denton, J. S. Small-molecule modulators of
inward rectifier K+ channels: recent advances and future possibilities. Future Med.
Chem. 2010, 2 (5), 757.
MacKinnon, R. Potassium channels. FEBS Letters 2003, 555 (1), 62.
Chen, H.; Zuo, D.; Zhang, J.; Zhou, M.; Ma, L. Classification of 2-pore domain
potassium channels based on rectification under quasi-physiological ionic conditions.
Channels 2015, 8 (6), 503.
Rajan, S.; Plant, L. D.; Rabin, M. L.; Butler, M. H.; Goldstein, S. A. N. Sumoylation
Silences the Plasma Membrane Leak K+ Channel K2P1. Cell 2005, 121 (1), 37.
Bagal, S.; Brown, A. D.; Cox, P. J.; Omoto, K.; Owen, R. M.; Pryde, D. C.; Sidders, B.;
Skerratt, S. E.; Stevens, E. B.; Storer, R. I.et al. Ion Channels as Therapeutic Targets: A
Drug Discovery Perspective. J. Med. Chem. 2013, 56 (3), 593.
Doyle, D. A.; Cabral, J. M.; Pfuetzner, R. A.; Kuo, A. L.; Gulbis, J. M.; Cohen, S. L.;
Chait, B. T.; MacKinnon, R. The structure of the potassium channel: Molecular basis of
K+ conduction and selectivity. Science 1998, 280 (5360), 69.
Long, S. B.; Campbell, E. B.; MacKinnon, R. Crystal structure of a mammalian
voltage-dependent Shaker family K+ channel. Science 2005, 309 (5736), 897.
Miller, A. N.; Long, S. B. Crystal Structure of the Human Two-Pore Domain Potassium
Channel K2P1. Science 2012, 335 (6067), 432.
Kuo, A. L.; Gulbis, J. M.; Antcliff, J. F.; Rahman, T.; Lowe, E. D.; Zimmer, J.;
Cuthbertson, J.; Ashcroft, F. M.; Ezaki, T.; Doyle, D. A. Crystal structure of the
potassium channel KirBac1.1 in the closed state. Science 2003, 300 (5627), 1922.
Jiang, Y. X.; Lee, A.; Chen, J. Y.; Ruta, V.; Cadene, M.; Chait, B. T.; MacKinnon, R.
X-ray structure of a voltage-dependent K+ channel. Nature 2003, 423 (6935), 33.
Long, S. B.; Campbell, E. B.; MacKinnon, R. Voltage sensor of kv1.2: Structural basis
of electromechanical coupling. Science 2005, 309 (5736), 903.

15

(23)
(24)
(25)
(26)
(27)
(28)
(29)
(30)
(31)
(32)
(33)
(34)
(35)
(36)
(37)
(38)
(39)
(40)

Brohawn, S. G.; del Marmol, J.; MacKinnon, R. Crystal Structure of the Human K2P
TRAAK, a Lipid- and Mechano-Sensitive K+ Ion Channel. Science 2012, 335 (6067),
436.
Saotome, K.; Singh, A. K.; Yelshanskaya, M. V.; Sobolevsky, A. I. Crystal structure of
the epithelial calcium channel TRPV6. Nature 2016, 534 (7608), 506.
Venkatachalam, K.; Montell, C. TRP Channels. Annu. Rev. Biochem. 2007, 76, 387.
Zheng, J. Molecular Mechanism of TRP Channels. Compr. Physiol. 2013, 3 (1), 221.
Nilius, B.; Owsianik, G. Transient receptor potential channelopathies. Pflug. Arch. Eur.
J. Phy. 2010, 460 (2), 437.
Hoenderop, J. G. J.; Voets, T.; Hoefs, S.; Weidema, F.; Prenen, J.; Nilius, B.; Bindels,
R. J. M. Homo- and heterotetrameric architecture of the epithelial Ca(2+) channels
TRPV5 and TRPV6. EMBO J. 2003, 22 (4), 776.
Liao, M.; Cao, E.; Julius, D.; Cheng, Y. Structure of the TRPV1 ion channel determined
by electron cryo-microscopy. Nature 2013, 504 (7478), 107.
Cao, E.; Liao, M.; Cheng, Y.; Julius, D. TRPV1 structures in distinct conformations
reveal mechanisms of activation. Nature 2013, 504 (7478), 113.
Paulsen, C. E.; Armache, J.-P.; Gao, Y.; Cheng, Y.; Julius, D. Structure of the TRPA1
ion channel suggests regulatory mechanisms. Nature 2015, 520 (7548), 511.
Grieben, M.; Pike, A. C. Structure of the polycystic kidney disease TRP channel
Polycystin-2 (PC2). 2017, 24 (2), 114.
Zubcevic, L.; Herzik, M. A.; Chung, B. C.; Liu, Z.; Lander, G. C.; Lee, S.-Y. Cryoelectron microscopy structure of the TRPV2 ion channel. Nat. Struct. Mol. Biol. 2016,
23 (2), 180.
King, N.; Hittinger, C. T.; Carroll, S. B. Evolution of Key Cell Signaling and Adhesion
Protein Families Predates Animal Origins. Science 2003, 301 (5631), 361.
Jacobson, K. A. New paradigms in GPCR drug discovery. Biochem. Pharmacol. 2015,
98 (4), 541.
Lappano, R.; Maggiolini, M. G protein-coupled receptors: novel targets for drug
discovery in cancer. Nat. Rev. Drug Disc. 2011, 10 (1), 47.
Wang, C.; Jiang, Y.; Ma, J. M.; Wu, H. X.; Wacker, D.; Katritch, V.; Han, G. W.; Liu,
W.; Huang, X. P.; Vardy, E.et al. Structural Basis for Molecular Recognition at
Serotonin Receptors. Science 2013, 340 (6132), 610.
Wacker, D.; Wang, C.; Katritch, V.; Han, G. W.; Huang, X. P.; Vardy, E.; McCorvy, J.
D.; Jiang, Y.; Chu, M. H.; Siu, F. Y.et al. Structural Features for Functional Selectivity
at Serotonin Receptors. Science 2013, 340 (6132), 615.
Ramírez, M. J. 5-HT(6) receptors and Alzheimer's disease. Alzheimers Res. Ther. 2013,
5 (2), 15.
Akhondzadeh, S. The 5-HT hypothesis of schizophrenia. IDrugs 2001, 4 (3), 295.

16

2. Simulation Techniques for Structural Analyses of Membrane
Proteins
2.1 Commentary
In this chapter, an overview of the theoretical background of molecular dynamics (MD)
simulations, and related methods, is provided in the context of studying membrane proteins.
This is intended to be done via sections of two published book chapters, which are reproduced
in full in section 2.2.1 and section 2.2.3. The first manuscript enclosed was produced for
“Computational Biophysics of Membrane Proteins”, part of the RSC Theoretical and
Computational Chemistry series. Attention should be drawn to methods described in the
manuscript sections 2.2 (“Classical Molecular Dynamics”) and 2.5 (“Enhanced Sampling
Techniques and Free Energy Methods”) which have been used in this thesis. The second
manuscript included in this section, was produced for “Computational Tools for Chemical
Biology”, part of the RSC Chemical Biology series. The aim of this chapter was to illustrate the
application of computational methods to research membrane transport phenomenon. Sections
10.4 (“Passive Transport by Ion Channels”) and 10.6 (“Signalling via Receptors”) in the
manuscript are the most pertinent to the research presented. The suggested sections provide
relevant examples where simulation methods have been applied to ion channels, in the context
of ion permeation, selectivity filter behaviour and drug binding, and GPCRs, in terms of
activation and the involvement of the membrane environment. For further applications of MD
simulations to membrane proteins, several other review articles can be found in the Appendices
A-B.
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Part II: Research Projects

3. Atypical Behaviour of the TWIK-1 Channel
3.1 Commentary
3.1.1 Introduction
The newly resolved high-resolution crystal structures of K2P channels (TWIK-1,1 TRAAK,2-4
TREK-25 and TREK-16 in order of publication), have exposed unveiled structural attributes in
the pore domain divergent to other K+-channels. The pore domain is assembled as a dimer,
containing 1) an open cytoplasmic gate, 2) a non-conserved selectivity filter sequence, 3) an
extracellular domain and 4) lateral openings, known as fenestrations, between the protein
interior and exterior.
Lateral openings in ion channels were first exposed in the inaugural structure of a Na+-selective
channel in 2011;7 subsequently, analogous regions have been determined in a number of Na+channels from prokaryotic sources, advocating fenestrations are a conserved feature of this
channel type.8 In K+ channels, fenestrations have since been identified in K2P channels, and
structures of KcsA in complex with quaternary ammonium blockers.9 The structures of TREK2, a member of the K2P channel family, revealed state-dependent binding of norfluoxetine, the
active metabolite of Prozac, within the intramembrane fenestrations.5 Simulation methods have
been employed to characterise the size and dynamics of the fenestration region in the context of
Na+-channels, in order to supplement static structural data and provide further insight into the
function of this region.10-12 With this in mind, our research group, in collaboration with Pfizer
Neusentis, sought to evaluate the behaviour of the equivalent region in distinct mammalian K+channel subfamilies, by means of unbiased MD dynamics simulations. In the publication
entitled “Lateral Fenestrations in K+-Channels Explored Using Molecular Dynamics
Simulations”, results from representative members of the KV (KV1.2), KIR (KIR3.2) and K2P
(K2P1, also known as TWIK-1) channel families are presented (section 3.2). Christian
Jorgensen, Leonardo Darré and I performed the MD simulations and analysis for individual
channels (KV1.2, KIR3.2 and TWIK-1, respectively), and Ruben Torella provided the Pfido
analysis. Overall, the size and dynamics of the fenestrations are calculated, and sequence
identity of the fenestration region is mapped and evidence, providing that fenestrations only
exist in the K2P subfamily.
Further to this, the behaviour of the TWIK-1 channel was examined in the context of ion
permeation. The distinct selectivity filter sequence and extracellular domain structure are

95

relevant considering experimental data, documenting conduction properties in TWIK-1
divergent to other K2P channels. Negligible K+ currents in physiological K+ concentrations,13 as
well as robust inward Na+ currents in sub physiological K+ concentrations are amongst the most
striking traits of the TWIK-1 channel.14 In the publication presented in section 3.3, the
molecular behaviour of the TWIK-1 selectivity filter and extracellular cap is analysed and
interpreted considering the available experimental data. It should be noted that the MD
simulation data from section 3.2 is utilised, as well as separate MD simulation trajectories I
performed and analysed, where the protonation state of several residues is modified. Overall,
the atypical conduction properties of TWIK-1 are rationalised by the presence of anomalous
residues in the selectivity filter, and instability in the surrounding environment.
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3.4 Post-Commentary
3.4.1 Conclusions
Structural and dynamic properties of the K2P channel TWIK-1 have been investigated, in
comparison to other K+ channels of known structure. By examining a series of equilibrium
simulations of K+ channels from the K2P, KIR and KV subfamilies, the size, location and residual
composition of the fenestration regions was assessed. Crucially, this analysis revealed that the
fenestrations identified in TWIK-1 could theoretically accommodate small-drug molecules,
whereas the fenestrations located in KV1.2 and KIR3.2 were much smaller, and hence
inaccessible.
This publication has contributed to a flourishing research field, examining the practicability of
fenestrations as drug-binding sites and access pathways to binding sites on the protein interior,
in the K+-channel family. It has been cited in several reviews related to the topic and in recent
studies scrutinizing the role of pore and fenestration sites in other KV and K2P channels.1-5 At the
time of writing, lateral fenestrations have been exposed in high-resolution crystal structures of
several members of the K2P family: TWIK-1,6 TRAAK,7 TREK-28 and TREK-1.9 Furthermore,
simulations using a homology model of TASK-1 identified a fenestration binding site for highly
potent TASK-1 blocker A1899,10 suggesting drug binding to fenestrations are a common feature
within this family.
Drug design efforts are generally focused towards identifying compounds that exhibit highaffinity binding to a specific target, and negligible binding to other proteins which may cause
adverse side-effects.11 Considering this outlook, the next logical step is to compare the
behaviour of fenestrations within the K2P channel family. Several simulation protocols would
be suitable to follow this line of inquiry: (i) equilibrium MD simulations of various K2P
channels with K2P channel blockers to identify binding sites and the associated entry route, and
(ii) biased MD simulations, such as metadynamics, to calculate the binding affinities of such
sites and the energy barriers associated with access through the fenestration regions in multiple
K2P channels. Metadynamics has proven successful to confirm that anesthetic (benzocaine) and
anti-epileptic (phenytoin) can enter the central cavity of NaVAb through the fenestration region,
with entrance of phenytoin associated with greater energy barriers.12 Information of this kind
may be exploited to aid drug development strategies to design state or subtype-selective drug
compounds for the K2P channel family.
Following on from this, the dynamics of other unique structural characteristics of the TWIK-1
channel (selectivity filter and extracellular cap) were examined. Distorted selectivity filter
conformations were routinely observed in MD simulations, originating from the presence of
molecular non-conserved selectivity filter residues (T118 and L228). Since publication, the
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findings of this paper have been supported by ion-exchange-induced difference infrared
spectroscopy measurements, flux assays and further computational analysis performed by
Tsukamoto et al.13 In this study, the selectivity filters of highly selective T118I and L228F
TWIK-1 mutant channels,14,15 which display the canonical selectivity sequence in the P1 and P2
domains, respectively, are shown to exhibit greater K+ affinity. Moreover, evidence is presented
that the selectivity filter is flexible enough to accommodate larger ions, specifically Rb+ and
Cs+, in a disordered manner in the wild-type TWIK-1 channel. Finally, the H-bond
characteristics detailed in the study are reproduced using alternative forcefield and simulation
parameters. The publication has also been cited in a publication using similar analyses to
examine the behaviour of the selectivity filter in the ether-à-go-go (EAG) K+ channel.16
Further study of conduction in the TWIK-1 channel is somewhat limited by the lack of available
experimental information concerning the behaviour of the channel in physiological K+
gradients.17 Additional work, both experimental and computational, is now required to identify
stimuli which promote conduction in TWIK-1. Identification of structural characteristics which
stabilize specific selectivity filter conformations of TWIK-1, would enable further
computational studies to take place. In the absence of a steadfast selectivity filter conformation
for the TWIK-1 channel, the use of free-energy methods to probe the permeation mechanism in
this K+ channel was considered unfeasible at this time. In recognition of this, we turned our
attentions towards the archetypal K+ channel, KcsA, in the following chapter.
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4. Molecular Determinants of Conduction in the KcsA K+Channel
4.1 Commentary
4.1.1 Introduction
High-resolution crystal structures are now available for three major classes of K+ channels in
eukaryotes: voltage-gated (KV),1 inward-rectifying (KIR)2 and two-pore domain (K2P).3 However,
the prokaryotic K+ channel, KcsA from Streptomyces lividans, has traditionally been the focus
of simulation studies, since the structure of its pore domain was first resolved at high-resolution
in 1998.4 Equilibrium and non-equilibrium simulations have been utilised to model processes
including, but not limited to, ion conduction through the selectivity filter, inactivation of the
selectivity filter, and drug and lipid binding.
Umbrella sampling simulations have been employed in a multitude of computational studies to
calculate the potential of mean force (PMF) of ion transport across the KcsA selectivity filter.5-7
Previous efforts have exclusively used the wild-type channel, focusing on the viability of the
two proposed mechanisms of conduction. In the last two decades, the structure and
electrophysiology of KcsA channels with a single mutation has been investigated by a number
of research groups. Of interest to us, mutant channels with the S4 site substituted (T75C and
T75A mutations) displayed reduced single-channel conductances, relative to the wild-type
channel.8,9 In the accompanying high-resolution crystal structures of these channels, the
selectivity filter structure was almost indistinguishable to the wild-type channel. On the basis of
this, the structures of T75C and T75A KcsA mutant channels were considered suitable
candidates for umbrella sampling simulations of ion translocation through the selectivity filter.
The manuscript presented in section 4.2 details the output of such calculations, examining the
importance of the S4 site to the permeation process. This communication builds on insights
from the previous chapter regarding the behaviour of individual residues in the K+-channel
selectivity filter.
Historically, the KcsA channel has also acted as the central model to understand the molecular
determinants of inactivation in K+-channels.10-12 C-type inactivation refers to the process in
which conduction is impeded as a result of conformational transitions at the selectivity filter.
This phenomenon has been reported in eukaryotic voltage-gated K+-channels,13,14 in addition to
the bacterial channel KcsA. Structures of KcsA exhibiting pinched selectivity filter
conformations,10,15 have been proposed to represent the C-type inactivated state, although this
has been disputed in some publications.16,17 C-type inactivation can be modulated by the
functional state of the cytoplasmic gate,2 membrane composition18 and other factors.19,20 The
specific influence of the anionic phospholipid phosphatidic acid on the inactivation properties of
KcsA is currently under investigation by our experimental collaborators at Miguel Hernandez
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University of Elche. In the joint publication presented hereafter, a molecular mechanism
coupling lipid-binding and selectivity filter dynamics is proposed, taking into account
electrophysiological, NMR and MD simulation results of wild-type KcsA and several channel
mutants.
To conclude our investigation into the behaviour of the KcsA channel selectivity filter, we
examined two additional factors, described in section 4.3. Firstly, the presence of anionic lipids
in non-annular sites affects the energetics of ion permeation. Secondly, ion permeation is also
affected by deprotonation of E71, which alters the conformation and electrostatics of residues
directly behind the selectivity filter.21 To this end, umbrella sampling simulations were
performed using a similar protocol to that described in section 4.2. Together, these results
advocate that the primary role of anionic lipids lies in the inactivation process.
In this chapter, I have performed and analysed all the simulation data presented here, aided by
C. Domene and S. Furini, who have published extensively on conduction in KcsA and other ion
channels.5,21 Experimental work in section 4.3 has been performed by external collaborators (see
section 4.3.1).
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Abstract
The behaviour of the K+ channel selectivity filter has been studied intensively in the previous
two decades. Biased molecular dynamics methodologies, such as umbrella sampling, have
proven to be invaluable to assess the energetics of ion translocation of across the K+ channel
selectivity filter. Here, the potential of mean force of ion permeation is calculated in KcsA
mutant channels, where the threonine side-chain in position 75 is mutated to alanine or cysteine.
The results provide insights into the significance of threonine in this position, revealing the
effect of substitution on the alternate mechanisms of conduction proposed in the literature,
involving either water or vacant sites.
Introduction
The first high-resolution crystal structure of a prokaryotic K+ channel, KcsA from Streptomyces
lividans, revealed the atomic configuration of the K+ channel pore domain.1 This assembly,
which is generally conserved in eukaryotic K+ channels, is formed from the symmetrical
arrangement of four subunits, containing two transmembrane a-helices connected by a reentrant pore loop. The pore loop contains a pore helix and the highly conserved selectivity filter
structure. The selectivity filter is a critical determinant of ion permeation, selectivity
(discrimination between ionic species) and inactivation (blockage of ionic current at the level of
the filter) processes in K+ channels.
The canonical sequence, TVGYG, from each subunit form four contiguous binding sites (S1S4) at the extracellular side of the channel (Figure 1A-B).1,2 Sites S1-S3 are enclosed by the
backbone carbonyl groups of the selectivity sequence, which can accommodate single
dehydrated K+ ions. The S4 site is unique in that it is forged from carbonyl (upper) and
hydroxyl (lower) groups from the initial threonine residue yet exhibits analogous occupancy. In
addition, sites have been determined above and below the selectivity filter, at the extracellular
mouth (S0) and in the central cavity (SCAV), respectively.2
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Figure 1. (A) Definition of selectivity binding sites. Structure of the selectivity filter in the (B)
wild-type, (C) T75A and T75C KcsA channels. Carbon, oxygen and nitrogen atoms are shown
in grey, red and blue, respectively.
Various electrophysiological studies of KcsA mutants have been performed to discern the
importance of individual selectivity filter sites with regards to the rate of conduction,
inactivation and recovery from inactivation.3-6 Ion occupancy of the S1-S3 sites can be tuned by
synthetic substitution of individual amide bonds to ester linkages, translating to functional
effects in the inactivation process.4,5 Using this protocol, the inactivation rate and rate of
recovery from inactivation were diminished on removal of the S2 and S3 sites respectively,
whereas negligible effects for both phenomenon were observed for S1. Side-chain substitutions
have also been examined to perturb the S4 site. The T75G KcsA channel exhibited a minor
reduction in the inactivation rate, but a major decline in the rate of recovery from inactivation.5
On the contrary, the T75A KcsA channel completely abolished channel inactivation, as a result
of an inversion of the allosteric coupling between the upper and lower gates.6
Thus far, the conduction properties have been characterised for two KcsA mutant channels,
where the threonine side-chain forming the S4 site has been substituted. The conductance of the
T75C/A108S double mutant (at 200 mV) was reported to decrease by a factor of ~2-4, relative
to the wild-type (at 180 mV), in a concentration-dependent manner.3 Moreover, the recorded
conductance of the non-inactivating T75A mutant channel was reduced by a factor of ~17,
relative to the wild-type, at a potential of +100 mV.6 Although macroscopic currents have also
been determined for the T75G mutant channel, detailed information regarding this is not
included in the relevant publication.5 Consequently, we sought to understand the rationale
behind the drastic reduction in conduction rates on mutation of the S4 site. To this end, highresolution crystal structures of T75C (PDB ID 1S5H; closed state)3 and T75A (PDB ID 6BY3;
open state)6 were utilized to perform umbrella sampling calculations, in order to simulate
conduction through the altered selectivity filter and evaluate the energy of this process. The
structure of the selectivity filter in the mutant channels under investigation is displayed in
Figure 1C and D.
The microscopic mechanism of conduction has been under intense scrutiny since the publication
of the initial KcsA structure.1 Initial reports from crystallographic information and
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computational experiments supported a process involving both K+ ions and water molecules.1,7-9
In this mechanism, referred to as KWK or ‘soft’ knock-on mechanism, K+ ions and water
molecules occupy alternative sites in the selectivity filter, occupying either S2/S4 or S1/S3
configurations. Following this, ion transport occurs by coordinated movements between these
sites, prompted by an incoming intracellular ion.10 This is supported by various independent
computational studies which have calculated the maximum energetic barrier of process in the 23 kcal/mol range,7,8,10 the associated transport of water molecules in K+ channels reported
experimentally,11,12 and two-dimensional infrared spectroscopy.13 An alternative mechanism of
conduction involving vacant sites, has also been proposed by Furini and Domene, exhibiting
similar energetics.10 In this mechanism, known as the KK or ‘hard’ knock-on mechanism, the
selectivity filter can accommodate two or three K+ ions simultaneously, in adjacent sites or
separated by empty sites. In this way, direct electrostatic repulsion drives permeation. Evidence
supporting this rationale has gained traction in recent years, as a result of extensive unbiased
MD simulations in voltage conditions, and re-examination of the initial electron density profiles
within the same study.14 Both schemes are considered in the context of this study.
Materials and Methods
Model Setup
High-resolution crystal structures of T75C (PDB ID 1S5H; closed state)3 and T75A (PDB ID
6BY3; open state)6 were used as the atomic coordinates of the mutant channels. Residues 26114 and 26-121 were used for the T75C and T75A mutant channels, respectively. N- and Ctermini were acetylated and methylated respectively. The amino acid E71 of KcsA is modelled
in the protonated state to form a diacid hydrogen bond with D80.15 Default ionisation states
were used for the remaining amino acids. Four water molecules were placed at the back of the
selectivity filter, in agreement with crystallographic data and previous molecular dynamics
(MD) simulations. SOLVATE 1.0 was used to solvate internal cavities of the protein. The
structures were aligned perpendicular to the bilayer and inserted into a neutral membrane
containing 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) molecules. The VMD
solvate plugin was then used to create a cubic water box around the membrane-protein system.16
The overlapping water and lipid molecules around the ion channel structure were removed with
the cut-off distance (1.2 Å). Potassium and chloride ions were added using Autoionize Plugin of
VMD to neutralise the systems and obtain a concentration of 150 mM.16 The final system size
was approximately 90,000 atoms.
Molecular Dynamics Simulations
MD simulations were performed with version NAMD 2.12.17 CHARMM36 parameters were
used for the protein and lipids,18 the TIP3P model was used for water,19 and the CHARMM
NBFIX parameters for ions. The particle mesh Ewald method was used for the treatment of
periodic electrostatic interactions, with an upper threshold of 1 Å for grid spacing.20
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Electrostatic and van der Waals forces were calculated every time step. A cutoff distance of 12
Å was used for van der Waals forces. A switching distance of 10 Å was chosen to smoothly
truncate the non-bonded interactions. Only atoms in a Verlet pair list with a cutoff distance of
13.5 Å (reassigned every 20 steps) were considered. The SETTLE algorithm was used to
constrain all bonds involving hydrogen atoms, to allow the use of a 2 fs time step throughout the
simulation.21 MD simulations were performed in the NPT ensemble. The Nose-HooverLangevin piston was employed to control the pressure with a 200 fs period, 50 fs damping
constant, and the desired value of 1 atmosphere.22,23 The system was coupled to a Langevin
thermostat to sustain a temperature of 300 K throughout. In the equilibration process, the same
protocol was used for all of the systems. The systems were subjected to 10,000 steps of
minimization, with harmonic constraints (force constant 20 kcal mol−1Å−2) on protein atoms,
lipid headgroups and crystallographic water and ions. Harmonic restraints were gradually
reduced to a force constant of 2 kcal mol−1Å−2 and removed in consecutive steps from the lipid
headgroups, protein side-chains and protein backbone over the course of a 3.5 ns trajectory.
Unbiased MD simulations were then performed for 20 ns to equilibrate the system. Coordinates
and velocities from this point were used as the starting point for subsequent biased simulations.
Umbrella Sampling Simulations
Umbrella sampling has been used to calculate the potential of mean force of ion translocation
through the mutated KcsA selectivity filter. Ion permeation involving three ions was examined,
simulating the events connecting the SCAV/S3/S1 and S3/S1/SEC configurations, with either a
water molecule (KWK mechanism) or a gap (KK mechanism) in the S2 site. The initial and
final configurations are considered to be equivalent, and thus the energetics obtained are
representative of the permeation of a single ion. The three ions are denoted K1 (exterior ion),
K2 (central ion) and K3 (interior ion). Two biasing potentials were initialized, acting on the K3
ion and the center of mass of the K1 and K2 ions. Individual simulations were predominantly
spaced 0.5 Å apart, adopting a force constant of 20 kcal mol−1Å−2 for the harmonic potential. In
the extremities of K1 (extracellular) and K3 (intracellular), windows were spaced 1 Å apart,
adopting a force constant of 10 kcal mol−1Å−2 for the harmonic potential. In a single scenario
(T75C-KK), the chosen collective variables resulted in degenerate states, thus it was performed
using three biasing potentials on the center of mass of the individual ions. Ions were moved to
their starting configurations during an initial 10 ps trajectory, with weak restraints were applied
to the backbone atoms of residues E71 to D80. Simulations of 500 ps were then performed for
each configuration. The positions of water molecules in the selectivity filter were monitored
throughout, and simulations exhibiting water molecules with unconventional behaviour were
removed from subsequent analysis. The initial 100 ps of the trajectories were considered as
equilibration and also removed. The weighted histogram analysis method was used to unbias the
data and obtain the PMF in two (T75C-KWK, T75A-KWK, T75A-KK) or three-dimensions
(T75C-KK).24 Error estimates were obtained by calculating PMF profiles for 100 ps portions of
the trajectory and combining them.

132

It should be noted here, that differences in the activation gate are neglected, on the basis of
structural studies of voltage-gated K+ channels which exhibit comparable ion occupancies in the
crystal structures of representative open-conductive and closed-conductive states.25,26
Furthermore, substitution of T75 position has dramatic consequences on the coupling of the
activation-inactivation gates.6 Therefore, further mutations in this position in either of structures
used would likely destabilize the channel structure.
Results
KWK Mechanism
Firstly, the long-established KWK mechanism in the T75A and T75C mutant channels is
investigated, denoted T75A-KWK and T75C-KWK, respectively. In the following discussion, it
can be assumed that all selectivity filter sites are filled with K+ ions or water molecules. The 2D
PMF of the T75A mutant channel (Figure 2A) exhibits three minima corresponding to S1/S3,
S0/S2, S0/S2/S3B and S2/S3B configurations, where B represents the lower boundary of the site.
The S1/S3 site is the most thermodynamically stable and progression of ions from S1/S3 to
S0/S2 poses the largest barrier to conduction (~5 kcal/mol), where the behaviour of the third ion
is omitted. This mechanism is inconsistent with the traditional KWK mechanism, which
involves S1/S3/S4B and S0/S2/S4 configurations. It is therefore apparent that elimination of the
S4 site abolishes the knock-on effect of the intracellular ion and increases the maximum barrier
to conduction. Following evolution of the S0/S2 configuration, the remainder of the permeation
event can be completed with low energetic barriers (~2 kcal/mol) on approach of the third ion.
In contrast to the above, the wild-type and T75C mutant channel differ primarily by the
electrostatics of the S4 site, as threonine and cysteine are similar sizes. In the 2D PMF of the
T75C channel (Figure 2B), configurations S1/S3/SCAV, S0/S2/SCAV, S0/S2/S4 and S2/S3
represent minima in the conduction mechanism. Expectantly, the S4 site is restored, though the
S4B site remains unviable. S0/S2/S4 constitutes the lowest energy state, followed by
S1/S3/SCAV, the energy of which fluctuates in a ~2kcal/mol range dependent on the position of
the ion in the central cavity. Similar to the T75A mutant channel, conduction is initiated
interchange between S1/S3 to S0/S2 configurations. In this case, the barrier to this process is at
a minimum (~3-4 kcal/mol), when the cavity ion is approximately 6 Å below the S3 site.
Movement of this ion towards the S4 site, requires an additional 3 kcal/mol. Overall, transition
from S0/S2/S4 and S2/S3 limits conduction to the greatest extent, with a calculated barrier in
excess of 6 kcal/mol.
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Figure 2. PMF profiles of (A) T75A-KWK, (B) T75C-KWK, (C) T75A-KK and (D) T75C-KK
simulations, obtained using umbrella sampling. Figure 2D is a projection onto two collective
variables, derived from the 3D-PMF calculated directly from the simulation. Ion configurations
are represented using a simplified representation of the selectivity filter, defined in Figure 1A,
with K+ ions and water molecules shown as blue and red spheres, respectively.
KK Mechanism
Next, the energetics of the KK mechanism in the T75A and T75C mutant channels is evaluated,
denoted T75A-KK and T75-KK, respectively. Here, sites not occupied by K+ ions are empty
unless specifically mentioned. In the T75A mutant channel, four minima can be identified on
the permeation pathway in the 2D PMF corresponding to configurations: S1/S3/SCAV, S1/S2/S4,
S0/S2/S3 and S0/S1/S3 (Figure 2C). Minima representing S2/S3/SCAV configurations, are also
found. S1/S3 and S2/S3 configurations are similar in energy and separated by low energy
barriers (~2kcal/mol); thus, it is likely S3/S2 can unwittingly evolve from S3/S1 but does not
necessarily play a direct role in conduction. The energy of certain selectivity filter
configurations varies dependent on the position of the ion in the central cavity. The maximum
barrier to conduction (5 kcal/mol) arises from the progression of one ion from the cavity to S4,
and the accompanying movement of a second ion from S3 to S2. The remaining energetic
barriers are of the order of 1-3kcal/mol, however intermediary steps with direct ion-ion
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interactions (S1/S2/S4, S0/S2/S3 and S0/S1/S3) are visibly higher in energy than the initial
S1/S3 state.
In the 3D PMF of the T75C channel mutant (Figure 2D), an additional minimum is observed
representing a S0/S2/S4 configuration, which is similar in energy to S0/S2/S3. In this case,
however, S0/S2/S4, S0/S2/S3 and S0/S1/S3, forms part of the elevated region of the PMF,
although S1/S2/S4 is excluded. As a result, high energy barriers (between 5-6 kcal/mol) are
realized in three separate regions of the PMF: 1) entrance of ion to S4 from the cavity, when
other ions occupy S1 and S3, 2) movement of ion to S0 from S1, when other ions occupy S2
and S4, and 3) a concerted movement of ions in from S2 and S0, to S1 and SEC, respectively, to
return to the S1/S3 starting conformation. Moreover, the energy barrier of the backward
transition of movement 3) is in excess of 7kcal/mol. It should be noted that the marked stability
of the cavity site is a result of occupation of the S4 site by a water molecule, intersecting the
cavity and S3 ions.
Discussion
By using umbrella sampling simulations, the PMF for both KK and KWK mechanisms in the
T75A and T75C mutant channels has been evaluated. From these, the maximum barrier to
conduction has been calculated for all scenarios to be in the range 5-7 kcal/mol. This is a
significant increase from values calculated for the wild-type KcsA channel, which is frequently
cited as 2-3 kcal/mol,7,8,10 justifying the diminished conductances recorded experimentally.3,6
The increased barriers can be attributed to differences in the observed mechanisms of
conduction, as a result of tuning the properties of the S4 site. For example, the threoninecysteine substitution maintains a comparable side-chain volume yet transforms the electrostatic
properties, rendering the S4B site inhospitable. On the other hand, both side-chain volume and
polarity are reduced on substitution of threonine to alanine, which merges the S4 site with the
central cavity, effectively removing both S4 and S4B regions. In the KWK mechanism, the
difference is stark. In the absence of the S4B site, in both T75A and T75C, the approach of an
intracellular K+ ion, to promote the concerted movement of ions from S1/S3 to S0/S2 in the
KWK mechanism, is unworkable. Thus, removal of threonine in this scenario eliminates the
long-established “knock-on” aspect of conduction. In the KK mechanism, the sequence of
atomic movements is unchanged, however two-ion configurations are evidently more favorable
than those with three ions. This observation is in agreement with experimental work which
documents a reduction in the total ion occupancy of the T75C filter to less than two (~1.7).3
Subsequently, it is of interest to examine if the calculated PMF profiles can rationalize the ion
occupancies approximated from the crystal structure of the T75C channel.3 In the mutated filter,
the ion occupancies of S2 and S4 are diminished, whilst those in S1 and S3 are basically
sustained. In the accompanying publication, Zhou and Mackinnon contemplate this in terms of
the KWK mechanism, suggesting that the S1/S3 configuration may be more energetically
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favorable than the S2/S4 configuration in the mutant channel. However, in the PMF profile of
this process (T75C-KWK), configurations involving S2 are energetically equivalent to those
that involve S1 and S3, and in fact, the S0/S2/S4 configuration is found to be the most
thermodynamically stable, advocating that this is not the case. What is more, the free energy of
the S1/S3/SCAV(-9.0) configuration in the PMF profile of the KK mechanism is at least 2-6
kcal/mol lower than other configurations involving the S2 site, with energetic barriers of ~5
kcal/mol to evolve from this. Considering this model, it can be suggested that the S1/S3
configuration, where the S2 site is vacant, is primarily responsible for the elevated electron
densities in S1/S3. It then follows that the S2 density may arise from either S1/S2/S4 (KK
mechanism) or S0/S2/S4 (KWK mechanism), although this is inconsistent with the absence of
electron density in S4. With this in mind, we cannot fully interpret the reported ion occupancies.
Finally, we remark on the significance of the ion in the central cavity of the T75C channel. Our
PMF profiles reveal several minima in the central cavity which overlap well with the electron
density presented in the crystal structure and stabilize certain selectivity filter configurations. It
is interesting to note that the S1/S3/SCAV(-9.0) configuration, in the KK mechanism, includes a
water molecule in the region considered as S4, inferring that a potential hybrid pathway,
involving both vacant and hydrated sites may exist. Investigation of this in the future may
provide further insights into the K+ channel conduction mechanism.
Conclusions
In this study, umbrella sampling simulations have been performed to evaluate the potential of
mean force of KcsA mutant channels, where the S4 site is substituted. Substitution of the
threonine residue to hydrophobic residues of differing sizes (alanine and cysteine) notably
increases the maximum barrier to ion permeation, in line with the reduced conductance rates
obtained from single-channel recordings in prior experimental studies. Moreover, insights are
provided into the deviant ion occupancies reported for the T75C mutant channel, indicating the
dominant mechanism of conduction in this channel involves vacant sites in the selectivity filter.
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Abstract
The role of two arginine residues R64 and R89 present at the non-annular lipid binding sites of
the K+-channel KcsA on the modulation of channel activity by anionic lipids, has been
investigated using a combined molecular biology, electrophysiology, NMR spectroscopy and
molecular dynamics (MD) simulations approach. We have worked with the wild-type KcsA and
with different arginine mutant channels reconstituted into membranes containing increasing
amounts of the anionic lipid PA (phosphatidic acid). The characterization of these samples
allows us to propose a molecular mechanism of the modulatory process, which determines the
functional state of the channel selectivity filter. In summary, we reveal a critical interaction
between D80, a component of the “inactivation triad”, and R89, a non-annular arginine, which
can be modulated by non-annular lipids and mutations in the position of R64. The efficacy of
this mechanism is dependent on the stability of the lipid bound to the non-annular lipid site and
is therefore intensified in the presence of negatively charged lipid headgroups, such as PA,
which thrive on the positive charge of the non-annular arginines.
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Introduction
Membrane lipids modulate the structure and function of many integral membrane proteins and
such effect can be carried out basically by two ways: i) directly, through lipid binding to
specific sites on the membrane protein and ii) indirectly, by changing physical properties of the
membrane bilayer. In the former, specific binding sites for lipids at transmembrane segments of
the proteins are classified as annular or non-annular, depending on their lipid selectivity and
binding affinity. Non-annular lipid binding sites are usually located at clefts between adjacent
different subunits of the membrane proteins and although there are several examples of lipid
modulation through these non-annular sites,1-5 the exact mechanisms through which the bound
lipids exert such modulatory function remains elusive.
Ion channels are of the essence to many physiological and pathological processes and constitute
an important pharmacological target. Many studies have shown an influence of lipids on the
structure and function of different ion channels and non-annular lipid binding sites have been
identified as key elements in this modulation.1 This is the case of KcsA, a prokaryotic potassium
channel that serves as a reference for the potassium ion channel superfamily due to the high
homology with its eukaryotic counterparts. Anionic lipids have been shown to modulate KcsA
in different manners and are required for channel function. For instance, anionic lipids increase
ion channel conductance and open probability,6,7 provide stability to the tetrameric channel
against thermal or chemical denaturation8-10 and enable its in vitro proper folding,11 although it
is still unclear how and where anionic lipids exert such effects.
From the structural view point, KcsA is a homotetramer in which the four subunits are disposed
around a central pore. Each subunit contains a N-terminal cytoplasmic domain followed by a
first transmembrane segment (TM1), then, a tilted short pore helix, the selectivity filter, a
second transmembrane segment (TM2) and finally, a C-terminal cytoplasmic domain (Figure
1). The selectivity filter, with the sequence TVGYG unmistakable homologous to the eukaryotic
K+ channels, provides a stack of ion binding sites contributed by the backbone carbonyl
oxygens to which potassium ions bind in a dehydrated form. Flow of ions through this channel
is controlled by the opening and closing of two different gates for ions. The inner gate is formed
by the crossing of a cytoplasmic bundle of helices near the C-terminal ends of each subunit. A
pH drop initiates a conformational movement of such helical bundle, allowing the formation of
an aperture that communicates the pore with the cytoplasmic solution. On the other hand, the
outer gate is formed by the selectivity filter itself at the extracellular side of the protein and is
stabilized in the open conformation while the inner gate is closed. However, when the inner gate
opens, the extracellular outer gate is destabilized as to enter the inactivated conformation, where
the passage of ions through the selectivity filter is impeded. This process is similar to the C-type
inactivation in many eukaryotic ion channels, which makes KcsA a good model to study this
important phenomenon. A complex web of H-bonds implicating several water molecules and
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different residues behind the selectivity filter, particularly the so-called inactivation triad E71D80-W67, have been identified as clue elements in the channel inactivation process.12-19

Figure 1. Schematic representation of the KcsA structure (PDB 1F6G) indicating potential
binding regions for anionic lipids. For the sake of clarity, only two out of the four KcsA
subunits have been drawn. The N-terminal R11 and K14 residues (violet); the arginine residues
27, 117, 121 and 122 (yellow) situated at the cytoplasmic side close to the C-terminal; and the
arginine residues present at the non-annular site R64 and R89A (red), are depicted like spheres.
The location of important domains of KcsA such as the selectivity filter, the N- and C-terminus
and the transmembrane segments TM1 and TM2 is also indicated.
A further examination of the KcsA crystal structure reveals that it contains non-covalently
bound lipid20,21 that co-crystallizes with the protein and has been identified as
phosphatidylglycerol (PG).22 The crystallographic evidence and other studies23 conclude that the
PG binding sites in KcsA have the features of “non-annular” sites,1 i.e., a deep cleft on the
protein surface, between the pore helix and TM2 of adjacent subunits. These sites bind “in
vitro” other anionic phospholipids besides PG and contain two cationic arginine residues (R64
and R89) at the most extracellular side of the cleft, which are believed to be essential for
binding of anionic phospholipids with high selectivity and affinity.6,23-26 Moreover, it has been
proposed that at least three of the four non-annular binding sites in KcsA should be occupied by
anionic lipids for the channel to open.6 Additionally, these non-annular sites are proposed to be
involved in protein-protein interactions leading to the formation of KcsA clusters, which show
an activity pattern very different from that of the isolated KcsA channel.27 Therefore, competing
lipid-protein and protein-protein interactions involving these non-annular sites seem important
factors to determine the behavior of the KcsA channel.
Besides the role of R64 and R89 at the non-annular sites, other protein domains containing basic
amino acid residues have been proposed to be potential sites for anionic lipid binding: i) the Nterminal R11 and K14 residues and ii) the arginine residues 27, 117, 121 and 122 located at the
cytoplasmic side, close to the C-terminal segment (Figure 1). In the latter, anionic lipid binding
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increases the stability of the channel protein against chemical denaturation.8 In the former,
binding of anionic lipids reportedly induces a conformational change at the N-terminus that
stabilizes the open conformation of the inner gate, resulting in an increase in the open channel
probability and conductance.7
In this work, we have studied the role of the two arginine residues, R64 and R89, present at the
non-annular lipid binding sites, on the modulation of KcsA activity by anionic lipids. To do so,
we have worked with the wild-type KcsA and with different arginine mutant channels
reconstituted into membranes containing increasing amounts of the anionic lipid PA
(phosphatidic acid). The analysis of single-channel and macroscopic currents, complemented
with NMR and molecular dynamics (MD), enable us to propose a molecular mechanism
encompassing the whole process, from the binding of anionic lipids to the non-annular sites, to
the structural consequences on the inactivating triad and on the selectivity filter, which finally
determine the functional state of the channel.
Materials and Methods
Asolectin (L-α-Phosphatidylcholine from soybean type 2-S) was purchased from Sigma. PA, La-phosphatidic acid (egg chicken) from Avanti Polar Lipids, DDM from Calbiochem, and BioBeads SM-2 from Bio-Rad.
Cloning and mutagenesis of KcsA
The pT7-837KcsA containing the R64A-KcsA gene mutant was kindly donated by Professor A.
Killian (Utrecht University, Holland). The R89A-KcsA mutant was obtained through sitedirected mutagenesis, using the wild-type gene inserted into the pQE30 (Qiagen) plasmid as a
template. The R64L and the R64,89A-KcsA double mutant were obtained using the pT7-837
KcsA containing the R64A gene mutant as a template and the oligonucleotides:
5’-ACGTATCCGCTTGCGCTGTGGTG-3’(sense) and
5’-CACCACAGCGCAAGCGGATACGT-3’ (antisense) or
5´-TGACTCTGTGGGGCGCACTCGTGGCCGTGGTGGTGAT-3´ (sense) and
5´-ATCACCACCACGGCCACGAGTGCGCCCCACAGAGTCAC-3´ (antisense) (Invitrogen).
All mutations were confirmed by sequencing.
Overexpression and purification of KcsA
Expression of the wild-type protein and the R89A mutant were performed in Escherichia coli
M15 (pRep4) cells, whereas the R64L, R64A and R64,89A mutants were expressed in E. coli
strain BL21(λDE3) (Molina et al., 2004). For the NMR experiments, the cells were first
cultured in 5 ml of LB medium supplemented with antibiotics until an OD600 of 0.4 was
reached. This culture was diluted into 400 ml of M9 minimum medium, supplemented with
thiamine, biotin and antibiotics and incubated at 37°C until an OD600 of 0.6 was reached and
finally transferred into M9 minimum medium containing 1 g/L
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15

NH4Cl (Cambridge Isotope

Laboratories) to reach again a OD600 of 0.6. In all cases, protein purification was performed
essentially as previously described,28 except that the purification buffer contained 10 mM
HEPES, pH 7.5, 100 mM KCl and 5 mM DDM. The higher concentration of DDM used now is
aimed to reduce the formation of KcsA clusters (see below). Yields ranging 1-2 mg of purified,
DDM-solubilized, tetrameric KcsA per liter of culture were routinely obtained. Protein
concentrations were determined from the absorbance at 280 nm, using a molar extinction
coefficient of 34,950 M–1cm–1 for the KcsA monomer.11 The purified protein batches were also
analyzed by polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate.28
Reconstitution of KcsA and preparation of giant liposomes
Wild-type KcsA and mutant channels were reconstituted in asolectin lipid vesicles, with or
without an additional 25 or 50 % (by weight) of PA. In order to prepare the vesicles, the
required amount of lipid was dissolved in chloroform:methanol (2:1, by volume). Then,
solvents were removed using a rotary evaporator and vacuum. The dried lipid films at 20 mg/ml
were resuspended in 10 mM HEPES (pH 7.0), 100 mM KCl and stored in liquid nitrogen.
Before use, defrosted lipid suspensions were diluted at 5 mg/ml, then vortexed and sonicated to
clarity.
To further prevent clustering of KcsA, the reconstitution step at a low lipid-protein ratio (5:1
w/w) was avoided.27,29 Instead, DDM-solubilized KcsA at approximately 1 mg/ml was added
drop by drop to the lipid solution while being vortexed, to give a lipid to KcsA tetramer ratio of
100:1 or 1000:1 (by weight) for macroscopic or single-channel current recordings, respectively.
The mixture was incubated for at least 30 minutes at room temperature. Then, the detergent was
removed using Bio-Beads SM-2 (Bio-Rad laboratories) as described previously (Giudici et al.,
2013). After discarding the Bio-Beads, the reconstituted KcsA liposome suspensions were
collected by centrifugation (60 minutes at 300,000 x g) and finally suspended in 10 mM HEPES
(pH 7.0), 100 mM KCl to a lipid concentration of 0.1 mg/µl. Samples were stored at -80 ºC.
In order to form multilamellar giant liposomes, a drop of the above reconstituted liposomes was
placed on a glass slide and dried overnight in a desiccator chamber at 4ºC and then rehydrated
with 20 µl of 10 mM HEPES (pH 7.0), yielding giant liposomes suitable for patch-clamp
experiments after a few hours of rehydration (Riquelme et al., 1990).
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Electrophysiological Recordings
Inside-out patch clamp recordings30 were performed on excised patches from giant liposomes,
using an automated patch clamp system (Nanion Technologies, Germany) equipped with an
external perfusion device. Gigaseals were obtained on NPC-1 borosilicate glass chips (Nanion
Technologies, Germany) with resistances of 3-5 MΩ. Negative pressure was applied to place a
giant liposome on the aperture of the chip and form a planar lipid bilayer in the aperture (Kreir
et al., 2008). After a stable seal was formed, the remaining liposomes were washed away with
the corresponding intracellular buffer. Currents were recorded using an EPC-10 amplifier
(HEKA Electronic, Lambrecht/Pfalzt, Germany), at a gain of 50 mV/pA. Data were digitized at
a sampling rate of 10 kHz or 40 kHz (the latter only when recording +150 mV continuous
pulses) and low-pass filtered to 2 or 8 kHz (Bessel filter, HEKA amplifier), respectively.
Afterwards, the recordings were analyzed with Clampfit 10.3 (Molecular Devices, Axon
Instruments). All measurements were taken at room temperature, with the extracellular solution
containing 10 mM HEPES buffer (pH 7), 100 mM KCl and the intracellular solution 10 mM
MES buffer (pH 4), 100 mM KCl.
For the recording of macroscopic currents, chips with a resistance of 2–3.5 MΩ were used.
Currents were elicited in response to pH jumps from 7.0 (10 mM HEPES buffer, 100 mM KCl)
to 4.0 (10 mM MES buffer, 100 mM KCl) using the perfusion system, with the membrane held
at +150 mV. Maximum currents observed ranged between 250 and 2500 pA.
Kinetic Analysis
Preprocessing. Kinetic analysis of single-channel recordings was done as detailed by others
(Chakrapani et al., 2007a), using the QuB suite of programs (www.qub.buffalo.edu). The
recordings were initially examined to eliminate those portions containing anomalous noise and
overlapping channel activity. Then, they were idealized into open and close transitions using
SKM, a segmental k-means algorithm based on hidden Markov modeling procedure at full
bandwidth.31,32 Histograms of the closed and open intervals from the whole recordings, using a
logarithmic abscissa and square root ordinate,33 were fitted to a linear scheme of four closed and
one open states using a maximum likelihood criteria after imposing a dead time of 25–75 μs
(Chakrapani et al., 2007a).34,35
Isolation of Bursts. This process was also done as in (Chakrapani et al., 2007a). Briefly, a
closed-state interval longer that a critical duration (tcrit) determines when a burst of activity ends
and a new one starts. Once a continuous trace is idealized and its corresponding histogram
calculated and fitted to the linear scheme (see above), tcrit was estimated as the intersection of
areas between the second and third closed state durations. Isolated bursts likely arise from the
activity of a single channel, which minimizes the total number of misclassified events (Jackson
et al., 1983). The mean duration of open and closed times within the burst were estimated by
averaging the corresponding idealized dwell times. Then, bursts were classified into low,
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intermediate and high mean open probability, restricting the quantitative kinetic modeling
studies to the latter ones, because of their predominance and larger homogeneity. Rate constants
were estimated from the dwell-time distributions of the intraburst closed and open intervals
using an interval-based maximum likelihood method with an incorporated first order corrections
for missed events (25–75 μs).31,32,36,37
Molecular dynamics simulations
The closed (PDB ID 1K4C) crystal structure of KcsA was retrieved from the Protein Data Bank
and resolved residues 26 to 114 were used for subsequent modelling.20 R64A, R64L and R89A
mutant channels were generated using the Mutator plugin of VMD.38 N- and C-termini were
acetylated and methylated respectively. The amino acid E71 of KcsA is modelled in the
protonated state to form a diacid hydrogen bond with D80.39 Default ionisation states were used
for the remaining amino acids. Four water molecules were placed at the back of the selectivity
filter, in agreement with crystallographic data and previous molecular dynamics (MD)
simulations. SOLVATE 1.0 was used to solvate internal cavities of the protein. The structures
were aligned perpendicular to the bilayer and inserted into two membrane systems: a neutral
membrane containing 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) molecule and
a charged membrane constituted of POPC and 1-palmitoyl-2-oleoyl phosphatidic acid (POPA)
molecules in a 3:1 ratio, with x and y dimensions of 96 Å.40-42 The VMD solvate plugin was
then used to create a rectangular water box around the membrane-protein system.38 The
overlapping water and lipid molecules around the ion channel structure were removed with the
cut-off distance (1.2 Å). Potassium and chloride ions were added using Autoionize Plugin of
VMD to neutralise the systems and obtain a concentration of 150 mM.38 The final system size
was approximately 90,000 atoms.
MD simulations were performed with NAMD 2.12.43 CHARMM36 parameters were used for
the protein and lipids,44 the TIP3P model was used for water,45 and the CHARMM NBFIX
parameters for ions. The particle mesh Ewald method was used for the treatment of periodic
electrostatic interactions, with an upper threshold of 1 Å for grid spacing.46 Electrostatic and van
der Waals forces were calculated every time step. A cutoff distance of 12 Å was used for van
der Waals forces. A switching distance of 10 Å was chosen to smoothly truncate the nonbonded interactions. Only atoms in a Verlet pair list with a cutoff distance of 13.5 Å (reassigned
every 20 steps) were considered. The SETTLE algorithm was used to constrain all bonds
involving hydrogen atoms, to allow the use of a 2 fs time step throughout the simulation.47 MD
simulations were performed in the NPT ensemble. The Nose-Hoover-Langevin piston was
employed to control the pressure with a 200 fs period, 50 fs damping constant, and the desired
value of 1 atmosphere.48,49 The system was coupled to a Langevin thermostat to sustain a
temperature of 300 K throughout. In the equilibration process, the same protocol was used for
all of the systems. The systems were subjected to 10,000 steps of minimization, with harmonic
constraints (force constant 20 kcal/mol/Å2) on protein atoms, lipid headgroups and
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crystallographic water and ions. Harmonic restraints were gradually reduced to a force constant
of 2 kcal/mol/Å2 and removed in consecutive steps from the lipid headgroups, protein sidechains and protein backbone over the course of a 3.5 ns trajectory.
NMR spectroscopy
Two-dimensional 1H,15N-HSQC (Heteronuclear Single Quantum Correlation spectroscopy)
experiments were recorded on an 800 MHz Bruker Advance III spectrometer at 298 K for 5h,
using detergent-solubilized
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N isotopically enriched protein samples of KcsA (50 µM,

tetramer) in 10 mM HEPES, pH 7.5, 100 mM KCl, 5 mM DDM. In all experiments 1024x200
points where collected and water suppression was achieved using WATERGATE. Chemical
Shift Perturbation (CSP) of the arginine guanidino side chain region was used to determine the
putative Arg residues from the channel that are interacting with the lipid (PA or PC) at a molar
ratio of protein:lipid 1:3 (egg PA) or 1:5 (egg PC). Chemical shift perturbations were observed
in the fast exchange regime and the signal corresponding to Nε-Hε of R64 was chosen as
binding reporter.
Results
Macroscopic KcsA currents
Macroscopic KcsA currents elicited by rapidly changing the pH from neutral to acidic at the
intracellular side of the channel, have been recorded in macro patches containing a large number
of KcsA channels (Figure 2). K+ currents were not observed at the starting neutral pH, which is
consistent with the absence of KcsA clusters from these samples29 and suggests that the currents
observed upon activation by the pH jump result from the added contributions of individual
KcsA channels. Our perfusion system is not fast enough to acquire reliable data on the very
rapid, pH-induced channel activation, but the slower inactivation process that follows can be
properly recorded. Figure 2A shows that KcsA reconstituted in asolectin lipids inactivates at a
rate similar to that reported by others,35 with a halflife of around one second when fitted to a
single exponential. Figure 2A also shows that addition of the anionic lipid PA to the asolectin
lipid drastically slowed down current inactivation, with no significant differences between 25 or
50% of PA added to the lipid matrix.
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Figure 2. Macroscopic inactivation of KcsA. Normalized macroscopic currents elicited by fast
pH jumps (pH 7 to 4) are shown. Each trace is the average from three to five different
experiments. (A) Influence of anionic phospholipid on KcsA inactivation. K+ currents were
recorded from macropatches of wild-type KcsA reconstituted in plain asolectin lipids (WT),
asolectin lipids with an added 25% of egg PA (WT+25%PA) or asolectin lipids with an added
50% of egg PA (WT+50%PA). (B) Effects of R64A, R89A and R64,89A KcsA mutations on
channel inactivation upon reconstitution of the arginine mutant channels in plain asolectin
lipids. (C) Effects of adding 25% PA to the reconstituted asolectin lipid matrix of the arginine
mutants mentioned above. The holding potential in all these experiments was +150 mV.
Since the non-annular sites at the extracellular side of the protein, particularly the arginines at
positions 64 and 89, have been proposed as key elements for the binding of anionic lipids (see
Introduction), similar experiments were conducted with arginine to alanine mutants of KcsA at
such positions (R64A, R89A and the double mutant R64,89A-KcsA). Figure 2B shows that the
effects on the inactivation rate of any of such mutants reconstituted in plain asolectin lipids are
qualitatively similar to those caused on the wild type channel by addition of PA to the
membrane matrix, that is, the rate of inactivation markedly decreases in all cases. This is similar
to that reported previously for the R64A mutant.13 Noticeably, the addition of PA to the
reconstituted, slowly inactivating mutant channels has no further effects on the inactivation rates
of these channels (Figure 2C).
Single-channel measurements
Single-channel experiments were also performed with the wild-type and mutant channels from
above. In these experiments, a larger lipid/protein ratio was used in the reconstitution step to
disperse the channels within the bilayer and favor individual channel recordings (see Methods).
In our hands, as in the early report by Schrempf’s group (Meuser et al., 1999), the wild-type
KcsA reconstituted in asolectin lipids shows a high degree of heterogeneity in the observed
potassium currents. Figure 3A is a representative example of a long recording taken at +150
mV, showing bursts of activity with different amplitudes. Such a variability is always present in
different samples prepared independently or even within the same membrane patch. Figure 3B,
upper panel, shows in more detail the prevailing currents from wild-type KcsA reconstituted in
plain asolectin lipids, which correspond to conductance values ranging 30 to 100 pS and have
the common feature of exhibiting low open probabilities (NP0 ≤ 0.2). The amplitude distribution
(Figure 3C, upper panel) shows that the most frequently observed current under these conditions
is that of approximately 9 pA (60 pS) and its I/V plot (Figure 4) has a characteristic sigmoidlike pattern with inward and outward rectification, as reported by others.50
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Figure 3. Effect of the anionic phospholipid lipid PA on wild-type KcsA single channel
currents. Panel A shows a long, representative recording taken at +150 mV from a membrane
patch containing wild-type KcsA reconstituted in plain asolectin lipids. The recording serves to
illustrate heterogeneous bursts of channel activity with different amplitudes throughout. Out of
that heterogeneity, panel B shows in more detail shorter recordings of the different currents at
+150 and -150 mV found for the wild-type channel reconstituted in plain asolectin lipids (upper
traces) or in asolectin supplemented with 25% (mid traces) or 50% (lower traces) PA. The
asterisks indicate the prevalent, most frequently found current for each experimental condition.
Panel C shows the amplitude histograms for the currents found under the different
reconstitution conditions from above and illustrates that the amplitude of the most frequently
found currents increases as the percentage of added PA is increased. The histograms shown are
the summation of 9 to 15 individual histograms from different samples.
As to the recordings taken at negative potentials (Figure 3B, lower traces in upper panel), it is
observed that channel openings are scarce, very noisy and quite heterogeneous in terms of
current intensity, which is in agreement with previous reports (LeMasurier et al., 2001;
Chakrapani et al., 2007a) and precluded further analysis.34,50
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Figure 3 also shows that adding PA to the reconstituted asolectin lipid bilayer has two main
effects on the single-channel recordings taken at +150 mV. Figure 3B, midle and lower traces,
show that although the heterogeneity in the population of currents is still maintained in presence
of added PA, the predominant currents are now those with higher amplitudes. Indeed, 12 pA (80
pS) and 15 pA (100 pS) are now the most frequently observed currents in 25% and 50% added
PA, respectively (Figure 3C). Such predominant currents still maintain the rectification seen in
plain asolectin, regardless of the PA content (Figure 4). Second and most noticeable, addition of
PA to the reconstituted matrix, either at 25% or 50% with respect to the asolectin lipids, causes
a large increase in the open probability (NP0 ≥ 0.8). This has been observed previously6,7,51 and
seems consistent with the marked decrease in the inactivation rates seen in the above recordings
from macro-patches. Finally, the lower traces in Figure 3B show that at negative potentials, the
addition of PA to the reconstituted bilayer produces only small changes relative to the asolectin
control sample. The observed currents remain heterogeneous and the openings are very noisy
and maintain a low open probability. At these negative potentials, the only parameter affected
by PA addition in a somewhat clear manner is the intensity of the prevailing current, which is
enhanced in the sample containing the highest amount of PA tested.

Figure 4. I/V curves of wild-type KcsA single channel currents. The figure shows the I/V
curves for the most frequently found currents under the different reconstitution conditions
specified in Figure 3. In addition to the already mentioned increase in current amplitude caused
by the added PA, the figure shows that the rectification seen in plain asolectin remains
regardless of the added PA content. Data points and error bars are the average and s.e.m. of 10
to15 different samples.
The KcsA arginine to alanine mutants (Figure 5) show a much higher open probability at
positive voltages compared to the single channel recordings from the wild-type channel,
regardless of whether or not different amounts of PA were added to the asolectin lipid matrix.
Again, this seems consistent with the marked decrease observed in the inactivation rates of these
mutants (Figure 2). As in the wild-type channel, the mutants also exhibit a high degree of
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heterogeneity in the observed potassium currents (not shown). Figure 5 shows that the
prevailing currents in these mutant channels exhibit higher amplitudes than those of the wildtype channel in asolectin. Such an increase in the current amplitudes resemble that observed
when PA is added to the asolectin matrix containing the wild-type channel (Figure 3C).
Nonetheless, in contrast to the wild-type channel, addition of PA to the reconstituted mutants
results in little (only in the R64A-KcsA mutant) or no effects on further increasing the
amplitudes of the most frequently observed currents which, additionally, show now an
essentially ohmic behavior (Figure 5).
As to the observations at negative voltages in the arginine mutants, the recordings maintain a
pattern similar to that of the wild-type, being essentially undistinguishable among the different
mutants and remaining practically unaltered when PA was added to the reconstituted lipid
matrix (Figure 5, lower traces in each panel).
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Figure 5. Effects of added PA on single channel currents from arginine to alanine mutants of
KcsA reconstituted in asolectin lipids. Only the most frequently found, prevalent current from
the recordings of each of the mutants at +150 and -150 mV are included in the figure. Compared
to the wild-type channel in plain asolectin in Figure 3B, all arginine to alanine mutants exhibit
much higher open probabilities and higher amplitudes. Also, in contrast to the wild-type
channel, addition of 25 or 50% PA to the reconstituted bilayers results in little (only in the
R64A-KcsA mutant at positive voltages) or no effects on further increasing the current
amplitudes. Moreover, I/V curves to the right in each panel show an essentially ohmic behavior
for all three mutants. Symbols used in this Figure are as in Figure 4. Data points and error bars
are the average and s.e.m. of 10 to 15 different samples.
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Gating kinetics
In an attempt to further characterize the effects of PA on channel activity and the role of the
non-annular arginines in this process, an analysis of the kinetic behavior of KcsA at the singlechannel level under steady-state inactivation conditions, at pH 4, was performed. Gating
kinetics of wild-type KcsA is highly complex and its underlying mechanisms are not yet well
understood.35 There are different patterns of bursts and a large variation in the open probability
and mean open and closed times from patch to path.34,52 Additionally, the low open probability
under steady-state inactivation conditions makes it difficult to know the exact number of
channels present in the patch. To partly circumvent these issues, kinetic analysis was restricted
to isolated bursts, which most likely correspond to single channel activity, from the prevailing
current in the continuous recordings. Moreover, such intraburst activity has been associated to
conformational fluctuations at the selectivity filter (outer gate), independently of inner gate
events,35 which facilitates the interpretation of the results. Finally, the analysis was confined to
recordings obtained at +150 mV, both because this is the condition used in the inactivation
experiments and also because at this potential the channel showed the larger open probability
and the effect of lipids was more pronounced, as shown above.
The kinetic analysis for all the samples follows the approach used by Chakrapani and
coworkers.35 Once the appropriate tcrit (see Materials and Methods) was obtained, bursts were
isolated and classified according to their intraburst open probability into low (LPo; Po<0.4),
intermediate (0.4<Po<0.8) and high modes (HPo; Po>0.8). In order to study a more
homogenous population, the kinetic analysis was further restricted to the open and close dwelltime histograms of HPo isolated bursts, which indeed are the most frequently observed. Relative
to the distribution of closed lifetimes, Figure 6 shows that similarly to previous reports on the
wild type channel in asolectin, it can be reasonably described by two components, which were
assigned to a flickering and an intermediate short-lived inactivated states that KcsA would enter
once it opens by acidic pH and from which the channel would recover quickly.35 Also, Figure 6
shows that the open lifetime histogram in this case can be described by just a single
component.35,52 When comparing these data with those from the arginine to alanine channel
mutants or from the wild-type channel in presence of PA, the most noticeable change detected
in the histograms refers to a shift observed in the distribution of open events to longer lifetimes,
which seems consistent with the slower inactivation exhibited by all these samples. To quantify
these changes, the events within the bursts were fit to a kinetic model consisting of the above
two closed states (the flickering and the intermediate) and one open state (Chakrapani et al.,
2007a), according to:

where O represents the open state, If and Ii are the inactivated flickering and intermediate states
and kf, ki, k-f and k-i, are the corresponding closing and opening rate constants, respectively. The
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solid lines on top of the histograms in Figure 6 shows that such kinetic model fits reasonably
well to the experimental data. Moreover, the right column in Figure 6 shows that the closing
rate constants, kf and ki, estimated from the fits, are clearly diminished in the wild-type channel
with added PA or in the arginine channel mutants relative to that of wild-type-KcsA in
asolectin. These changes seem consistent with the observed increase in the mean open time
(Figure 6, right column), and with the decrease in the rate of inactivation in those samples (Fig.
2).

Figure 6. Kinetic behaviour of KcsA is modulated by PA and non-annular arginine mutations
(A) Representative dwell time distribution of closed and open events within bursts identified
using tcrit, (see Methods section). The solid line denotes the density function calculated by fitting
the data to two closed and one open state model (see text). (B) Kinetic parameters derived from
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the above fitting. kf and ki refer to the flickering and intermediate closing rate constants,
respectively (see text). Data are the mean values ± s.e.m. of 4 to 7 different samples.
Side chain charge versus size in determining the behavior of arginine mutants
From the above results it follows that mutation to alanine of any of the two non-annular
arginines strongly alters the activity pattern of KcsA and minimizes the effects of PA seen on
the wild-type channel. Being a positively-charged residue, it is tempting to assume that it is the
loss of such charges that determines the behavior of the arginine mutants. Nonetheless, an
arginine to alanine mutation changes not only the charge, but also the size of the side chain to
the much shorter alanine, which might bear on the mobility of such residue within the protein
structure or on its ability to reach out for interacting counterparts. Thus, we prepared R64L and
R89L-KcsA mutants, since the leucine side chain is also non-charged, but larger than that of
alanine. Unfortunately, only the R64L mutant could be expressed as a tetrameric channel
protein in our expression system and therefore, the experiments that followed were done only
with this latter channel. Figure 7A shows that in sharp contrast to the arginine to alanine
mutants, the R64L mutant inactivates quite rapidly as evidenced in macro-patch recordings, in a
manner practically undistinguishable to that seen in the wild-type channel. Moreover, addition
of PA to the asolectin lipid matrix does not modify appreciably the observed inactivation rate.
Single-channel experiments also show that the R64L mutant has an activity pattern similar to
that of the wild-type channel (Figure 7B), i.e., characterized by a low open probability.
Moreover, kinetic analysis of the R64L mutant channel, also included in Figure 6 to facilitate
comparison, yields short opening times and high closing rate constants, essentially identical to
those of the wild-type channel. It should be emphasized that R89 is still present in the R64L
mutant and therefore, all the effects reported for this mutant are due to the substitution by
leucine of just a single arginine residue.
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Figure 7. Salient features of R64L-KcsA mutant K+ currents. Panel A shows normalized
macroscopic currents at a holding potential of +150 mV from fast pH jumps (pH 7 to 4) in
macropatches containing the mutant channel reconstituted in plain asolectin lipids with or
without added PA. The behavior of the wild-type KcsA channel reconstituted in plain asolectin
under comparable experimental conditions, has been added for comparison. Each trace is the
average from three different experiments. Panel B shows representative single channel
recordings at +150 and -150 mV of the prevalent current from this mutant channel reconstituted
in plain asolectin with or without added PA.
NMR measurements of phospholipid binding
The interaction between PA and the KcsA channel was further investigated using NMR
spectroscopy in detergent-solubilized samples. NMR is a suitable technique to determine
intermolecular interactions with atomic resolution and a 15N-labeled sample of KcsA was used
to monitor the NHε moiety of the guanidino group of the arginine side chains, whose chemical
shift is located in a particularly clean region of the 1H,15N-HSQC (Figure 8, blue contours).
Actually, this region is very crowded, consistent with the abundant Arg residues that belong to
the KcsA channel. The two terminal R189 and R190 are more flexible and they are tentatively
assigned to the most intense signals of the spectrum, while R89 and R64 are unequivocally
assigned after recording the 1H,15N-HSQC spectra of the R89A- and R64A-KcsA mutant
channels. Addition of PC does not cause noticeable chemical shifts of any of the spectral
signals. On the contrary, the presence of added PA results in significant chemical shifts
affecting several arginine side chains. Remarkably, R64 shifts about 0.5 ppm in the
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dimension, reflecting a change in the chemical environment of the residue as a consequence of
interaction with the anionic phospholipid. Due to signal overlap, R89 cannot be equally
monitored.
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Figure 8. Solution NMR spectroscopy. Guanidino region of the 1H,15N-HSQC spectra of
detergent-solubilized wild type KcsA in the absence of any ligand (blue contours) and in the
presence of three equivalents of PA (green contours). The assigned residues are indicated in
black arrows.
Structural basis of lipid modulation of KcsA inactivation
The KcsA channel filter is comprised of four ion-binding sites, formed by a tetrameric
arrangement of backbone carbonyl atoms of residues T75 to G79, in addition to the side-chain
of T75, and an external site. The canonical conformation of the selectivity filter is stabilized by
H-bonding with surrounding amino acids. Residues Y78 (selectivity filter) and D80 (pore loop)
H-bond with residue E71 (pore helix), whilst D80 also H-bonds with W67. Structured water
molecules also contribute to the structural integrity of this region. W67-Y78-D80 have been
termed the “inactivation triad” in view of their critical role in this process.15 Our attentions are
focused towards the molecular behaviour of this region in order to understand the initial steps of
the inactivation process, and how membrane lipids may be involved.
MD simulations of KcsA in a closed state (PDB 1K4C) were performed in zwitterionic (PC)
and mixed zwitterionic/anionic (PC/PA) lipid bilayers. Such lipid bilayers are expected to yield
a non-functional (PC) and a functional (the PA/PC mixture) KcsA channel, respectively, upon
reconstitution of the purified protein. At the outset, simulations were initiated from a random
lipid configuration (see Methods), denoted nWT-PA or nWT-PC where n indicates the replica.
Over the course of these simulations, performed in duplicate, both zwitterionic and charged
lipid molecules were observed to occupy a non-annular binding site, on the interface between
two adjacent subunits. The cleft is lined with hydrophobic residues from TM1 (L40), the pore
helix (P63, L66 and W67) and TM2 (L86, C90 and V93), with the lipid headgroup capable of
interacting with charged and polar residues in the immediate locale (T61, R64 and R89). The

156

observed site is in agreement with those previously postulated by computation,6,23,24 and regions
of electron density assigned as lipid molecules in crystal structures of KcsA.22 On account of
this, additional simulations were performed with lipids bound into the four identical nonannular binding sites, denoted nWT-PA4 or nWT-PC4, where n indicates the replica. The
binding pose used for each lipid was extracted from the most highly populated cluster observed
in the replica 1 and docked into each site. Marius and coworkers previously posited that
occupancy of at least three sites was obligatory for KcsA activation by anionic lipid PG, giving
credence to the initial model utilized here.6 A summary of all the simulations performed can be
found in Table 1.
Table 1. Summary of simulations performed
System

Bilayer
Composition

WT

PA/PC

PC

R64A

PA/PC
PC

R64L

PA/PC
PC

R89A

PA/PC
PC

Notation

NonAnnular
Lipids?

WT-PA

N

WT-PA4

Y

WT-PC

N

WT-PC4

Y

R64A-PA
R64A-PA4
R64A-PC
R64A-PC4
R64L-PA
R64L-PA4
R64L-PC
R64L-PC4
R89A-PA
R89A-PA4
R89A-PC
R89A-PC4

N
Y
N
Y
N
Y
N
Y
N
Y
N
Y

Replica

Length (ns)

1
2
1
2
3
4
5
1
2
1
2
3
4
5
1
1
1
1
1
1
1
1
1
1
1
1

400
200
400
200
200
150
150
400
200
400
200
200
150
150
100
250
100
250
100
250
100
250
100
200
100
200

Striking differences in the inactivation triad environment are observed on comparison of the WT
(wild type) channel when non-annular lipids are present, relative to when they are absent
(Figure 9). In the first replica of the simulation of the wild type KcsA in the PA membrane,
1

WT-PA, persistent H-bonds are formed between non-annular arginine R89, and triad residue

D80 for between ~40-80% of the simulation in all tetramer subunits (Figure 9A and Figure S1).
In contrast, in WT-PA4 simulations, the equivalent interaction frequency reaches a maximum of
~20% in all subunits. This can be attributed to preferred H-bonding between R89 and the
negatively charged PA headgroup in the adjacent site. Bound PA typically exhibits a stable and
persistent binding pose is observed in which an ester oxygen atom at the apex of an acyl chain
H-bonds to R89, whilst the phosphate oxygen atoms of the headgroup H-bond to R64. The
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frequency of these H-bonds is generally in excess of 80% in at least three non-annular sites.
Moreover, phosphate oxygen atoms are also capable of simultaneously H-bonding T61, and the
T61-PA H-bond frequencies are observed to be between 50-60% (Table S1). Overall, each nonannular lipid is involved in approximately 2.5 H-bonds at one time.
In contrast, the H-bond frequencies between zwitterionic lipid, PC, and the equivalent protein
residues are highly variable (T61 0-80%, R64 40-90% and R89 30-90%). In three out of five
replicas, the proposed D80-R89 interaction is absent (H-bond frequency < 20%) in all subunits;
in the remaining two replicas, this interaction is predominant (H-bond frequency > 50%) in one
or two subunits. Representative examples of both scenarios are shown in Figure 9B. In the latter
case, these instances correlate with diminished H-bonding with PC. It is therefore more
probable that the D80-R89 interaction will form when the non-annular lipid species is PC rather
than PA. The two possible scenarios described are shown in Figure 9A and B.

Figure 9. (A) D80-R89 interaction frequency in WT-KcsA simulations. (B) Average number of
lipid H-bonds in WT-KcsA simulations, calculated using a 3.5 Å distance cutoff between polar
atoms and 35o cutoff for the acceptor-donor-hydrogen angle. (C) Dominant H-bond
configuration of non-annular PA, which disrupts D80-R89 interactions. (D) Example of a Hbond scenario where D80 and R89 interact in spite of bound PC. For (C-D) the simulation and
subunit shown is marked with an asterisk in (A-B). Data for the remaining simulations can be
found in Figure S1.
To test this hypothesis, the equivalent simulation protocol was utilized for KcsA mutants R64A
and R64L, and the prevalence of the D80-R89 H-bond was monitored in the resulting
trajectories (Figure 10A). On all accounts, the H-bond frequency, averaged over all subunits,
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was fewer in the KcsA-R64A simulation than the corresponding KcsA-R64L simulation,
corroborating our proposal. This effect can be ascribed to the bulkiness of the leucine sidechain,
which induces a shift in R89 towards D80, demonstrated in Figure 10A. Furthermore, the D80R89 H-bond frequency was attenuated to the greatest extent when non-annular lipids are bound.

Figure 10. (A) D80-R89 hydrogen bond frequency in R64A-KcsA and R64L-KcsA
simulations. (B) Depiction of opposing scenarios in R64 mutant channels. The specific
simulation and subunit shown is marked with an asterisk in (A).
When the arginine at position 89 is mutated to alanine, an alternative scenario is presented. In
this case, the removal of arginine, can destabilize the conformation of W67, resulting in its
detachment from D80. This movement coincides with the breakage of the E71-D80 H-bond,
culminating in complete disruption of the inactivation triad (Table 2). This can be attributed to
the negligible size of the alanine side-chain, suggesting the residue at position 89 is important to
reinforce the conformation of the inactivation triad and maintain its stability. This effect is
observed irrespective in neutral and anionic lipid bilayers, with and without bound non-annular
lipids.
Table 2. Lifetime of inactivation triad, calculated as the period of time when both triad
interactions (W67-D80) are intact.
Simulation
R89A-PA
R89A-PA4
R89A-PC
R89A-PC4

A
100
200
14
52

Lifetime (ns)
B
C
30 33
1
34
11 100
55 5

D
59
88
00
50

In addition to the effects described on the inactivation triad, it is interesting to note that there are
instances in the WT channel where water molecules can access the region behind the selectivity
filter. Entrance of water molecules is initiated by separation of W67 and L81 (Table 3), which
are in close contact in the crystal structure. This pathway can remain open with time enabling
frequent in and out water transitions or close after a short period, trapping water molecules.
Considering R64 and W67 interact closely with both L81 and non-annular lipids, it is
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conceivable that non-annular lipids may modulate the conformational freedom of L81, and
hence acts as a tap, governing water accessibility to this region.
Table 3. Frequency of W67-L81 opening in simulations with the wild type KcsA. It should be
noted that each replica has a different simulation time, see Table 1.
Simulation

1WT-PA
2WT-PA
1WT-PA
4
2WT-PA
4
3WT-PA
4
4WT-PA
4
5WT-PA
4
1WT-PC
2WT-PC
1WT-PC
4
2WT-PC
4
3WT-PC
4
4WT-PC
4
5WT-PC
4

W67-L81
Open Frequency
(%)
A
B
C
D
77 14 66 42
0
1
24 47
2
14 8
0
26 3
30 0
1
10 2
7
0
2
4
3
1
22 48 38
0
31 2
0
25 0
11 0
0
65 30 50
1
4
3
1
2
7
1
8
0
68 3
4
3
5
90 13

Discussion
This work aims to shed further light on the modulation of KcsA function by anionic lipids and
to decipher the role on such process of the so called non-annular arginine residues, R64 and
R89. Our results show that addition of the anionic lipid PA to the asolectin lipid matrix
containing the reconstituted KcsA drastically changes the behavior of the wild-type channel at
the single-channel level, causing a slowdown of the closing rates and consequently, an increase
in the mean open time and the open probability. Such alterations would be expected to result in
a decrease in the channel inactivation rate, as it is indeed observed experimentally in our
macroscopic current measurement in presence of added PA.
Effects akin to those are observed when either one or the two arginines are mutated to alanine,
in the absence of added anionic lipids. Studies using the single arginine to alanine mutants
(R64A or R89A-KcsA) show that a single arginine is not enough to retain the inactivation
features of the wild type channel and thus arginines at both positions are required for that
purpose. In stark contrast with this, the arginine to leucine R64L mutant shows that the bulkier
leucine side chain, although uncharged, could substitute R64 in maintaining the inactivation
features of the wild-type channel. This suggests that the interactions leading to alteration of the
channel inactivation features by the arginines are to some extent non-electrostatic in nature.
Moreover, in spite of their different behaviour, neither the arginine to alanine mutants, nor the
R64L mutant show additional alterations in the inactivation rate when in the presence of anionic
phospholipids.
In line with previous postulates referred in the Introduction,10,20,21,23,26 we interpret our
electrophysiological results of the WT channel as a consequence of electrostatic interactions
between the arginines and anionic lipids bound to the non-annular sites. This receives support
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from NMR data which unequivocally demonstrates that at least R64 is specifically involved in
binding the anionic PA. Although it should be noted that this experimental system consisted of
detergent-solubilized protein and added lipid. Moreover, our MD simulations predict that R64,
R89 and other surrounding residues such as T61, are involved in persistent binding of the
anionic phospholipid head group to the non-annular sites.
Since channel inactivation is considered to be controlled by the inactivation triad, it is expected
that the specific binding of charged phospholipids, affects the inactivation triad in some manner,
either directly or indirectly. This notion is supported by evidence that the mutation of residues
constituting the triad13,15 results in a slowdown of the inactivation process very similar to that
reported here when anionic lipids are present and the arginines are mutated to alanine. Our MD
simulations reveal that non-annular lipids are pivotal to the inhibition of direct D80-R89
interactions. Moreover, our simulations of the R64A and R64L bolster opposing effects, with
regards to D80-R89, in keeping with the divergent inactivation rates reported in this study. With
this in mind, we advocate that the attachment of R89 to D80, strengthens the E71-D80 bond,
which is conducive to KcsA inactivation.
This is in accord with prior MD simulations of KcsA with anionic lipid PG,26 conflicting with
alternative proposals that simple electrostatic attractions between potassium ions and anionic
phospholipids increase the potassium concentration locally and cause the observed larger
currents.53,54 Unorthodoxly, the simulations disclose that the inactivation triad is completely
disrupted in the R89A mutant, due to the absence of stabilizing interactions between the bulky
arginine side-chain and the tryptophan ring typically in position 67. Therefore, this data
provides evidence that both the size and charge of both non-annular arginines are critical to the
configuration of the inactivation triad, and hence the inactivation rates of KcsA.
Since the non-annular arginines appear as the relevant sites for the functional modulation of the
KcsA channel by anionic phospholipids, it should be taken into account that there are four
equivalent, non-annular lipid binding sites per channel and a pertinent question would be, how
many of such sites need to be occupied by the bound lipids to exert their effects on the
inactivation rate? Previous proposals suggest that occupation of at least three equivalent nonannular sites is necessary for channel opening,6 although the differences in experimental
conditions makes difficult the extrapolation to our system. Furthermore, coarse-grained
simulations observed minimal binding affinity to a single site when the remaining three sites are
occupied, suggesting occupation of three sites is optimum.26We observed saturation of the lipid
effects on inactivation at 25% of PA added to the asolectin matrix, but the asolectin lipids
themselves already contain an approximately 10% of different anionic lipids,55 plus those
retained bound at the non-annular sites of KcsA upon its purification. In our simulated bilayers
used for the MD study, the four non-annular sites in each channel remain lipid-bound during the
time course of the simulation. However, it is possible that on extended timescales, expulsion of
phospholipid molecules from some of such sites could take place. Indeed, although speculative,
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our simulation results insinuate that full occupancy of non-annular sites may not be required,
considering zwitterionic phospholipid PC is also capable of perturbing the D80-R89 interaction,
albeit to a lesser extent.
Finally, we consider the surmised water access pathway between the extracellular solution and
region containing the inactivation triad. The relevance of water molecules behind the KcsA
selectivity filter has earned significant interest in recent years. Extensive unbiased MD
simulations of the low K+ structure (PDB 1K4D) revealed the containment of three structured
water molecules buried behind the selectivity filter, as the principal determinant in the slow
recovery rate of the pinched structure of the KcsA selectivity filter, considered as a nonconductive, ‘C-type inactivated’ state.17 The timescales of water release and re-entry vary by an
order of magnitude, reported as ~10-15 μs and ~80-100 ns respectively, with access governed
by Y82 in this case. Long residence times were later confirmed by solid state NMR.56
Moreover, the observed structured water network was resolved in the recent high-resolution
structure of the fast-inactivating KcsA-Y82A mutant, which displays accelerated C-type
inactivated gating (Cordero-Morales et al., 2006b),13 confirming the importance of these
molecules in the magnitude and rate of inactivation and the role of Y82 in this process.57
Considering these results and the data presented in this manuscript, it is tempting to speculate
that both L81 and Y82 can act independently to govern water access to the cavity behind the
selectivity filter. Moreover, the proposed relevance of interactions at the extracellular loops on
the ion conduction properties of KcsA has received support from a previous report on this
matter.58 Moreover, probing the effects of anionic lipids on the stability of KcsA functional
states,51 the same authors provided evidence that the lipid-protein-interface at this region is
critical in stabilizing the open-activated channel structure.
The overall conclusion from the above paragraphs is that the inactivation properties of KcsA are
determined by the interaction between the inactivation triad with the non-annular arginines. The
presence of phospholipids bound at non-annular sites, can prevent such interactions, providing
the molecular basis of how lipids modulate channel inactivation. It should be noted, however,
that this proposal is based on the comparison between macroscopic inactivation and singlechannel measurements made at an acidic pH and at a positive holding potential, and data from
MD simulations, which are obtained at neutral pH and in the absence of any electrical gradient,
based on KcsA crystals obtained in analogous conditions. In fact, single channel recordings at
negative voltages from both the wild-type channel and arginine to alanine mutants, in the
presence of added PA, are similar to those from wild-type channel in plain asolectin, i.e. very
few and short apertures, consistent with the maintenance of fast inactivation under these
conditions. This can be rationalized by considering that at hyperpolarizing potentials the E71D80 interaction is enhanced, as a result of the voltage-dependent orientation of the E71
residue,59 D80 or R89, considering the results present here. It is worth noting, the only reported
case in which inactivation at negative voltages can be removed is that of the E71A mutant.59
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The prokaryotic KcsA is often considered a simplified version of eukaryotic potassium channel
counterparts and therefore, we search for similarities at putative non-annular lipid binding sites
in different eukaryotic channels. An equivalent to R89 is conserved in many K+ channels
(mostly as either an arginine or a lysine), but that equivalent to R64 is conserved only in a few
instances, such as the human Kv5.1 channel, where a glutamine residue is found at that
position.60 Thus, it is conceivable that some eukaryotic potassium channels should be able to
bind anionic phospholipids to these sites and behave similarly to KcsA in terms of its functional
modulation.
In summary, our tenet is that the type of phospholipid headgroup bound at the non-annular
KcsA sites determines the conformation of R89. To be more specific, non-annular lipids hinder
formation of direct interactions between D80 and R89 bond in WT KcsA, which directly affects
the efficaciousness of the inactivation triad, hence impeding the initial steps of inactivation.
According to the MD simulations, anionic lipids (PA) bind securely to non-annular sites, as a
result of persistent H-bonding with T61, R64 and R89, stubbornly inhibiting this interaction. On
the other hand, the H-bonding attributes of zwitterionic lipids (PC) are more variable, and thus
the interaction is more likely to form. Functionally, these predictions are likely to explain the
observed decrease in the selectivity filter closing rate and increase of the mean open time
observed experimentally, when the concentration of PA is increased in WT systems. This
hypothesis is supported by simulations of R64-KcsA mutants, which exert opposing effects on
conformation of R89, in agreement with the electrophysiological results demonstrating
paradoxical inactivation profiles. Overall, our results reveal the critical role of non-annular
arginines in the KcsA inactivation process, by the coordinated binding of non-annular lipids.
References
(1)
(2)
(3)
(4)

(5)

(6)
(7)
(8)

Lee, A. G. How lipids affect the activities of integral membrane proteins. Biochim. Et
Biophy. Acta-Biomembranes 2004, 1666 (1-2), 62.
Marsh, D. Protein modulation of lipids, and vice-versa, in membranes. Biochimica Et
Biophysica Acta-Biomembranes 2008, 1778 (7-8), 1545.
Phillips, R.; Ursell, T.; Wiggins, P.; Sens, P. Emerging roles for lipids in shaping
membrane-protein function. Nature 2009, 459 (7245), 379.
Poveda, J. A.; Giudici, A. M.; Renart, M. L.; Molina, M. L.; Montoya, E.; FernandezCarvajal, A.; Fernandez-Ballester, G.; Encinar, J. A.; Gonzalez-Ros, J. M. Lipid
modulation of ion channels through specific binding sites. Biochim. Et Biophy. ActaBiomembranes 2014, 1838 (6), 1560.
Poveda, J. A.; Giudici, A. M.; Renart, M. L.; Morales, A.; Gonzalez-Ros, J. M. Towards
understanding the molecular basis of ion channel modulation by lipids: Mechanistic
models and current paradigms. Biochim. Et Biophy. Acta-Biomembranes 2017, 1859 (9),
1507.
Marius, P.; Zagnoni, M.; Sandison, M. E.; East, J. M.; Morgan, H.; Lee, A. G. Binding of
anionic lipids to at least three nonannular sites on the potassium channel KcsA is required
for channel opening. Biophys. J. 2008, 94 (5), 1689.
Iwamoto, M.; Oiki, S. Amphipathic antenna of an inward rectifier K+ channel responds
to changes in the inner membrane leaflet. P. Natl. Acad. Sci. USA 2013, 110 (2), 749.
Raja, M.; Spelbrink, R. E. J.; de Kruijff, B.; Killian, J. A. Phosphatidic acid plays a
special role in stabilizing and folding of the tetrameric potassium channel KcsA. Febs
Let. 2007, 581 (29), 5715.

163

(9)
(10)

(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)
(25)
(26)
(27)

(28)

Raja, M. The Role of Extramembranous Cytoplasmic Termini in Assembly and Stability
of the Tetrameric K+-Channel KcsA. J. Memb. Biol. 2010, 235 (1), 51.
Triano, I.; Barrera, F. N.; Renart, M. L.; Molina, M. L.; Fernandez-Ballester, G.; Poveda,
J. A.; Fernandez, A. M.; Encinar, J. A.; Ferrer-Montiel, A. V.; Otzen, D.et al. Occupancy
of Nonannular Lipid Binding Sites on KcsA Greatly Increases the Stability of the
Tetrameric Protein. Biochemistry 2010, 49 (25), 5397.
Barrera, F. N.; Renart, M. L.; Poveda, J. A.; De Kruijff, B.; Killian, J. A.; Gonzalez-Ros,
J. M. Protein self-assembly and lipid binding in the folding of the potassium channel
KcsA. Biochemistry 2008, 47 (7), 2123.
Bhate, M. P.; McDermott, A. E. Protonation state of E71 in KcsA and its role for channel
collapse and inactivation. P. Natl. Acad. Sci. USA 2012, 109 (38), 15265.
Cordero-Morales, J. F.; Cuello, L. G.; Zhao, Y. X.; Jogini, V.; Cortes, D. M.; Roux, B.;
Perozo, E. Molecular determinants of gating at the potassium-channel selectivity filter.
Nat. Struct. Mol. Biol. 2006, 13 (4), 311.
Cordero-Morales, J. F.; Jogini, V.; Lewis, A.; Vasquez, V.; Cortes, D. M.; Roux, B.;
Perozo, E. Molecular driving forces determining potassium channel slow inactivation.
Nat. Struct. Mol. Biol. 2007, 14 (11), 1062.
Cordero-Morales, J. F.; Jogini, V.; Chakrapani, S.; Perozo, E. A Multipoint HydrogenBond Network Underlying KcsA C-Type Inactivation. Biophys. J. 2011, 100 (10), 2387.
Imai, S.; Osawa, M.; Mita, K.; Toyonaga, S.; Machiyama, A.; Ueda, T.; Takeuchi, K.;
Oiki, S.; Shimada, I. Functional Equilibrium of the KcsA Structure Revealed by NMR. J.
Biol Chem. 2012, 287 (47), 8.
Ostmeyer, J.; Chakrapani, S.; Pan, A. C.; Perozo, E.; Roux, B. Recovery from slow
inactivation in K+ channels is controlled by water molecules. Nature 2013, 501 (7465), 5.
Raghuraman, H.; Islam, S. M.; Mukherjee, S.; Roux, B.; Perozo, E. Dynamics transitions
at the outer vestibule of the KcsA potassium channel during gating. P. Natl. Acad. Sci.
USA 2014, 111 (5), 1831.
Rotem, D.; Mason, A.; Bayley, H. Inactivation of the KcsA potassium channel explored
with heterotetramers. J. Gen. Physiol. 2010, 135 (1), 29.
Zhou, Y. F.; Morais-Cabral, J. H.; Kaufman, A.; MacKinnon, R. Chemistry of ion
coordination and hydration revealed by a K+ channel-Fab complex at 2.0 angstrom
resolution. Nature 2001, 414 (6859), 43.
Valiyaveetil, F. I.; Zhou, Y. F.; Mackinnon, R. Lipids in the structure, folding, and
function of the KcsA K+ channel. Biochemistry 2002, 41 (35), 10771.
Demmers, J. A. A.; van Dalen, A.; de Kruijff, B.; Heck, A. J. R.; Killian, J. A. Interaction
of the K+ channel KcsA with membrane phospholipids as studied by ESI mass
spectrometry. Febs Lett. 2003, 541 (1-3), 28.
Deol, S. S.; Domene, C.; Bond, P. J.; Sansom, M. S. P. Anionic phospholipid interactions
with the potassium channel KcsA: Simulation studies. Biophys. J. 2006, 90 (3), 822.
Marius, P.; Alvis, S. J.; East, J. M.; Lee, A. G. The interfacial lipid binding site on the
potassium channel KcsA is specific for anionic phospholipids. Biophys. J. 2005, 89 (6),
4081.
Marius, P.; de Planque, M. R. R.; Williamson, P. T. F. Probing the interaction of lipids
with the non-annular binding sites of the potassium channel KcsA by magic-angle
spinning NMR. Biochim. Et Biophy. Acta-Biomembranes 2012, 1818 (1), 90.
Weingarth, M.; Prokofyev, A.; van der Cruijsen, E. A. W.; Nand, D.; Bonvin, A.; Pongs,
O.; Baldus, M. Structural Determinants of Specific Lipid Binding to Potassium Channels.
J. Am. Chem. Soc. 2013, 135 (10), 3983.
Molina, M. L.; Giudici, A. M.; Poveda, J. A.; Fernandez-Ballester, G.; Montoya, E.;
Renart, M. L.; Fernandez, A. M.; Encinar, J. A.; Riquelme, G.; Morales, A.et al.
Competing Lipid-Protein and Protein-Protein Interactions Determine Clustering and
Gating Patterns in the Potassium Channel from Streptomyces lividans (KcsA). J. Biol.
Chem.2015, 290 (42), 25745.
Molina, M. L.; Encinar, J. A.; Barrera, F. N.; Fernandez-Ballester, G.; Riquelme, G.;
Gonzalez-Ros, J. M. Influence of C-terminal protein domains and protein-lipid
interactions on tetramerization and stability of the potassium channel KcsA. Biochemistry
2004, 43 (47), 14924.

164

(29) Molina, M. L.; Barrera, F. N.; Fernandez, A. M.; Poveda, J. A.; Renart, M. L.; Encinar, J.
A.; Riquelme, G.; Gonzalez-Ros, J. M. Clustering and coupled gating modulate the
activity in KcsA, a potassium channel model. J. Biol.Chem. 2006, 281 (27), 18837.
(30) Hamill, O. P.; Marty, A.; Neher, E.; Sakmann, B.; Sigworth, F. J. Improved patch-clamp
techniques for high-resolution current recording from cells and cell-free membrane
patches. Pflug. Arch. Eur. J. Phy. 1981, 391 (2), 85.
(31) Qin, F.; Auerbach, A.; Sachs, F. Estimating single-channel kinetic parameters from
idealized patch-clamp data containing missed events. Biophys. J. 1996, 70 (1), 264.
(32) Qin, F.; Auerbach, A.; Sachs, F. Maximum likelihood estimation of aggregated Markov
processes. P. Roy. Soc. B. 1997, 264 (1380), 375.
(33) Sigworth, F. J.; Sine, S. M. Data transformations for improved display and fitting of
single-channel dwell time histograms. Biophys. J. 1987, 52 (6), 1047.
(34) Chakrapani, S.; Cordero-Morales, J. F.; Perozo, E. A quantitative description of KcsA
Gating I: Macroscopic currents. J. Gen. Phys. 2007, 130 (5), 465.
(35) Chakrapani, S.; Cordero-Morales, J. F.; Perozo, E. A quantitative description of KcsA
Gating II: Single-channel currents. J. Gen. Phys. 2007, 130 (5), 479.
(36) Horn, R.; Lange, K. Estimating kinetic constants from single channel data. Biophys. J.
1983, 43 (2), 207.
(37) Roux, B.; Sauve, R. A General-solution to the time interval omission problem applied to
single channel analysis. Biophys. J. 1985, 48 (1), 149.
(38) Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol.
Graph. 1996, 14 (1), 33.
(39) Berneche, S.; Roux, B. The ionization state and the conformation of Glu-71 in the KcsA
K+ channel. Biophys. J. 2002, 82 (2), 772.
(40) Jo, S.; Kim, T.; Iyer, V. G.; Im, W. CHARMM-GUI: a web-based graphical user
interface for CHARMM. J. Comput. Chem. 2008, 29 (11), 1859.
(41) Jo, S.; Lim, J. B.; Klauda, J. B.; Im, W. CHARMM-GUI Membrane Builder for Mixed
Bilayers and Its Application to Yeast Membranes. Biophys. J. 2009, 97 (1), 50.
(42) Wu, E. L.; Cheng, X.; Jo, S.; Rui, H.; Song, K. C.; Dávila-Contreras, E. M.; Qi, Y.; Lee,
J.; Monje-Galvan, V.; Venable, R. M. CHARMM-GUI Membrane Builder toward
realistic biological membrane simulations. J. Comput. Chem. 2014, 35 (27), 1997.
(43) Phillips, J. C.; Braun, R.; Wang, W.; Gumbart, J.; Tajkhorshid, E.; Villa, E.; Chipot, C.;
Skeel, R. D.; Kale, L.; Schulten, K. Scalable molecular dynamics with NAMD. J.
Comput. Chem. 2005, 26 (16), 1781.
(44) Klauda, J. B.; Venable, R. M.; Freites, J. A.; O’Connor, J. W.; Tobias, D. J.; MondragonRamirez, C.; Vorobyov, I.; MacKerell Jr, A. D.; Pastor, R. W. Update of the CHARMM
all-atom additive force field for lipids: validation on six lipid types. J. Phys. Chem. B
2010, 114 (23), 7830.
(45) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein, M. L.
Comparison of simple potential functions for simulating liquid water. J. Chem. Phys.
1983, 79 (2), 926.
(46) Darden, T.; York, D.; Pedersen, L. Particle mesh Ewald: An N⋅log(N) method for Ewald
sums in large systems. J. Chem. Phys. 1993, 98 (12), 10089.
(47) Miyamoto, S.; Kollman, P. A. SETTLE: an analytical version of the SHAKE and
RATTLE algorithm for rigid water models. J. Comput. Chem. 1992, 13 (8), 952.
(48) Feller, S. E.; Zhang, Y.; Pastor, R. W.; Brooks, B. R. Constant pressure molecular
dynamics simulation: the Langevin piston method. J. Chem. Phys. 1995, 103 (11), 4613.
(49) Martyna, G. J.; Tobias, D. J.; Klein, M. L. Constant pressure molecular dynamics
algorithms. J. Chem. Phys. 1994, 101 (5), 4177.
(50) LeMasurier, M.; Heginbotham, L.; Miller, C. KcsA: It's a potassium channel. J. Gen.
Phys. 2001, 118 (3), 303.
(51) van der Cruijsen, E. A. W.; Prokofyev, A. V.; Pongs, O.; Baldus, M. Probing
Conformational Changes during the Gating Cycle of a Potassium Channel in Lipid
Bilayers. Biophys. J. 2017, 112 (1), 99.
(52) Chakrapani, S.; Cordero-Morales, J. F.; Jogini, V.; Pan, A. C.; Cortes, D. M.; Roux, B.;
Perozo, E. On the structural basis of modal gating behavior in K+ channels. Nat. Struct.
Mol. Biol. 2011, 18 (1), 67.
(53) Chung, S. H.; Allen, T. W.; Kuyucak, S. Modeling diverse range of potassium channels
with brownian dynamics. Biophys. J. 2002, 83 (1), 263.

165

(54) Nimigean, C. M.; Chappie, J. S.; Miller, C. Electrostatic tuning of ion conductance in
potassium channels. Biochemistry 2003, 42 (31), 9263.
(55) McCormick, J. I.; Johnstone, R. M. Volume enlargement and recovery of na+-dependent
amino-acid transport in proteoliposomes derived from ehrlich ascites cell-membranes. J.
Biol. Chem. 1988, 263 (17), 8111.
(56) Weingarth, M.; van der Cruijsen, E. A. W.; Ostmeyer, J.; Lievestro, S.; Roux, B.; Baldus,
M. Quantitative Analysis of the Water Occupancy around the Selectivity Filter of a K+
Channel in Different Gating Modes. J. Am. Chem. Soc. 2014, 136 (5), 2000.
(57) Cuello, L. G.; Cortes, D. M.; Perozo, E. The gating cycle of a K+ channel at atomic
resolution. Elife 2017, 6, 17.
(58) van der Cruijsen, E. A. W.; Nand, D.; Weingarth, M.; Prokofyev, A.; Hornig, S.;
Cukkemane, A. A.; Bonvin, A.; Becker, S.; Hulse, R. E.; Perozo, E.et al. Importance of
lipid-pore loop interface for potassium channel structure and function. P. Natl. Acad. Sci.
USA 2013, 110 (32), 13008.
(59) Cordero-Morales, J. F.; Cuello, L. G.; Perozo, E. Voltage-dependent gating at the KcsA
selectivity filter. Nat. Struct. Mol. Biol. 2006, 13 (4), 319.
(60) McCoy, J. G.; Nimigean, C. M. Structural correlates of selectivity and inactivation in
potassium channels. Biochim. Et Biophy. Acta-Biomembranes 2012, 1818 (2), 272.

166

4.4 Effect of Anionic Lipids on Ion Permeation through K+ Channels
4.4.1 Authorship and Permissions
This declaration concerns the article entitled
Effect of Anionic Lipids on Ion Permeation through K+-Channels
Publication status (tick one)
ü
Draft
Submitted
In review
Accepted
Published
manuscript
Publication Not Applicable
details
Candidates The candidate contributed to/considerably contributed/predominantly
contribution executed the…
to the paper Formulation of ideas (50%):
(detailed
V. Oakes and C. Domene contributed equally.
and
also
given as a Design of methodology (50%):
percentage) V. Oakes and C. Domene contributed equally.
Experimental work (80%):
V. Oakes: Performed simulations and analysis
S. Furini: Provided analysis tools for weighted-histogram analysis
method
Presentation of data in journal format (80%):
V. Oakes: Main author of manuscript and supporting information.
S. Furini: Critically assessed and revised the manuscript and supporting
information.
C. Domene: Critically assessed and revised the manuscript and
supporting information.
Statement
from
Candidate
Signed

This paper reports on original research I conducted during the period of
my Higher Degree by Research candidature.
Date

167

4.4.2 Manuscript

Effect of Anionic Lipids on Ion Permeation through K+Channels
Victoria Oakes.1, Simone Furini 2 and Carmen Domene1,3
1

Department of Chemistry, University of Bath, Claverton Down, Bath, BA2 7AY, UK

2

Department of Medical Biotechnologies, University of Siena, Siena, Italy

3

Department of Chemistry, University of Oxford, Oxford, OX1 3TA, UK

Abstract
K+-channels are responsible for the efficient and selective conduction of K+ ions across the
plasma membrane. The bacterial channel KcsA has historically been used to characterize
various aspects of K+ conduction via computational means. The energetic barriers associated
with ion translocation across the KcsA selectivity filter have been computed in various studies,
leading to the proposal of two alternate mechanisms of conduction. Thus far, the effect of
several features of the KcsA channel structure on the ion conduction have not been
characterized. Here, the potential of mean force of K+ permeation is evaluated for KcsA in lipid
bilayers containing anionic lipids, which is known to increase the conductance of the channel.
In addition, the effect of the protonation/deprotonation of residue E71, which directly interacts
with the selectivity filter sequence, is assessed. Both conduction mechanisms are considered
throughout. The results obtained provide novel insights into the molecular functioning of the K+
selectivity filter.
Introduction
The plasma membrane is a critical regulator of ion channel function. Various membrane lipids
have been shown to exert an effect on ion channels from a diverse range of families, including
cholesterol, and several types of phospholipids (such as phosphatidylinositol 4,5-bisphosphate)
and sphingolipids (such as sphingosine-2-phosphate).1-3 Membrane lipids can regulate ion
channel activity by several mechanisms among which are: 1) direct binding to specific sites on
the channel surface, 2) perturbation of the physical properties of the phospholipid bilayer, and
3) modulation of complex formation with other protein assemblies.
In the K+-channel family, the regulation of several channel types by membrane lipids has been
investigated, including inward-rectifying and voltage-gated K+-channels.1,4,5 In KcsA, a
bacterial K+-channel, it has been shown that anionic phospholipids are instrumental to channel
function. For instance, the conductance and open probability of KcsA is increased in the

168

presence of anionic lipids.6,7 Moreover, anionic lipids enhance the structural stability of KcsA,
in conditions of thermal or chemical denaturation.8-10 In addition, correct folding in vitro is
assisted by anionic lipids.11 However, the exact role of anionic lipids in these processes remains
unclear.
The landmark crystal structure of KcsA revealed the structure of the K+-channel pore domain in
atomic detail.12 The homotetramer is formed from the assembly of four identical subunits, each
containing two transmembrane helices, connected by a loop which converges at the center of the
channel. The pore-loop, as this is known, contains an α-helix and the selectivity filter sequence
(TVGYG), which is conserved in prokaryotic and eukaryotic K+-channels.13,14 This region is
responsible for permitting fast and efficient permeation of K+ ions, whilst excluding other ionic
species. A symmetric arrangement of the backbone carbonyl groups of the selectivity filter
sequence and the side-chain of the included threonine form four adjacent binding sites, which
can accommodate dehydrated K+ ions (Figure 1A). During outward rectification, ions enter
from the cytoplasm to a water-filled cavity in the center of the membrane, ions can penetrate the
selectivity filter before exiting to the periplasm. Ion conduction is regulated at the lower gate
(by opening and closing of the transmembrane helices) and the upper gate (by activation and
inactivation of the selectivity filter). It is, therefore, possible that anionic lipids can act at two
distinct sites to modulate ion conductance in KcsA.
Several clues into the mechanism of lipid regulation have been gained from the abundance of
high-resolution structural information available for the KcsA channel. Re-examination of an
early KcsA structure has disclosed the location of a binding site for anionic lipid POPG (1palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol), in a cleft at the interface between adjacent
subunits, and in close proximity to the selectivity filter.15-17 In these sites, typically referred to as
“non-annular sites”,18 several arginine residues are thought to be involved in the selective, highaffinity binding of phospholipids.4,6,19-21 The behaviour of non-annular arginines has been
directly implicated in the dynamics of selectivity filter residues,21 providing a plausible
mechanism of action of anionic lipids on the selectivity filter. Marius et al suggest that the
inhabitance of three or four identical sites by anionic lipids is a prerequisite for channel
opening.6 What is more, the occupation of non-annular sites has been shown to encourage the
formation of KcsA clusters, which exhibit altered conduction properties than isolated
channels.22
In this work, the energetics of ion conduction through the KcsA selectivity filter, in zwitterionic
and mixed anionic/zwitterionic lipid bilayers, is evaluated using umbrella sampling simulations.
The relationship between anionic lipids and the rate of permeation through the conductive K+channel selectivity filter has not yet been examined via computational means. This is
supplemented by analogous calculations, where the protonation state of neighbouring residue
E71 is modified, which increases the negative charge density directly behind the selectivity
filter and alters the conformation of proximal residues. The data obtained provide important
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insights into the molecular functioning of the selectivity filter in response to the introduction of
anionic components.
Materials and Methods
Model Setup
Coordinates from the high-resolution crystal structure of KcsA in a closed-state (PDB ID
1K4C) (residues 26-114) was used to model the channel.15 This particular structure was used to
allow direct comparison with previous studies.23 N- and C-termini were acetylated and
methylated respectively. The amino acid E71 of KcsA is modelled in the protonated state to
form a diacid hydrogen bond with D80,24 as well as the deprotonated state. Default ionisation
states were used for the remaining amino acids. Four water molecules were placed at the back of
the selectivity filter, in agreement with crystallographic data and previous molecular dynamics
(MD) simulations.25 SOLVATE 1.0 was used to solvate internal cavities of the protein. The
structures were aligned perpendicular to the bilayer and inserted into two membrane systems: 1)
a neutral membrane containing 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
molecule and 2) a charged membrane constituted of POPC and 1-palmitoyl-2oleoylphosphatidylserine (POPS) molecules in a 3:1 ratio, which were generated using the
CHARMM-GUI online server.26-28 The VMD solvate plugin was then used to create a cubic
water box around the membrane-protein system.29 The overlapping water and lipid molecules
around the ion channel structure were removed with the cut-off distance 1.2 Å. Potassium and
chloride ions were added using Autoionize Plugin of VMD to neutralise the systems up to a
concentration of 150 mM.29 The final system size was approximately 90,000 atoms.
Molecular Dynamics Simulations
MD simulations were performed with version NAMD 2.12.30 CHARMM36 parameters were
used for the protein and lipids,31 the TIP3P model was used for water,32 and the CHARMM
NBFIX parameters for ions. The particle mesh Ewald method was used for the treatment of
periodic electrostatic interactions, with an upper threshold of 1 Å for grid spacing.33
Electrostatic and van der Waals forces were calculated every time step. A cutoff distance of 12
Å was used for van der Waals forces. A switching distance of 10 Å was chosen to smoothly
truncate the non-bonded interactions. Only atoms in a Verlet pair list with a cutoff distance of
13.5 Å (reassigned every 20 steps) were considered. The SETTLE algorithm was used to
constrain all bonds involving hydrogen atoms, to allow the use of a 2 fs time step throughout the
simulation.34 MD simulations were performed in the NPT ensemble. The Nose-HooverLangevin piston was employed to control the pressure with a 200 fs period, 50 fs damping
constant, and the desired value of 1 atmosphere.35,36 The system was coupled to a Langevin
thermostat to sustain a temperature of 300 K throughout. In the equilibration process, the same
protocol was used for all of the systems. The systems were subjected to 10,000 steps of
minimization, with harmonic constraints (force constant 20 kcal mol−1Å−2) on protein atoms,
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lipid headgroups and crystallographic water and ions. Harmonic restraints were gradually
reduced to a force constant of 2 kcal mol−1Å−2 and removed in consecutive steps from the lipid
headgroups, protein side-chains and protein backbone over the course of a 3.5 ns trajectory.
Initial 500 ns unbiased MD simulations identified binding of charged and zwitterionic
phospholipids in non-annular sites on the interface between two adjacent subunits. On account
of this, analogous systems were then prepared and equilibrated with full occupancy of the four
non-annular binding sites, in consideration of previous observations.6 Coordinates and velocities
after 20 ns of unconstrained MD simulations from these systems were used as the starting point
for subsequent biased simulations. A summary of the systems is provided in Table 1.
Table 1. Summary of simulations performed. PC and PS refers to the type of lipid, P and D to
the protonated or not nature of E71, and finally W and G refer to the conduction mechanism
either with water or gaps in between K+ ions.
Bilayer
Composition
POPC

E71 Protonation
State
Protonated
Deprotonated

POPS+POPC

Protonated
Deprotonated

Permeation
Mechanism
KWK
KK
KWK
KK
KWK
KK
KWK
KK

Notation
PC-PW
PC-PG
PC-DW
PC-DW
PS-PW
PS-PG
PS-DW
PS-DW

Umbrella Sampling Simulations
Umbrella sampling has been used to calculate the potential of mean force of ion translocation
through the KcsA selectivity filter. Ion permeation involving four ions was examined. To
simulate the KWK mechanism (where water molecules fill sites not containing K+ ions), the
events connecting the S0/S2/S4/SCAV and SEC/S0/S2/S4/ configurations were examined, with
water molecules in remaining sites. To simulate the KK mechanism (where sites not containing
K+ ions are empty), the events connecting the S1/S2/S4/SCAV and SEC/S1/S2/S4/ were examined.
The initial and final configurations are considered to be equivalent. The ions considered are
denoted K1 (exterior ion), K2 (central ion 1), K3 (central ion 2) and K4 (interior ion). Three
biasing potentials were initialized, acting on the K1 ion, the K4 ion and the center of mass of the
K2 and K3 ions. Individual simulations were predominantly spaced 1 Å apart, adopting a force
constant of 10 kcal mol−1Å−2 for the harmonic potential. In the barrier regions, additional
windows with a force constant of 20 kcal mol−1Å−2 for the harmonic potential were used. In two
scenarios (PC-DG and PC-PG), the chosen collective variables resulted in degenerate states;
alternative biasing potentials acted upon the K1 ion, the K2 ion and the center of mass of both
K3 and K4 ions were tested. The results for these simulations are not included as additional
work is required to obtain a converged PMF in these cases. At the start of each window, ions
were manually moved to their starting configurations. Simulations of 500 ps were then
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performed for each configuration. The positions of water molecules in the selectivity filter were
monitored throughout, and simulations exhibiting water molecules with unconventional
behaviour were removed from subsequent analysis. The initial 100 ps of the trajectories were
considered as equilibration and also removed. The weighted histogram analysis method was
used to unbias the data and obtain the PMF in three or four (PC-DG and PC-PG) dimensions,37
which were then projected onto two-dimensions for visualization.

Error estimates were

obtained by calculating PMF profiles for 100 ps portions of the trajectory and combining them.
Results
Umbrella sampling simulations have been used to calculate the energetics of ion conduction
through the KcsA selectivity filter. Three independent parameters have been modified in order
to assess their effect: 1) membrane composition, 2) E71 deprotonation state, and 3) ion
permeation mechanism (KK vs. KWK mechanisms), resulting in eight independent systems.
Umbrella sampling simulations were initiated from unbiased and unrestrained MD simulations
of the systems following a 20 ns equilibration period. In this time period, deprotonation of E71
disrupts the hydrogen-bond network behind the selectivity filter, involving W67, E71, Y78, D80
residues and a structured water molecule. This is associated with the entrance of various water
molecules into the region behind the selectivity filter. The specific simulation frame used to
seed the umbrella sampling simulations are shown in Figure 1B-D, demonstrating the hydrogennetwork. The results are organised by conduction mechanism to avoid repetition.

Figure 1. Structure of the KcsA selectivity filter in (A) the initial crystal structure and (B) PSPW, (C) PC-PW, (D) PS-DW and (E) PC-DW simulations. In (A), the main selectivity filter
binding sites are labelled, along with relevant residues. Water molecules are excluded for
clarity. Individual K+ binding sites are defined in Figure 1A.

KWK Mechanism
In the KWK mechanism of conduction, K+ ions occupy nonadjacent sites in selectivity filter
(i.e. S2/S4 or S1/S3), interspersed by water molecules. Ion transport occurs by concerted
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transitions between these configurations, associated with an incoming intracellular ion, and an
outgoing extracellular ion.23 This has been supported by prior computational23,25,38,39 and
experimental studies.40-42 The potential of mean force for the KWK mechanism can be found in
Figure 2A-D. In this case, the calculated energetic barriers are generally consistent for the initial
movement of ions through the selectivity filter, irrespective of the protonation state of E71
(Table 2). Overall, an energetic cost of 3-4 kcal/mol is associated with loss of the exterior ion
from S0 (transition IàII), as well as the attachment of the cavity ion to the lower border of the
S4 site (denoted S4B from this point forward) and the concurrent movement of selectivity filter
ions from S2/S4 to S1/S3. The subsequent ion movements to reformed to S0/S2/S4
configuration poses the highest barrier to conduction, approximately of the order of 5 kcal/mol,
with the exception of PC-DW. In this case, the barrier increases to ~5 kcal/mol when the
extracellular ion is in alternate positions.
Consequences of E71 deprotonation can be detected in the PMF profiles calculated for the PCPW and PC-DW systems. Here, the position of the minima describing the S1/S3/S4B
configuration are altered, owing to the preferred position of the ion in the S1 site. In PC-PW, the
minimum at position -1.0, -9.0 in the ZK23, ZK4 projection shown in Figure 1B, depicts the
preferred binding of the S1 ion at the S1/S2 boundary, in close proximity with the carbonyl
atoms of G77. In contrast, the minimum is shifted upwards in PC-DW, identified at position 0.0,
-8.5. This position is more in line with ‘typical’ K+ binding in the selectivity filter, where the
ion settles centrally in contact distance with carbonyl groups from both G77 and Y78. This can
be easily rationalized by considering the altered orientation and charge of E71. When
protonated, the conformation of E71 is locked by coexistent hydrogen bonds with Y78 and D80,
which in turn hydrogen bonds with W67. When deprotonated, the aforementioned hydrogen
bond network is ruptured; instead, negatively charged E71 is oriented between the amide groups
of G77 and Y78. It can be surmised that the increased charge density and rotation of the E71
side tampers with the energetics of the S1 site. It is interesting to note that this effect is silenced
in simulations containing anionic lipids (PS-PW and PS-DW), and the entire S1 site is
hospitable. In PS-DW, the E71-Y78 hydrogen bond can be maintained, even though D80 is
detached.
Table 2. Energetic barriers (>1 kcal/mol) calculated from US simulations for the KWK
mechanism.
Simulation
PS-PW
PC-PW
PS-DW
PC-DW

I à II
4.2 ± 0.6
3.7 ± 0.8
3.4 ± 0.9
3.0 ± 0.8

Energy Barrier (kcal/mol ± SD)
II à III
II à III
3.6 ± 0.9
4.8 ± 1.2
3.3 ± 0.8
5.5 ± 0.9
2.7 ± 0.9
5.2 ± 1.0
3.0 ± 0.3
1.9 ± 1.0
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Figure 3. PMF profiles for (A) PS-PW, (B) PC-PW, (C) PS-DW and (D) PC-DW umbrella
sampling simulations. The ion configurations are shown in a simplified representation of the
selectivity filter. K+ ions and water molecules are displayed as blue and red spheres,
respectively. It should be noted that four ions are tracked in all cases but are not shown in the
configuration when they are distant from the selectivity filter.
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KK Mechanism
An alternative mechanism of conduction has also been proposed, excluding the involvement of
water molecules.23 In this mechanism, the selectivity filter also contains two or three K+ ions
simultaneously, whilst the remaining sites are vacant, and direct ion-ion repulsion is responsible
for low-energy conduction. The potential of mean force for the KK mechanism can be found in
Figure 3A-B.
Negligible differences are seen in the energetic barriers for ion permeation, via this mechanism,
when E71 is protonated. Energetic costs of ion exit to the extracellular solution (transitions I à
II and II à III) and entrance from the central cavity (transitions III à IV) are between 3-4
kcal/mol. After this point, the computed barriers are of the order of 1kcal/mol, roughly
equivalent to the reported errors. The equivalent information for PS-DG and PC-DG is not
included, as additional work is required to obtain the PMF for these systems. In this conduction
mechanism, the exact sequence of movements during ion translocation diverges when the
protonation state of E71 is modified. When E71 is deprotonated, a configuration involving ions
in the adjacent S2/S3 sites emerges, which is absent when E71 is protonated. This is likely
because the heightened negative charge density in this region, increasing the tendency of
positively charged ions to enter such conformations. This minimum is considerably more
pronounced in PS-DW relative to PC-DW, originating from the differing orientations of
deprotonated E71.
Table 3. Energetic barriers (>1 kcal/mol) calculated from US simulations for KK mechanism.
Simulation
PS-PG
PC-PG

I à II
3.8 ± 0.3
2.3 ± 0.2

Energy Barrier (kcal/mol ± SD)
II à III
III à IV
4.0 ± 0.5
3.0 ± 0.9
4.1 ± 0.5
3.7 ± 0.9
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Figure 3. PMF profiles for (A) PS-PG and (B) PC-PG umbrella sampling simulations. The ion
configurations are shown in a simplified representation of the selectivity filter. K+ ions and
water molecules are displayed as blue and red spheres, respectively. It should be noted that four
ions are tracked in all cases but are not shown in the configuration when they are distant from
the selectivity filter.

Discussion
The umbrella sampling technique is an established method to characterize PMF of ion transport
across the KcsA selectivity filter, in both the KK and KWK mechanisms. In several studies, the
maximum energy barrier for the KWK mechanism has been calculated to be in the range
between 2-3 kcal/mol range.23,38,39 However, a recent study (utilizing the same closed KcsA
structure) has reported larger energy barriers of approximately 6 kcal/mol, corresponding to the
transition between S1/S3/S4B and S0/S2/S4 transitions,43 similar to the PMFs presented in this
study. By comparison with an artificial open-state structure (formed from combination of an
open-state structure and the closed-state selectivity filter), the authors of this study advocate that
opening of the intracellular gate enable greater fluctuations in the selectivity filter, transforming
the selectivity filter from a prohibitive closed state to a permissible open state. In opposition to
this, our results recommend that ions are more likely to traverse the selectivity filter in the
closed-state structure (PDB 1K4C: used in both studies)15 via the KK mechanism.
Several other important conclusions can be drawn from this work. Somewhat surprisingly,
differences in membrane composition have a negligible impact to the maximum barrier to
conduction, in the canonical structure of the selectivity filter. Moreover, the energetics of the
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KWK mechanism are also unaffected by deprotonation of E71, and disruption of the related
hydrogen-bond network. The KcsA conduction cycle is typically considered to be a four-site,
containing closed-inactivated, closed-activated, open-activated and open-inactivated structures.
The selectivity filter structure observed in the crystal structure is traditionally considered to be
the active, conductive form of the selectivity filter. However, our observations suggest that
additional conformations, where E71 is deprotonated, can permit conduction at a similar rate,
and therefore may be of physiological relevance. In addition, the orientation of E71 is able to
tune the occupancy of individual binding sites in the selectivity filter. Individual sites in K+channel selectivity filter have previously been shown to be critical for K+ selectivity,44 the rate
of inactivation and recovery from it,45,46 and maintaining the structural stability of the filter.47
With this in mind, additional effects such as these should be examined in considering the
aspects examined here.
Conclusions
In this study, umbrella sampling simulations have been used to compute the energetics of ion
permeation through the KcsA selectivity filter, via two mechanisms of conduction involving
either water or vacant sites. The effect of membrane composition (specifically anionic lipids)
and E71 deprotonation state are assessed, serving as contemporary aspects of this work. The
information gained brings to light several novel prospects concerning the behaviour of the KcsA
selectivity filter: 1) anionic lipids do not affect the conduction rates of K+ through the canonical
selectivity filter structure, 2) selectivity filter conformations involving the deprotonated E71
residue may be actively involved in the K+ conduction cycle, and 3) the occupancies of
individual selectivity filter sites are affected by the orientation/charge of

membrane

composition. In future studies, the effect of membrane lipid on aspects of gating and selectivity
should be examined.
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4.5 Commentary
4.5.1 Conclusion
In this chapter, factors influencing K+ conduction and blockage of K+ conduction (inactivation)
in the KcsA channel selectivity filter. In the first manuscript presented in this section (section
4.2), umbrella sampling simulations have been used to calculate the potential of mean force
associated with the translocation of K+ ions in KcsA channels where the threonine side-chain in
position 75 is mutated to alanine or cysteine Two ‘knock-on’ mechanisms of conduction were
modelled, involving water (KWK or ‘soft’ knock-on mechanism) or vacant sites (KK or ‘hard’
knock-on mechanism).1 In the former, the approach of ions from the cavity no longer initiates a
concerted movement of ions, eliminating the well-known “knock-on” aspect of conduction. In
the latter, configurations involving more than two ions are disfavoured. Further umbrella
sampling simulations in other mutant KcsA channels (i.e. T75G, V76ester, G77ester,
Y78ester)3,4 would strengthen the data already provided.
In the second manuscript, (section 4.3) a combined molecular biology, electrophysiology, NMR
spectroscopy and molecular dynamics approach was used to evaluate the effect of anionic lipids
on wild-type and KcsA mutant channels (residues in position 64 and 89). Both non-annular
anionic lipids and mutations in non-annular sites were found to diminish the inactivation
process experimentally. The simulation results attribute this effect to interactions between R89
and D80, a component of the “inactivation triad”, and R89, a non-annular arginine, which can
be modulated by non-annular lipids and mutations in the position of R64.
Various computational and electrophysiological experiments can be designed to test the
proposals presented in this work. Inactivation rates, for example, could be measured for further
mutant channels. For example, we suggest that R89 stabilises the inactivation triad, which could
be tested by combination with mutations that favour inactivation.5 Furthermore, positions R64
and R89 could be mutated to a larger range of amino acids, to further pinpoint the role of the
non-annular arginines. From a computational viewpoint, the length of the simulations (200 ns)
prohibits the calculation of typical lipid diffusion rates; this could be improved by extension of
the current simulations or by performing analogous coarse-grained simulations.6 Alternatively,
biased simulation methodologies can be used to calculate free-energy of binding the selected
lipids in non-annular sites, which may provide a compromise between the necessary
computational resources and level of detail required for the final analysis. Calculation of
binding free-energy of the lipids in mutated non-annular sites (R64 and R89) would also be
useful to assess the importance of non-annular arginines to lipid binding.
In the final manuscript (section 4.4), the potential of mean force of K+ conduction, via umbrella
sampling, has been calculated for wild-type KcsA with anionic and zwitterionic lipids bound in
non-annular sites previously identified. In these situations, the calculated energetic barriers are
more favourable in the KK mechanism.1 Moreover, the effect of the protonation/deprotonation
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of residue E71, which directly interacts with the selectivity filter, is assessed using the same
protocol, revealing negligible differences.
To continue this work, analogous simulations are being performed for KcsA conformations,
identified in previous unbiased simulations (section 4.3), where R89 is directly interacting with
D80. Such simulations will enable further comparison of the energetic barriers associated with
permeation and the relative occupancies of individual filter sites, when positively-charged
arginine side-chains are introduced in close proximity to the selectivity filter. Previously,
synthetic substitutions of amide bonds to ester linkages, in selectivity filter residues, have been
shown to alter ion occupancy of the S1-S3 sites, altering the rates of inactivation and recovery
from inactivation.3,4 Considering this, the suggested simulations have the potential to provide
further additional insight into the attenuated inactivation processes in wild-type KcsA channels,
when anionic lipids are present.
Overall, our data reveals various novel insights into the functioning of the KcsA channel
selectivity filter, which is structurally conserved across the K+ channel family. The potential of
mean force profiles calculated in different lipid compositions with E71 protonated or
deprotonated, and those calculated when individual sites are mutated, contribute to the ongoing
debate concerning the underlying K+ conduction mechanism in K+ channels. Furthermore,
insights into the role of membrane lipids in selectivity filter inactivation have been provided. It
should be noted that the inactivation process is not unique to the prokaryotic KcsA channel;
several eukaryotic KV channels have been observed to inactivate at the selectivity filter.7,8
Moreover, inactivation in KV channels can also be modulated by membrane phospholipids; for
example, KV2.1 is regulated by PIP2.9 Therefore, investigations, such as those performed in this
chapter, also provide insight into the behaviour of other inactivating channels, such as
eukaryotic KV channels.
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5 Prediction of Functional Binding Sites in the TRPV1 Ion
Channel
5.1 Commentary
5.5.1 Introduction
The existence of a biological assembly which elicits a functional response to capsaicin, the
central ingredient of the chilli pepper, was inferred by several studies before its eventual cloning
in 1997.1,2 It is now known that the non-selective cation channel TRPV1, otherwise known as
vanilloid receptor 1 (VR1) or the capsaicin receptor, is responsive to a broad-range of factors,
including noxious chemical and thermal stimuli.3 Emanating from this, TRPV1 functions as a
vital sensor for pain and is a prominent target in the development of novel analgesics.4-6 Thus
far, TRPV1 inhibitors have demonstrated limited success as pharmaceuticals, owing to adverse
side effects relating to the heat sensation.7 Understanding the structural and functional
components of TRPV1 activation are, therefore, of the utmost importance for future
developmental efforts.
Structures of TRPV1 in multiple activation states revealed several important features of the
activation process.8,9 Of note, the structure of the capsaicin binding site was disclosed, and the
effects of capsaicin binding localised in the lower pore region of the channel was ascertained.
Moreover, TRPV1 structures determined in lipid nanodiscs revealed a binding site for PIP2, a
known TRPV1 modulator, which overlaps with the putative capsaicin binding site.10 The
availability of various TRPV1 structures has also triggered a myriad of computational studies,
further addressing questions of TRPV1 functionality. Previous work in our research group has
characterised the probable binding mode of capsaicin,11 transmembrane binding sites for volatile
general anesthetic molecules12 and the permeation mechanism of cations through the selectivity
filter.13 The aim of this chapter is to locate the site of several novel TRPV1 regulators, which
have been recently identified by our experimental collaborators. The insights gained contribute
to our current understanding of how ion channels function on a molecular level.
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Introduction
Protein kinases play a pivotal role in cellular function by appending phosphate groups to protein
substrates and initiating signal transduction pathways. Double-stranded (ds) RNA-dependent
protein kinase, also known as protein kinase R (PKR) is a serine/threonine protein kinase. PKR
is historically known for its role in inhibition of the translation factor eIF2α.1 X-ray crystal
structures of the PKR-eIF2α complex have provided critical insights into this process.2
PKR is constituted of two functionally distinct domains, an N-terminal dsRNA binding domain
and a C-terminal domain, typical of protein kinases, containing two lobes linked by a short
segment.2

The N-terminal lobe (residues 258-369) is composed of a twisted five-strand

antiparallel β-sheet, flanked by helices; the C-terminal lobe (residues 370-551) contains two
antiparallel β-strands and eight α-helices. Of these, residues 432-458 form the activation
segment. PKR activity is strictly dependent on homodimerization of both kinase and RNAbinding domains, and autophosphorylation of residue T446 in the so-called activation loop.3
This process is triggered by binding of double-stranded RNA, as well as PACT and heparin
ligands.4,5 PKR is activated not only by double-stranded RNA presented by viruses, but also
pro-inflammatory mediators, growth factors and cytokines.6,7 Thus, PKR has been proposed to
participate in several cellular processes including immune responses, cell growth control,
apoptosis, and metabolic stress.8 These results have advocated a broader role for PKR in the
regulation of transcription and signal transduction associated with diverse pathological
processes, including chronic pain.
Experimental Background
Recently, a series of experiments have been performed to explore the involvement of PKR in
chronic pain (Guilherme Lucas et al, personal communication). Immunohistochemistry revealed
constitutively phosphorylated T466 PKR in the spinal cord dorsal horn where nociceptive
messages are primarily released to the central nervous system. However, 3 days after CFAinduced peripheral inflammation the phosphorylated form of PKR was significantly increased in
the spinal dorsal horn ipsilateral to the inflamed paw. In the DRG neurons, PKR is co-localized
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with TRPV1, and NaV1.8 ion channels. In addition, neurons, but not astrocytes or microglia
cells, exhibit enhanced phosphorylation of PKR throughout the dorsal horn. Behaviorally, spinal
inhibition of PKR significantly reduced inflammatory pain hypersensitivity in a concentrationdependent manner. At 5 µM, PKR inhibitor completely reversed thermal hyperalgesia.
Conversely, PKR inhibitor per se induced no change on the paw withdrawal latency after
noxious stimulus. In addition, inflammatory thermal hyperalgesia, but not mechanical allodynia,
was completely abolished in PKR knockout (PKR-/-) mice whereas paw edema remained
unaltered as compared with wild-type animals.
PKR has been shown to phosphorylate a number of substrates such as mitogen activated protein
kinases (MAPKs), the nuclear factor-kappaB (NF-κB) , and the α subunit of eukaryotic
initiation factor 2 (eIF2α).9 As MAPK p38, JNK, and ERK1,2

as well as NF-κB

phosphorylation have also been reported to be increased in the spinal dorsal horn during
peripheral inflammation,10-12 the question of whether inhibition of PKR prevents activation of
these signaling pathways under persistent inflammatory condition was examined. Intrathecal
administration of PKR inhibitor (5µM) completely reversed p38 and JNK phosphorylation in
the dorsal horn during chronic inflammation, but had no effect on ERK1,2 activity. PKR has
also been shown to activate NF-κβ family of transcription factors through interaction with and
activation of the IKK complex.13 NFκβ is required for the transcriptional activation of a variety
of genes regulating inflammatory responses of cells and is highly activated in the spinal dorsal
horn under inflammatory conditions.12 Inhibition of spinal PKR activity significantly reduced
IKK phosphorylation induced by chronic inflammation. The most well characterized substrate
for PKR, eIF2α, was also investigated, where PKR prevents mRNA translation and produces an
antiviral response.14 Peripheral inflammation induced no change on eIF2α phosphorylation in
the dorsal horn and PKR inhibition has no effect on basal eIF2α activity suggesting that
antiviral and pronociceptive effects of PKR are mediated by distinct signaling pathways.
Next, the experiments addressed if nociception induced by central inflammatory mediators
requires PKR-dependent intracellular signaling. PKR has been reported to signal downstream of
a number of cytokines including tumor necrosis factor-α (TNF-α),15 interleukin 1β (IL-1β),16
and Interferon-γ (IFN-γ)17 which also mediate a marked hypernociception when intrathecally
administrated.18,19,20 Thus, thermal hyperalgesia induced by TNF-α, IL-1β, NGF (nerve growth
factor) and LPS (Lipopolysaccharides) was inhibited by systemic administration of PKR
inhibitor (100µg/Kg, i.p.).
Combined, these findings show that PKR is a critical mediator of chronic inflammatory pain
acting through p38, JNK, and NFκB signaling pathways. Thermal hypersensitivity is primarily
mediated by TRPV1, NaV1.7 and NaV1.8 ion channels, and therefore they are potential targets of
PKR activity.
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Simulation Objectives
To investigate this proposal, docking calculations and molecular dynamics (MD) simulations
have been performed to classify potential PKR interaction sites and phosphorylation sites on
TRPV1. For this purpose, the activated PKR structure (PDB ID 2A1A)2 and an open-state
TRPV1 structure (PDB ID 5IRX, resolution 2.95 Å)29 are utilized to resemble the anticipated
conformational states when in action.
Several other protein kinases are known to alter the functional properties of TRPV1; protein
kinases A and C (PKA and PKC) are known to curtail desensitization of TRPV1, the process by
which ion channels close upon continual exposure to chemical or physical stimuli, and hence
potentiate TRPV1 activation.21,22 PKA and PKC act through distinct serine/threonine
phosphorylation sites in the intracellular ankyrin-repeat domain of TRPV1, many of which have
been isolated (Table 1). Identification of additional phosphorylation sites will guide aid future
investigation into the behaviour of TRPV1 and protein kinases, and their interrelationship.
Table 1. Reported phosphorylation sites of TRPV by protein kinases.
Kinase
PKA

Receptor
TRPV1

PKC

Residue (hTRPV1)
S117
T145
T371
S502
S502
T705
S801

Reference
23
24
21,24
24,25
26
27
26,28

Methods
Docking Calculations
Docking can be undertaken via a template-based or direct approach. Direct methods endeavor to
identify thermodynamically favorable complexes by algorithmically evaluating the free-energy
and then performing minimization to obtain the estimated free-energy minima.30 Here, two
protein-protein docking web-servers based on direct methods, GRAMM-X31,32 and ClusPro,33
have been used to perform TRPV1-PKR docking.
The structures of the open-state TRPV1 channel determined by single-particle cryo-electron
microscopy in lipid nanodiscs (PDB: 5IRX, resolution 2.95 Å) states were used to model the ion
channel containing residues 111 to 751.29 The double-knot toxin (DkTx) and the vanilloid
resiniferatoxin (RTx) were removed from the open state. For PKR, the structure of the PKR
kinase-domain in complex with eIF2α was utilized as the initial model, with eIF2α removed.2
Missing residues were modelled using Modloop.34 Both structures were input into the servers,
with no restraints. The output was curated to include only complexes where PKR predominantly
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interacted with the intracellular domain, and to recognize degenerate binding modes originating
from the presence of four identical monomers in the channel.
Molecular Dynamics Simulations
To prepare the TRPV1-PKR complexes for simulation, the N- and C- termini of both proteins
were acetylated and methylated respectively and default protonation states used for ionizable
residues.35 SOLVATE1.0 was used to fill the internal cavities of the proteins, which were
inserted

into

a

pre-equilibrated

lipid

bilayer

of

1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC) molecules, generated using the Membrane Plugin of VMD.36 The
systems were then solvated to produce a cubic water box, and NaCl was added, using the
Autoionise Plugin of VMD, to neutralize and mimic the biological ionic concentration of 150
mM.21 The resulting system size was between 400,000-500,000 atoms dependent on the position
of the docked PKR in each of the binding poses.
NAMD2.12 was employed to perform MD simulations.37 The CHARMM36 force field (with
the CMAP correction) was used to describe the TRPV1 channel and the PKR protein,
CHARMM36 for lipids,38 TIP3P39 model for water, and standard ion parameters.40 The Particle
Mesh Ewald method was used for the treatment of periodic electrostatic interactions, with an
upper threshold of 1 Å for grid spacing.41 Electrostatic and van der Waals forces were calculated
every timestep. A cut-off distance of 12 Å was used for Van der Waals forces. A switching
distance of 10 Å was chosen to smoothly truncate the non-bonded interactions. Only atoms in a
Verlet pair list with a cut-off distance of 13.5 Å (reassigned every 20 steps) were considered.42
The SETTLE algorithm was used to constrain all bonds involving hydrogen atoms to allow the
use of a 2 fs time step throughout the simulation.43 The Nose-Hoover-Langevin piston method
was employed to control the pressure with a 200 fs period, 50 fs damping constant and a desired
value of 1 atmosphere.44,45 The system was coupled to a Langevin thermostat to sustain a
temperature of 310 K throughout.
The system was coupled to a Langevin thermostat to sustain a temperature of 310 K throughout.
Initially, the systems were subject to 10,000 steps of minimization with the protein backbone
atoms restrained, and subsequently equilibrated for a total of 2.5 ns. Each equilibration step was
undertaken for 500 ps, with restraints removed systematically: (i) lipid tails, (ii) water and lipid
headgroups, (iv) protein side-chain atoms.
Results and Discussion
Docking calculations successfully identified a number of TRPV1-PKR complexes with PKR
bound in the intracellular domain. The most highly populated clusters were extracted and
subjected to molecular simulation to assess the stability of the complex and identify influential
interaction pairs. Three complexes were investigated in total (displayed in Figure 1) from the
ClusPro (POSE 1 & 3) and GRAMM-X (POSE 2) outputs.
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Figure 1. TRPV1-PKR complexes: (A) POSE 1, (B) POSE 2 and (C) POSE 3. TRPV1 is
shown in grey, and the two subunits of the PKR dimer are shown in red and blue.

POSE 1
MD simulations 250 ns in length have been performed. The TRPV1 ankyrin-repeat domain
(ARD), present intracellularly (residues 101–364), is comprised of six ankyrin repeats (AR1-6),
each formed of a pair of antiparallel α helices followed by a “finger” loop. In this case, the PKR
dimer interacts with two TRPV1 subunits, via PKR residues E269, K291, E303, K314, D370,
R409, K440-R447 and S461-D464 (Figure 2). These residues interact with TRPV1 residues
from AR1 (L111, D119, Q123 and E128), AR6 (P360, E361 and R363) and residues in the Cterminal intracellular domain (F730, T731, K735, D736 and D737). D370 (PKR)-R138
(TRPV1), D464 (PKR)-R363 (TRPV1) and R447 (PKR)-E361 (TRPV1) contribute the most
extensive interactions. This configuration allows T731 to form contacts with the activation loop
(432-458), in close proximity to T446 (PKR), the critical residue for autophosphorylation of
PKR, providing a potential target residue for PKR. Residues S116 and T322 are also in the
vicinity of PKR in this pose.
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Figure 2. Dynamics of POSE 1 simulation. (A: left) RMSD of TRPV1, the TM and IC/TM
domains are shown in black and red, respectively. (A: right) RMSD of PKR, the dimer is shown
in black, and monomer 1 and 2 are shown separately in blue and red, respectively. (B-C)
Contact map displaying the number of interacting atom pairs (NP) between TRPV1 and PKR
(monomer 1 in B and 2 in C), averaged over the simulation length (4Å cut-off and including
heavy atoms only). (D) Percentage frequency of hydrogen bond formation (3.5 Å distance and
35o angle cut-off) between specified residue pairs, calculated over the whole trajectory. (E)
Position of critical residues, which have over 70% H-bond frequency and/or are involved in at
least 4 atomic interaction pairs. Monomer 1 and 2 are shown in blue and red, respectively.
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POSE 2
MD simulations 350 ns in length have been performed. Here, PKR residues between 330-360
on both subunits and residues 255-265 on a single subunit interact with TRPV1 (Figure 3).
TRPV1 interactions are spread across ARD1, ARD2, ARD3, ARD4, ARD5 and the C-terminus.
In this conformation, TRPV1 serine/threonine residues are inaccessible from the PKR activation
loop.

Figure 3. Dynamics of POSE 2 simulation. (A: left) RMSD of TRPV1, the TM and IC/TM
domains are shown in black and red, respectively. (A: right) RMSD of PKR, the dimer is shown
in black, and monomer 1 and 2 are shown separately in blue and red, respectively. (B-C)
Contact map displaying the number of interacting atom pairs (NP) between TRPV1 and PKR
(monomer 1 in B and 2 in C), averaged over the simulation length (4Å cut-off and including
heavy atoms only). (D) Percentage frequency of hydrogen bond formation (3.5 Å distance and
35o angle cut-off) between specified residue pairs, calculated over the whole trajectory. (E)
Position of critical residues, which have over 70% H-bond frequency and/or are involved in at
least 4 atomic interaction pairs. Monomer 1 and 2 are shown in blue and red, respectively.
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POSE 3
MD simulations 600 ns in length have been performed, with the corresponding results presented
in Figure 4. The results suggest PKR residues in the regions, 303-304, 335-360, 446-466 and
486-506 interact with TRPV1. The latter region overlaps with the eIF2α-binding consensus
motif (V484-E490).46 In this case, S271 is in contact distance of the activation loop, providing
another potential target residue for PKR.

Figure 4. Dynamics of POSE 1 simulation. (A: left) RMSD of TRPV1, the TM and IC/TM
domains are shown in black and red, respectively. (A: right) RMSD of PKR, the dimer is shown
in black, and monomer 1 and 2 are shown separately in blue and red, respectively. (B-C)
Contact map displaying the number of interacting atom pairs (NP) between TRPV1 and PKR
(monomer 1 in B and 2 in C), averaged over the simulation length (4Å cut-off and including
heavy atoms only). (D) Percentage frequency of hydrogen bond formation (3.5 Å distance and
35o angle cut-off) between specified residue pairs, calculated over the whole trajectory. (E)
Position of critical residues, which have over 70% H-bond frequency and/or are involved in at
least 4 atomic interaction pairs. Monomer 1 and 2 are shown in blue and red, respectively.

Conclusions
Extensive experimental findings have shown that PKR is a critical mediator of chronic
inflammatory pain acting through p38, JNK, and NFκB signaling pathways. Thermal
hypersensitivity is primarily mediated by TRPV1, NaV1.7 and NaV1.8 ion channels; therefore,
such channels have been suggested as potential targets of PKR activity.
To explore this hypothesis, docking calculations and MD simulations have been performed to
characterise possible PKR interaction and phosphorylation sites in the intracellular domain of
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TRPV1. Overall, three interaction models for the TRPV1-PKR complex have been tested; two
models contain direct interactions between the activation segment (residues 432-458) and the
intracellular TRPV1 results. These results reveal several potential candidates for
phosphorylation by PKR, and thereby suggest a potential mechanism by which PKR affects the
functional properties of TRPV1. This information can now be used by our collaborators to
assess the effect of PKR in selected TRPV1 mutants and evaluate the importance of such
residues in the physiology of the TRPV1 ion channel.
The importance of PKR-mediated signaling for development of inflammatory pain conditions
disclosed in this project provide new insights on underlying mechanisms participating in
neuronal sensitization and may raise new strategies for the establishment of antinociceptive
treatments. The increasing availability of high-resolution structures of TRP and related channels
implicated in nociceptive pathways will also aid the development of analgesic compounds in the
future.
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5.4 Commentary
5.4.1 Conclusions
The non-selective cation channel TRPV1 is most well-known for its action as a sensor for pain,
heat and capsaicin, the active ingredient in the chilli pepper. In the pharmaceutical industry,
TRPV1 is a leading target in the development of pain-relief treatments.1-3 In order to progress in
this area, adverse side effects associated with known TRPV1 inhibitors must be eliminated.4
Therefore, investigations are required to comprehensively assess the diverse range of
physiological stimuli which activate TRPV1 channels in vivo and understand how such
processes take place on a molecular level. In this chapter, two combined experimental and
molecular modelling studies have been presented, which reveal two novel TRPV1 activators
and the associated binding sites on the TRPV1 channel surface.
Firstly, TRPV1 is shown to act as an ionotropic oxytocin receptor in cells, potentiating TRPV1
function in cells and lipid bilayers in the absence of the classical oxytocin receptor. In addition,
oxytocin induces rapid desensitisation of capsaicin-induced nociception. This research feeds
into recent efforts to develop exogenous agonists, which accelerate desensitisation of the
channel,5-7 as opposed to TRPV1 antagonists, which have been correlated with many
complications, such as disruption of thermoregulation.4 The associated MD simulations reveal
an extracellular binding site, which overlaps with the DkTx binding site revealed by highresolution structural information,8 which is then confirmed by mutagenesis studies. This data
may be exploited to advance therapeutic targeting of TRPV1, by developing agonists which
target the specific locale in the extracellular region.
Following this, TRPV1 is pinpointed as a potential target of PKR activity, a serine/threonine
kinase which is shown to be critical mediator of chronic inflammatory pain. Additional MD
simulations reveal two potential intracellular binding sites, where the PKR ‘activation loop’ is
in close contact to serine and/or threonine residues, suggesting several sites which may be
vulnerable to phosphorylation. Further experimental work is now required to corroborate these
proposals. To the best of my knowledge, this manuscript represents the first simulation study to
evaluate the molecular interactions between TRPV channels and protein kinases, in order to
predict intracellular phosphorylation sites. The docking and simulation protocol followed could
be applied in future studies of TRPV1 with other protein kinases, known to act through distinct
serine/threonine phosphorylation sites in the intracellular ankyrin-repeat domain of TRPV1
(PKA and PKC).9-15
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6 Cholesterol Interaction with Membrane Proteins
6.1 Commentary
6.1.1 Introduction
In the final chapter of this thesis, I digress from the study of ion channels and delve into the
behaviour of G-protein coupled receptors (GPCRs). Here, the topic of focus is the behaviour of
serotonin (5-hydroxytryptamine: 5-HT) receptors in response to the presence of membrane
cholesterol.
Cholesterol is a major constituent of the cell membrane, directly binding to membrane proteins
and also regulating the physical properties of the membrane. As a consequence, the exact
mechanism of cholesterol modulation of membrane proteins has been difficult to decipher.1 In
the context of GPCRs, this is further complicated by the spectrum of functional responses
cholesterol can elicit. In the 5-HT1A receptor, cholesterol is reported to affect receptor stability,2
ligand binding affinity3,4 and the formation of dimers and higher-order oligomers.5
Stereoisomers of cholesterol, and closely related sterol molecules, have emerged as valuable
chemical probes to distinguish between specific and non-specific effects, in both ion channels
and membrane proteins.6 Many studies have also scrutinized the behaviour of the 5-HT1A
receptor in response to such molecules.3,7,8
Prior to this investigation, information concerning the site of cholesterol binding in receptors in
the 5-HT receptor family has been limited to homology models of the 5-HT1A receptor and the
biologically relevant isomer of cholesterol.9 Moreover, assessment of indirect affects is omitted.
To pursue this further, we have used a two-pronged approach to evaluate the ramifications of
membrane cholesterol on two 5-HT receptors, where structures have now been resolved
experimentally (5-HT1B and 5-HT2B).10,11 In the first instance, the membrane properties of mixed
cholesterol-phospholipid bilayers, containing several stereoisomers of cholesterol, have been
examined. Following this, simulations of the 5-HT1B and 5-HT2B receptors in the
aforementioned bilayers have been performed, in an attempt to ascertain the location and
relevance of specific binding sites in these receptors. The protocol used here is analogous to the
approach employed in section 4.3 to identify binding sites for anionic lipids in KcsA. The
output from these calculations has resulted in two separate publications given in section 6.2 and
6.3, respectively.

211

6.1.2 References
(1)

Gimpl, G. Interaction of G protein coupled receptors and cholesterol. Chem. Phys. Lipids
2016, 199, 61.
(2) Saxena, R.; Chattopadhyay, A. Membrane cholesterol stabilizes the human serotonin(1A)
receptor. BBA-Biomembranes 2012, 1818 (12), 2936.
(3) Jafurulla, M.; Rao, B. D.; Sreedevi, S.; Ruysschaert, J. M.; Covey, D. F.; Chattopadhyay,
A. Stereospecific requirement of cholesterol in the function of the serotonin1A receptor.
Biochim. Biophys. Acta 2014, 1838 (1 Pt B), 158.
(4) Chattopadhyay, A.; Jafurulla, M.; Kalipatnapu, S.; Pucadyil, T. J.; Harikumar, K. G. Role
of cholesterol in ligand binding and G-protein coupling of serotonin(1A) receptors
solubilized from bovine hippocampus. Biochem. Bioph. Res. Co. 2005, 327 (4), 1036.
(5) Paila, Y. D.; Kombrabail, M.; Krishnamoorthy, G.; Chattopadhyay, A. Oligomerization
of the Serotonin(1A) Receptor in Live Cells: A Time-Resolved Fluorescence Anisotropy
Approach. J. Phys. Chem. B 2011, 115 (39), 11439.
(6) Levitan, I.; Singh, D. K.; Rosenhouse-Dantsker, A. Cholesterol binding to ion channels.
Front. Physiol. 2014, 5, 14.
(7) Singh, P.; Saxena, R.; Paila, Y. D.; Jafurulla, M.; Chattopadhyay, A. Differential effects
of cholesterol and desmosterol on the ligand binding function of the hippocampal
serotonin(1A) receptor: Implications in desmosterolosis. BBA-Biomembranes 2009, 1788
(10), 2169.
(8) Singh, P.; Jafurulla, M.; Paila, Y. D.; Chattopadhyay, A. Desmosterol replaces cholesterol
for ligand binding function of the serotonin(1A) receptor in solubilized hippocampal
membranes: Support for nonannular binding sites for cholesterol? BBA-Biomembranes
2011, 1808 (10), 2428.
(9) Sengupta, D.; Chattopadhyay, A. Identification of Cholesterol Binding Sites in the
Serotonin(1A) Receptor. J. Phys. Chem. B 2012, 116 (43), 12991.
(10) Wacker, D.; Wang, C.; Katritch, V.; Han, G. W.; Huang, X. P.; Vardy, E.; McCorvy, J.
D.; Jiang, Y.; Chu, M. H.; Siu, F. Y.et al. Structural Features for Functional Selectivity at
Serotonin Receptors. Science 2013, 340 (6132), 615.
(11) Wang, C.; Jiang, Y.; Ma, J. M.; Wu, H. X.; Wacker, D.; Katritch, V.; Han, G. W.; Liu,
W.; Huang, X. P.; Vardy, E.et al. Structural Basis for Molecular Recognition at Serotonin
Receptors. Science 2013, 340 (6132), 610.

212

6.2 Stereospecific Interactions of Cholesterol in a Model Cell Membrane:
Implications for the Membrane Dipole Potential, J Membr Biol. 2018.
6.2.1 Authorship and Permissions
This declaration concerns the article entitled
Stereospecific Interactions of Cholesterol in a Model Cell Membrane: Implications for
the Membrane Dipole Potential
Publication status (tick one)
Draft
Submitted
In review
Accepted
Published ü
manuscript
Publication J Membr Biol. 2018, 251(3), 507-519
details
DOI: 10.1007/s00232-018-0016-0.
Epub 2018
Published online: 30 Jan 2018
Candidates
contribution
to the paper
(detailed
and also
given as a
percentage)

The candidate contributed to/considerably contributed/predominantly
executed the…
Formulation of ideas (50%):
V. Oakes and C. Domene contributed equally.
Design of methodology (25%):
V. Oakes and C. Domene contributed equally.
Experimental work (100%):
Simulation and analysis was performed by V.Oakes.
Presentation of data in journal format (80%):
V. Oakes: Main author of manuscript and supporting information.
C. Domene: Critically assessed and revised the manuscript.

Statement
from
Candidate
Signed

This paper reports on original research I conducted during the period of
my Higher Degree by Research candidature.
Date

This is the author accepted manuscript of an article published in final form and available at
Springer via: https://link.springer.com/article/10.1007/s00232-018-0016-0

213

6.2.2 Manuscript
Stereospecific

Interactions

of

Cholesterol

in

a

Model

Cell

Membrane:

Implications for the Membrane Dipole Potential
Victoria Oakes1 & Carmen Domene1,2
1

Department of Chemistry, Claverton Drive, University of Bath, Bath BA2 7AY, UK

2

Chemistry Research Laboratory, Mansfield Road, University of Oxford, Oxford, OX1 3TA,

UK
Abstract
Cholesterol is a major constituent of the plasma membrane in higher-order eukaryote
organisms. The effect of cholesterol on the structure and organisation of cell membranes has
been studied extensively by both experimental and computational means. In recent years, a
wealth of data has been accumulated illustrating how subtle differences in the structure of
cholesterol equate to considerable changes in the physical properties of the membrane. The
effect of cholesterol stereoisomers, in particular, has been established, identifying a direct link
with the activity of specific membrane proteins. In this study, we perform extensive molecular
dynamics simulations of phospholipid bilayers containing three isomers of cholesterol, the
native form (nat-cholesterol), the enantiomer of the native form (ent-cholesterol), and an epimer
of cholesterol that differs by the orientation of the polar hydroxyl group (epi-cholesterol). Based
on these simulations, an atomic-level description of the stereospecific cholesterol-phospholipid
interactions is provided, establishing a potential mechanism for the perturbation of membrane
properties, specifically the membrane dipole potential.
Introduction
Phospholipid bilayers serve as the fundamental scaffold of all biological membranes, forming a
barrier between the cell interior and the surrounding environment. Integral membrane proteins
are responsible for the controlled passage of substances across this barrier. Cholesterol is
particularly abundant in the plasma membrane of higher-order eukaryotes, and is an important
requirement for the functioning of a diverse range of membrane proteins, whilst acting as a
crucial regulator of membrane fluidity.1 As a result, the specific effect of cholesterol on the
structure of a phospholipid bilayer has been under discussion for much of the last century.2
Arguably the most striking response to membrane cholesterol is the ‘condensing effect’,
whereby the area per lipid molecule is noticeably lower than would be observed during ideal
mixing, and the membrane thickness is increased concordantly, indicating changes in lipid
organisation.3
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In recent years, significant interest has been focused toward characterising the physical effect of
naturally occurring cholesterol analogues, as well as synthetic cholesterol isomers and
derivatives on lipid membranes. The native form of cholesterol (nat-cholesterol) is an
asymmetric amphiphilic molecule, composed of a hydroxyl group attached to a tetracyclic
sterane backbone, exhibiting a smooth α face and rough β face (Fig. 1A). The enantiomer of
nat-cholesterol (ent-cholesterol) is the non-superimposable mirror image (Fig. 1B), exhibiting
physiochemical properties indistinguishable to native cholesterol, except for the rotation of
plane-polarised light.4-7 Subtle changes in cholesterol membrane structure have been shown to
exert profound effects on innate physiochemical properties. Certain attributes are known to
significantly diverge in membranes containing related cholesterol molecules, including but not
limited to epi-cholesterol, a stereoisomer of cholesterol, which differs in the orientation of the
hydroxyl group (Fig. 1C), and 7-dehydrocholesterol and desmosterol, cholesterol precursors
that differ by a double bond.8-13 Membrane dipole potential, the potential difference within the
membrane bilayer, exemplifies this phenomenon. A significant increase in dipole potential is
observed upon cholesterol replenishment of both model and natural membranes, a lesser
increase when 7-dehydrocholesterol and desmosterol are present, whilst replacement with epicholesterol causes the dipole potential to decrease, thus demonstrating that this property is
highly dependent on the exact cholesterol structure.14-17 The molecular mechanism underlying
the regulation of membrane dipole potential via cholesterol and related molecules is currently
unclear, however.
It has also been demonstrated that variations in cholesterol structure can modulate the
functioning of specific membrane proteins, including but not limited to inwardly rectifying
potassium channel Kir2.1,18 ligand-gated ion channel receptor GABAA19 and G-protein coupled
receptor 5-HT1A.20 Membrane cholesterol has been suspected to regulate membrane proteins by
a direct mechanism, where direct coordination of cholesterol provokes conformational changes
in the receptor, or an indirect mechanism, by modifying the membrane properties. Unnatural
isomers, ent- and epi-cholesterol, have proven to be useful experimental probes to determine the
exactitude of the interaction of cholesterol with such membrane proteins, and consequently the
mechanism of cholesterol action.6,

18-21

Ent-cholesterol, in particular, is a useful candidate to

elucidate specific cholesterol effects, as the membrane properties are unchanged.
To elucidate how cholesterol and related molecules evoke differences in the physical properties
of the membrane and the dynamics of membrane proteins, a high-resolution description of the
specific interactions is required. As a consequence, molecular dynamics (MD) simulations have
become an established method to typify the impact of cholesterol on membrane lipids and
proteins, in atomic detail.22-24 In this study, we have performed all-atom MD simulations of
phospholipid bilayers containing 30% nat-, ent- and epi-cholesterol, as well as a 100%
phospholipid bilayer, in order to determine the atomic behaviour of the cholesterol isomers. The
simulations were 500 ns in length, significantly improving the timescale of prior MD
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simulations examining the dynamics of epi-cholesterol, which were executed for 2 ns.25 Key
biophysical properties, including area per lipid, cholesterol tilt-angle and solvent-accessiblesurface area, as well as the identity of crucial cholesterol-phospholipid interactions, were
derived from the simulations. The results indicate potential mechanisms by which epicholesterol influences the membrane dipole potential and interfere with the functioning of
membrane proteins. This is particularly relevant for the functioning of 5-HT1A receptor, as
ligand binding is abated in the presence of the epi-cholesterol.20

Figure 1. Chemical structure of (A) nat-cholesterol, (B) ent-cholesterol and (C) epi-cholesterol
molecules, with atom naming used in this study labelled in red. (D) Representative snapshot of
a simulation system: a lipid bilayer is solvated in a water box with a final concentration of 150
mM final of KCl. Phosphate atoms of the phospholipid molecules, and oxygen atoms of the
cholesterol molecules are represented by a brown and red spheres, respectively, to indicate the
position of the headgroups. Carbon atoms are shown in cyan. (E) Chemical structure of POPC,
with atom naming used in this study labelled in red.
Methods
System Setup
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Membranes containing 1- palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) molecules
and nat-cholesterol molecules were generated using the CHARMM-GUI Membrane Builder.26
27 28

The POPC membrane contained 244 POPC molecules, and the mixed bilayer contained

196 POPC molecules and 84 cholesterol molecules which represents ~30% cholesterol content
to mimic known experimental conditions. The mixed POPC/nat-cholesterol membrane was then
modified to generate additional membranes containing the epimer and enantiomer of cholesterol
(topology and parameters employed are available upon request). The combined system was then
solvated to produce a rectangular water box of dimensions (92 x 92 x 80) Å3. K+ and Cl- ions
were added using the Autoionise Plugin of VMD, to neutralise the system and obtain a 150 mM
concentration.29 The final systems contained approximately 60,000 atoms, and can be seen in
Fig. 1D.
Molecular Dynamics Simulations
NAMD2.9 was employed to perform molecular dynamics (MD) simulations of the systems
throughout.30 CHARMM36 parameters were used for phosholipids31, with standard parameters
for ions32 and the TIP3P33 model for water. The modified CHARMM36 parameters by Lim et al
were used for nat-cholesterol, ent- and epi-cholesterol molecules.34 All systems were
equilibrated using the documented CHARMM-GUI protocol.27 Unrestrained dynamics for each
system was then performed in the NPT ensemble for 500 ns. The Particle Mesh Ewald method
was used for the treatment of full-system periodic electrostatic interactions; interactions were
evaluated every second timestep with a value of 1 Å to determine grid spacing.35 Short-range
electrostatic and van der Waals forces were calculated every timestep and up to a cut-off
distance of 12 Å. A switching distance of 10 Å was chosen to smoothly truncate the non-bonded
interactions. Only atoms in a Verlet pair list within a cut-off distance of 13.5 Å were
considered, with the list reassigned every 20 steps.36 To allow the use of a 2 fs timestep, the
SETTLE algorithm was used to make water molecules rigid, and the SHAKE algorithm was
used to constrain all other bonds involving hydrogen atoms, utilizing a rigid tolerance of 1x10-5
Å.37 The Nose-Hoover-Langevin piston was employed to control the pressure with a 200 fs
period, 50 fs damping constant and a desired value of 1 atmosphere.38

39

The systems were

coupled to a Langevin thermostat to sustain a temperature of 298 K throughout, in line with the
experimental conditions used for radiolabel binding assays by Jafurulla et al.20
Trajectory Analysis
The atom names of the cholesterol and POPC molecules referred to in the following text are
defined Fig. 1. MEMBPLUGIN was used to perform analyses of (1) membrane thickness, (2)
area per lipid, (3) the carbon-deuterium (SCD) order parameter, (4) lipid tilt angle, and (5) lipid
interdigitation.40 To begin with, the membrane thickness was calculated as the distance between
the projected mass distributions of the P atoms in the phospholipid headgroups in the upper and
lower leaflets. To calculate the area per lipid, the simulation box was divided into a Voronoi
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diagram, based on the coordinates of atom O3 in cholesterol molecules and atoms C2, C21 and
C31 in POPC molecules (See Fig. 1A and 1D for notation), and the resulting area of the
polygons was evaluated, for each bilayer leaflet. The SCD order parameter was calculated as
&

!"# = − ' 〈3 cos ' - − 1〉, to gauge the motility of the C-H bonds on the phospholipid acyl
chains.41 The tilt angle was calculated as the angle between the vector defined by the C10 and
C13 cholesterol atoms and the bilayer normal, which is aligned to the z-axis throughout the
simulation trajectories. The degree of acyl chain interdigitation was measured via a
coordination-based fraction, obtained by evaluating the number of heavy atoms within 4 Å
(default value) of atoms in the opposing leaflets.40 Density profiles were calculated using the
Density Profile Tool of VMD.42 The solvent-accessible surface area and radial distribution
functions were also calculated using built-in VMD tools. Further analysis was performed using
in-house TCL scripts. A 4 Å distance cut-off was used for the calculation of intermolecular
charge pairs and atomic interaction pairs between heavy atoms. A 3.5 Å distance and 35° angle
cut-off was used for the calculation of H-bonding. The lifetime of epi-cholesterol dimers was
calculated by considering the period between H-bond formation and disruption of the H-bond
for a minimum of 0.5 ns. Reformation after this interval is considered as a new dimer, and
hence lifetime. The initial 200 ns of the simulation trajectories were considered as an
equilibration period, following assessment of the fluctuations of the membrane thickness and
area per lipid (Table S1). These properties were regarded as converged by 500 ns, thus all
analysis is performed on the 200-500 ns time interval. Electrostatic potential of the simulation
system was calculated using the “PMEpot” plugin of VMD, following the methodology of
Aksimentiev and Schulten.43
Results
In the first instance, global membrane properties have been calculated to elucidate the
differences detectable using the MD simulation protocol described in this study, and the
conformance of such results with known experimental data. In the POPC simulation, the
membrane thickness and the area per lipid (Fig. S1) are calculated as 40 ± 1 Å and 63 ± 1 Å3
respectively (Table 1), in close agreement with accepted experimental values.44 The addition of
cholesterol causes a net reduction of total bilayer area, with the overall average area per lipid in
the system reducing to 45 ± 1 Å3 in CHL and 46 ± 1 Å3 in ENT, characteristic of the wellknown condensing effect of cholesterol.3 This effect is slightly offset in EPI, with an overall
average area per lipid of 48 ± 1 Å3, primarily as a result of an increased area of POPC
molecules (Table 1). Correspondingly, an increase in membrane thickness is observed in CHL
(46 ± 1 Å), ENT (46 ± 1 Å) and to a lesser degree in EPI (45 ± 1 Å). The extent to which the
components of the upper and lower leaflets overlap, known as lipid interdigitation, are
expectantly inversely correlated, displaying an increase in interdigitation alongside a decrease in
thickness (Table 1).
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Table 1. Summary of key membrane physical properties (± SD) obtained from MD simulations
on the 200-500 ns time interval.

Thickness (Å)
Area per Lipid
(Å3)
Tilt Angle (°)
Interdigitation (%)

POPC
Sterol
POPC+Sterol
POPC
Sterol
Sterol

POPC

CHL

ENT

EPI

39.8 ± 0.9

46.3 ± 0.9
35.7 ± 0.8
45.4 ± 0.7
53.3 ± 0.7
27.2 ± 0.8
14.4 ± 1.2

45.9 ± 0.9
35.6 ± 0.7
45.9 ± 0.7
53.9 ± 0.6
27.0 ± 0.8
15.3 ± 1.2

44.8 ± 1.0
33.2 ± 0.8
47.4 ± 0.9
55.7 ± 0.8
28.1 ± 1.1
19.0 ± 1.5

3.4 ± 0.2

3.5 ± 0.2

3.8 ± 0.2

62.5 ± 1.2
62.5 ± 0.9
-

5.6 ± 0.4

Figure 2. (A) Distribution of cholesterol tilt angles, normalized to 1 with a bin width of 1. SCD
order parameter of (B) 16:0 saturated acyl chain at the glycerol sn1 position (C3) and (C) 18:1
unsaturated acyl chain at the glycerol sn2 position (C2). Mass density profiles of cholesterol (D)
C3 and (E) O3 atoms, in the lower (left) and upper (right) leaflets, following alignment of the
POPC phosphate atoms, normalized to 1 with a bin width of 0.5. SASA per (F) POPC and (G)
cholesterol molecule, normalized to 1 with a bin width of 10 and 1 respectively. CHL, ENT,
EPI and POPC simulations are displayed in red, blue, green and black respectively.
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Such differences in the membrane physical properties arise from differences in the position and
orientation of cholesterol in the bilayer, and the synergistic interaction with other bilayer
components.45 Cholesterol tilt angle is an important quantity, which is closely related to the
ability of cholesterol to order its environment.46 In this example, CHL and ENT display the
narrowest distribution of tilt angles, with mean values of 14 ± 1 ° and 15 ± 1 °, respectively,
representing a conformation almost parallel to the bilayer normal (Fig. 2A). The distribution of
tilt angles in EPI is noticeably more spread, with an increased mean of 19 ± 2 °. This effect is
reflected in the calculated SCD order parameter, which is commonly used as a measure of lipid
tail organisation, and can be directly compared to experimentation.47-49 Overall, SCD values
increase in the cholesterol-containing bilayers, relative to POPC alone (Fig. 2B-C), indicative of
the ordering effect of cholesterol that is well established in the literature.50 This effect has been
attributed to lipid packing around the rigid cholesterol frame. EPI exerts a weaker ordering
effect overall, relative to CHL and ENT, with the greatest differences observed in the saturated
regions of the acyl chains. These results contribute to a wealth of previous literature, which note
the specificity of membrane ordering with regards the atomic structure of cholesterol.51
To directly compare the position of the cholesterol hydrophobic ring system and the hydrophilic
hydroxyl group in the membrane, the mass density profiles of the C3 and O3 atoms (defined in
Fig. 1A), following alignment of PC phosphate atoms, can be calculated (Fig. 2D-E). The C3O3 maxima of EPI overlap at ~5.5 Å resulting from the axial conformation of the hydroxyl
group, suggesting that whilst C3 adopts a shallower position in the membrane (~6 Å in CHL
and ENT) whilst O3 is more buried (~5 Å in CHL and ENT).
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Figure 3. (A-B) Average interaction frequency between cholesterol and POPC atoms
(specified). Interactions are calculated using a 4 Å criterion between heavy atoms.
To assess how this altered position affects the organisation of the membrane on an atomic-level,
the average interaction frequency between individual POPC and cholesterol atoms has been
calculated (Fig. 3). In general, headgroup atoms exhibit an average interaction frequency of ~010% of POPC, whilst tail atoms and those in the linker region, display average interaction
frequencies in the 10-30% range, with EPI consistently presenting lower values. The carbonyl
groups of the ester linkages (O22 and O32) are the exceptions to this, with average interaction
frequencies in excess of 40% and elevated average interaction frequencies in EPI (54%, 56%)
are relative to CHL (42%, 41%) and ENT (49%, 40%). The observed net increases can be
attributed to enhanced interactions with C1, C5, C6 and C7 atoms, offsetting the reduced
contact interface with O3.
To assess the impact of such differences at the membrane-water interface, the solvent accessible
surface area (SASA) per molecule has been calculated for POPC and each sterol species (Fig.
2F-G and Table 2). The SASA of POPC in a single component membrane is calculated as ~220
Å3, which reduces by ~15 Å3 in CHL, 12 Å3 in ENT and remarkably increases by ~5 Å3 in EPI,
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despite a decrease in the area per lipid for all cholesterol isomers relative to POPC-only. These
observations provide evidence that SASA, and hence POPC-solvent interactions, are modulated
by specific lipid-cholesterol interactions. It is interesting to note that the hydration of POPC
headgroups decreases by ~4% in CHL and ENT, and 2% in EPI, as calculated from the
individual RDFs of all POPC atoms (Fig. S2).
Table 2. Average SASA (± SD) of membrane lipids (the standard error of reported values is
less than 0.1)
SASA (Å2)
POPC
Sterol

POPC
220 ± 75
-

CHL
205 ± 67
22 ± 16

ENT
208 ± 68
23 ± 16

EPI
225 ± 81
28 ± 18

With regard to the SASA of cholesterol, CHL (22 Å3) and ENT (23 Å3) display similar values,
increasing to 28 Å3 in EPI (Table 2). This increase can be attributed to numerous effects, such
as the increased area per cholesterol and tilt angle, the elevated position in the membrane and
exposure of ring atoms as a result of the orientation of the hydroxyl group. The net increase in
hydration in EPI is ~10%, relative to CHL and ENT, as calculated from the individual RDFs of
all cholesterol atoms (Fig. S3). It is worth noting that a decrease is observed for O3, signalling
that interactions with hydrophobic atoms are solely responsible for the observed increase. This
will likely perturb the electrostatics of the cholesterol-water interfacial region.
H-bonding is a further important feature of the membrane-water interface. Approximately, all
CHL and ENT molecules participate in at least one H-bond, via the cholesterol hydroxyl group,
with 42% of molecules associated with PC headgroups and 60% of molecules H-bonding with
water, in both cases. In contrast, 70% of EPI molecules are involved in H-bonding, as a result of
diminished interactions with both PC headgroups (25%) and solvent (37%), and the evolution of
cholesterol homo-dimers (8%). Dissection into the individual components of the PC headgroup
(Fig. 4A, see Fig. 1D for atom names), identifies the largest reduction of H-bonding with atoms
O13 (-3%) and O14 (-3%) in the phosphate group, and O22 (-6%) at the apex of the unsaturated
acyl chain at the sn2 acyl position, whilst H-bonding with O32 on the saturated acyl chain at the
sn1 position is generally conserved. The remaining reductions can be attributed to atoms C12,
C13, C14, C15, O11 and O12. The total number of interactions with the cholesterol hydroxyl
group displays an analogous pattern.
With regards to the hydration of the PC headgroups, approximately 18% of POPC molecules Hbond with CHL and ENT, whilst 10% H-bond with EPI. The reduction in PC-sterol H-bonds in
EPI is overcompensated for by an increase in solvent H-bonds, resulting in a total of 9.4, 9.4
and 9.5 H-bonds per POPC molecule, in the CHL, ENT and EPI simulations respectively. Thus
it is effectively unchanged by the presence of different cholesterol isomers. This is noticeably
less than in the pure POPC membrane simulation (~10.3 H-bonds per POPC molecules), which
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can largely be attributed to elevated H-bonding of phosphate oxygen atoms (O13 and O14; 32%), choline methyl groups (C13, C14, C15; -21%) and carbonyl atoms within the ester
linkages (O22, O32; -20%) in the absence of cholesterol (Fig. 4B).

Figure 4. (A) Frequency of PC-sterol H-bonds, per cholesterol molecule. (B) Frequency of PCwater H-bonds, per POPC molecule. CHL, ENT, EPI and POPC simulations are displayed in
red, blue, green and black respectively. (C) Licorice representation of a POPC molecule
coloured according to the percentage interaction with the cholesterol hydroxyl group. A distance
criterion of 4 Å between heavy atoms is used in this case.
Charge-pairs also contribute significantly to the dynamics of the membrane headgroup region.
Intermolecular charge-pairs can be formed between the methyl groups of the positively charged
choline moiety of PC, and negatively charged groups in cholesterol and PC headgroups,
including the cholesterol hydroxyl (O3), the non-ester phosphate oxygen atoms (O13, O14) and
the carbonyl atoms within the ester linkages at the apex of the acyl chains (O22, O32). The
frequency of CHL-PC charge pairs is significantly perturbed in EPI, likely as a direct result of
the orientation of the O3 hydroxyl (Fig. 5A). Relative to the POPC-only membrane, the number
of PC-PC charge-pairs is increased by approximately 15%, 14% and 3%, in CHL, ENT and EPI
respectively. The number of charge-pairs involving O13 and O14 (POPC < EPI < CHL ≈ ENT)
is inversely correlated in the observed trend for the values calculated for the area per lipid
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(POPC > EPI > CHL ≈ ENT) (Fig. 5B). It is apparent, however, that the distance between PC
headgroups does not dictate the frequency of choline charge-pairs with O22 and O32 (Fig. 5CD), and instead is likely directly influenced by the cholesterol headgroup. As a result, the
number of charge-pairs for O22 displays the trend EPI ≈ POPC < CHL ≈ ENT, whilst the trend
EPI < POPC ≈ CHL ≈ ENT is observed for O32. Thus, the increased frequency of O13/O14
choline charge-pairs in EPI, relative to POPC, is offset by the reduction in O32 choline chargepairs, resulting in an overall pattern of EPI ≈ POPC < CHL ≈ ENT.

Figure 5. Radial distribution function of (A) cholesterol O3, (B) lipid O13/O14, (C) lipid O32,
and (D) O22 atoms with C12, C13 and C14 atoms of the lipid headgroup choline region, to
represent the distribution of intermolecular charge pairs. CHL, ENT, EPI and POPC simulations
are displayed in red, blue, green and black respectively.
It is conceivable that a correlation exists between the formation of charge pairs between the
choline methyl groups and the carbonyl oxygen atoms involved in the ester linkages, and the P+N- dipole of the phospholipid headgroups. The average P+-N- vector relative to the bilayer
normal is calculated as 68 ± 27° throughout, however, indicating this is not the case (Fig. 6A).
Instead, it is apparent the charge density on the bilayer surface is significantly perturbed,
demonstrated by the RDF of K+ and Cl- ions with respect to phospholipid and cholesterol
molecules (Fig. 6B and C, respectively). A maximum is observed at ~2.65 Å for K+ ions
throughout, with the probability at this point following the trend: POPC (0.54) > ENT (0.45) >
CHL (0.41) > EPI (0.17). In the case of Cl-, a unique peak is observed at ~2.65 (0.05) which is
absent elsewhere. The reduced density of cations, and concurrently, increased density of anions
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on the bilayer surface reveals the elevated positive potential of the EPI bilayer surface, relative
to CHL and ENT. This can also be illustrated by the electrostatic potential of the cholesterol
isomers; considering the bilayer centre as 0 mV, CHL, ENT and EPI display values of -226 mV,
-220 mV and -162 mV, respectively (Fig. 6D). The electrostatic potential of the complete CHL,
ENT and EPI simulation systems vary to a lesser extent, with calculated values of -801 mV, 807 mV and -783 mV.

Figure 6. (A) Angle between P+-N- vector relative to the bilayer normal. Radial distribution
function between (B) K+ and (C) Cl- ions and phospholipid and cholesterol molecules.
Electrostatic potential of (D) cholesterol molecules and (E) the full simulation system, relative
to the bilayer center. CHL, ENT, EPI and POPC simulations are displayed in red, blue, green
and black respectively.
The nature of intermolecular cholesterol interactions is also worth considering. The calculated
RDF of the cholesterol C3 atoms, up to a distance of 10 Å, is shown in Fig. 7A. According to
this data, all cholesterol isomers are guaranteed to be within ~6.5 Å of another cholesterol
molecule, yet the characteristics of cholesterol self-association are considerably different in EPI.
The first RDF peak in CHL and ENT lies at 4 Å, whereas in EPI the first RDF peak ~5 Å and is
approximately twice as probable, suggesting the alternative orientation of the hydroxyl group
simultaneously acts as a spacer and a stabiliser. It should be noted that the concentration and
initial configuration of cholesterol isomers is identical between simulations, and thus
differences can be predominantly attributed to this feature. These results are consistent with the
noticeable population of intermolecular cholesterol H-bonds identified in EPI by prior H-bond
analysis, calling attention to the evolution of novel cholesterol dimers in this case. Using Hbond frequency as an indicator of dimer formation, the average lifetime of epi-cholesterol
dimers has been calculated as 0.9 ± 1.1 ns, with a maximum lifetime of ~11 ns (Fig. 7B).
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Characterisation of the interfacial region between two bound molecules (Fig. 7C) reveals the
crucial interactions are localised in the hydroxyl region, with the oxygen interacting with ~4
atoms on the adjacent molecule simultaneously; the most probable interactions in descending
order are O3, C3, C6 and C1 (Fig. 7D).

Figure 7. (A) RDF of cholesterol C3 atoms. CHL, ENT and EPI systems are shown in
red, blue and black respectively. (B) Weighted histogram of dimer lifetime calculated as
the continuous occurrence of inter-cholesterol H-bonds. (C) Average number of
interaction pairs between epi-cholesterol molecules exclusively involved in dimers (D)
Interaction frequency between a hydroxyl O3 and an adjacent epi-cholesterol molecule.
Discussion
Of the cholesterol isomers in this study, nat-cholesterol exhibits the greatest influence on the
physical properties of the membrane, almost exactly replicated by its enantiomer. Epi-
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cholesterol, on the other hand, exerts a weaker ordering effect as represented by the SCD order
parameter, manifesting in a decrease in bilayer thickness. Such deviations can be attributed to
adjustment of the position and tilt angle of epi-cholesterol in the phospholipid bilayer, and
modification of the cholesterol surface available to interact with other cholesterol and
phospholipid molecules.
The simulations presented here establish a direct link between the isomerisation of the
cholesterol hydroxyl group and the occurrence of novel cholesterol oligomer conformations,
specifically epi-cholesterol dimers stabilised by intermolecular H-bonding. Despite significant
interest in cholesterol aggregation and raft formation, experimental evidence concerning the
existence of cholesterol dimers is negligible. Face-to-face dimers, stabilised by van der Waals
interactions between the cholesterol α-faces, were first proposed by Martin and Yeagle,52 and
have been examined in detail in recent years by computational means.53 A study by Bandara et
al, using unbiased MD simulations, calculated dimer lifetime at the order of hundreds of
picoseconds, with instances of a nanosecond lifetime more prevalent at higher cholesterol and
sphingomyelin concentrations.53 Furthermore, Andoh and coworkers used thermodynamic
integration to calculate the free-energy profile of cholesterol dimerization.54 Cholesterol
molecules separated by ~10-15 Å and interspersed by POPC acyl tails displayed an attractive
interaction, with a well depth of -3.5 kJ mol-1. This value approximates to a thermal energy of
~310 K, highlighting the temperature dependence of the dimerization process.54 Additional
computational studies have noted the instability of artificial aggregates that rapidly dissociate to
approximately monomeric units,55 and the increased likelihood of cholesterol aggregates at
elevated concentrations,56 as well as the direct observation of raft formation in both all-atom and
coarse-grained MD simulations.22, 57-59 In this case, it is apparent the H-bonding properties of
epi-cholesterol significantly enhance the stability of the dimer, resulting in an average lifetime
at least one order of magnitudes greater than those previously calculated. The increased
frequency of such assemblies inadvertently reduces the availability of the cholesterol α-face,
which forms the dimer interface, and can therefore modify the molecular interaction between
other cholesterol and phospholipid molecules, as well as membrane proteins. A growing number
of studies predicate a direct relationship between membrane cholesterol and GPCR
oligomerisation,60-62 with the involvement of the face-to-face dimer in the formation of a GPCR
functional dimer postulated in earlier works.63 It is therefore conceivable that evolved epicholesterol dimer species may directly interact with membrane proteins, translating as the
observed functional changes. In the 5-HT1A receptor, for example, the binding affinity of
extracellular ligands is directly related to the presence of specific cholesterol isomers, nat- and
ent- cholesterol in solubilized native hippocampal membranes.20 Specific interactions between
cholesterol and the 5-HT1A receptor will be explored in future computational studies.
Bandari and coworkers have identified a close correlation between the activity of the 5-HT1A
receptor and the membrane dipole potential.17 Dipole potential has been implicated in the
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modulation of channel gating in voltage-gated ion channels,64 the formation of lipid rafts,65 the
clustering and ligand binding affinity of receptor tyrosine kinases65 and the mechanism of
anaesthetic action, and other small molecules.66
The membrane dipole potential emanates from the ordered orientation of lipid headgroups and
associated water dipoles in the polar region separating the hydrocarbon interior from the
solvent.67 Regulation of membrane dipole potential by cholesterol has been ascribed to a
number of factors, including (1) reorientation of the P+-N- dipole in the phospholipid headgroup
towards the membrane plane, (2) membrane condensation, resulting in increased charge density,
(3), an ordered water network in the interfacial region, and (4) the inherent dipole of cholesterol
molecule itself.14, 64 These hypotheses will be discussed in relation to the known experimental
trend for the bilayer compositions under investigation: epi-cholesterol (~338 mV) < POPC-only
(~369 mV) < ent-cholesterol (~480 mV) < nat-cholesterol (~500 mV).17
Immediately, it can be proposed that conformational changes in the phospholipid headgroup do
not contribute to modification of the dipole potential in phospholipid-cholesterol bilayers, as
negligible differences are observed in the behaviour of the P+-N- dipole. The orientation of the
P+-N- dipole has been proposed as a significant contributor to the difference in dipole potential
observed between PC and PE headgroups, as well as the dynamics of the interfacial water.68 The
PE P+-N- dipole is thought to occupy a position more parallel to the membrane, relative to PC,
maintain optimal contacts with the phospholipid acyl chains. Concurrently, the negative
contribution to the dipole potential is reduced, resulting in a more positive overall value. This
theory is supported by quadrupole splitting of NMR spectra of deuterated phospholipids, but not
applicable in the context of this study.
Evidence has been provided in this study that the inherent dipole moment of cholesterol
provides a positive contribution to the membrane dipole potential. Notably, we demonstrate that
the observed augmentation is dampened in the presence of epi-cholesterol, providing a less
positive increase to the dipole potential. In a previous study examining cholesterol and four
derivatives (6-ketocholestanol, 4-cholesten-3-one, coprostanol, and 5-cholesten-3β-ol-7-one),
10-30% of the total change in the dipole potential was attributed to the intrinsic dipole moments
of the molecules.14 The authors credit the additional increase to membrane condensation and
modifications in water penetration of the membrane. For the cholesterol isomers examined here,
the calculated area per lipid is similar in the cholesterol isomers examined, indicating an
equable increase in dipole potential as a result of higher packing.69 The relationship between
headgroup hydration is more complex, however. The interaction of water with phospholipid
bilayers has been investigated in detail in numerous studies;70-73 revealing water molecules
specifically oriented parallel to the bilayer normal, with hydrogen atoms directed towards the
membrane, thus providing positive contributions to the dipole potential.64 In theory, therefore,
further hydration will increase the membrane dipole potential, whilst disruption will decrease it.
Using MD simulations Villareal and coworkers attributed the observed changes in dipole
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potential of DMPC membranes in the presence of trehalose to replacement of lipid-water Hbonds with lipid-trehalose H-bonds, despite maintenance of the overall number of H-bonds.74
Overall, we observe the loss of a single H-bond between POPC molecules and water molecules
when cholesterol isomers are included in the bilayer systems, with a further H-bond replaced
with nat- and ent-cholesterol hydroxyl groups, and to a lesser extent with epi-cholesterol. We
must also note the additional loss of H-bonding between epi-cholesterol and water, despite
increased hydration, relative to nat-cholesterol and ent-cholesterol. As a consequence, it is
apparent cholesterol isomers modulate the behaviour of interfacial water molecules in the
presence of distinct cholesterol isomers, and hence the effective dielectric constant of the
interfacial region. However, it is difficult to establish the exact contribution to the dipole
potential, relative to the cholesterol-free bilayer.
Finally, differential ion binding to phospholipid headgroups is also exposed within this study,
highlighting further divergence in the interfacial region. In general, physiologically relevant
cations, Na , K and Ca are known to bind to carbonyl and phosphate atoms in phospholipid
+

+

2+

molecules, whilst Cl ions remain loosely associated to the bilayer surface, generating an
-

effectively positive charged surface, and biasing other interactions in the interfacial region.

75-77

Magarkar and colleagues uncovered an inverse correlation between cholesterol concentration
and Na binding, parallel to reductions in the positive surface potential, using a combination of
+

computational and experimental means. Such changes were attributed to the replacement of
78

high affinity phospholipid binding sites with low affinity cholesterol binding sites, preferred
interactions between phospholipids and cholesterol and increased hydrophobicity of the
membrane. This is supported by recent reports utilizing atomic force microscopy and Kelvin
force microscopy indicating distinct regions of electric surface potential directly associated with
cholesterol nanodomain formation. Further to this, data from Lairion and Disalvo indicates that
79

the dipole and surface potentials of bilayers are interdependent. In this case, subsidence of
80

cation (K ) binding is intensified when epi-cholesterol is present, signalling the greatest
+

displacement of the membrane surface potential to less positive values, and imposing further
variance to the membrane dipole potential.
Overall, interpretation of the data presented in this study reveals that the intricate balance
between membrane condensation, the dipole moment of sterol molecules, and the behaviour of
interfacial water molecules ions underlie the observed differences in the membrane dipole
potential in cholesterol-containing bilayers. The influence of the P+-N- vector can be discounted
in the context of this study.
Conclusions
Using extensive MD simulations, totalling 2 μs, the behaviour of epi-cholesterol in an
unsaturated phospholipid bilayer has been characterised, and compared to nat-cholesterol and
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ent-cholesterol, as well as a cholesterol-free phospholipid bilayer. Slight differences in
membrane thickness, area per lipid, interdigitation fraction and SCD order parameter are
observed, relative to nat-cholesterol and ent-cholesterol which display identical properties
throughout, in agreement with experimental studies. This can be attributed to minor deviations
of the position and tilt angle of epi-cholesterol, as well as an observable population of longlasting epi-cholesterol dimers, which are directly stabilised by H-bonding of the axial hydroxyl
group on the cholesterol α-face.
Noteworthy variations are evident in the membrane-water interfacial region when epicholesterol is present, with the phospholipid SASA and interaction profile more closely
resembling that of a cholesterol-free membrane. Following this, we have considered in detail
how the divergent atomic-level interactions directly influence the dipole potential of the
membrane and provide a comprehensive mechanism for the action of cholesterol in this respect.
The membrane dipole potential is known to regulate transport processes, directly through the
plasma membrane and also via embedded proteins. Consequently, understanding how the
membrane dipole potential is modulated by various factors, such as the inclusion of small
molecules, is of intense interest in the pharmaceutical industry. Therefore, it is desired that the
outcomes of this study provide crucial insights in this area and contribute to our current
understanding of the behaviour and role of the cholesterol in the cell membrane.
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Abstract
Despite the ubiquity of cholesterol within the cell membrane, the mechanism by which it
influences embedded proteins remains elusive. Numerous GPCRs exhibit dramatic responses to
membrane cholesterol, with regards to the ligand-binding affinity and functional properties,
including the 5-HT receptor family. Here, we use over 25 µs of unbiased atomistic MD
simulations to identify cholesterol interaction sites in the 5-HT1B and 5-HT2B receptors and
evaluate their impact on receptor structure. Susceptibility to membrane cholesterol is shown to
be subtype-dependent and determined by the quality of interactions between the extracellular
loops. Charged residues are essential to maintain the arrangement of the extracellular surface in
5-HT2B; in the absence of such interactions, the extracellular surface of the 5-HT1B is malleable,
populating

a

number

of

distinct

conformations.

Elevated-cholesterol

density

near

transmembrane helix 4 is considered to be conducive to the conformation of extracellular loop
2. Occupation of this site is also shown to be stereospecific, illustrated by differential behaviour
of nat-cholesterol isomers, ent- and epi-cholesterol. In simulations containing the endogenous
agonist, serotonin, cholesterol binding at transmembrane helix 4 biases bound serotonin
molecules towards an unexpected binding mode in the extended binding pocket. The results
highlight the capability of membrane cholesterol to influence the mobility of the extracellular
surface in the 5-HT1 receptor family and manipulate the architecture of the extracellular ligandbinding pocket.
Introduction
G-protein coupled receptors (GPCRs) play a fundamental role in the transmission of
extracellular stimuli to the cell interior, participating in a broad spectrum of physiological
processes being the most prominent target of clinically approved drugs.1 GPCRs are seven-helix
transmembrane proteins (TM1-7), which can exist in a variety of conformational states. The
evolution of active, inactive and intermediate states is promoted by small-molecule binding in
the core of the transmembrane bundle, typically accessible from the extracellular medium.
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Activating ligands, known as agonists, stabilize conformations capable of G-protein coupling,
eliciting a response within the cell.
In recent years, membrane composition has emerged as an important factor in the drug-binding
properties of GPCRs. Cholesterol,2 sphingolipids3 and phospholipid4 have been shown to
modulate the activity of GPCRs; the ligand-binding affinity is a crucial property that can be
regulated by cholesterol in both positive and negative manners.5-7 However, the mechanism by
which cholesterol modulates protein structure and function is largely unknown.8 One theory
suggests cholesterol acts by varying the physical properties of the membrane, which then
influences the conformation of the protein. An alternative rationale proposes that cholesterol
binds directly to specific sites on the protein surface, acting as an allosteric modulator. A third
proposition suggests that cholesterol facilitates interactions with a third party which biases the
activation state. Of course, the possibility also exists that these effects are not mutually
exclusive, and a combinatory approach occurs.
Cholesterol exhibits an asymmetric structure formed from the isooctyl chain planar attached to
the rigid polycylic sterane backbone. The latter comprises a smooth α face and rough β face,
and a polar hydroxyl moiety at the apex. A single cholesterol isomer occurs naturally, although
eight stereocenters exist in the molecule (Scheme 1). Biological systems are capable of
discriminating between stereoisomers of substrates and can therefore be classified as
stereospecific. This is typically discussed in terms of enzyme catalysis. However, this trait has
been established for various membrane proteins, regarding both agonists and allosteric
modulators, such as membrane cholesterol. Subsequently, cholesterol isomers have emerged as
valuable probes to distinguish between specific and non-specific effects of cholesterol in
membrane proteins, and to scrutinize the level of specificity required action.9 Epi-cholesterol,
which bears a distinct orientation of the hydroxyl group (Scheme 1), has been used widely, on
the basis it forms analogous structured lipid domains10 and induces a similar level of membrane
fluidity.11 However, other properties, such as the area per lipid and cholesterol tilt angle, are
known to diverge,12 hence it is possible that both direct and indirect mechanisms of cholesterol
are involved in modulation by epi-cholesterol. For this reason, it has been somewhat superseded
by ent-cholesterol, the enantiomer of cholesterol (Scheme 1), which is considered to mimic the
physiochemical membrane properties more closely.13 Experiments utilizing these analogues
have successfully implicated stereospecific binding of cholesterol in the regulation of various
membrane proteins.14-19
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Scheme 1. Chemical structures of cholesterol isomers considered in this study.
Identification of specific cholesterol binding sites in GPCRs has been accomplished by a
number of methods. Several general cholesterol interaction motifs have been proposed and
identified

in

GPCRs

by

sequence

alignment,20,21

including

the

cholesterol

recognition/interaction amino acid consensus (CRAC) motif,22 constituted of the sequence L/VX1-5-Y-X1-5-K/R (where X can represent any amino acid), and the inverted form of the CRAC
motif,23 termed the CARC motif, where the central tyrosine can also be occupied by a
phenylalanine residue in the CRAC domain. High-resolution structural information of multiple
GPCRs (A2A adenosine,24 β1-adrenergic,25 β2-adrenergic,26,27 5-HT2B28 and metabotropic
glutamate type 129 receptors) in complex with cholesterol molecules, has revealed a number of
specific cholesterol interaction sites, such as cholesterol consensus motif (CCM), a groove
region between TM2 and TM4 constituted of highly conserved residues Y2.41,K/R4.39-4.43,
I/V/L4.46 and W/Y

4.50

(labeled using the Ballesteros-Weinstein numbering scheme, which is a

generic numbering scheme for class A GPCR’s).27 Further to this, molecular dynamics (MD)
simulations have become an established tool to identify high- and low-affinity cholesterol
interaction sites on GPCRs and evaluate the potential consequences on protein structure and
dynamics.30-33

Figure 1. Crystal structures of the (A) 5-HT1B (PDB ID: 4IAR) and (B) 5-HT2B (PDB ID: 4IB4)
receptors. Each transmembrane helix (TM) is labelled. Ergotamine is displayed with carbon,
oxygen and nitrogen atoms in orange, red and blue respectively. The alternate conformations of
the TM5 helix are displayed within the red boxes.
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The serotonin (5-HT) receptor family spans seven receptor subfamilies (5-HT1-7), classified by
structural and functional similarities. The serotonin (5-HT) receptor family spans seven receptor
subfamilies (5-HT1-7), classified by structural and functional similarities. All serotonin receptors
are GPCRs, with the exception of the 5-HT3 receptor, which is a ligand-gated ion channel. 5-HT
receptors have been associated with medical conditions, including neurological disorders, such
as Alzheimer’s disease, depression and schizophrenia. 34,35
Significant experimental and computational efforts have been focused towards characterizing
the functional response of the 5-HT1A receptor to cholesterol.36-38

Solubilized native

hippocampal membranes exhibit diminished ligand binding, which can be restored on the
addition of membrane cholesterol or its enantiomer (ent-cholesterol).39 However, replenishment
with closely related molecules, such as epi-cholesterol (a diastereoisomer of cholesterol)39 fail
to restore binding properties. Curiously, cholesterol depletion enhances ligand binding activity
in neuronal cells, when examining the same agonist as prior experiments.40 Disparate effects are
also observed when considering biosynthetic precursors, differing to cholesterol by a double
bond, and various experimental procedures are used.41,42 Alongside this, simulation
methodologies have been utilized to identify cholesterol interaction sites on homology models
of the 5-HT1A receptor, in the absence of high-resolution structural information of this
subtype.43
In milestone publications, the crystal structures of related 5-HT1B and 5-HT2B receptors in
complex with ergotamine, and dihydroergotamine in the former, were disclosed. These
structures revealed insights into the molecular determinants of subtype selectivity and biased
signaling (Figure 1A-B).44,45 The 5-HT receptors exhibit analogous orthosteric binding pockets,
with 70% of residues completely conserved (residues 3.32, 3.37, 5.46, 6.48, 6.51, 6.52 and 7.43
in the Ballesteros-Weinstein numbering scheme), and another 10% displaying conservative
mutations (3.33). As a consequence, subtype selectivity is attributed to the deviations in the
extended binding pocket, constituted of residues from the second extracellular loop (ECL2) and
the extracellular termini of TM3 and TM5-7. Most notably, an outward movement of TM5 in
the 5-HT1B receptor increases the volume of the canonical binding pocket, relative to the 5-HT2B
receptor, enabling inhabitance of bulkier ligands (Figure 1). This is demonstrated by the
reported potencies of triptan molecules in wild-type 5-HT1B and 5-HT2B, and 5-HT2B mutants,
reported in the same study.
Considering the available structural information for the 5-HT1B and 5-HT2B receptors, and the
reported cholesterol-dependence of the closely-related 5-HT1A receptor, we hypothesized that
membrane composition may actuate the conformation of TM4-5, and the attached ECL2, in the
5-HT receptor family, which translates to diversity in the framework of the orthosteric and/or
extending binding pockets. To investigate this scenario, we performed extensive unbiased MD
simulations of the high-resolution crystal structures of the 5-HT1B (PDB ID 4IAR) and 5-HT2B
receptors (PDB ID 4IB4) in POPC bilayers with 0% and 30% cholesterol concentrations. We
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also examined ent-cholesterol and epi-cholesterol, to delineate stereospecific cholesterol
binding sites, considering the response of the 5-HT1A receptor to these molecules.39 Previous
crystallographic and NMR studies of several class A GPCRs have demonstrated ligand-specific
governance of the extracellular loop structure.46-49 Thus, the 5-HT receptors of interest were
simulated in the apo state, initially, to eliminate potential bias arising from the ligand identity.
Methods
Membrane Preparation
Bilayers containing 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) molecules and
nat-cholesterol molecules were generated using the CHARMM-GUI Membrane Builder.50-52
The cholesterol-free bilayers contained 244 POPC molecules, with 196 POPC molecules and 84
nat-cholesterol molecules used for the cholesterol-enriched bilayers content. The mixed
POPC/nat-cholesterol membrane was then modified to generate additional membranes
containing the ent- and epi-cholesterol. All membranes were then equilibrated using the
documented CHARMM-GUI protocol, and a production run was performed for 50 ns.51 The
membrane cholesterol in each bilayer was then transformed into the remaining isomers to
provide three initial configurations of cholesterol in the membrane, labelled 1-3.
5-HT Receptor Modeling
The crystal structures of the 5-HT1B receptor (PDB ID: 4IAR) and 5-HT2B receptor (PDB ID:
4IB4) were used to prepare the initial models.28,53 In both cases, the third intracellular loop
(residues L240 to M305 in 5-HT1B and Y249 to V313 in 5-HT2B) between helices 5 and 6 was
replaced by the engineered BRIL54 loop for the purpose of crystallization, and was removed.
The bound agonist, ergotamine, and lipid molecules present in the crystal structure were also
removed to allow for unbiased detection of lipid binding sites. Missing loops (191 to 196 and
340 to 344 in the 5-HT1B receptor) were replaced using the Modloop protocol,55 neutral caps
were used on the termini and default protonation states were used for ionizable residues.
Additional simulations were initiated with docked 5-hydroxytryptamine (5-HT), which is
otherwise known as serotonin. Two conformations of serotonin were utilized to initiate
independent simulations, consistent with the ergotamine binding pose observed in the crystal
structure (Figure 2A). In conformation 1 (Figure 2B), the indole nitrogen of serotonin is
positioned to H-bond with the T134 side-chain, and the amine tail is positioned to interact with
D129. In conformation 2 (Figure 2C), serotonin is flipped so that the hydroxyl group on the sixmembered indole ring can interact with the T134 side-chain, whilst the amine tail can still
interact with D129.
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Figure 2. (A) Ergotamine binding pose (orange molecule) in the 5-HT1B receptor crystal
structure (PDB ID 4IAR), (B) serotonin starting conformation 1, and (C) serotonin starting
conformation 2. Residues forming the orthosteric binding site are shown and labelled. Oxygen
and nitrogen atoms are displayed in red and blue, respectively. Carbon atoms are orange in
ergotamine, purple in serotonin and grey in the receptor.
System Setup and Equilibration
Each receptor model was aligned into the bilayer normal and inserted into the pre-equilibrated
lipid bilayers (Table 1). All lipid molecules within 1.2 Å of the protein were removed with final
cholesterol content approximately 30% in mixed bilayers. The combined system was then
solvated to produce a rectangular water box of dimensions (92 x 92 x 105) Å3. Ions were added
using the Autoionize Plugin of VMD, resulting in a final concentration of 150 mM.56 After the
removal of water molecules overlapping (distance < 1.2 Å) with the ions, lipids or protein
atoms, the final system contained between 70,000 and 80,000 atoms. CHARMM2254 parameters
(with CMAP correction) were used for the protein, CHARMM36 for lipids,57 CGenFF
parameters for the serotonin ligand,58,59 standard parameters for ions60 and the TIP3P61 model
for water. NAMD2.9 was employed to calculate the dynamics of the systems throughout.62
Initially, 10,000 steps of minimization were performed to remove steric clashes, followed by the
progressive removal of constraints at 500 ps intervals to allow for gradual equilibration of the
system. Constraints were released in the following order: (i) bulk water and lipid tails, (ii) lipid
head groups, (iii) water molecules in protein cavities, and finally, (iv) protein side chains.
Unrestrained dynamics was then undertaken in the NPT ensemble. The Particle Mesh Ewald
method was used for the treatment of full-system periodic electrostatic interactions; interactions
were evaluated every second timestep with a value of 1 Å to determine grid spacing.63
Electrostatic and van der Waals forces were calculated every timestep and up to a cutoff
distance of 12 Å. A switching distance of 10 Å was chosen to smoothly truncate the non-bonded
interactions. Only atoms in a Verlet pair list within a cutoff distance of 13.5 Å were considered,
with the list reassigned every 20 steps.64 The SETTLE algorithm was used to constrain all bonds
involving hydrogen atoms to allow the use of a 2 fs timestep.65 The Nose-Hoover-Langevin
piston method was employed to control the pressure with a 200 fs period, 50 fs damping
constant and a desired value of 1 atmosphere.

66,67

The system was coupled to a Langevin

thermostat to sustain a temperature of 298K throughout. A summary of the simulations
performed can be found in Table 1.

241

Table 1. Summary of simulations included in this study.
Receptor
5-HT1B

5-HT1B +
Ligand

5-HT2B

Membrane Composition
%
%
Isomer
POPC
Cholesterol
70
30
natcholesterol
70

30

entcholesterol

70

30

epicholesterol

100

0

-

70

30

natcholesterol

70

30

entcholesterol

70

30

entcholesterol

100

0

-

70

30

natcholesterol

70

30

entcholesterol

70

30

epicholesterol

100

0

-

Ligand
State

Replica

Simulation
Length (ns)

1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2

1
2
3
1
2
3
1
2
3
1
2
1
1
2
2
3
3
1
1
2
2
3
3
1
1
2
2
3
3
1
1
2
2
3
3
1
2
3
1
2
3
1
2
3
1
2

600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
500
500
500
500
500
500
500
500
500
500
500

Simulation
Abbreviation
CHL11B
CHL21B
CHL31B
ENT11B
ENT21B
ENT31B
EPI11B
EPI21B
EPI31B
POPC11B
POPC21B
L1-CHL11B
L2-CHL11B
L1-CHL21B
L2-CHL21B
L1-CHL31B
L2-CHL31B
L1-ENT11B
L2-ENT11B
L1-ENT21B
L2-ENT21B
L1-ENT31B
L2-ENT31B
L1-EPI11B
L2-EPI11B
L1-EPI21B
L2-EPI21B
L1-EPI31B
L2-EPI31B
L1-POPC11B
L2-POPC11B
L1-POPC21B
L2-POPC21B
L1-POPC31B
L2-POPC31B
CHL12B
CHL22B
CHL32B
ENT12B
ENT22B
ENT32B
EPI12B
EPI22B
EPI32B
POPC12B
POPC22B

Results
Specific binding of membrane components in 5-HT1B receptor
Cholesterol hotspots on membrane proteins are routinely identified using classical MD
simulations on extended timescales, akin to the simulations presented here. A random
distribution of cholesterol molecules was utilized, with simulations initiated from three different
random configurations, enabling the identification of cholesterol-binding sites in an unbiased
manner. To determine potential interaction sites, the spatial distribution of the cholesterol
headgroups was calculated in all simulations. We focus on the extracellular leaflet in the
following text (Figure 3A and S1A in the Supplementary Information).
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Three high-density cholesterol regions are observed in the extracellular leaflet of the 5-HT1B
receptor. S1 is a hydrophobic groove on TM2, with the polar cholesterol region also in contact
distance of extracellular loop 1 (ECL1). Cholesterol molecules can also occupy a number of
positions on the periphery of TM4, and in close proximity to extracellular loop 2 (ECL2).
Interactions at this site typically involve two or more cholesterol molecules; this expansive
region has been denoted S2. S3 encompasses the TM5-TM6 interface, with cholesterol
positioning biased by the conformation of the extracellular end of these helices, as described in
the following section. Out of these sites, the S2 site is reproduced in two out of three, entcholesterol simulations and all epi-cholesterol simulations. Additional positions on the receptor
surface can also be occupied when the isomers are present; TM6 residues in the extracellular
leaflet are one such site identified in three independent simulations (Figure S1). However, we
note the timescales achieved in this study (~600 ns) prohibit exhaustive sampling of the receptor
surface, and multiple association/disassociation events are not observed, hence meaningful
occupation times of the cholesterol isomers in the identified hotspots cannot be extracted.

Figure 3. Interaction sites of membrane components. 2D density maps of (A) nat-cholesterol
and (B) POPC, in three independent simulations of bilayers containing 30% nat-cholesterol. Bin
dimensions of 4x4 Å are normalized so that the maximum density is 1. Sites observed in
multiple simulations (including simulations with cholesterol isomers in Figure S1) and
described in the text are labelled. Transmembrane helices are numbered from 1 to 7; cholesterol
and POPC sites are labelled as SX or PX respectively, where X is an arbitrary number to
distinguish individual sites.
In addition to the cholesterol interaction sites, we sought to ascertain if specific phospholipid
binding sites also exist on the receptor surface, using the same methodology (Figure 3B and
S1B). We identified two reproducible high-density sites (P1 and P2) in the extracellular leaflet.
P2 is of interest, present at the TM4-5 interface, reproducible in all bilayers enriched with natcholesterol and isomeric forms. In this site, the phospholipid headgroup intercalates between
ECL2 residues, which are initially beyond reach by membrane components. Occupation of this
site can be evaluated using the contact distance between POPC molecules and residue P184
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(Figure S2). This is determined by calculating the distance between the center of mass of all
heavy atoms in both entities and identifying the minimum. In contrast, phospholipid molecules
do not penetrate the ECL2 region consistently in both POPC-only bilayer simulations. In
CHL11B, ENT11B and EPI21B, POPC molecules are able to penetrate the TM4-TM5 interface,
due to conformational changes in this region. This will be described in the following section.
Cholesterol tunes the extracellular surface in 5-HT1B receptor
From this point forward, we refer to the second and third extracellular loops (ECL2 and ECL3)
and the extracellular ends of the connected transmembrane helices (TM3-6) as the extracellular
surface (ECS). The structure of the extracellular surface is a highly variable region, as shown by
clustering the ECS conformations using a 2.5 Å criterion. Cluster population of the ECS is
given in Table S1. Highly populated clusters are identified (> 70 % of simulation time) in all
CHL1B and POPC1B simulations. Visual inspection of the predominant clusters revealed that
ECL2 can interact closely with the extracellular ends of TM5 and ECL3, or not at all, with the
contact distance between hydrophobic residues V200/V201 (ECL2) and M337 (TM6) critical.
We define these conformations as open or closed, pertaining to the minimum distance between
all non-hydrogen atoms in V200/V201 and M337, using 4 Å as a cutoff, exhibited in Figure 4A
and B, respectively. The retention of such conformations, and the frequency related structural
characteristics, are summarized in Table 2. The time evolution of the ECS in all simulations is
reported in Figure S2-4. Cholesterol-containing bilayers can stabilize open or closed
conformations of the ECS. Closed conformations of the ECS prevail in the POPC-only bilayer
simulations, entering this state consistently within a period of 150 ns. The closed state can also
be stabilized by a salt-bridge between E198 and K341, as in CHL31B (Table 2). In contrast, the
absence of ECL2-TM6/ELC3 interactions in several simulations can mobilize ECL3 residues;
F346, for example, can either remain buried in the surrounding bilayer or protrude into the
extracellular solvent. The observed separation of ECL2 and ECL3 can also be accompanied by
disruption of the initial conformations of the attached helices; TM5 (T209, V210 and T213) and
TM6 residues (L335 and M338) dissociate, enabling the penetration of a proximal POPC
molecule into this region, as mentioned earlier. This novel conformational change can be
attributed to the continued close association between TM4/ECL2 residues (in the region of
P183, P184 and F185) and ECL2 residues at the opposing end, particularly N202 (Figure S4).
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Table 2. Summary of dynamics in ECL2 and surrounding regions in the 5-HT1B receptor in all
simulations presented. The values given are percentages of the total simulation time spent in a
prototypical closed state of the EC loops. The criterion for each characteristic is given within
the table.
Structural
Feature
Criteria

POPC11B
POPC21B
CHL11B
CHL21B
CHL31B
ENT11B
ENT21B
ENT31B
EPI11B
EPI21B
EPI31B

ECL2-TM6
Hydrophobic
Interactions
V200/V201-M337
Distance
<4Å

ECL2-ECL3
Salt Bridge
Interactions
E198-K341
Distance
<4Å

ECL3 Membrane
Interactions

TM5-TM6
Interactions

F346 SolventAccessible Surface
Area < 50 Å2

T209/V210/T21
3-L335
Distance < 5 Å

ECL2-TM4
Interaction
s
P184-N202
Distance >
4Å

88
82
1
3
67
1
60
49
35
0
81

14
13
0
0
55
0
10
0
2
0
1

100
100
18
5
100
100
43
1
13
97
0

100
82
3
100
100
17
100
100
100
1
100

97
96
9
59
73
9
55
34
56
82
69

Overall, simulations with nat-cholesterol are in qualitative agreement with its enantiomer, with
the ECS exhibiting variable degrees of opening, both displaying enduringly open, closed or
intermediate states, with transient periods of ECS closure. Further to this, TM5 and TM6
dissociate in a similar manner. In contrast, simulations with epi-cholesterol exhibit deviant
behaviour; in EPI11B and EPI31B a closed ECS evolves after ~400 ns, persisting for the
remainder of the 600-ns simulation. EPI21B, on the other hand, exhibits open forms of ECL2ECL3 and TM5-6 from the outset (Figure S3).
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Figure 4. Dynamics of the extracellular surface. Representative structures of (A) closed
(simulation POPC11B) and (B) open (simulation CHL11B) states of the ECS, displaying the
density of residues 185-204 (red) and 338-349 (blue). Representative structures of (C) closed
(simulation POPC11B) and (D) open (simulation CHL11B) TM5-TM6 helices, displaying the
density of residues 205-213 (red) and 330-338 (blue). The density maps, shown as a wire mesh,
are calculated using the VOLMAP plugin of VMD.
Stereospecific behavior of the TM3-4 site in the 5-HT1B receptor
From this point forward, we focus on CHL11B, ENT11B and EPI11B simulations, which are
initiated from the same configuration of sterol molecules, displaying similar cholesterol
occupancies as a result. In this case, the reported loop movements are not conserved when epicholesterol is present, despite occupation of molecules in the adjacent S2 site. Closure of the
ECS in EPI1 at ~400 ns (Figure S3), follows destabilization of the P184-N202 interaction, in the
250-300 ns time period, which is maintained in CHL1 and ENT1 (Figure 5A). P184 resides at
the TM4/ECL2 boundary; throughout, multiple sterol molecules inhabit the S2 region in close
proximity to P184, interacting consistently with residues from TM3 (V120, F124, S127 and
T131), TM4 (I178) and ECL2 (F185).
Differences can be observed in the binding poses of individual cholesterol molecules and
attributed to the differential dynamics of this region. Sterol molecules in ENT11B and EPI11B
penetrate deeper in the membrane, capable of H-bonding with T131 (TM4) (Figure 5B). In the
latter case, this H-bond is formed in the initial stages of the simulation, and epi-cholesterol
remains anchored in this position for the entirety of the simulation. In this pose, the smooth face
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of epi-cholesterol stacks onto W174 (TM4); the hydroxyl headgroup H-bonds to T131 (TM3)
and is surrounded by polar residues S127 (TM3) and S181 (TM4); the flexible tail extends to
residues in TM2 (S90, V93 and L97) (Figure 5C, D). The headgroup of ent-cholesterol occupies
the analogous region, with enhanced mobility, due to the orientation of the hydroxyl group on
the rough face of cholesterol (Figure 5C, E). With this in mind, we postulate that the stability of
cholesterol in this site is dependent on its exact structure, and that this region acts as a
functional binding site in the 5-HT1B receptor.

Figure 5. Comparison of 5-HT1B receptor dynamics in CHL11B, ENT11B and EPI11B
simulations. (A) Time evolution of P184-N202 contact distance, CHL11B, ENT11B and EPI11B
simulations are displayed in red, blue and green respectively. (B) Time evolution of the
minimum contact distance between cholesterol hydroxyl atoms and T131, colored as in (A). (C)
Contact frequency of 5-HT1B residues with stable ent- (blue) and epi- (green) cholesterol
binding poses. Values are given as a percentage of total simulation time and calculated using a 5
Å criterion. (D-E) Position of deep epi- and ent-cholesterol molecules in the S2 site. Interacting
5-HT1B residues are shown in licorice representation in grey.

Effect on ligand binding in the 5-HT1B receptor
To discern the functional consequences of cholesterol binding to transmembrane helix 4, and
the resulting conformational changes, we focused our attention towards the extracellular ligandbinding site. In the crystal structure of the 5-HT1B receptor with bound ergotamine, which is
used to construct our initial model, the planar ergoline moiety is embedded in the orthosteric
binding pocket, a hydrophobic cleft composed of I130, C133, S212, A216, W327, F330 and
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F331 residues. Binding is stabilized by (i) a H-bond between the indole nitrogen of ergotamine
and the T134 side-chain, and (ii) a salt-bridge interaction between the amine tail of ergotamine
and D129, which in turn is reinforced by H-bonding with Y359.
Additional simulations were performed with a 5-HT molecule, commonly known as serotonin,
bound in the orthosteric binding site in two alternative conformations (see Methods), consistent
with the interactions observed for ergotamine in the crystal structure. To distinguish between
different open and closed states of the receptor, the extracellular surface (defined as residues
184 to 205 and 337 to 349), was clustered using a 2.5 A RMSD criterion (Table S1). The
position of membrane cholesterol was monitored in the most highly populated cluster. The S2
site is occupied in 10 out of 18 independent simulations containing membrane cholesterol (L1CHL11B, L2-CHL11B, L2-CHL21B, L2-ENT11B, L1-ENT21B, L2-ENT21B, L1-EPI11B, L2-EPI11B,
L1-EPI21B and L1-EPI31B). The position of the serotonin molecule was compared in ECS
conformations from POPC-only simulations (denoted NoC), simulations with a mixed bilayer
where S2 is occupied by cholesterol (denoted CS2) and simulations with a mixed bilayer where
S2 is not occupied by cholesterol (denoted CNoS2). The density maps of cholesterol and
serotonin, in the extracellular binding site are shown in Figure 6.
To illustrate the effect of cholesterol on extracellular ligands, we focus on the two most highly
populated binding poses observed in the simulations, labelled Lig1 and Lig2 in Figure 6C-E.
Remarkably, Lig1 is the only serotonin binding pose in the CS2 clusters. In the CNoS2 clusters,
the serotonin density maximum is located in close proximity to the Lig1 position; overall,
however, the serotonin position is more variable. Lig2 is a distinct maximum observed only in
the NoC simulations, where serotonin resides deeper in the 5-HT1B receptor, consistent with
occupation of the orthosteric binding pocket. The contact frequency of 5-HT1B receptor residues
interacting with serotonin in conformations Lig1 and Lig2 were extracted from the L2-CHL11B
and L1-POPC1B simulations, respectively (Figure 6F-G). Important residues (contact frequency
> 90 %) are shown in Table 3. These are consistent with experimental mutagenesis studies
which reveal that binding of lysergic acid diethylamide (known as LSD), serotonin and
ergotamine is completely abolished in D129A, I130A, C133A, and W327A and F330A
mutants.44,45 Overall, our results provide strong evidence that cholesterol binding influences the
ligand binding characteristics of the 5-HT receptor.
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Figure 6. (A-B) Combined 2D density maps of the position of cholesterol isomers in CS2 and
CNoS2 simulations respectively. Bin dimensions of 4x4 Å are normalized so that the maximum
density is 1. Transmembrane helices are numbered from 1 to 7; site S2 is labelled. (C-E)
Combined 2D density map of the position of the serotonin molecule in (C) CS2, (D) CNoS2 and
(E) NoC simulations (defined in the main text). Throughout, the serotonin position is measured
as the z coordinate and the distance of this from the central axis (both of the center of mass of
the indole ring axis) of the simulation box. (F) Representative frame of Lig1 binding pose from
the L2-CHL11B simulations and Lig2 binding pose from the L1-POPC1B simulation. Residues
forming the orthosteric binding site are shown and labelled. Oxygen and nitrogen atoms are
displayed in red and blue, respectively. Carbon atoms are purple in serotonin and grey in the
receptor.
Table 3. Residues of 5-HT1B interacting with serotonin cluster poses Lig1 and Lig2. Residues
included exhibit a contact frequency > 90 %, measured using a distance 5 Å criterion between
the heavy atoms of the protein and ligand molecules.
Simulation

Serotonin
Pose

L2-CHL11B
L1-POPC1B

Lig1
Lig2

Interacting Residues
L126 D129 I130 C133 T134 V201 Y208 S212 T213 A216 W327 F330 F331 S334
L126 D129 I130 C133 T134 V201 Y208 S212 T213 A216 W327 F330 F331 S334
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Table 4. Residues of 5-HT which H-bond to the hydroxyl group of cholesterol molecules in
1B

the S2 (TM4) site. H-bond frequency is given as a percentage of the cluster measured; residues
with H-bond frequency > 30% are shown.
Simulation
L1-CHL1

Residue
S127
S128
S127
T131
D123
R188
S127
-

1B

L2-CHL1
L2-CHL2
L2-ENT1
L1-ENT2
L2-ENT2
L1-EPI1
L2-EPI1
L1-EPI2
L1-EPI3

1B

1B

1B

1B

1B

1B

1B

1B

1B

H-Bond Frequency (%)
48
64
63
47
41
32
56
-

Examining the S2 site more closely, the cholesterol molecules are seen to penetrate deep into
the upper leaflet and hydrogen bond with S127 (L1-CHL1 , L2-CHL1 and L1-EPI1 ) or T131
1B

1B

1B

(L2-ENT1 ) (Table 4), in agreement with our apo state simulations. The interactions
1B

frequencies of the deep cholesterol binding sites are given for these simulations in Figure 7. In
CHL1B simulations, the cholesterol molecule consistently interacts with L97, F124, S127, S128,
T131, W174 and I178, for > 80 % of the 5-HT cluster frames. In addition, nat-cholesterol
1B

interacts with L182 in L1-CHL1 and F185 in L2-CHL1 . In L1-EPI1 where the hydroxyl
1B

1B

1B,

group also H-bonds to S127, interactions with neither L182 and F185 are identified, although
epi-cholesterol is more engaged with residues L101 and V175. In L2-ENT1 , persistent
1B

interactions (> 80 % of the cluster frames) are only observed with L97, D123, F124 and S127,
highlighting the variability of ent-cholesterol in this site. This data suggests that cholesterol
isomers interact differently with the TM4 surface, supporting our earlier postulate that the S2
site is stereospecific.

Figure 7. Contact frequency of 5-HT1B residues with stable nat- (red), ent- (blue) and epi(green) cholesterol binding poses, in simulations (A) L1-CHL1 , (B) L2-CHL1 , (C) L2-ENT1
1B

1B

1B

and L1-EPI1 . Values are given as a percentage of total simulation time and calculated using a 5
1B

Å criterion.
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In several cases, a group of cholesterol molecules occupy the TM4 surface. This can be
attributed to the high cholesterol concentration used in our simulations (30%). Under these
circumstances, cholesterol molecules cover a larger region of the receptor surface and it
becomes difficult to delineate stable binding poses and differences between individual
cholesterol isomers.
Enhanced stability of ECL2 in the 5-HT2B receptor
To determine if this mechanism of cholesterol is applicable to other 5-HT receptors, analogous
simulations were performed for the 5-HT2B receptor, as a crystal structure is available (PDB ID
4IB4). Here, cholesterol can populate the surface of all seven transmembrane helices in the
extracellular leaflet to some extent (Figure 8). Five reproducible cholesterol hotspots have been
identified: L1 (TM2), L2 (TM3), L3 (TM4-5), L4 (TM5-6) and L5 (TM7-1). The consequences
of cholesterol binding in such positions are ambiguous, in this case. Here, ECL2 (G194 to
R213) and ECL3 (L347 to T357) do not undergo significant conformational changes. The
highly flexible region of ECL2 (T197 to I205) and ECL3 is flanked by multiple anchor points to
surrounding transmembrane helices: (i) a disulfide bond between C128 (TM3) and C207
(ECL2) conserved in class A GPCRs, (ii) H-bonding between the backbone oxygen atom of
K193 (TM4) and the sidechain of R213 (ECL2) and vice versa, (iii) a salt-bridge between K211
(ECL2) and D351 (ECL3), and, finally (iv) a hydrophobic cluster formed between V209
(ECL2) and residues from TM3 (L132, V136), TM4 (V190) and TM5 (F217). The dynamic
interactions are prevalent in the simulations irrespective of the membrane composition, negating
large-scale conformational changes in the extracellular ends of TM4, TM5 and TM6 (Table 5).
These native contacts are conserved in the available structures of 5-HT2B receptor,44,45,49,68 with
the exception of K211-D351 in the crystal structure of the 5-HT2B receptor obtained using serial
femtosecond crystallography at room temperature (PDB ID 4NC3), where the sidechain of
K211 is unresolved.69 This is consistent with our simulation data, where a frequency of
interaction approximately between 70 and 95% is recorded in this case.
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Figure 8. Interaction sites of membrane components on the 5-HT2B receptor. 2D density maps
of (A) nat-cholesterol and (B) POPC in three independent simulations of bilayers containing
30% cholesterol. Bin dimensions of 4x4 Å are normalized so that the maximum density is 1.
Sites observed in multiple simulations (including simulations with cholesterol isomers in Figure
S1) and described in the text are labelled. Transmembrane helices are numbered from 1 to 7;
cholesterol and POPC sites are labelled as LX or MX respectively, where X is an arbitrary
number to distinguish individual sites.
Table 5. Summary of dynamics in ECL2 and surrounding regions of the 5-HT2B receptor. The
values given are percentages of the total simulation time spent in a prototypical closed state of
the ECS. The criterion for each characteristic is given within the table. The TM3/4/5 residues
specified are in close contact, forming a hydrophobic cluster; therefore, this criteria is satisfied
if V209 is within 5 Å of any of these residues.
Structural
Feature
Criteria
POPC12B
POPC22B
CHL12B
CHL22B
CHL32B
ENT12B
ENT22B
ENT32B
EPI12B
EPI22B
EPI32B

TM4-ECL2
Salt Bridge
K193-R213
Distance < 3.5 Å

ECL2-ECL3
Salt Bridge
K211-D351
Distance < 3.5 Å

100
100
100
100
100
100
100
100
100
100
100

77
87
71
86
96
68
79
88
72
92
80

ECL2 –TM3/4/5
Hydrophobic Interactions
V209- L132 (TM3)/V136 (TM3)/V190
(TM4)/F217(TM5)
Distance < 5.0 Å
99
99
100
100
100
100
100
100
100
100
99

Discussion
The bulk of specific cholesterol interaction sites identified by structural and simulation
methodologies are situated so that the hydroxyl group inhabits the headgroup region of the
membrane 8. However, additional buried sites have also been exposed by computation.70 In the
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5-HT2B receptor, cholesterol hotspots are shown on all of TM helices, occupying typical
positions in the upper leaflet of the bilayer. In the 5-HT1B receptor, we detect unparalleled high
occupancy of the TM4 helix by membrane cholesterol in the upper leaflet. The TM4 helix
includes the CARC motif23 in the extracellular leaflet and the CCM27 in the intracellular leaflet.
Our simulations reveal that of several cholesterol molecules inhabiting this area, a single
molecule can penetrate a deep cholesterol binding site on the TM3/4 helices, which can contain
components of both canonical interaction motifs situated in this area. This is observed in
multiple independent simulations for all three stereoisomers of cholesterol examined.
Cholesterol molecules are able to hydrogen-bond with S127 or T131 several residues,
exhibiting differential interactions with 5-HT1B receptor residues in each case. With this in
mind, we propose this region acts as a functional binding site in the 5-HT1B receptor, with
stereospecific properties. In compliance with this, high cholesterol density on TM4 (in the
extracellular leaflet) is observed in coarse-grained simulations of the closely-related 5-HT1A
receptor.31 This result is particularly important considering the known stereospecific
requirement of cholesterol in the 5-HT1A receptor.39
In support of this, we report reproducible conformational changes in the ECS, originating from
residues in this region. The vulnerability of the TM4-ECL2 boundary in the 5-HT1B receptor to
cholesterol binding in this region, can be accredited to the presence of multiple proline residues
(P183-P184), which are unable to adopt typical secondary structural components, and thus are
inherently more flexible. This motif is conserved in all 5-HT1 receptors; in 5-HT2 receptors a
hydrophobic residue is inserted in the middle of the analogous proline residues (P189-V190P181 in 5-HT2B), stabilizing this area to a greater extent. Considering the importance of such
residues in the adjustability of ECL2 in the 5-HT1B and 5-HT2B receptors, it is conceivable that
this region can act as a stereospecific cholesterol sensor in the 5-HT family, propagating
changes through the ECS.
Interest in the behaviour of the highly variable ECS in GPCRs has grown in recent years, as a
potential target for subtype-selective drugs.29,71,72 In rhodopsin, ECL2 forms a steadfast cap over
the covalently bound ligand.73 However, in a number of class A GPCRs with diffusible ligands,
the dependency of the ECL2 conformation on the chemical structure of the ligand has been
demonstrated experimentally. In the β2-adrenergic receptor, NMR spectroscopy revealed ligandspecific conformations of the ECS in the vicinity of a salt-bridge linking ECL2 and ECL3.46 In
the angiotensin type II receptor, cysteine accessibility experiments disclose open and closed
conformations of ECL2, which can influence the dissociation rates of bound ligands.47 In
relation to 5-HT receptors, circular dichroism and steady-state fluorescence revealed variations
in ECL2 conformation in the 5-HT4A, resulting from binding of full, partial or inverse
agonists.48 Furthermore, in the 5-HT2B receptor, the remarkably slow dissociation rates of the
archetypal hallucinogen LSD have been attributed to an ECL2 lid revealed by the highresolution structure of this complex.49 Mutagenesis of one such residue, V209, dramatically
altered LSD’s binding kinetics in this case. Here, we demonstrate that cholesterol addition,
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depletion or substitution is able to bias the conformational states of ECL2 in the 5-HT1B,
providing a potential mechanism by which cholesterol and other membrane constituents can
alter the ligand-binding properties of GPCRs.
It should be noted that the exact nature of cholesterol modulation on ligand binding affinity in
the 5-HT1B receptor cannot be ascertained from the data presented in this study. Nevertheless,
our simulations expose a situation where the configuration of the extracellular binding site is
altered in cholesterol-rich bilayers. In several independent simulations of the apo state, the
orthosteric binding site is susceptible to lipid interactions, resulting from separation of the EC
loops (ECL2 and ECL3) and the attached TM helices (TM5 and TM6). In simulations with
serotonin, the ligand occupies an alternative binding site away from the orthosteric binding site,
as a result of reorganization of ECL2. Coupling of the orthosteric binding pocket with the
membrane milieu has been reported previously. In various cases, membrane-mediated pathways
are required for ligands to circumnavigate closed ECS’s, which prohibit transport between the
extracellular binding pocket and solution. In the opsin receptor, TM5-6 and TM7-1 openings
have been postulated to allow access to retinal,74-76 and in the human free fatty-acid receptor 1
(known as FFAR1 or GPR40), the lipophilic agonist is proposed to traverse between an opening
in TM3-4,77 both as a result of closed ECL2 conformations. Similarly, an N-terminus fold
obstructs the ECS in the S1P1 receptor, indicating ligand access occurs via TM7-1.78 This
multi-step process has been mapped by extensive unbiased MD simulations.79 Moreover, it has
recently been reported that membrane constituents can enter the orthosteric binding pocket via
similar pathways. In the adenosine A2A receptor, cholesterol is able to penetrate the protein core
via TM5-6, effectively acting as a competitive inhibitor and abolishing binding of antagonist,
ZM241385.80 Overall, these studies substantiate our proposed response to specific cholesterol
binding in 5-HT1B receptor.
The indirect mechanism of cholesterol action has not been addressed thus far. The effect of
cholesterol on the physical properties of model phospholipid bilayers have been studied
intensively, with increased bilayer thickness and SCD order parameters, as well as decreased area
per lipid, consistently reported upon cholesterol enrichment.81-84 Our previous work examined
the molecular properties of nat-cholesterol, ent-cholesterol and epi-cholesterol in the
phospholipid bilayers utilized here.12 In general, epi-cholesterol exerted slightly weaker effects
on bilayer properties, yet increased the solvent-accessible surface area of POPC molecules,
relative to the cholesterol-free bilayer. In contrast, cholesterol-rich bilayers containing nat- and
ent-cholesterol decreased this property. Considering this, we cannot completely rule out an
indirect effect of cholesterol on the dynamics of the 5-HT1B receptor. It is apparent, however,
that the decisive conformational changes reported can be rationalized by stereospecific binding
of cholesterol molecules to the receptor surface.
Finally, we acknowledge the increasing abundance of literature concerning the effect of
cholesterol on the oligomerization properties of GPCRs. For example, coarse-grained MD
simulations have shown that the dimer interface in the b2-adrenergic receptor is altered when
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cholesterol concentration is increased.85 Similar conclusions have since been reported for the 5HT1A receptor86 and chemokine receptor type 4 using comparable methodologies.87 The
interrelationship between membrane cholesterol, receptor dimerization and the conformation of
the extracellular surface may prove interesting in future studies.
Conclusions
In the current study, over 25 µs of unbiased MD simulations has been used to explore the
relationship between membrane cholesterol in the 5-HT receptor family, specifically the 5-HT1B
and 5-HT2B receptors. Our data suggests that the stability of the extracellular surface is subtypedependent; the conformation of ECL2 in the 5-HT2B receptor is maintained by a number of saltbridges and hydrophobic interactions with sequentially distant regions of the protein. In the
absence of such interactions in the 5-HT1B receptor, ECL2 is unmistakably more mobile,
populating a number of distinct conformations. In the latter case, we provide evidence that
fluctuations in ECL2 are governed by occupation of the TM3 and TM4 surfaces by cholesterol
molecules in the extracellular leaflet. Mobile residues at the TM4-ECL2 boundary are critical in
this respect, interacting with both membrane cholesterol and residues at the other extreme of
ECL2. Comparative analysis of cholesterol isomers demonstrates differential binding to this
site, suggesting structural rearrangements in this region may be influenced by stereospecific
binding of cholesterol. In addition, distinctive binding poses of serotonin are observed in
simulations where cholesterol is bound in the suggested TM4 site, and where the TM4 site is
unoccupied, providing a direct relationship between occupation of this site and ligand binding
characteristics of the 5-HT1B receptor. This data contributes to our understanding of how
cholesterol and other membrane components modulate receptor function and might aid the
development of targeted therapies of GPCRs, required for the treatment of numerous
neurological disorders, such as depression and anxiety.
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6.4 Commentary
6.4.1 Conclusions
Cholesterol exhibits a diverse range of functions in the human body. Most commonly,
cholesterol is known as a cause for heart disease; however, cholesterol serves a number of
beneficial roles, for example, in the production of essential molecules (e.g. hormones) and as a
critical component of the plasma membrane.1 Cholesterol is especially abundant in the plasma
membrane of higher-order eukaryotes, modulating the fluidity and rigidity of membrane lipids,
and the behaviour of several classes of membrane protein.2
In this chapter, the effect of cholesterol on the structure of phospholipid bilayers (section 6.2)
and GPCRs from the 5-HT receptor family (section 6.3), by using unbiased MD simulations. In
both cases, the biological isomer of cholesterol (nat-cholesterol) is compared with stereoisomers
(ent-cholesterol and epi-cholesterol) to evaluate the effect of subtle changes in cholesterol
structure. In terms of bilayer structure, nat-cholesterol and ent-cholesterol are almost
indistinguishable, whereas epi-cholesterol evokes differences in the membrane-water interfacial
region. When considering the dynamics of membrane proteins, interactions between cholesterol
isomers and transmembrane helices 3 and 4 in the extracellular leaflet are shown to bias the
conformation of the extracellular loops in the 5-HT1B receptor, in contrast to the 5-HT2B
receptor, which exhibits negligible conformational differences throughout the simulation
trajectories. The enhanced stability of the 5-HT2B extracellular surface is attributed to persistent
interactions between independent loops. Together, these results provide information relevant to
the effect of membrane cholesterol on the structure of phospholipid bilayers and membrane
proteins, as well as specific insights into the molecular behaviour 5-HT receptors.
Experimental evidence regarding the behaviour of cholesterol and the GPCR systems
investigated is currently unavailable. Therefore, experimental efforts are required to characterise
the functional response of the 5-HT1B and 5-HT2B receptors to nat-cholesterol and its isomers;
established experimental procedures are available for this purpose, as demonstrated for the
closely related 5-HT1A receptor.3-9 To substantiate the specific proposals presented in this thesis,
concerning the extracellular surface, ligand-binding affinities should be calculated in wild-type
and mutant channels (specifically mutations within the extracellular loops), in the presence and
absence of cholesterol. From a computational viewpoint, simulations of alternate 5-HT1B and 5HT2B receptor structures, differing bound ligand identity and conformational state, may provide
insight into the potential state-specific effects of cholesterol.10-12 Furthermore, simulations of
other 5-HT receptor structures, when the corresponding high-resolution structure become
available, would provide a fuller picture of the molecular behaviour of this receptor family. This
would be particularly informative for the 5-HT1A receptor, where functional responses to
cholesterol and its isomers have already been established.3-9 5-HT receptors are important drug
targets for the treatment of psychological disorders. The 5-HT1B receptor, in particular, has been
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implicated in the action of antidepressants, obsessive-compulsive disorder, alcohol dependence,
and cocaine dependence.13 The 5-HT1B partial agonist vortioxetine, for example, has been
associated with a significant reduction in depression symptoms relative to patients given a
placebo, albeit with an increased number of adverse reactions compared to those same
patients.14 Considering this, development of 5-HT1B agonists, with increased efficacy and
specificity, may provide significant advancements in anti-depressive treatments.13 Structurebased computational methods are important in this respect, and have recently been employed for
vortioxetine in the human serotonin transporter.15 5-HT1B receptor conformations revealed by xray crystallography,16 cryo-electron microscopy10 and molecular dynamics simulations (such as
those disclosed in this section), will likely inform this process in the future.
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7 Conclusions and Future Outlook
7.1 Conclusions
At the start of 2019, over 870 three-dimensional structures unique membrane proteins had been
resolved in high-resolution. Appropriately, the field of membrane protein simulations has
expanded considerably. Owing to astronomical advances in computing hardware, the maximum
timescales of membrane protein simulations that can be achieved with state-of-the-art
technologies has surged from picoseconds to milliseconds, sanctioning the investigation of a
wide-range of biological phenomenon.1
In this thesis, a range of classical MD simulations and umbrella sampling simulations have been
performed to investigate the behaviour of several types of membrane proteins. A significant
proportion of this research is devoted to analyses of K+-channels, specifically TWIK-1 (section
1) and KcsA (section 2). KcsA has been used as a prototype for the molecular functioning of the
K+-channel, following the publication of various high-resolution structures in the period spanning
1998-2018.2-4 In contrast, little is known about the structural attributes of the TWIK-1 channel,
and the related K2P channel family, which was first resolved at high-resolution in 2012.5
Firstly, the size, dynamics and residue composition of fenestrations in the TWIK-1 channel has
been analysed and compared to KV1.2 and KIR3.2 channels, in order to assess the viability of such
openings as drug access pathways in the K2P, KV and KIR channel families, respectively. In
agreement with structural information, only TWIK-1 exhibited ‘open’ fenestrations, affirming the
potential role of fenestrations in the K2P family. Detailed analysis of the TWIK-1 selectivity filter
has also been undertaken, revealing radical differences in the conformation of the selectivity filter,
originating from the presence of non-conserved residues in the selectivity filter sequence, and
providing a rationale for the atypical conduction properties reported experimentally. For KcsA,
the energetics of ion permeation has been calculated, in order to assess the effect of a number of
properties: 1) mutation of a single site in the selectivity filter, 2) the presence of bound membrane
lipids, and 3) the protonation state of E71, a residue directly behind the selectivity filter.
Substitution of a specific threonine residue in the selectivity filter altered the energetics of ion
entrance to the selectivity filter and ion occupancy of specific K+ binding sites. Furthermore, a
molecular mechanism coupling the behaviour of the selectivity filter and membrane lipids has
been postulated, considering computational, electrophysiological and NMR results. The data
presented provides novel insights into the conduction and inactivation process of KcsA,
contributing the wealth of literature on the topic. In general, evidence has been provided for the
critical role of specific residues in, and in close proximity, to the conserved selectivity filter
sequence in K+ channels.
From this point forward, our attentions were aimed at applying established simulation protocols
to identify functional binding sites in novel structures of membrane proteins, to directly explain
experimental phenomenon. In the TRPV1 ion channel, the prototypical TRP channel, an
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extracellular binding site for oxytocin, neighbouring the selectivity filter, was indicated
computationally, and subsequently confirmed by experimental mutagenesis. Moreover, an
intracellular binding site for PKR has been proposed in TRPV1, awaiting experimental validation.
Together, these results highlight the feasibility of combined docking and simulation studies, to
predict complex protein-protein assemblies and aid in the interpretation of experimental results.
In the final chapter of this thesis, an atomic-level description of cholesterol, and related isomers,
both in phospholipid bilayers and in complex with 5-HT1B and 5-HT2B receptors is provided.
Computational studies of GPCR-cholesterol interactions are a burgeoning area of research and
this study serves as the first to scrutinize cholesterol interactions in the 5-HT receptor family. A
functional binding site in the 5-HT1B is proposed, which is observed to alter the conformation of
the extracellular surface of the receptor. The outcome of this study provides meaningful insights
into the cholesterol-GPCR interaction, as well as the molecular functioning of the 5-HT1B
receptor.
Overall, several lines of enquiry have proven fruitful throughout this research. Firstly, description
of the molecular behaviour of the selectivity filter and fenestration regions in K+ channels;
secondly, characterization of lipid-membrane protein complexes, and the associated effect on
protein structure and dynamics; finally, prediction of membrane protein-protein complex
interfaces. Studies of this nature contribute knowledge which cannot be easily obtained by
experimental means, enrich our understanding of how membrane proteins function as highly
capable transport apparatus and provide insights into how they are modulated by their
environment and/or external stimuli.
7.2 Future Outlook
The results presented can be used to instruct future structure-based drug design efforts:
•

Information regarding the size and characteristics of fenestrations in K2P channels is
useful to identify compounds that exhibit high-affinity binding to specific K2P channels
and achieve subtype selectivity.

•

The K+ selectivity filter is critical for enabling conduction in a highly selective manner,
as well as blocking conduction (inactivation). Understanding of how it is modulated will
allow the selectivity filter itself, and surrounding regions (i.e. lipid non-annular sites), to
be targeted by drug compounds. This strategy is relevant in the context of inactivating
channels, such as KV channels.6-9

•

Identification of a shared extracellular binding site in TRPV1 for oxytocin and DkTx10
advocates that development of exogeneous agonists should be specifically targeted in this
region. Interest in developing such agonists, which accelerate desensitisation of the
channel, as antinociceptive treatments has surged recently,11-13 as adverse side-effects
associated with TRPV1 antagonists has become known.14
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•

Structure-based design strategies for GPCRs are heavily reliant on knowing the diverserange of conformations involved in the activation cycle of a single receptor. The novel 5HT1B receptor conformations that have been identified, in response to cholesterol,
supplement those revealed by x-ray crystallography15 and cryo-electron microscopy16 will
likely contribute to this field in the future.

To close, the current state of the MD simulations discipline is considered. The recent growth of
computing power has typically been exploited to increase the length of molecular dynamics
simulations. Recently, several research groups have examined the reproducibility and
convergence of individual molecular dynamics simulations.17-19 It has been documented that the
dynamic and structural properties of replicas (independent simulations using identical atomic
coordinates and forcefield parameters) may diverge because of slight variations in the initial
velocities of each simulation system, as well as differences related to the hardware and software
used to produce the trajectories (e.g. floating-point precision, hardware architecture, compilation
options, number of processors).19 On this basis, it is possible that the outcome of a single
simulation may not be representative of the underlying energy landscape. By comparing the
standard analysis of a single long simulation trajectory versus multiple shorter replicas, Knapp et
al advocate that at least 5-10 short replicas should be performed to increase the reliability of the
data, and corresponding conclusions.19 Therefore, in the future, researchers should carefully
consider the compromise between simulation timescales and number of replicas, in order to
maximise the probability of observing of important motions whilst ensuring reproducibility.
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Figure S1. MD simulations of WT KcsA. (A) D80-R89 interaction frequency in WT-KcsA (PC)
simulations. (B) Average number of lipid H-bonds in WT-KcsA simulations (PC) calculated
using a 3.5 Å distance cutoff between polar atoms and 35o cutoff for the acceptor-donor-hydrogen
angle. (C-D) As for (A-B) with PA-containing bilayers.
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Table S1. H-bond frequency in KcsA WT simulations. H-bonds are calculated using a 3.5 Å
distance cutoff between polar atoms and 35o cutoff for the acceptor-donor-hydrogen angle. PA
and PC binding is colored red and blue, respectively.
Simulation
1

WT-PA
2
WT-PA
1
WT-PA4
2
WT-PA4
3
WT-PA4
4
WT-PA4
5
WT-PA4
1
WT-PC
2
WT-PC
1
WT-PC4
2
WT-PC4
3
WT-PC4
4
WT-PC4
5
WT-PC4

A
36
1
30
46
46
71
80
5
42
28
53
35
41
11

T61
B C
2 42
25 16
52 51
41 55
58 71
52 73
48 51
10 6
14 39
40 50
41 53
3 59
42 49
51 31

H-Bond Frequency (%)
R64
D A B C D A
24 47 34 48 0 30
0 42 25 40 12 2
82 87 71 88 92 85
49 71 82 89 90 76
46 89 90 89 84 86
29 92 92 93 85 78
84 94 77 40 57 60
12 22 19 67 25 0
14 3 18 67 50 0
24 63 71 86 55 64
55 73 61 87 86 79
45 80 50 79 61 78
31 63 67 68 41 49
44 80 72 68 78 79
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R89
B C
0 31
0 0
82 75
56 73
73 75
88 69
85 72
0 73
0 81
88 69
66 85
77 86
87 78
84 79

D
0
0
58
67
83
80
60
0
0
86
65
80
31
85

A
1.3
0.6
2.7
2.3
2.7
2.8
2.7
0.3
0.4
1.9
2.4
2.5
1.8
2.6

Total Avg.
H-bonds
B
C
0.5 1.4
0.6 0.7
2.5 2.6
2.3 2.5
2.6 2.7
2.8 2.8
2.5 1.9
0.6 2.3
0.4 2.4
2.4 2.5
2.0 2.7
1.7 2.6
2.4 2.5
2.3 2.2

D
0.2
0.1
2.7
2.5
2.5
2.4
2.2
0.4
0.4
2.2
2.5
2.2
1.2
2.6
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Text S1. Internal coordinates used to generate nat-cholesterol (CHL), ent-cholesterol (ENT) and
epi-cholesterol (EPI). Modified values are displayed in red.
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Table S1. Average membrane properties in specified time intervals (ns)
Bilayer thickness ± SD (Å)
Simulation
POPC
CHL
ENT
EPI

0-100
39.8 ± 0.5
44.9 ± 1.2
45.0 ± 1.2
44.5 ± 1.0

100-200
39.9 ± 0.5
45.8 ± 0.3
46.2 ± 0.3
45.0 ± 0.4

200-300
39.5 ± 0.4
46.4 ± 0.4
45.6 ± 0.3
44.9 ± 0.3

300-400
39.9 ± 0.4
46.6 ± 0.3
45.9 ± 0.4
44.8 ± 0.4

400-500
39.7 ± 0.4
46.3 ± 0.4
46.1 ± 0.3
44.8 ± 0.3

Area per POPC molecule ± SD (Å)
Simulation
POPC
CHL
ENT
EPI

0-100
62.4 ± 0.9
55.3 ± 2.1
55.2 ± 2.1
56.2 ± 1.7

100-200
62.1 ± 0.9
54.0 ± 0.5
53.6 ± 0.5
55.3 ± 0.6

200-300
63.0 ± 0.9
53.2 ± 0.6
54.5 ± 0.6
55.7 ± 0.6

300-400
62.3 ± 0.8
52.7 ± 0.4
53.8 ± 0.7
56.1 ± 0.7

400-500
62.7 ± 0.7
53.4 ± 0.7
53.7 ± 0.6
55.8 ± 0.7

Area per cholesterol molecule ± SD (Å)
Simulation
CHL
ENT
EPI

0-100
28.3 ± 1.0
28.0 ± 1.2
28.2 ± 1.4

100-200
27.6 ± 0.7
26.7 ± 0.9
28.5 ± 1.0

200-300
26.8 ± 0.8
27.0 ± 0.7
28.3 ± 0.9

300-400
27.1 ± 0.6
27.2 ± 0.7
28.0 ± 0.9

400-500
26.9 ± 0.7
27.0 ± 0.7
28.7 ± 0.8

Figure S1. Area per lipid as a function of time. CHL, ENT, EPI and POPC simulations are
displayed in red, blue, green and black respectively.
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Figure S2. Radial distribution functions of POPC (A) O13/O14, (B) P, (C) C13/C14/C15, (D) N,
(E) C12, (F) O11, (G) O12, (F) O22 and (H) O32 atoms with water. CHL, ENT, EPI and POPC
simulations are displayed in red, blue, green and black respectively.

Figure S3. Radial distribution functions of cholesterol (A) O3, (B) C3, (C) C2, and (D) C4 atoms
with water. CHL, ENT and EPI simulations are displayed in red, blue and green respectively. The
red line (CHL) is directly underneath the green (ENT).
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A.6 Influence of Cholesterol and its Stereoisomers on Members of the Serotonin
Receptor Family

SUPPLEMENTARY INFORMATION
Influence of cholesterol and its stereoisomers on members of the 5-HT receptor family
Victoria Oakes1 and Carmen Domene1,2
1Department

of Chemistry, University of Bath, Claverton Down, Bath, BA2 7AY, UK, 2Department of Chemistry, University of

Oxford, Oxford, OX1 3TA, Oxford, UK

Figure S1. Interaction sites of membrane components in the 5-HT receptor. 2D density maps of (A)
1B

POPC in POPC1 and POPC2 , (B) ent-cholesterol and (C) POPC in ENT1 , ENT2 and ENT3 , and (D)
epi-cholesterol and (E) POPC in EPI1 , EPI2 and EPI3 . Bin dimensions of 4 x 4 Å are normalized so that
the maximum density is 1. Sites observed in multiple simulations (including simulations with cholesterol
isomers in Figure S1) and described in the text are labelled. Transmembrane helices are numbered from 1
to 7; cholesterol and POPC sites are labelled as SX or PX respectively, where X is an arbitrary number to
distinguish individual sites.
1B

1B

1B

1B

1B

1B
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1B

1B

Figure S2. Minimum contact distance between amino acid P184 and membrane phospholipids, in (A)
CHL , (B) ENT , (C) EPI and (D) POPC simulations. This is determined by calculating the distance
between the center of mass of all heavy atoms in both entities and identifying the minimum. Independent
simulations 1, 2 and 3 are shown in red, blue and green respectively.
1B

1B

1B

1B

Figure S3. Minimum contact distance between extracellular loops, ECL2 (V200/V201) and ECL3 (M337),
in (A) CHL , (B) ENT , (C) EPI and (D) POPC simulations. This is determined by calculating the distance
between the center of mass of all heavy atoms in both entities and identifying the minimum. Independent
simulations 1, 2 and 3 are shown in red, blue and green respectively.
1B

1B

1B

1B
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Figure S4. Minimum contact distance between residues P184 and N202 in ECL2, in (A) CHL , (B) ENT ,
1B

1B

(C) EPI and (D) POPC simulations. This is determined by calculating the distance between the center of
mass of all heavy atoms in both entities and identifying the minimum. Independent simulations are 1, 2 and
3 are shown in red, blue and green respectively.
1B

1B
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Figure S5. Interaction sites of membrane components in the 5-HT receptor. 2D density maps of (A)
2B

POPC in POPC1 and POPC2 , (B) ent-cholesterol and (C) POPC in ENT1 , ENT2 and ENT3 , and (D)
epi-cholesterol and (E) POPC in EPI1 , EPI2 and EPI3 . Bin dimensions of 4 x 4 Å are normalized so that
the maximum density is 1. Sites observed in multiple simulations (including simulations with cholesterol
isomers in Figure S1) and described in the text are labelled. Transmembrane helices are numbered from 1
to 7; cholesterol and POPC sites are labelled as SX or PX respectively, where X is an arbitrary number to
distinguish individual sites.
1B

1B

1B

1B

1B

1B
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1B

1B

Table S1. Cluster analysis of the extracellular surface, defined as residues 184-205 and 337-349)
using a 2.5 Å RMSD criteria. Representative structures of cluster 1 in POPC1 and CHL1 can
1B

be found in Figure 3.

Simulation
Abbreviation
CHL11B
CHL21B
CHL31B
ENT11B
ENT21B
ENT31B
EPI11B
EPI21B
EPI31B
POPC11B
POPC21B
L1-CHL11B
L2-CHL11B
L1-CHL21B
L2-CHL21B
L1-CHL31B
L2-CHL31B
L1-ENT11B
L2-ENT11B
L1-ENT21B
L2-ENT21B
L1-ENT31B
L2-ENT31B
L1-EPI11B
L2-EPI11B
L1-EPI21B
L2-EPI21B
L1-EPI31B
L2-EPI31B
L1-POPC11B
L2-POPC11B
L1-POPC21B
L2-POPC21B
L1-POPC31B
L2-POPC31B

Cluster Frequency (%)
Cluster 1
Cluster 2
87
7
87
3
90
6
26
23
96
2
50
34
58
28
57
18
56
24
80
15
77
19
78
7
79
11
71
8
40
21
70
8
81
9
74
10
87
7
39
26
73
12
82
12
60
27
51
37
65
17
56
22
58
24
70
9
53
22
78
8
30
24
35
32
77
9
45
25
67
11
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