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ABSTRACT OF THE DISSERTATION

Mechanisms underlying e↵ects of genetic variance and general

anesthetics on Pentameric Ligand Gated Ion channels.

by SRUTHI MURLIDARAN

Dissertation Director:

Dr Grace Brannigan

Two main projects involving molecular dynamics simulation of GABA
A

R and

a collaborative project involving simulations of GLIC receptor are presented in

this thesis. The first project involves analyzing and comparing the conforma-

tional and functional changes between WT and K289M GABA
A

R receptor. The

second project involves calculating binding a�nity for propofol, an intravenous

anesthetic, at sites identified experimentally and verified using MD simulations in

GABA
A

R receptor. With comparatively lesser experimental knowledge for bind-

ing sites of sevoflurane, we use flooding simulation in addition to MD simulations

to find exact binding sites and understand the pathway of binding. The third

project involved running MD simulations of a prokaryotic pLGIC, GLIC,a bacte-

rial proton-gated homolog, to understand how the lipid-facing M4 helix modulates

channel function.

Pentameric ligand-gated ion channels mediate chemical transmission of nerve

signals, when an agonist binds the ECD of the channel, leading to pore opening in

the TMD. While various crystal structure of these channels has provided extensive

information regarding the neurotransmitter binding sites, open/close conforma-

tions, it is still challenging to understand the microscopic interaction that drives

this allosteric transition between the ECD to TMD. Molecular dynamics is an
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e↵ective technique in guiding us to take a closer look at the residue level inter-

actions. Using MD, we show how the di↵erence in electrostatic interactions at

the ECD-TMD in GABA
A

R interface causes the channel to open in case of the

WT and destabilize the open state in case of the K289M. Similar computational

approaches reveal lipid penetration disrupting the interactions within the TMD

helices of the 5ALA-GLIC mutant receptor which validates the reduced channel

function in these receptors, as identified by experimentalists. In addition to tra-

ditional MD simulations, biased computational techniques, like AFEP helped us

isolate putative binding sites, and quantify and rank binding a�nities for two

commonly used intravenous (Propofol) and inhalational (Sevoflurane) anesthetic,

that has experimentally shown to target GABA
A

R receptors. Furthermore, we

are able to compare and explain the protein-anesthetic interactions that cause

their a�nities to di↵erent binding sites in the receptor.
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Chapter 1

Introduction

One of the common signaling mechanisms across cell-membranes is the flow of ions

in and out of the cell. This transmission of signals, i.e., flow of ions is mediated

by the action of ion channels. These ion channels are called Ligand-gated recep-

tors, when flow of ions across the cell membrane occurs upon ligand binding and

opening the channel. The ligands that activate the receptors in the neurons are

neurotransmitters, released from storage vesicles in the presynaptic membrane.

This ion flux over the postsynaptic membrane subsequently triggers excitatory

or inhibitory postsynaptic potentials. The nAChR and the 5-HT3, receptors are

selective for cations (and hence excitatory), whereas GABA receptors and glycine

receptors are selective for anions (and are thus inhibitory). These receptors have a

similar transmembrane topology and contain three domains: extracellular, trans-

membrane, and intracellular. The structural features that define these receptors

are a ligand-binding domain, generally in the extracellular region, formed by the

⇡200 amino acid N-terminal domain that contains the disulfide-linked Cys-loop.

The four helical transmembrane segments (M1, M2, M3, M4) form the ion chan-

nel. They are connected by two short loops, one is intracellular between M1 and

M2, and the other extracellular between M2 and M3 and a long cytosolic loop

between M3 and M4 (Figure ??). The intra-cellular domain is formed by the long

M3-M4 loop.

Identifying the structure of Acetylcholine Binding protein(?) and the elec-

tron density map of a cationic-selective receptor, nAChR(??), gave a wealth of

information regarding the di↵erent domains of the receptor and the ligand protein
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interactions. Initially pLGICs were thought to be expressed only in the eukaryotic

organisms. Subsequently, a genome search identified various bacterial homologues

of the cys-loop receptor family (?) and among them, the study of the expression

and function of a homologous protein from cyanobacterium Gloeobacter violaceus,

gave insights into the prokaryotic origin of the family (?). Following this, X-ray

structure of the prokaryotic channels, GLIC(??) and ELIC(?) were identified,

thus providing models for investigations on ion permeation, ligand binding and

gating in the channel. Both orthologous channels are cation selective, while GLIC

channels are pH gated, ELIC is known to be activated by GABA.

The first structure of an eukaryotic, anion-selective Cys-loop receptor, the

Caenorhabditis elegans glutamate-gated chloride channel a homopentamer (GluCl)

(?), was reported to be in a potentially ’open’ state, providing insights into poten-

tial mechanisms of interaction with orthosteric ligands and allosteric modulators.

Subsequently, an apo and lipid-bound GluCl were crystalized(?) and on compar-

ison with the potentially open state GluCl, revealed the possible tilting motion in

the M2 helices of the TMD leading to the transition between apo and open states.

The recently identified crystal structure of GABA(A) receptor in �3 homopen-

tamer form, had a unique M2 helix conformation, describing it to be in desen-

sitized state. Despite identifying various eukaryotic and prokaryotic homologous

crystal structures,in either a closed/resting, open/activated or closed/desensitized

states, it has been challenging to understand the complex mechanism by which

the ligand binding in ECD is coupled to the channel opening in TMD. One of the

main challenges is the inability to explain the subtle interaction/dynamics of the

channels , experimentally.

Molecular dynamics simulation gives us an opportunity to visualize these chan-

nel dynamics in a native-like membrane environment. While it might be unfeasible

to observe complete transition between open to closed states using unbiased sim-

ulations, various biased simulations techniques have been used to identify barriers
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Figure 1.1: Structure of pentameric Ligand-gated Ion Channel. (A) Re-

ceptor is colored by subunit; aligned along the lipid membrane is the Transmem-

brane domain; the domain above the lipid membrane is the Extracellular domain.

View of the TMD from the ECD; (B)receptor colored by subunits; (C) Receptor

colored by occupancy, showing the individual helices comprising each subunit.

(D) Cross-section view of the one of the subunits of the channel showing the four

helices within a subunit.

in ion permeation, understand pore opening and closing and finding minimum free

energy pathway between open and closed states (?????). These computational

approaches in addition to the experimental information would help us explain the

complex structure-to-function relationship. As a part of my PhD study, I per-

formed simulations of the major inhibitory channel, ↵1�1�2 GABA(A) receptors

and compared its dynamics with the mutant receptor, ↵1�1�2K289M GABA(A),

that is known to cause febrile seizures.We show that at higher temperature (315

K), that channel spontaneously opens, explained by a classic Monod-Wyman-

Changeux model of allostery. We further show how the cross-pore repulsions

among the conserved basic residues on M2-M3 loop of all subunits and the in-

teraction between these residues and charged residues on M2-helix of the TMD

domain, can be crucial for stabilizing open conformation at higher temperature.

Similar traditional MD approach was utilized to analyze the interactions between
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M4 and M1/M3 helices in the TMD of GLIC receptor. With experimental re-

sults showing that the aromatic residues at the M4-M1/M3 interface is crucial for

channel function, we simulated and compared the dynamics of Wild-type GLIC

and 5-Ala-GLIC. 5-Ala-GLIC system involved GLIC receptor with 5 aromatic

residues mutated to ALA residues at the M4-M1-M3 interface. As described in

Appendix 1, these simulations revealed how the lipid penetration at this inter-

face in 5-Ala-GLIC weaken the interactions between M4 and M1/M3 helices, thus

disrupting the M4-Cys-loop interactions.

Similar challenges also occur in identifying the binding sites of the modulators

of the ion channels. These ionotropic receptors, are also known to be modulated

and in certain cases, directly activated by by certain exogenous and endogenous

modulators. Among the various exogenous modulators are the general anesthet-

ics. The mechanism of action of anesthesia is debated over a century since first

usage in a surgery(?). Initial hypothesis of their mechanism , the ’Lipid-theory’,

identifies anesthetics as lipophilic molecules, and suggested its binding site to be

the cell-membrane consisting of phospholipid bi-layer. While this theory failed

to explain the molecular mechanisms that causes anesthesia, the subsequently

postulated ”protein-theory”, suggested the di↵erent ion-channels and membrane

proteins as a potential targets (????). Decades of research that followed have

identified pentameric ligand-gated ion channels as being one of the main targets

(??). Experimental techniques like mutagenesis(?), electrophysiology(?) and

photolabelling(?)have consistently identified binding in the TMD of the protein.

Furthermore crystal structures of GluCl(?) reveal ivermectin, bound to the upper

TMD of the receptor, thus revealing possible binding sites in the inter-subunit

regions of the upper-TM domain.Several experimental studies have identified pu-

tative binding site residues for Propofol in the �↵ - ↵�, �� - ↵�, ↵� - �↵, interfaces

(?????????) in GABA
A

R. For sevoflurane and volatile anesthetics in general,
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residues in ↵ subunit has been shown to a↵ect anesthetic modulation of the recep-

tor (??). Despite the information regarding the binding sites residue, it has been

di�cult to define specific location of a site and clinical concentration at which

a site is occupied. These experimental results are inconclusive due to the pres-

ence of multiple binding sites for an anesthetic in a receptor and di↵erent sites

are occupied at di↵erent concentrations of the anesthetic. Specific computational

technique, free energy perturbation molecular dynamics (FEP/MD) simulations

can be used to compare the binding a�nity of anesthetic for each site (???).

Unlike docking, FEP/MD takes into account the protein’s native membrane, in-

fluence of solvent , ligand and protein flexibility. This feature of the computational

approach makes it more accurate, expensive and time consuming than docking.

In addition, full convergence of the simulation is necessary for accurate results.

As described in Appendix 2, we used a similar approach to validate the ex-

perimental study, utilizing a novel chemically active alkylphenol anesthetic for

quantitative a�nity-based protein profiling (ABPP) of propofol. In accordance

with the study, we were able to show that ↵� - �↵ and �↵ - ↵� sites have higher

a�nity due to more amphiphilic nature of the site compared to the � containing

subunit interfaces. In addition, the last phase of my work involved calculating the

isolated a�nities of sevoflurane in GABA
A

R, rank the sites based on the a�nity

and also compare these values of propofol and sevoflurane.

.
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Chapter 2

Physical Accuracy Leads to Biological

Relevance: Best Practices For Simulating

Ligand-Gated Ion Channels Interacting With

General Anesthetics.

2.1 Abstract

GABAA receptors are critical for proper transmission of inhibitory signals in

the central nervous system, and are common targets of anesthetic and anxiolytic

drugs. They are also members of the widely-studied pentameric ligand-gated ion

channel family (pLGIC). Here we use a slightly increased temperature to, for the

first time, observe a stable spontaneous opening event of a pLGIC in molecular

simulation. We find the opening event reflects interactions in two rings of ho-

mologous charges in the receptor transmembrane domain, an ”interfacial band”

containing five basic residues at M2 24’ in the M2-M3 loop, and the ”pore oscilla-

tor” composed of two acidic residues and one basic residue at 20’ on the two � and

one � M2 helices respectively. The pore oscillator is shown to drive fluctuations

in pore radius, by switching between attractive and repulsive cross-pore electro-

static interactions, consistent with a classic Coulomb charge-dipole arrangement.

A conformational change of the interfacial band from an asymmetric to a sym-

metric state locks the pore oscillator in a repulsive (open) configuration. The

�
2

K289M mutation is a rare mutation (rs121909672) that causes seizures with

fever and also neutralizes the �
2

residue in the interfacial band. The electro-

static energy of an interfacial band with only four charges is shown to be more
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sensitive to random shape fluctuations, which increase with higher temperature.

Our simulation results indicate these e↵ects are also transmitted to the pore.

Temperature-enhanced fluctuations could thus cause rapid gating in these mu-

tant receptors, consistent with flickering observed previously in single-channel

recordings.

2.2 Introduction

Gamma-aminobutyric acid (GABA
A

R) receptors are inhibitory ionotropic re-

ceptors, critical to proper function of the mammalian central nervous system

(CNS) and targets of numerous drugs aiming to depress CNS activity, such as

benzodiazepines(?), and inhalational and intravenous general anesthetics.(???)

They are members of the well-studied family of pentameric ligand-gated chan-

nels (pLGICs), which includes several other receptors common to CNS mem-

branes, such as the nicotinic acetylcholine receptor (nAChR), 5HT-3 receptor,

and glycine receptor. The larger family is found in a range of organisms, including

prokaryotes, and exhibits high sequence and function diversity. Surprisingly, high

resolution x-ray structures have revealed a common structure that is extremely

well-conserved across the family, (??????????) which has made it particularly

challenging to identify a universal group of interactions that drive gating.

Molecular simulation is a powerful technique for identifying subtle di↵erences

in interactions. It has been unfeasible to directly observe transitions to stable

open states even in long molecular simulations of pLGICs, and pLGIC open

state structures reliably close upon unbiased simulation, even under conditions in

which they’re expected to be stable. (????) Identifying opening pathways, there-

fore, requires an artificial bias or selection process to drive the receptor toward

an open conformation. The pH-sensitive prokaryotic pentameric GLIC channel
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has been crystallized at high resolution in multiple conformations, and at pH cor-

responding to both resting and active states,(???); probable pathways between

conformations have been determined using increasingly sophisticated molecular

dynamics algorithms.(????) Such studies have identified collective motions com-

mon to the gating pathway, with Lev et al(?) recently identifying a sequence

of collective events common to pathways generated using an enhanced sampling

technique known as the string method.

The underlying origins of this instability have not been identified despite ex-

tensive e↵orts, in part because identifying the essential interactions missing from

the simulation requires answering a priori the primary question the simulations

hope to address : which interactions drive pore opening and closing. Simula-

tions of gating in neurotransmitter-gated pLGICs are further hampered by low

orthosteric ligand binding a�nity due to a loss of cation-⇡ interactions in non-

polarizable forcefields.

Here we circumvent both these obstacles by exploiting the allosteric proper-

ties of pLGICs. In a classic Monod-Wyman-Changeux(??) model of allostery,

unliganded receptors still fluctuate between active and resting conformations,

with the probability of the active conformation usually expected to increase with

small temperature increases. We observe conformational shifts consistent with

the events at the domain interface reported by Lev et al(?), but are able to fur-

ther identify the sequence of events preceeding the spontaneous pore opening, as

well as the collective electrostatic interactions that drive them.

Each pLGIC subunit consists of an extracellular agonist-binding domain (ECD)

and a transmembrane domain (TMD) containing a four helix bundle with helices

labeled (M1-M4). The M2 helices line the pore, and the M2-M3 loop connect-

ing the M2 and M3 helices interacts directly with both the TMD and the ECD.
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The loop has long been hypothesized to transmit agonist binding to the trans-

membrane domain,(??????) with several mutation studies indicating the impor-

tance for agonist sensitivity of attractive electrostatic interactions among contact

residues, such as salt-bridges, between the M2-M3 loop and the ECD. (????)

The mechanism through which a change in these salt bridges (either forming or

breaking) opens the pore is still unclear.

Our results suggest a non-specific mechanism for the final steps of gating that

relies on multibody interactions within two sets of homologous charged residues:

1) a group of three residues containing both positive and negative charges, fac-

ing into the pore and forming a rapidly oscillating charge-dipole arrangement,

which we term the pore oscillator, and 2) an interfacial band of five like charge

residues at the interface of the ECD and TMD which, upon an energetically un-

favorable conformational change, selects for an open conformation of the pore

oscillator(Figure ??).

We show using simple electrostatic expressions that repeated cross-pore repul-

sions in the interfacial band introduce a significant energetic penalty for shrinking

the interfacial band, and that the symmetry inherent in the interfacial band am-

plifies the interactions between distant residues. Molecular dynamics simulations

indicate this repulsion among interfacial band residues can be propagated along

M2 helices to open the hydrophobic gate.

In GABA
A

R receptors, the interfacial band is formed by a basic residue in the

M2-M3 loop conserved across GABA
A

R subunits as ↵K279, �K274, or �K289

(Figure ??), and notated as M2 240 in the prime numbering scheme suggested in

(?). Sequence conservation of these charges across GABA
A

R subspecies is shown

in Figure S3. M2 240 has been previously shown to be critical for conferring sensi-

tivity to agonist; Harrison and colleagues(?) demonstrated via shift in EC50 that

charge-reversal of ↵279 reduced sensitivity, which was restorable via additional

charge-reversal of ↵D57 or ↵D149, both within the ECD and in the vicinity of
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Figure 2.1: (A)Schematic of the GABA
A

R pore with relevant multibody interac-

tions. A conserved basic residue at 240in the M2-M3 loop forms a pentamer of

positive charges, interfacial band, drawn here in blue. The � K289M mutation

neutralizes one of the charges. One turn closer to the intracellular domain, one

basic residue and two acidic residues constitute a charge-dipole arrangement, pore

oscillator, is shown in gray. The tightest constriction is at the hydrophobic gate

at 90, lined by five leucines (white). (B) View of the TMD from ECD, colored by

subunit; � - iceblue; � - purple; ↵ - green. Charged ends of the residues forming

the interfacial band and pore oscillator are represented by spheres connected (for

visualization only) by gray and blue bonds respectively. Space-filling representa-

tion in gray depicts the hydrophobic gate at 90. (C) Side view of ECD and TMD

showing the residues in (B), as well as the position of ↵ D55 in the ECD.
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the M2-M3 loop. Similar behavior was observed in the nicotinic acetylcholine

receptor (nAChR ), upon charge-reversal of ↵ R209 in M1 and ↵ E45 in the

ECD.(?)

The basic residue at M2 240 is also conserved in GLIC, ELIC, and GlyR, and

was further implicated in interdomain communication in simulations of GLIC by

Lev et al(?), who also found that salt bridging of M2 240 with the ECD (D32)

is correlated on a “high-probability communication pathway” with shrinking dis-

tances between M2 helices and pore closure. A causative and predictive physical

mechanism, however, was not established.

Negative e↵ects of a natural but uncommonly occurring missense single nu-

cleotide polymorphism (SNP) at M2 240 in the �
2

subunit supports a role for

collective charge interactions in stabilizing the open state. The �
2

:K289M muta-

tion has been reported in families with generalized epilepsy and febrile seizures

plus(GEFS+)(???), a generalized phenotype that often includes only febrile (fever-

caused) seizures until about age 11, but can also include less severe myoclonic,

atonic, or absence seizures at normal body temperature. In ↵
1

�
2

�
2

K289M re-

ceptors, GABA-evoked current amplitude was dramatically reduced relative to

the WT (??), while in ↵
1

�
3

�
2

K289M receptors the mutation did not a↵ect cur-

rent amplitudes but did increase the deactivation rate(?). In the latter receptors,

currents had reduced mean open times, in part due to flickering(???). In hip-

pocampal neurons containing GABA
A

R with �
2

:K289M subunits, accelerated de-

sensitization of inhibitory post synaptic currents was also observed(?). Although

a mechanism involving reduced tra�cking has been proposed,(?) this would not

explain the flickering observed in single-channel recordings.(?)

We have run unbiased MD simulations and adaptive biasing force (ABF) cal-

culations of the �K289M mutant at multiple temperatures, and detect occluded

channels at higher temperatures consistent with the known behavior of the K289M
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mutants, with di↵erential dynamics of the interfacial band consistent with expec-

tations based on the multibody expression. We propose a mechanism underlying

the mutation’s e↵ects, involving destabilization of the open state due to the re-

duced cost to shrink a interfacial band with significant shape fluctuations .

2.3 Material and Methods

2.3.1 Simulations

This manuscript considers data from four systems: two replicas of the wildtype

↵1�1�2 receptor (termed K1, K2) and 2 replicas of the K289M mutant (M1, M2).

Each system was run for 500 ns at both 300K and 315K, for a total of 4 µs of

unbiased MD simulation. Additional free energy calculations involved the K1 and

M1 systems.The model used in this paper corresponds to Model 1 - CHOL from

Reference(?), and was built with GluCl (PDB code : 3RHW) as a template as well

as the alignments published in Ref(?). Further justification and details on this

model can be found in Reference(?). The systems were prepared as in Ref(?), by

embedding the protein in a homogenous lipid bilayer composed of phosphatidyl-

choline (POPC) built using CHARMM Membrane builder, with the final system

containing 266 POPC molecules. All simulations used the CHARM22-CMAP(?)

force field with torsional corrections for proteins. The CHARMM36 model(??)

was used for phospholipids, ions, water and cholesterol molecules. Energy min-

imization and MD simulations were conducted using the NAMD2.9 package(?).

A cuto↵ of 1.2 nm was used for non-bonded potentials, with a switching func-

tion starting at 1.0 nm; all simulations employed periodic boundary conditions,

and long-ranged electrostatics were handled with smooth Particle Mesh Ewald

method with a grid spacing of approximately 1Å. All simulations were run in the

NPT ensemble with weak coupling to Langevin thermostat at temperature 300
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or 315K, and a Langevin barostat at 1 atm. High temperature (315K) simula-

tions were run for 500 ns following 200 ns of simulation at the lower temperature

(300K). Full details are provided in SI.

2.3.2 Analytical Prediction of Multibody Interactions

Our simulation analysis is motivated by the multibody interactions within two

arrangements of charges found around the GABA(A)r pore, representing the in-

terfacial band and the pore oscillator. Each arrangement includes residues on

opposite sides of the pore, and the plane containing the residues is normal to the

pore axis, so attractive and repulsive interactions within the arrangement will

contribute directly to pore-closing and pore-opening, respectively.

Charged pentamer

As shown in SI Theory, the total Coulomb energy for a charged pentagon with

average side length r̄ and average diagonal length s̄ is

U
+5

(r̄, ��) =
5kee2�

r̄

✓
1 +

��
�

◆
+O(�̄r

2

) +O(�̄s
2

) (2.1)

where e is the electron charge, ke = 332Å/kcal/mol/e2 is the Coulomb constant,

and �̄r
2

and �̄s
2

are the variance in r and s across the five sides of the pentamer.

For a regular pentamer s̄ = �r̄ where � ⌘
�
1 +

p
5
�
/2 ⇠ 1.62 is a geometric

constant often called the “golden ratio”, with the convenient property 1/� =

� � 1 = 0.62. �� is the deviation of r̄
s̄ from the value for a regular pentamer :

�� ⌘ r̄
s̄ � (�� 1).

The linear term in �� reflects the e↵ects of shape fluctuations on the relative

contributions of diagonal and adjacent pairs. Second-order terms given by �̄r
2

and �̄s
2

reflect variance in the adjacent and diagonal distances respectively. Ac-

cording to Eq. ??, positive values of �� (in which diagonal distances are shorter
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Figure 2.2: Evolution of the interfacial band and pore oscillator in one

replica of the WT system at 315K. (A) Flip of one residue (↵-K279) so

the interfacial band switches from elongated to regular pentamer, occurs at ⇠250

ns, followed by a series of events leading to the pore opening between ⇠250 ns

- 350ns, as marked by the shaded regions. (B) The distances between residues

↵K279 – �K285, plotted on y-axis and �K285 – �-K270, �-K270 – �-K274, plotted

on alternate y-axis, are shown in blue, red and gold respectively. (C) The solid

green curve depicts the angle between the charge-dipole arrangement representing

the pore oscillator ; The Dotted green line represents the pore-opening event as

measured by calculating the first derivative of the minimum pore radius. (D)

Pore radius as a function of distance along the pore axis and time. All curves

are smoothed as described in SI Methods. Transition windows are shaded blue

(early), orange (mid), and red (late).
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than expected in a regular pentamer) will increase the overall energy of the inter-

facial band, provided the average distance between adjacent residues (r̄) is kept

constant. This asymmetry-induced increase in energy can be o↵set by an overall

increase in the size of the interfacial band : �� ¿0 will stabilize a larger r̄. Simi-

larly, negative �� will decrease the overall energy of the interfacial band and allow

it to close with reduced penalty.

Neutralizing any of the charges removes two diagonal and two adjacent inter-

actions, so the Coulomb energy for 4 like-charges arranged on a pentagonal lattice

is

U
+4

(r̄, ��) =
3kee2�

r̄

✓
1 +

��
�

◆
+O(�̄r

2

) +O(�̄s
2

) (2.2)

=
3

5
U
+5

(r̄, ��) (2.3)

where averages only consider distances involving charged residues, and therefore

r̄ and �� incorporate only three adjacent distances and three diagonal distances.

The factor of 3/5 will generally stabilize a smaller value of r̄ at any tempera-

ture, but ��, �̄r
2

, �̄s
2

will also be directly dependent on temperature. The simple

Coulomb calculation represented in Eq. ?? indicates a large energetic cost of

shrinking the interfacial bandover typical distances (Fig S1B). Considering typical

distances between homologous residues in pLGICs, the strength of the interaction

among homologous residues may be unintuitive. Reducing the distance between

two like charges from r
1

= 15Å to r
1

= 12Å raises the electrostatic energy by

only 5.5 kcal/mol, but shrinking the regular pentagon (including diagonal inter-

actions) from r
1

= 15Å to r
1

= 12Å increases the energy of the arrangement

by 49 kcal/mol! Diagonal, cross-pore interactions contribute almost 20 kcal/mol,

nearly doubling the total.
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Charge-dipole

Farther away from the interface with the ECD, facing the pore, is another charged

ring of three residues, at M2 200 (�E270 and �K285), that we term the “pore

oscillator ” because it exhibits rapid shape fluctuations that are propagated to

the hydrophobic gate. The Coulomb energy reflects two diagonal interactions,

and one adjacent interaction, and is e↵ectively a charge-dipole interaction:

Uc�dp = �kee2

r

✓
r

d
+

1

z+
� 1

z�

◆
(2.4)

z± ⌘

s

1 +

✓
d

2r

◆
2

± d cos ✓

r
(2.5)

where Uc�dp is the Coulomb energy of the charge-dipole, d is the distance between

the two charges forming the dipole, r is the separation between the charge and

dipole midpoint, z± are the distances between the charge and the close and far

ends of the dipole, respectively, and ✓ is the angle between the dipole and dipole

midpoint-charge separation vector (see diagrams in Fig. ??C and S1B).

It is common in undergraduate-level treatment of charge-dipole interactions

to assume r/d >> 1 in Eq. ??, but for a charge-dipole arranged on a regular

pentagonal lattice, r/d ⌘ � ⇠ 1.6. One central result from the usual treatment is

that at ✓ = ⇡/2, the interaction switches from being attractive to repulsive, with

a discontinuity at the boundary; this result still holds in the full expression (Fig

S1B), as expected.

2.4 Results and Dicussion

2.4.1 Spontaneous opening event at 315 K

A spontaneous opening event was observed in one WT replica at the higher tem-

perature. In this replica, the pore was closed for over 500 ns at 300K (Figure

S6), but after raising the temperature to 315K and about 200 ns of simulation,
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a spontaneous set of events induced a stable open pore for the remainder of the

simulation. (Figure ??, and SI Movie S1). The event itself took about 100-150

ns, and involved the following stages, shaded by the specified colors in Figure ??.

1. Early (blue): Symmetrization of interfacial band. The interfacial

band begins in an elongated conformation, because the side-chain of one

charged residue (↵�-K279) faces away from the pore axis, while all other

side-chains face toward it. Between 200 and 260 ns, this side-chain flips,

causing the interfacial band to switch from an elongated to a regular con-

formation (Figure ?? A). This flip may be dependent upon flexibility intro-

duced by the adjacent proline (↵P278); the conservation(?) and significance

of this proline for function(?) are well-established, although its fundamental

role in gating has been unclear.

2. Mid (orange): Response to symmetrization; partial opening and

deformation.

(a) t = 260-300 ns: The previous symmetrization step is electrostatically

unfavorable for the other residues of the interfacial band and for the

basic residue of the pore oscillator; in response, the M2 helices of the

flipped ↵ subunit and the � and � subunit on either side separate from

the other two subunits. This initiates widening of the pore, as shown

by the sharp transition in Figure ?? D. Simultaneously, the positively-

charged end of the pore oscillator dipole (�-K285) is deflected toward

the intracellular domain and away from the ECD (Figure ??). This

destabilizes its salt-bridge with the negatively charged residue com-

prising the other end of the “dipole”, ��-E270.

(b) t=300-330 ns: Upon weakening of favorable electrostatic interactions

with positively charged residues in the pore oscillator and interfacial

band, the two negative sidechains of the pore oscillator pivot around
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Figure 2.3: Evolution of pore oscillator and interfacial band during spon-

taneous opening event. Top: Representative frames are shown from the WT

trajectory at 315K, with coloring as in Figure 1B/C. Bottom: Cartoon of transi-

tion highlighting movement of the charged groups forming interfacial band(blue)

and pore oscillator (�K280-cyan, �E270-red). Dashed lines connecting the points

of the pore oscillator and interfacial band are for visualization purposes only and

do not represent physical bonds. The filled gray shape indicates the unoccluded

area of the hydrophobic gate. After ↵ K279 flips during the symmetrization step,

M2 helices separate along the axis connecting the flipped and current positions

(frame at 344 ns), while after the acidic residues pivot, M2 helices separate along

the axis connecting the two acidic residues (post-transition panel). Salt-bridges

are represented by contacting red and blue spheres. The asterisk marks the charge

that is neutralized with the K289M mutation.
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their C↵ atom to face away from the � subunit. This switches the

pore oscillator charge-dipole interaction from attractive to repulsive,

as tracked by ✓ in Figure ?? C and according to Eq. ??; for small

values of ✓, the distance between the two negatively charged residues

becomes particularly small (Figure ??).

3. Late (red): Recoil and Stabilization.

The pore-oscillator is now in a highly unfavorable configuration due to prox-

imity of the two negative charges corresponding to low values of ✓. The

resulting repulsion causes a rapid separation of the charges. This is further

propagated to increase the distance between their respective M2 helices, as

indicated by an additional increase in pore radius, not just at the pore oscil-

lator but also at the minimum constriction 16-17 Angstroms away (Figure

?? D). The trajectories of ✓ and the time derivative of the minimum pore

constriction are shown plotted on the same axis in Figure ?? C; the two

most rapid increases in the pore radius each occur directly after the two ✓

compression events (at t = 100 ns and t = 325 ns). This association was

also qualitatively observed in the other replica trajectories (Figures S5-S11),

although in some cases it was a less acute value of ✓, held over a longer time

period, that preceded opening.

Upon recoil, each of these two acidic residues formed an intrasubunit salt-

bridge with a basic residue of the interfacial band (Figure ?? B). Since the

charged interfacial band is resistant to shrinking, these salt-bridges can only

form if the acidic residues in the pore oscillator are also separated. The tim-

ing of events is consistent with pore oscillator recoil simultaneously allowing

salt-bridging with the interfacial band and causing an overall separation of

M2 helices. Due to the stochastic nature of the trajectory, determining the

typical order of these two events would require many more replicas.
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The pore oscillator samples small values of ✓ regardless of the configuration of

the interfacial band, due to high frequency oscillations consistent with the dis-

continuity in the interaction, including twice in this particular trajectory (once at

t = 100 ns and once at t = 350 ns). Such events were observed in all simulated

systems and were usually followed by brief opening of the pore. A stable opening

event, however, was only observed when salt-bridging of each of the pairs of �-

E270 and �-K274 residues was also stable, which depended upon the symmetriza-

tion step. The significance of the symmetric interfacial band is verified through

the next set of simulations involving a mutant of an interfacial band residue.

� K289M increases energetic sensitivity to shape fluctua-

tions of the interfacial band

The multibody mechanism proposed in the previous section suggests an important

role for each basic residue in the interfacial band for conferring stability of the

open state, beyond communication with the agonist-binding domain. � subunits

are not required for functional GABA(A) receptors, and do not participate in the

interfaces forming the orthosteric binding sites. Yet neutralizing the �-contributed

charge to the interfacial band causes flickering in single-channel recordings (?) and

is associated with fever-induced seizures.

Simulations of the two K289M replicas at both 300K and 315K, as for the

WT receptors, indicated a reverse temperature dependence for the distribution of

minimum pore radii (Figure ??). As shown in Figure ?? A, we observe no e↵ect

of the mutation on the overall distribution of pore radii at 300K. At 315K, the

WT distribution broadens, as expected (Figure ?? B). The K289M distribution

broadens even more at the higher temperature, but is also shifted toward smaller

radii, so that at 315K both WT replicas have larger pore radii than both K289M

replicas for most frames.
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Figure 2.4: Correlations between shape of interfacial band, pore radius,

and salt-bridging between interfacial band and pore oscillator for mul-

tiple replicas and temperatures. (A/B) Smoothed time evolution of the pore

minimum constriction, averaged (solid lines) over two replicas (shown separately

as dotted lines) each, at 300 K and 315 K. The radius of a chloride ion is repre-

sented by the dashed horizontal line at 1.8Å. (C/D) Smoothed time evolution and

distribution of �� for both WT and K289M systems at 300 and 315K. Distribution

trends are similar to those generated numerically, discussed in SI Theory. (E/F)

Distribution of minimum constriction radius for conformations clustered by total

number of � K274-E270 salt-bridges and symmetrization of the interfacial band.
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Figure 2.5: Potential of mean force (A) Potential of mean force profile of

a chloride ion crossing the ion channel, calculated at 315K for a receptor that
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interfacial band for the K289M. The full PMF including the rest of the simulation

box is in Fig S14. (B) Average pore radius profile for the conformations in (C).
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Eq. ?? indicates three possible contributions to a reduced cost for shrinking

the K289M interfacial band compared to that of the WT interfacial band:

1. The reduced charge of the K289M interfacial band results in a factor of 3/5

for the overall energetic cost to shrink the K289M interfacial band, assuming

the same value of r̄ and ��. This contribution is not temperature dependent,

and the 40% loss is large enough that it is perhaps most surprising that an

K289M receptor is functional at any temperature. This may be explained

by the observation that in the K289M systems, �M2200 (M2 K285) of the

pore oscillator assumes a position much closer to the original position of

K289.

2. Any reduction in �� will destabilize the open state by reducing the ener-

getic cost to shrink the interfacial band(Eq. ??). Both increased temper-

ature and the loss of charge symmetry would be expected to increase the

root-mean-square-displacement (RMSD) of each remaining side-chain. We

ran simple numerical calculations to determine how increased RMSD in in-

dividual charges a↵ects the distribution of ��, shown in Figure S2. The

distribution of �� is not particularly sensitive to RMSD if all five charges

of a closed pentagon are used, due to geometric constraints and the non-

cohesive nature of the noise. The distribution is expected to widen with

increased RMSD, but mainly in the positive direction (Figure S2A).

3. Even if each individual (conserved) charge has the same RMSD in the

K289M and WT receptors, the distribution of �� will be broadened in the

K289M receptor because only three of the five adjacent and diagonal dis-

tances are used to calculate the average adjacent and diagonal distances, and

they are not constrained by the requirement of forming a closed pentagon

(Figure S2). Furthermore, the broadening is symmetric, with significant
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probability of �� < 0. This is consistent with what we observe in the molec-

ular systems, as shown by deviations of the ratio of diagonal to adjacent

distances from 1/� (Figure ?? C,D) over each trajectory.

Comparison between Figure ??A,B and C,D, reveals similar trends for distribu-

tions of minimum pore radius and ��, upon introducing the mutation, raising the

temperature, or both.

The pore oscillator-interfacial band salt-bridge formation becomes uncorre-

lated from the pore radius in the K289M systems, as shown in Figure ?? F.

2.4.2 � K289M increases barriers to conduction via chan-

nel conformation rather than direct interactions with

ions

Determining whether a single ion channel conformation corresponds to an “open”

or “closed” state is frequently not possible in unbiased MD simulations, except for

conformations at an extremum. A Cl- atom has a radius of approximately 1.8Å,

the hydrophobic residues lining the minimum pore radius but makes it unlikely a

Cl- atom will pass through a constriction of exactly 1.8Å ; when both salt bridges

between the interfacial band and pore oscillator are formed, the WT receptor has

a minimum pore radius of at least 2.5Å.

The e↵ects of the mutation on purely electrostatic barriers for chloride ion

translocation was quantified via the Poisson-Boltzmann equation as described in

SI Methods. The mutation from a positively charged to neutral residue led to

insignificant changes in the electrostatic potential along the most favorable path

given identical starting conformations (as shown in Supplementary Figure S12),

suggesting that the mutation alone could not a↵ect conductance without inducing

conformational shift. Although the electrostatic potential is weakened near the

mutation, the ion can adjust its pathway through the channel to fall closer to
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the other four residues in the interfacial band. Calculation of the electrostatic

potential using the equilibrated structures of WT and K289M receptors showed a

5-10 kcal/mol (Figure S12C) higher electrostatic barrier in K289M, predominantly

occurring in the transmembrane domain enclosing the residues containing the

minimum pore constriction region.

The PMF for chloride ion translocation at 315K, measured using ABF, is

shown in Figure ??. The largest barrier for the WT of 8 kcal/mol is proximal

to the leucine residues at M2 90, forming the tightest constriction; this barrier is

increased by 5 kcal/mol for the mutant receptors. The di↵erence in PMF near

residue �
2

289 is much less than 1 kcal/mol. While mutation of a positively charged

to neutral residue does have a small e↵ect on a�nity of the chloride ion for the

region of the receptor near the mutation, the dominant e↵ect of the mutation on

conduction is via conformational instability of the open state.

2.5 Conclusion

The primary new insights of this work are:

1. Repulsive cross-pore electrostatic interactions at the TMD-ECD interface

(the “interfacial band”) stabilize the open state of the GABA(A) receptor;

the interfacial band becomes more resistant to shrinking as the average

separation between adjacent charges decreases or as the relative strength of

diagonal interactions is reduced.

2. In GABA
A

R receptors with 2 ↵ subunits, 2 � subunits, and 1 � subunit, a

three-body charge-dipole arrangement (the “pore oscillator”) among three

M2 helices (two adjacent and one diagonal) drives fluctuations in minimum

pore radius, by alternating between a repulsive and an attractive config-

uration. All three charges are conserved within ↵, � and � species of the

GABA(A) receptor (although �
3

has an arginine instead of a lysine, Figure
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S3).

3. Switching from an asymmetric to symmetric configuration of the interfacial

residues in (1) can lock the charge-dipole interaction in (2) in a repulsive

configuration, via a pair of salt-bridges between the pore oscillator and

interfacial band.

4. Neutralizing one of the residues from (1), as in the epilepsy-associated

�
2

K289M mutations, makes the cost to shrink the interfacial band more

sensitive to dispersion of the remaining charges; at higher temperatures

this results in a significant population of closed states. This is consistent

with the flickering observed in receptors with this mutation in vitro, as well

as the critical role of fever in inducing seizures for this phenotype.

The debate over the mechanism through which binding of a ligand at one site

regulates the e↵ects of binding of a ligand at another site (“allostery”) is over

fifty years old,(??) and much of that debate was focused on placing mechanisms

within two extreme cases : ”conformational selection” (functional conformations

are visited in the absence of ligand but stabilized by ligand, the Monod-Wyman-

Changeux or MWC model) or ”induced fit” (functional conformations require all

ligands to be bound, also known as the Koshland-Nemethy-Filmer model).

The mechanism for pore opening observed here fits most consistently with

an MWC model, but the presence of both the interfacial band (1) and the pore

oscillator (2) suggests a sequence of conformational events, with each event in

the sequence falling at a di↵erent location along the continuum between pure

conformational selection and pure induced fit. Although e↵ects of the substi-

tutions of interfacial band residues have been studied numerous times, we are

unaware of mutagenesis studies involving either of the residues of the pore oscil-

lator (�K/R285 and �E270). The present simulation results suggest a role for

these residues in determining receptor kinetics, including desensitization.
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Our results indicate that a topological view of pLGICs may be counterproduc-

tive for conceptualizing gating mechanisms, because interactions entirely within

a helix/subunit (or between two adjacent helices/subunits) are only indirectly

related to conformation of the pore. While we present these results in heteropen-

tamers, and the presence of the pore oscillator requires multiple subunit species,

the role of symmetry in stabilizing conformations with open or occluded pores

has been demonstrated previously in both heteropentamers such as nAChR(?)

and homopentamers such as GLIC. (?) Our results indicate a critical role for

diagonal interactions in determining the e↵ects of asymmetry; asymmetry that

decreases or increases diagonal distances opens or closes the pore respectively.

More generally, the Coulomb interaction between two charges placed on the

diagonal of a regular pentagon will only be moderately reduced from the inter-

action they would have as adjacent charges. Diagonal interactions will always

contribute 38% of the overall interaction energy. A role for long range interac-

tions within the nAChR TMD-ECD interface has been recently demonstrated by

Auerbach and colleagues(?). The residues forming an interfacial band need not

be located in the M2-M3 loop; they could also be in the M1 linker as in nAChR,

or even in the M4 C-terminus. The concept of an interfacial band that we pro-

pose here is topologically abstract, but depends on pentameric symmetry and a

regular charge density at the interface between the two domains; it may therefore

be generalizable to many or even all pLGICs.

2.6 Supporting Methods

The systems were solvated using the SOLVATE plugin in VMD(?) and neutral-

izing ions were added to bring the system to a 0.15M salt concentration using the

AUTOIONIZE plugin. The final system contained about 160,000 atoms. MU-

TATE plugin was used to introduce the K289M mutation in the � subunit of
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GABA
A

R receptor.

All bonds to the hydrogen atoms were constrained using the SHAKE/RATTLE

algorithm. A multiple time-step rRESPA method was used, and controlled with a

high frequency time-step of 2fs and low frequency time-step of 4fs. All the systems

were energy minimized for 10000 steps, then simulated for 5 ns with restraints

of 1 kcal/mol/Å applied to the C↵ atoms of the protein. Restraints were then

removed and 495 ns of nearly unrestrained simulation was carried out in all four

systems at low temperature. During this period of the simulation, only harmonic

restraints (force constant 0.4 kcal/mol/Å) between the intracellular ends of the

M3 and M4 helices were used, to mimic the e↵ects of the intracellular domain

and prevent separation of the M4 helix from the rest of the bundle.

2.6.1 Long-range electrostatics

The simulations here used the prescribed cuto↵ value of 12 Å for the CHARMM

forcefield, with a switching function past 10Å, combined with PME and a grid size

of about 1Å. The distances between charged residues in the interfacial band are

similar to this cuto↵ distance, and it is not uncommon to use cuto↵s less than

10Å(as in (?)). This may cause a significant accumulated error in simulations

of any proteins with repeated interactions near the cuto↵/switching distance,

not just pLGICs. In pLGICs, it can reduce the energetic cost of shrinking the

interfacial band, leading to an increased likelihood of closed states even in WT

systems. By recalculating energies using direct Coulomb electrostatics just for

interfacial band and pore oscillator residues, from a trajectory generated using

PME, we found PME reduced the energetic di↵erence between elongated and

regular conformations by about 5 kcal/mol.
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2.6.2 SMD Simulations

Steered Molecular Dynamics (SMD) simulations (??) were used to obtain favor-

able positions of the ion at di↵erent positions along the channel, for later use in

Adaptive Biasing Force (ABF) calculations. The chloride ion was pulled along the

pore of the channel at a constant velocity of 10Å/ns. The force required to pull

at constant velocity is also calculated, and can, in principle, be used to calculate

a potential of mean force (PMF) using Jarzynski’s equation (??), but in practice

it is challenging to achieve a su�ciently slow pulling speed.

2.6.3 ABF Simulations

Adaptive biasing force calculations (ABF)(????) were used to measure the po-

tential of mean force (PMF) of a chloride ion translocating the GABA
A

R ion

channel at 315K, for both the WT and K289M channels. ABF was performed us-

ing the Collective Variables module(?) of NAMD2.9. The pore axis was divided

into 23 bins of each 5Å length.

Initial coordinates for the ion were obtained from SMD simulations (as de-

scribed in SI). One thousand samples were collected in each bin prior to the

application of ABF to avoid undesired non-equilibrium e↵ects on the dynamics.

Fifteen ns of trajectory were generated in most bins, while bins near the primary

barrier in the pore contained 25 ns.

2.6.4 Pore Analysis

Measurement and analysis of the pore radii has been carried out using the HOLE

software (?) and TCL scripting through VMD(?). Python scripts have been used

to analyze and visualize the hydration of the pore throughout the simulation.
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2.6.5 Poisson-Boltzmann Calculations

The Poisson-Boltzmann (PB) profile for conduction of both a Na+ and Cl-

through the ion channel was calculated using APBSmem(?). The pre-generated

PQR format of the proteins using PDB2PQR(?) tool was used as the input for

the electrostatic potential calculations.

These calculations were performed for initial non-equilibrated structures of

the protein, as well as for conformations extracted from the last 50 ns of both the

300K and 315K MD simulations (for Cl-).

2.6.6 Graphs and images

All plots were calculated and drawn using Python and Tcl scripts.In Figure 2 and

the similar supplementary figures S5-S11, the series of curves depicting the pore-

opening events were further smoothened using a digital filter(Butterworth) with

a order of the filter value, 2, and a critical frequency value, 0.02, as implemented

in the SciPy python module. The time derivative of the minimum pore radius

was calculated using the gradient function implemented in the numpy python

module. VMD(?) was used for visualization and for creating molecular images

and movies.

2.7 Supporting Theory

We consider an irregular pentagon with five side lengths ri and five diagonal

lengths si (Figure S1A). The total Coulomb energy for the charged ring is given

by

U
+5

= kee
2

5X

i

1

ri
+

5X

i

1

si
(2.6)

where e is the electron charge, ke = 332Å/kcal/mol/e2 is the Coulomb constant.

Writing each distance as a perturbation from the average : ri = r̄(1 + �ri) and
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si = s̄(1 + �si), where the average adjacent length r̄ =
P

5

i ri/5 and the average

diagonal length s̄ =
P

5

i si/5. Expanding in powers of �si and �ri,

5X

j

1

rj
=

5X

j

1

r̄(1 + �ri)
=

1

r̄

5X

j

(1� �ri +O(�r2j )) (2.7)
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1 +O(�̄r

2
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and similarly,
5X

j

1

sj
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1 +O(�̄s

2

)
⌘
, (2.9)

where we have used
P

5

j �sj =
P

5

j �rj = 0, and �̄r
2

and �̄s
2

are the variance in r

and s across the five sides of the pentagon respectively. Therefore,
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For a symmetric pentagon s̄ = �r̄ where � ⌘
�
1 +

p
5
�
/2 ⇠ 1.62 is a geometric

constant usually called the “golden ratio”, representing the ratio between the

lengths of a pentagon diagonal and side, and with the convenient property 1/� =

� � 1 = 0.62. We define �� as the deviation of r̄
s̄ from 1/� = � � 1 = 0.62, so

�� ⌘ r̄
s̄ � (�� 1), and

U
+5

=
5kee2�

r̄

✓
1 +

��
�

◆
+O(�̄r

2

) +O(�̄s
2

) (2.13)

The linear term in �� reflects the e↵ects of asymmetry on the relative contribu-

tions of diagonal and adjacent distances. Second-order terms given by �̄r
2

and

�̄s
2

reflect variance in the adjacent and diagonal distances respectively. Accord-

ing to Eq. ??, positive values of �� (in which diagonal distances are shorter than

expected in a regular pentagon) will increase the overall energy of the interfa-

cial band, provided the average distance between adjacent residues (r̄) is kept
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constant. This asymmetry-induced increase in energy can be o↵set by an overall

increase in the size of the interfacial band : �� ¿0 will stabilize a larger r̄. Simi-

larly, negative �� will decrease the overall energy of the interfacial band and allow

it to decrease the average separation r̄ with reduced penalty.

Any reduction in �� will thus destabilize the open state. We ran simple

numerical calculations to determine how increased random noise would a↵ect

the distribution of ��. Five points were generated with random polar angles

corresponding to {0 + ⇣
1

, 2⇡/5 + ⇣
2

, 4⇡/5 + ⇣
3

, 6⇡/5 + ⇣
4

, 8⇡/5 + ⇣
5

} where ⇣i

was a random value taken from a flat distribution in the range ±3⇡/40 (low

variation) or in the range ±5⇡/40 (high variation), and the radial values were

{1.5 + ⇢
1

, 1.5 + ⇢
2

, 1.5 + ⇢
3

, 1.5 + ⇢
4

, 1.5 + ⇢
5

} where ⇢i was a random value from

a flat distribution in the range ±0.375 (low variation) or ±0.625 (high variation).

Although these are the specific values used in Figure ?? and are given for com-

pleteness, the overall trends were not particularly sensitive to the precise values

chosen.
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Figure 2.6: Theory variables (A) Adjacent and diagonal distances for the pen-

tagonal Interfacial Band used to calculate averages for Eq. ??, and the associated

electrostatic energy for the special case of a pentagon in which three sides are iden-

tical and two adjacent sides are also identical, but may di↵er from the other three.

This special case is similar to that observed for the symmetrization step in Figure

2. (B) Definition of terms for the charge-dipole interaction that is formed by three

residues in the pore oscillator , as well as associated energy. At around ✓ = ⇡/2,

the potential energy shifts from decreasing with increasing distance (repulsive) to

increasing with increasing distance (attractive). C) Trajectory for defined angles

and distances for the K315 replica explored in Figure 2; curves shown here are

smoothed much less than in Figure 2 and retain significantly more high frequency

noise.
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Figure 2.7: Distribution of �� Distribution of �� ⌘ r̄/s̄ � 1/� for 10,000 trials

of five randomly distributed points, with a low or high deviation from a regular

pentagonal lattice, as described in Supporting Theory. For the same set of ran-

domly distributed points, �� was calculated incorporating all five adjacent and

diagonal distances into the averages r̄ and s̄ (blue line) or only distances involving

a 4 point subset (purple line). High deviation is similar to a “high temperature”

scenario, and the 4 point subset is analogous to the K289M mutant. The energy

required to shrink the average side length r̄ will decrease for conformations with

low ��, according to Eq. ??.
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Figure 2.8: Conserved residues within GABAAR subunits. Alignment of

M1, M2, M3 transmembrane helices and M2-M3 loop of ↵, � and � subunits of

human GABA
A

R receptors. Residues are colored by charge at pH 7: negatively

charged (red) and positively charged (blue). The 24’ residue in the M2-M3 loop

is a basic residue conserved among all the subunits. The basic residue(K285) in

the � subunit and the acidic residue (E270) in � subunit which are described as

the pore oscillator, forming the charge-dipole interaction are conserved among all

the � and � subunits.
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K289M

Figure 2.9: Water density along the pore. (A)Number of water molecules

along the Z-axis averaged over the frames and replicas. Presence of water in the

constriction region of the WT - M2 helices (B) as compared to the temporary

dryness due to reduction in pore radii in the K289M - M2 helices(C), at higher

temperature.
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Figure 2.10: Evolution of the interfacial band and pore oscillator in one

replica of the WT system at 300K. (A) Flip of one residue (↵-K279) so the

interfacial band switches from elongated to regular pentamer, occurs at ⇠25 ns.

(B) The distances between residues ↵K279 – �K285, plotted on y-axis and �K285

– �-K270, �-K270 – �-K274, plotted on alternate y-axis, are shown in blue, red

and gold respectively. (C) The solid green curve depicts the angle between the

charge-dipole arrangement representing the pore oscillator ; The Dotted green line

represents the pore-opening event as measured by calculating the first derivative

of the minimum pore radii. (D) Pore radius as a function of distance along the

pore axis and time. All curves are smoothed as described in SI Methods.
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Figure 2.11: Evolution of the interfacial band and pore oscillator in sec-

ond replica of the WT system at 300K. (A) Flip of one residue (↵-K279)

does not occur and the interfacial band remains in elongated pentamer form. (B)

The distances between residues ↵K279 – �K285, plotted on y-axis and �K285 –

�-K270, �-K270 – �-K274, plotted on alternate y-axis, are shown in blue, red

and gold respectively. (C) The solid green curve depicts the angle between the

charge-dipole arrangement representing the pore oscillator ; The Dotted green line

represents the pore-opening event as measured by calculating the first derivative

of the minimum pore radii. (D) Pore radius as a function of distance along the

pore axis and time. All curves are smoothed as described in SI Methods.
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Figure 2.12: Evolution of the interfacial band and pore oscillator in one

replica of the WT system at 315K. (A) Residue (↵-K279) remains flipped

from 300K simulations so the interfacial band remains in a regular pentamer form.

(B) The distances between residues ↵K279 – �K285, plotted on y-axis and �K285

– �-K270, �-K270 – �-K274, plotted on alternate y-axis, are shown in blue, red

and gold respectively. (C) The solid green curve depicts the angle between the

charge-dipole arrangement representing the pore oscillator ; The Dotted green line

represents the pore-opening event as measured by calculating the first derivative

of the minimum pore radii. (D) Pore radius as a function of distance along the

pore axis and time. All curves are smoothed as described in SI Methods.
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Figure 2.13: Evolution of the interfacial band and pore oscillator in one

replica of the K289M system at 300K. (A) Flip of one residue (↵-K279)

so the interfacial band switches from elongated to regular pentamer, occurs at

⇠25 ns. (B) The distances between residues ↵K279 – �K285, plotted on y-axis

and �K285 – �-K270, �-K270 – �-K274, plotted on alternate y-axis, are shown

in blue, red and gold respectively. (C) The solid green curve depicts the angle

between the charge-dipole arrangement representing the pore oscillator ; The

Dotted green line represents the pore-opening event as measured by calculating

the first derivative of the minimum pore radii. (D) Pore radius as a function of

distance along the pore axis and time. All curves are smoothed as described in

SI Methods.
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Figure 2.14: Evolution of the interfacial band and pore oscillator in sec-

ond replica of the K289M system at 300K. (A) Flip of one residue (↵-K279)

so the interfacial band switches from elongated to regular pentamer, occurs at⇠25

ns. (B) The distances between residues ↵K279 – �K285, plotted on y-axis and

�K285 – �-K270, �-K270 – �-K274, plotted on alternate y-axis, are shown in blue,

red and gold respectively. (C) The solid green curve depicts the angle between

the charge-dipole arrangement representing the pore oscillator ; The Dotted green

line represents the pore-opening event as measured by calculating the first deriva-

tive of the minimum pore radii. (D) Pore radius as a function of distance along

the pore axis and time. All curves are smoothed as described in SI Methods.
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Figure 2.15: Evolution of the interfacial band and pore oscillator in one

replica of the K289M system at 315K. (A) Residue (↵-K279) remains flipped

from 300K simulations so the interfacial band remains in a regular pentamer form.

(B) The distances between residues ↵K279 – �K285, plotted on y-axis and �K285

– �-K270, �-K270 – �-K274, plotted on alternate y-axis, are shown in blue, red

and gold respectively. (C) The solid green curve depicts the angle between the

charge-dipole arrangement representing the pore oscillator ; The Dotted green line

represents the pore-opening event as measured by calculating the first derivative

of the minimum pore radii. (D) Pore radius as a function of distance along the

pore axis and time. All curves are smoothed as described in SI Methods.
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Figure 2.16: Evolution of the interfacial band and pore oscillator in sec-

ond replica of the K289M system at 315K. (A) Residue (↵-K279) remains

flipped from 300K simulations so the interfacial band remains in a regular pen-

tamer form. (B) The distances between residues ↵K279 – �K285, plotted on

y-axis and �K285 – �-K270, �-K270 – �-K274, plotted on alternate y-axis, are

shown in blue, red and gold respectively. (C) The solid green curve depicts the an-

gle between the charge-dipole arrangement representing the pore oscillator ; The

Dotted green line represents the pore-opening event as measured by calculating

the first derivative of the minimum pore radii. (D) Pore radius as a function of

distance along the pore axis and time. All curves are smoothed as described in

SI Methods.
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Figure 2.17: Poisson-Boltzmann profile. (A),(B)Electrostatic environment

in the initial configuration of the channel as experienced by a chloride(A) and

sodium(B) ion, obtained by performing a Poisson Boltzmann calculation along the

TMD. (B)Average of the electrostatic barriers(dotted lines) for the translocation

of Chloride ion, between WT and K289M replicas calculated over the final 50ns

of the simulation at 315K, in comparison with the PMF (solid line) calculated

using ABF simulations.
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Figure 2.18: Steered Molecular Dynamics. (A) Snap-shot depicting the M2-

helices (laid horizontally) showing the minimum constriction region flanked by

LEU residues.(B) The force experienced by the ion as a function of position in

the channel along the Z axis(TM domain), caluclated by performing SMD on a

Chloride passing along the pore of the channel.
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Figure 2.19: Potential of Mean force. (A) Potential of mean force profile of a

chloride ion crossing the ion channel, calculated at 315K.

Figure 2.20: ABF sample and gradient plots. (A) Number of samples gen-

erated in each window of the ABF run. (B) Gradient of the force experienced by

the ion in each window of the ABF run.
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Chapter 3

Physical Accuracy Leads to Biological

Relevance: Best Practices For Simulating

Ligand-Gated Ion Channels Interacting With

General Anesthetics.

3.1 Abstract

E↵orts to detect binding modes of general anesthetics (GAs) for pentameric

ligand-gated ion channels (pLGICs) are often complicated by a large number

of indicated sites, as well as the challenges of ranking sites by a�nity and deter-

mining which sites are occupied at clinical concentrations. Physics-based com-

putational methods o↵er a powerful route for determining a�nities of ligands to

isolated binding sites, but preserving accuracy is essential. This chapter describes

a step-by-step approach to multiple methods for identifying candidate sites and

quantifying binding a�nities, and also discusses limitations and common pitfalls.

3.2 Introduction

Pentameric ligand-gated ion channels (pLGICs) are widely-studied anesthetic

targets, but present numerous challenges for structural characterization even in

the apo state. EC
50

of general anesthetics such as sevoflurane and propofol for

pLGICs such as the GABA(A) receptor fall in the 100 mM to 1 µM range, and

these low to moderate a�nities introduce a high rate of false positives into most

approaches. The ability to isolate binding sites o↵ers an advantage to compu-

tational approaches, but one of the most common computational approaches,
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automated docking, is particularly unreliable on its own for interactions of GAs

with pLGICs.

We have developed and refined a robust computational approach for identi-

fying candidate binding sites, determining which binding sites are occupied at

clinical concentrations, ranking them according to a�nity, and determining the

microscopic origins of di↵erences in a�nities. This approach considers all atoms

of the system explicitly (GA, salt, lipids, water, and protein) and relies on the rig-

orous physics-based methods of Molecular Dynamics Simulation and Alchemical

Free Energy Perturbation.

Our general process essentially involves two components : a screening or dis-

covery phase to identify possible binding modes that might be occupied at clinical

concentrations, and a quantification phase in which binding a�nities are actually

measured. This manuscript describes the steps to set up the necessary calcula-

tions and provides examples of the possible pitfalls in this process. This article

is written with the CHARMM all-atom force field (?) and the NAMD molecu-

lar dynamics software (?)in mind, but the general approach is not forcefield or

software specific. In this chapter we focus on a model of an ↵
1

�
3

�
2

GABA(A)

receptor in a phosphatidylcholine (POPC) bilayer, interacting with the general

anesthetics sevoflurane and propofol. The chapter assumes a general familiar-

ity with the structure of pLGICs as well as the principles underlying classical

molecular dynamics simulation.

3.3 MD simulation involving pLGICs

Setting up MD simulations follows a series of steps that are common for any

pentameric channel with/without ligand. The CHARMM-GUI membrane builder

website(?), a simulation input generator, accepts a protein structure file as input

to embed the protein in a well-packed lipid bilayer with water molecules and
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neutralizing counter-ions on either side. For a system involving a pLGIC like the

GABA(A) receptor, some of the important steps include:

• Choosing membrane builder from the input options.

• Setting up chain names (for non-protein molecules, like the anesthetic, the

chain names should match the name mentioned in the topology files)

• Adding terminal patch groups to the protein N-terminus and C-terminus

• Preserving Hydrogen Coordinates

• Adding disulfide bonds.

• Specifying/Preserving protonation states, based on the desired pH of simu-

lation.

• Choosing the right alignment of protein in the membrane. For a pentameric

channel, choosing the option to align the ‘first principle axis along Z ’ would

align the channel along Z axis, with the lipid in X-Y plane. Further, aligning

the TMD region of protein with lipid involves translocating the protein until

the pore center is at the box origin. It is advisable to check the orientation

of the channel after this step, by clicking on the ‘view structure ’ option.

• Choosing the type of lipids for the bilayer and setting water thickness. We

typically use the homogenous composition of POPC lipids and choose the

default option of 1.5 layers in CHARMM-membrane builder for choosing

the size the lipid membrane. There are ⇡ 250 lipid molecules in GABA(A)

receptor system and a water thickness of 20Å is maintained at the top and

bottom of the protein.

• Adding salt; we typically use 150mM of neutralizing NaCl.

The total number of atoms is typically between 140,000-200,000.
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Figure 3.1: Flowchart describing the sequential steps involved in per-

forming. (left) Flooding simulation and (right) Docking using Autodock and

MD simulation

3.4 Discovery of Candidate Sites

We use two main approaches for identifying candidate binding modes: 1) Spon-

taneous Binding of GAs during equilibrium MD, also known as ‘flooding’ and 2)

Docking followed by refinement using equilibrium MD. The former allows a blind,

unbiased search for spontaneously occupied binding modes without targeting any

particular region of the receptor, but is computationally very expensive, while the

latter is primarily suitable when a specific region of the receptor is of interest.

We consider each in turn:
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3.4.1 Flooding Simulation

Flooding involves placing a high concentration of GA in the water surrounding the

pLGIC (or, in some cases, the membrane) and allowing the GA to spontaneously

partition into the membrane and protein binding sites over a simulation time

that usually lasts 400 ns - 2µ s. It is most e↵ective for small, relatively soluble

ligands, and we have used this approach with isoflurane and nicotinic acetylcholine

receptors and the prokaryotic homolog, GLIC(?) as well as sevoflurane interacting

with GABA(A) receptors(?). It has also been used with ethanol interacting with

glycine receptors(?) and interactions of GAs with voltage-gated channels(?).

Pre-requisites:

• Protein system in a water-box and lipid membrane (Procedure for this is

elaborated under the previous section).

• Ligand in PDB format

• Parameters for ligand that are compatible with the forcefield used for water,

protein, and lipids (see the chapter by Joseph and Henin in this volume).

Simulation setup :

• Initial Coordinates: Simulation should begin with a receptor embedded in

a hydrated lipid bilayer with counter-ions and the GA molecules randomly

distributed in the water. GA molecules can be randomly distributed around

the receptor in the desired region of the simulation box using automated

tcl scripts and VMD, and then the .pdb file containing both GAs and the
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receptor can be used as an input into the CHARMM-GUI membrane builder

and system can be built as described in section ??.

For a typical simulation box, a single GA molecule in aqueous phase cor-

responds to a concentration greater than 1 mM. To obtain a range of can-

didate sites over a reasonable simulation time, at least 20-100 GAs must

be present in the simulation. Over the course of a flooding simulation,

therefore, the concentration of GA in the aqueous phase may drop from

100mM down to 0-1mM, as GA molecules partition into the lipid phase.

The poor correspondence between concentration in the simulation and in

vitro or in vivo systems mandates the use of more sophisticated methods

to predict likelihood of occupancy at clinical concentrations, as described

subsequently; for a discovery stage, a higher than usual concentration is

actually advantageous.

An example of sevoflurane being used to flood the GABA(A) receptor is

shown in Figure ??, with a sevoflurane-to-lipid ratio of about 1:3, and a

sevoflurane-to-water molecule ratio of about 1:430.

• Non-default NAMD parameters:

– minimize: This parameter denotes the number of timesteps to mini-

mize the system. Since this simulation involves flooding the system

with multiple anesthetic molecules, it is recommended to run longer

minimization runs of 50,000 to 100,000 timesteps.

– constraints: To avoid major changes to the backbone of the protein,

this parameter can be set to “on” and a pdb file flagging the backbone

atoms to be constrained under the parameters ‘conskfile’ and ‘consref.’

Typically the constraints are on the order of 5 kcal/mol/Å on the C↵

atoms of the protein.
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Analysis: Analyzing the trajectory of a flooding simulation using VMD, one

could:

• Identify microscopic interactions between protein and anesthetic, including

hydrogen bonds.

• Visualize the path of entry of ligand into the binding site.

• Estimate a residence time for a site in which the ligand binds and unbinds

several times over the course of the simulation.

• Use VMD plug-in,‘VOLMAP tool’ to create images showing the average

density of the ligand in multiple binding sites (Figure ?? B)

• Visualize the competitive binding between lipid and anesthetic as shown in

Figure ?? (A).

• Identify sites likely to have multiple occupancy.

• Identify other binding sites not recognized by docking software. For in-

stance, intra-subunit sites and multiple occupancy of specific sites were

identified in flooding simulations with Sevoflurane as shown in Figure ??

(A).

Pitfalls: Some of the possible errors while setting up and running simulation

involve:

• Incomplete PSF files being generated after GA is added to the protein, with

overlapping the water molecules.

• Insu�cient minimization or equilibration. Simulations must be run su�-

ciently long for GA molecules to partition into the lipid and access binding

sites in the protein that may be deep.
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Limitations: The high concentrations required can cause aggregation in GAs

with poor solubility (such as propofol). It is also usually not practical to calculate

concentration dependent occupancies because of the high concentrations required;

AFEP methods described subsequently are essential for estimating features of

dose-response.

3.4.2 Docking

Our approach usually limits use of automated docking to the generation of rea-

sonably favorable binding modes in a particular region of a protein, as initial

configurations for significant refinement via MD simulation. Scoring functions

from automated docking are rarely meaningful as absolute values, but relative

scores may be appropriate for suggesting the most favorable binding mode to

use as an initial configuration. Although docking scores are often presented as

binding a�nities in units of kcal/mol, the method of assigning these units rarely

involves an explicit calculation of interaction di↵erences between bound and apo

states. Docking scores cannot meaningfully be used to calculate a KD in its usual

meaning as the ligand concentration at which half the sites are occupied.

Pre-requisites:

• Receptor model and ligand in PDB format

• Particular region of the receptor of interest, such as the pore, a given subunit

interface in the TMD, or the center of a given subunit.

Softwares used:

• Auto-dock Vina (?) is a docking algorithm that predicts a number of pre-

ferred orientations of ligand molecule bound to the protein and ranks them

based on approximate scoring functions.
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• VMD (?) is a software that allows us to visualize and analyze the protein-

anesthetic complex following docking.

Docking setup:

• Initial Coordinates: Starting configurations for docking is a PDB structure

of the protein and the ligand to be docked with, in the PDB format. In the

Figure ?? we have docked sevoflurane and propofol to GABA(A) receptor

system.

• Non-default Parameters: Docking can be performed from command-line

prompt with a configuration file containing the following commands:

– flex: Some side-chains of the channel can be made flexible and this part

of the protein can be saved as a separate ‘.pdbqt’ file, while the rigid

part of the protein would be the argument for the previous command.

Use of this command is to facilitate and focus docking in proximity to

these ‘flex’ residues. The software further rotates these ‘flex’ residues

to predict more number of orientations of the ligand at the docked site.

This parameter is useful when there is prior knowledge regarding the

location of possible binding sites, or specific residues present in the

binding site. To select flexible residues, one can name the chain and

the residue number into the dialogue box from the toolbar as show in

Figure ??B.

– ligand : Input ligand in ‘.pdbqt’ format. Similar to the receptor, the

ligand can be loaded into Autodock tool, in ‘.pdb’ format. Rotatable

bonds/torsions must be set for the ligand molecule using the options

from toolbar. This specifies the flexibility of the molecule; for propofol

all bonds should be left as rigid.

– center and size : Docking is most suitable when a particular region of

the protein has been identified via other means, and this parameter
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can be used to limit the search space. For instance, the site of interest

might be the intersubunit cavity around �N265, a residue which has

been implicated numerous times for propofol ((????). (Figure ??).

Autodock-tools is useful for visualizing the search space over layed

with the protein.

– exhaustiveness: Docking consists of multiple individual runs starting

from random conformations of the protein-ligand complex. The num-

ber of these runs depends on the flexibility of the ligand and the protein

side-chains and can be controlled by this parameter. We use a value

of 15 for this parameter, but also run multiple docking runs with the

same parameters for a specific system.

– nummodes: This parameter specifies the maximum number of binding

poses to be generated. We use a value of 20 with multiple individual

runs.

Pitfalls : Even with the precautions listed above, the ligand may be inherently

unstable in the binding mode for a number of reasons. The two most common

are:

• A ligand binding to an unoccupied binding site displaces solvent, and the

overall stability depends not just on how the ligand interacts with the pro-

tein residues, but how solvent interacts with the protein, and how the ligand

interacts with solvent. Automated docking algorithms do not take into ac-

count the latter in a rigorous way even for aqueous solvent. The situation is

even worse when the site fills with lipid acyl chains in the absence of ligand,

as GA sites on pLGICs often do; in many cases a GA can compete much

more favorably with water than with an acyl chain, and docking programs

will overestimate the favorability of such a binding mode.

As a result, it is not uncommon for GAs to migrate far enough from a
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docked location even in shorter (⇠ 100 ns long) MD simulations that con-

tact residues are entirely di↵erent between the initial and final frame. For

example, AutoDock typically returns a binding mode for sevoflurane that is

particularly far from the extracellular domain (Figure ??), but in MD simu-

lation, sevoflurane reliably migrates to a site much more similar to that for

propofol. Rigorous calculation of a�nities using AFEP identifies the latter

binding mode as much more favorable than the initial docked conformation.

• The docking algorithm usually uses flexible ligands, with an energy asso-

ciated with rotation around bonds. Configurations for Propofol in which

the hydroxyl clashes with the isopropyl group do not actually have unfavor-

able dihedral angles and many docking programs will not identify this clash

as unfavorable, returning a propofol conformation in which the hydroxyl

is overlapping the isopropyl (Figure ??). This can introduce an instability

or rapid unbinding in the MD simulation (Figure ?? (A,B)), depending on

how equilibration is carried out. For this reason, we strongly recommend

removing ligand flexibility when docking with propofol.

3.4.3 Running Molecular Dynamics Simulation

Several of the limitations of automated docking can be overcome by refinement

with unbiased MD simulation, and if possible, it is almost always advisable to

do so before drawing conclusions about microscopic interactions or calculating

binding a�nity.

Pre-requisites:

• Docked protein-anesthetic complex
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Figure 3.2: View of the TM domain, looking down on the membrane

from the extracellular region. Sevoflurane(A) and Propofol(B) docked to the

TMD of GABA(A) receptor. Docking was individually performed at all the inter-

subunit sites and the pore by making few of the protein residues, flexible. For

instance, at the ↵-� site, �MET289 residue side-chain was made flexible while

docking to this interface.
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Flexible PFL docked to GABA(A) receptor. After 270ns equilibration
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Figure 3.3: View of the TM domain, looking down on the membrane

from the extracellular region. MD of PFL-GABA(A) receptor system, im-

ages depict the position of Propofol at initial and final frames of the trajectory.

Unfavorable conformation of Propofol led to expulsion of the ligand in the course

of the simulation.
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Figure 3.4: Screenshot of Autodock tools screen depicting a dialogue

box describing. (A) the measurements of the grid box over the TMD of the

protein and (B) the process of selecting the flexible residues in the protein.

A B

Figure 3.5: Low and high energy conformation of Propofol. Compari-

son between an unfavorable (A) and favorable low energy (B) conformation of

Propofol.
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• Parameters for the anesthetic.

Simulation Setup:

• Initial Coordinates: Starting configurations for the simulation would be

anesthetics docked to binding sites in the protein, generated using docking

software.The protein-anesthetic complex can be used as an input to the

CHARMM-GUI membrane builder website(?) to build the system.

• Non-default Parameters: restartfreq, dcdfreq, xstFreq, outputEnergies and

outputTiming: These parameters denote the number of timesteps between

which each output is generated. By default, the configuration files generated

by CHARMM membrane builder has these parameters set to 125 or 500

timesteps. A frequency of 5000 timesteps is ideal for further analysis unless

a much lower frequency is required.

Analysis: Running the simulation for a considerable about of time (⇡ 200-500ns)

, one has to analyze the dynamics before setting up FEP simulations. Initial

analysis include:

• Checking the stability/mobility of the ligand in the binding site. This can

be done by tracking the location of the center of mass (COM) of the ligand

in the site throughout the trajectory, using tcl scripts in VMD. Dispersion

in the COM is essential to estimate prior to constructing spherical restraints

for the ligand while setting up FEP calculations.

• Visualizing microscopic interaction between ligand and its environment. For

example, on loading the trajectory into VMD, one can make following se-

lections for a ligand with resname PFL:

– “(protein and within 3 of (resname SEV)) or (resname PFL)”. Making

the representation as H-Bonds would allow us to view the hydrogen

bonds formed between protein and the ligand (Figure ??).
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– “(protein or lipid or water) and same residue as within 4 of (resname

PFL)”. This selection would let us see the interactions among the

protein residues, water, lipids and the anesthetic, in the binding site.

Analyzing these interactions may provide insight into the a�nity (ob-

tained through AFEP) of the anesthetic to a specific site, as in (?).

• Identifying higher a�nity sites, compared to the sites identified through

docking. In the case of sevoflurane docked to a GABA(A) receptor, the low

specificity and smaller size of the anesthetic results in greater mobility in

the binding site, thus allowing it to explore/move to higher a�nity sites as

shown in Figure ??.

• Ensure the bound anesthetic is in its favorable/low-energy conformation.

In case of docked to GABA(A) system, docking with an unfavorable confor-

mation of propofol (Figure ??) led to immediate expulsion of the molecule

as the simulation began. This is described by depicting few snap-shots from

the simulation in Figure ??, and this issue can be overcome by removing

propofol flexibility during the docking process.

Pitfalls: Some of the common pitfalls encountered during setting up a simu-

lation are:

• Not adding necessary disulphide bonds while setting up the system in

CHARMM-GUI.

• Inaccurate protonation states of amino acids at pH 7.

• Not confirming the proper alignment of the protein in the lipid membrane.

• Mismatch in names of the GA atoms in the pdb file and topology file.

• Ligand should have a separate chain name di↵erent from the rest of the

protein, to be recognized as HETATM by CHARMM-GUI.
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Figure 3.6: Side view of the sevoflurane in the �-↵ interface of the

GABA(A) receptor system. Two images depicting the docked (A) and equili-

brated conformation (B) of the system. Equilibration of the docked conformation

allows Sevoflurane to re-orient itself at a higher a�nity site.

Limitations: Inability to witness lipid mixing or domain formation around the

receptor in a mixed membrane. This would require extensively long simulations

or can be achieved thorough coarse-graining simulations.

3.5 Calculation of Binding A�nities

Following the identification of a stable binding mode for the anesthetic, the bind-

ing a�nity can be rigorously calculated using a theoretically exact simulation

technique called Alchemical Free Energy Perturbation (AFEP) that relies on the
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A B
Before Equilibration After 1.5µs

Figure 3.7: Cross-sectional view of the Sevoflurane flooded GABA(A)

receptor system with the TMD aligned along POPC lipid mem-

brane(colored by name) and placed in a box of explicit water (molecules

not shown, represented as a blue box). (A) Initial frame with Sevoflu-

rane(colored by name) flooded in the water; After 1.5µs Sevoflurane completely

localizes in the lipid membrane with some binding the inter and intra-subunit

sites(red and orange) in the TMD.
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After 1.5µs equilibration Average sevoflurane density

Figure 3.8: View from the extracellular domain, of a Sevoflurane flooded

GABA(A) receptor system. (A) Final frame from the flooding simulation

showing sevoflurane occupying the inter, intra and pore sites(Red, orange) over-

laid with sevoflurane(yellow) docked using Auto-dock; Flooding simulation also

identified lipid (colored by name) interference in � intra-subunit site and and

↵-�, ↵-� intersubunit sites. (B) Image created using VMD plugin, VOL-MAP

tool, to depict the density isosurface (orange) averaged over the last 700 ns of

the simulation; large mesh represent occupation over majority of the trajecotory,

whereas a few smaller mesh represents occupation for lesser time.
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P233-M1 helix
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β α

Figure 3.9: Propofol bound to an intersubunit site. Depiction of Propofol

interacting with water and protein side-chains at the ��-↵+ intersubunit site, in

a snapshot from a MD simulation.

Equilibrated_Protein+GA.pdb/psf 
.dcd

• Protein+GA.pdb/psf 
• .xsc 
• .fep 
• Backbone_Restraint.pdb 
• Flat Bottom restraint details.

.conf file with all FEP 
variables defined

Equilibration + FEP calculations 
for all λ

.fepout

Calculate Binding 
affinity value

Perform Similar calculations for all 
sites. Rank sites based on affinity

VMD NAMD2

Figure 3.10: Flowchart for FEP. Flowchart describing the sequential steps

involved in calculating binding a�nity of anesthetics
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equation introduced by Zwanzig(?) for calculating the di↵erence in Helmholtz

free energy between two states, X and Y:

�AX! Y = �RT ln
⌦
e�(HY (r)�HX(r))/RT

↵
X

(3.1)

where R is the gas constant, T is temperature, H(r) is the Hamiltonian for state

X or state Y . In a binding free energy application, X would represent the bound

state, Y would represent the apo state, and �AX! Y ⇠ �GX! Y because ligand

binding will not significantly change the system volume. In practice (??) for

convergence purposes this is carried out by summing over a series of windows in

which the interaction between the ligand and all other atoms of its environment

are gradually decreased to zero:

H�i
= H

env

+H
lig

+ (1� �i)Henv�lig

, (3.2)

where � = 0 is equivalent to the bound state X, � = 1 is the unbound state Y,

0 <= �i < 1 for all i and �i < �i+1

. The free energy change for “decoupling” the

ligand from its environment is

�G
env

= �RT
X

i

ln
D
e�(H�i+1

(r)�H�i
(r))/RT

E

�i

= �RT
X

i

ln
⌦
e�(�i��i+1)Henv�lig/RT

↵
�i
.

(3.3)

Treating the coupled ligand as the bound state requires that the fully coupled

ensemble (at � = 0) includes no states with ligand outside the binding site. This

assumption can breakdown for moderate a�nity ligands like GAs, but can be

resolved by making the requirement of localization to the binding site explicit,

via a restraint potential on the ligand center of mass.

A flat-well potential that vanishes within the binding site but is very high

outside the binding site accomplishes this with minimal need for correction, and

also alleviates convergence problems for windows close to � = 1 (fully decoupled).

The standard binding a�nity is

�G0 = �G
site

��G
solv

� kBT ln(Vsite/V
0) (3.4)
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where �Gsite is free energy of decoupling from environment of the protein

binding site,�Gbulk is the free energy of decoupling ligand from bulk solvent(solvation

free energy), Vsite is the volume accessible to the center of mass of the bound lig-

and (as specified by Eq. ??), and V 0 = 1661Å3 is the accessible volume per

molecule in a 1M solution. Although this method is theoretically exact and all

degrees of freedom are considered automatically by the method, the success and

inherent challenge of the technique relies on obtaining reasonable convergence of

each average in Equation ??.

Pre-requisites:

• Starting configuration from MD simulation.

• PDB files indicating the atoms/ligands to be unbound/decoupled.

• Restraint files indicating the type of restraints to be applied to the move-

ment of the ligand during the simulation.

• Solvation free energy of the anesthetic. This involves, decoupling the ligand

from bulk solvent in the absence of protein. This is required to calculate

the free energy cost of moving the ligand from bulk solvent to a binding site

in the protein.

Simulation Setup :

• Initial coordinates: Starting coordinates should be taken from the output of

a fully interacting equilibrium MD simulation, as described in the previous

section.

• Non-default parameters:
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– alchEquilSteps : the number of steps at the beginning of each alchem-

ical window that is excluded in the cumulative average used to calcu-

late ��Gi ⌘ �RT ln
⌦
e�(�i��i+1)Henv�lig/RT

↵
�i

for window i, to allow

the system to adjust to the new value of �. We typically use values of

25000 to 50000 steps to balance the need for equilibration time with

need for actual samples. It a↵ects on-the-fly analysis but not the actual

trajectory, and di↵erent values can be used in post-processing.

– alchElecLambdaStart : the value of � for which the electrostatics

should be entirely switched o↵, through the soft-core potential nec-

essary for FEP calculations. We use the value of 0.5 recommended by

the NAMD User‘s guide (?).

– alchVdwLambdaEnd : the value of � for which the Van der Waals inter-

action should be entirely switched o↵, through the soft-core potential

necessary for FEP calculations. We use the value of 1.0 recommended

by the NAMD User‘s guide (?).

– alchDecouple : This parameter specifies whether either intermolecular

interactions of the anesthetic are turned ‘o↵’ (decoupling) or both inter

and intra-molecular interactions are turned ‘o↵’ (annihilation). By

default this parameter is set to ‘o↵’ which chooses the annihilation

option. We use the decoupling method, i.e, set the parameter ‘on’ as

the intramolecular annihilation free energies simply get canceled when

the solvation free energy is subtracted.

– alchLambda/alchLambda2 : Every configuration file would have dif-

ferent values for �, denoting the progress of the perturbation. We

typically use windows with �i+1

� �i = 0.05 for � between 0 and 0.8

and �i+1

� �i = 0.025 for � between 0.8 and 1.0. These values can be

modified during re-runs to improve sampling.
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• Additional files:

– Restraint file: We use flat-bottom spherical restraints for the inter and

intrasubunit sites with the following potential:

Urest(~rCOM) =

8
>><

>>:

k(~rCOM�R)

2

2

, |~r
0

� rCOM | > R

0, |~r
0

� rCOM | <= R

(3.5)

where ~rCOM is the ligand center of mass, ~r
0

= h~rCOMi in the fully cou-

pled and bound state, and R = max(|~r
0

� rCOM |) in the fully coupled

and bound state. Both ~r
0

and R can be determined from Equilibrium

MD simulations, and determine the value Vsite = 4/3⇡R3.

Typical values of k are 5 kcal/mol/Å. For pore sites we adjust Equa-

tion ?? to represent a cylindrical site by applying separate potentials

on the vertical and radial coordinates. In NAMD, these restraints

can be implemented using tclForces or the collective variables module,

both of which require an additional file. For simple geometries, using

tclForces tends to be computationally faster and is implemented using

the parameter ‘tclForces’ in the configuration file.

– FEP file : PDB file used to denote the atoms that are to be decoupled.

Can be generated using VMD, where the ‘beta’ column in the PDB

file can be flagged with number ‘-1.00’ for outgoing atoms and ‘1.00’

for incoming atoms.

Analysis:

• Multiple FEP runs with same or di↵erent starting configurations can be

performed to check the consistency of the results.

• Performing a recoupling run(ligand-unbound state to bound state) followed

by decoupling and combining the results using BAR or SOS estimator to

obtain more accurate binding energy value.
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• Understanding the a�nity values obtained. The standard free energy of

binding is related to the dissociation constant KD via,

�G0 = RT lnKD (3.6)

Any KD value that is smaller (stronger) than the EC
50

of a GA indicates

the site may be essential to action of the GA. Previously we used measured

KD for isoflurane in the GLIC pore to argue that inhibition by isoflurane

likely occurred via pore block rather than an allosteric mechanism;(?) al-

though there is still no available crystal structure for isoflurane bound to

GLIC, crystal structures released several years later confirmed pore block as

the dominant mechanism for a homologous prokaryotic channel, ELIC(?).

Similarly, we were able to rank KD for propofol interacting with GABAAr

subunit interfaces, with sites containing ↵ and � subunits havingKD <EC
50

but sites with � subunits having KD > EC
50

, consistent with results using

photolabeling with azipropofol and a click agent in neurons. Correlating

these results with observations of interactions from Equilibrium MD ex-

plained the surprising result that propofol had a particularly low a�nity

for the site with the most polar residues, due to competition with water.(?)

Pitfalls:

• Insu�cient sampling to properly calculate the necessary averages is a pri-

mary pitfall (?); it can be assessed by examining ��G per window by

plotting the last column of the ‘.fepout’ output file from the FEP simu-

lation (Figure ??). Converged windows will flatten out by the end of the

window, while abrupt changes indicate a need for:

– Extending the calculation for that window.

– Further dividing �� into multiple separate windows.
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Figure 3.11: ��Gi variations. Sample data set for ��Gi variations per win-

dow.Curves that plateau (as at � = 0.825 to 0.85) indicate convergence, while

curves that still change rapidly by the end of the window (as at � = 0.20 to

0.25) indicate a need for extending the calculation for that window or dividing

the window into two.
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– Removing some of the early values from the average (equivalent to

increasing alchEquilSteps)

• Insu�cient total simulation time to su�ciently equilibrate decoupled states.

One way to assess this is tracking the rehydration of the binding site fol-

lowing the decoupling of the ligand, by comparing the number of solvent

molecules with a hydrated site in an apo simulation. Increasing the overall

simulation time is necessary if the site does not become fully solvated, and

usually adding this time to later, mostly decoupled windows works best.

• Neglecting the analytical correction for the standard state in Equation ??.

• Applying restraints with inaccurate values for R or ~r
0

. Analyzing unbi-

ased MD simulations of the protein-ligand complex for each potential site

is critical for doing this properly.

• Beginning AFEP using a configuration generated by docking without per-

forming su�cient equilibration. In the case of Sevoflurane docked to a lower

site in the TMD (Figure ?? A), FEP run resulted in an a�nity in the 0.1

M range, while AFEP runs with well equilibrated conformations (Figure ??

B) yielded a�nities in the 20-200mM range, on the order of EC
50

.

3.6 Summary

We have presented a step-by-step approach to identifying candidate binding sites

and quantifying and ranking a�nities of volatile and injected general anesthetics

with pentameric ligand-gated ion channels. While automated docking calcula-

tions do have limited usefulness, the realistic parameterization and explicit water

and lipids used in Molecular Dynamics simulation is particularly important for

characterizing interactions of GAs with binding sites in pLGICs. For identifying

multiple candidate sites, flooding simulations provide a useful balance between
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classical simulation that is straightforward to interpret and conceptualize in anal-

ogy with experiments, while still maintaining a realistic environment and set of

interactions. Alchemical free energy perturbation calculations can provide high

accuracy estimates for a�nities if carried out carefully, but require skill and care-

ful attention to convergence.
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Chapter 4

Relative a�nities of general anesthetics for

pseudo-symmetric intersubunit binding sites of

heteromeric GABA(A) receptors

4.1 Abstract

GABA(A), a pentameric ligand gated ion channel is critical for regulating neu-

ronal excitability. These inhibitory receptors, gated by �-amino butyric acid

(GABA), can be potentiated and also directly activated by intravenous and in-

halational anesthetics. Although this receptor is a widely-studied target for gen-

eral anesthetics, the mechanism of receptor modulation remains unclear. These

receptors are predominantly found in 2↵: 2�:1� stoichiometry, with four unique

inter-subunit interfaces. Here we use thermodynamically rigorous free energy

perturbation (AFEP) techniques and Molecular Dynamics simulations to rank

the di↵erent intersubunit sites by a�nity. AFEP calculations predicted selective

propofol binding to interfacial sites, with higher a�nities for ↵� - �↵ and �� - ↵�,

� - ��, and is equivalent to propofol EC50. Propofol is predicted to have 10-fold

lower a�nity at the other identical site, �↵ - ↵�.The simulations revealed the key

interactions leading to propofol selective binding within GABAA receptor subunit

interfaces, with stable hydrogen bonds observed between propofol and � subunit

at ↵� - �↵ and � - �� sites. Varying number of water molecules flooding the

site along with multiple hydrogen bonding partners, causes some di↵erences in

a�nities among the two identical sites, �↵ - ↵� and , �� - ↵�. Propofol competed

with water and lipid molecules for hydrogen bonding in the more amphiphilic and
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less tight binding site, ↵�- � due to the lack of bulky residues at 15’M3-↵ and

15’M1-� thus resulting in a lower a�nity.

Weaker a�nities were measured for sevoflurane, consistent with its greater

EC50. ’Flooding’ molecular dynamics simulations identified stable binding modes

in the accessible � - ��, ↵� - �↵ and �↵ - ↵�sites. Consistent with recent photo-

labelling studies, simulations reveal that sevoflurane is highly mobile in the site,

interacting with multiple hydrogen bonding partners, and the flooding simulation

also reveals a site with multiple occupancy.

4.2 Introduction

General Anesthetics are small molecules that induce immobilization, unconscious-

ness and amnesia by depressing neuronal signaling (?). During general anesthe-

sia, myriad of events alter cognition , sensation and causes unconsciousness. This

complicated process has made it di�cult to reach consensus on defining what an

anesthetized state is. Anesthetics, initially thought to bind only to the lipid mem-

brane (Meyer 1899, Overton 1901), later, based on x-ray and neutron di↵raction

studies, were also found to bind to proteins (?). Multiple studies have shown that

anesthetics have multiple sites of action in the ion channel and its mechanism de-

pends on the cell type of the target and the concentration applied to the target

(???). Following this , experimental approaches were used to identify molecular

targets for anesthetics at ligand-gated ion channels, especially, GABA
A

R, major

inhibitory anion channel, was considered as one of the important targets (??).

The �-amino butyric acid type A (GABA
A

R) receptor is an ionotropic re-

ceptor critical for inhibitory signaling in the central nervous system. GABA
A

Rs

exists as heteropentamers, predominantly in the 2↵:2�:1� stoichiometry (???).

Each subunit consists of 4 helices (M1-M4) in the transmembrane domain, with

M2 lining the pore and M4 facing the lipid membrane. Numerous molecules with
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sedative, anxiolytic, and anesthetic properties are positive modulators or ago-

nists of the GABAA receptor, including neurosteroids (?), benzodiazepines (??)

and inhalational anesthetics such as sevoflurane (???) and intravenous general

anesthetics (??)like propofol (?).

Propofol has been a predominantly used general anesthetic since its discovery

in 1980. Propofol has been shown to potentiate GABA
A

R (?) and even directly

activate the channel at higher concentrations (??). With the lack of anesthetic

bound crystal structure of GABA
A

R, identifying binding sites has been mainly

through indirect means of mutagenesis and photolabelling. While certain studies

have suggested sites involving ↵ or � subunit, extensive site-directed mutagenesis

and photo-labelling indicates a compulsory presence of � subunits in the binding

sites (??????). With the surge of e�cient photo-analogs developed in the recent

times for multiple anesthetics that target GABA
A

R, studies have been able to

find relative a�nities for specific binding sites (?). This study further indicates

the presence of atleast 4 distinct binding sites (�
+

-↵
-

; ↵
+

/�
+

- �
-

) for propofol

with varying a�nities.

Among the inhaled anesthetics, isoflurane was the first anesthetic shown to en-

hance GABA induced currents(?), following which most volatile anesthetics have

been shown to positively modulate GABA
A

R at a concentration(⇡ 300µM) much

lower than that of intravenous anesthetics(?). Mutagenesis and electrophysiology

studies have identified ↵ subunit to be more significant for potentiation by sevoflu-

rane than � subunit(?). Mutagenesis studies usually su↵ers the disadvantage of

misinterpreting the results from allosteric conformational change and developing

a photoa�nity analogue closely resembling the parent compound has been very

challenging. Computational approaches can complement the experimental data,

and can be useful in analyzing protein-ligand interactions. Although docking has

been used to approximate the location of the binding site, the docking algorithm

does not account for desolvation, rotational and translational entropy of the bound
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Figure 4.1: View of the TMD of GABAAR from the ECD GABA
A

R is

colored by subunit (A) Propofol binding site residues identified through pho-

tolabelling using AziPM are shown in orange; o-PD are shown in Gray and

residues identified through mutagenesis are shown in red; (B) View of the TMD

of GABA
A

R from the ECD; Starting conformation of propofol in the intersubunit

sites are shown in licorice form; (C) Cross-section view of the channel showing

the starting conformation of PFL bound to TMD of GABA
A

R.

ligand and the protein dynamics(?). In contrast, MD simulations involve simu-

lating the anesthetic-bound receptor along with the lipid membrane and explicit

water, allowing the ligand to explore the binding site. A recent study involved

using a novel photoa�nity analog of Propofol, showed selectivity to sites, �
+

-↵
-

or ↵
+

- �
-

and this was further substantiated using MD simulations to identify key

interactions mediating the binding of the ligand and obtain KD values explaining

the a�nity di↵erences between ↵/� sites and sites involving � subunits.
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Figure 4.2: Flooding simulation of GABAAR with sevoflurane. (A)

GABA
A

R system flooded with sevoflurane in the water box. (B) GABA
A

R

system after the sevoflurane partitions into the lipid membrane;(C) fraction of

sevoflurane molecules in each phase; (D) Di↵erent intersubunit sites viewed from

the TMD, depicting the binding sites and orientation of sevoflurane identified

through flooding simulation(red) and standard MD simulation(yellow);(E) View

of the TMD of GABA
A

R from the ECD at the final frame of the flooding sim-

ulation, displaying the sevoflurane molecules bound to the TMD of the channel;

(Red) VDW representations are Sevoflurane molecules that are bound to the

inter-subunit sites; (yellow) are molecules that are bound to the � intra-subunit

sites; (orange) are molecules are that are found in the periphery of the TMD and

the pore; (cyan) VDW representation of lipid molecules that penetrate � intra-

subunit sites and one of the inter subunit site (↵
+

- �
-

); (F) Number of water(red)

molecules, lipid(blue) and Sevoflurane(cyan) atoms that enter intersubunit cavity

in the course of the simulation.
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highest number of hydrogen bonds.
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between binding site a�nity and average no. of water or lipid atoms in the specific

sites in propofol bound receptor system.(C) A, five propofol molecules (colored

surfaces) docked in the GABA
A

R receptor subunit interfaces ( �↵ - ↵� and �� -

↵� ( 2 sites)) are as follows: cyan, ↵� - �↵; violet, ↵� - �; orange, � - ��; yellow.
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4.3 Results

Persistent interactions observed between anesthetics and residues from

photolabeling

Photolabeling experiments have developed multiple photo-analogs for many gen-

eral anesthetics, in particular, GABA
A

R receptor in this study, was modelled

based on the GluCl crystal structure(4RHW) with the ivermectin bound, a pos-

itive modulator to the M2-15’ in the channel (?). This confirms the presence of

5 distinct binding clefts at inter-subunit sites in the TMD region. Furthermore,

multiple residues have been photolabelled in this region with photo analogs of

etomidate, barbiturate , propofol etc. The GABA
A

R receptor homolog model is

arranged clockwise with two ↵1, two �3, and one �2 subunit arranged �↵�↵�

counterclockwise. This creates 5 intersubunit sites, �� - ↵�, ↵� - �↵, �↵ - ↵�, ↵�

- �, � - �� (Figure ?? B). Site ↵� - �↵ has residues identified as being part of the

binding site through various experimental techniques. One of the residues iden-

tified through experimental studies, in this site is the (15’M1)�M227. Propofol

inhibitable photolabelling of the residue �M227 with AziPm was evident in ↵1�3

receptors(?). MD simulations also revealed the residue �H267, that was photola-

belled using propofol analog o-PD (?), occasionally facing the propofol in this site

(?? C). Sites �� - ↵� and �↵ - ↵� are two identical interfaces among the five inter-

subunit sites. Most of the residues identified experimentally are found in this

interface. The 15’M2 �N265, a residue that has seldom been photolabelled, has

been shown to weaken propofol e↵ects, when mutated to methionine(?)(?) and

is seen to form hydrogen bond with propofol during our MD run. Remaining but

reduced propofol e↵ects despite the N265M mutation, further indicates presence

of other binding sites for propofoll(?). The residues M3 �M286 and M1↵M236

identified through photolabelling(?), forms the lipid facing residues, while also
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being in close proximity to the bound Propofol in our simulations. Various mu-

tations to the residue M286 has revealed that when mutated to �
2

-M286W, this

reduces the binding site volume and thus does not allow potentiation of GABA
A

R

by propofol((?)). Mutation and SCAMP studies further provide definite evidence

of the presence of ↵M236 in this binding site (?). In accordance with these results,

through the course of the MD simulations, we see that propofol slides between

two regions in the site, one being near � M286-N265 region and other being near

↵-M236. This behavior is evident in both the �� - ↵� , �↵ - ↵� sites. Although a

recent experimental study has indicated that the two identical sites di↵erentially

a↵ect modulation by etomidate and not propofol (?), the a�nity of propofol,

calculated for the two sites, in this study, are certainly di↵erent. This behavior

in addition to the di↵erence in number of water flooding these sites could explain

the dissimilarity in the behavior of propofol in this site (Figure ?? B,D).

A recent work of involving photolabelling protection experiments (ABPP) of

propofol along with our simulations, revealed the high a�nity sites as the ones

involving ↵ and � subunits(?). Despite the comparatively polar interface of � - ��,

this site has the same �
-

side as the highest a�nity site ↵� - �↵, with the propofol

consistently hydrogen bonding with �L223. But the weak hydrogen bonding and

low a�nity reported in the previous study(?) could stem from the fact the bound

propofol in the site did not have a low energy conformation (?). With low energy

propofol configuration, our current FEP calculation, suggests that the � - �� has

an a�nity for propofol that is equivalent to the highest a�nity site.Although no

residues on � has been reported to be present in the binding site, the residue

�M227 is part of this interface as well (Figure ?? A).

↵� - � is the only site that does not have any propofol binding site residues

identified experimentally. In accordance with this, our FEP simulations also

identifies this site to have a comparatively lower a�nity. MD simulations further

reveal an increased amount of lipid interference as compared to other sites. Lack
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of a bulky Methionine residue at the 4’ location, unlike the other sites, could

provide more room for lipid penetration (Figure ?? E).

Flooding with sevoflurane suggests multiple occupancy for some sites,

as well as exchange with lipid.

As shown in Figure ??(E), we observe sevoflurane flooded in the system to oc-

cupy three of the five intersubunit sites, � - ��, ↵� - �↵, �↵ - ↵�. Specifically

in site, ↵� - �↵, we see two sevoflurane bind the site (??(E)), with one of the

sevoflurane molecule, entering from the pore, while the other entering from the

lipid membrane. Sevoflurane being a small-molecule anesthetic, with higher sol-

ubility in water is well suited for a flooding simulation. In ⇡ 300 ns we see that

almost all of the sevoflurane molecules partition into the lipid membrane, leaving

the aqueous environment as shown in Figure (?? A,B, C) . Following this we ob-

served sevoflurane to bind inter-, intra-subunit and pore sites (Figure ?? E). All

the intersubunit sites identified were in the upper TMD , closer to ECD, similar

to sites identified through standard MD simulations . The di↵erent inter-subunit

sites were occupied by water , lipids or sevoflurane molecules as described in the

Figure (?? F). As evident in Figure (?? F) , sevoflurane temporarily occupies �

- �� at ⇡ 200ns , for ⇡150ns before re-entering the site at ⇡ 600ns. We see ↵� -

�↵ site gets occupied at ⇡ 600ns as well. While the � - �� site appears to have

about 5-8 molecules of water until occupied by sevoflurane , the ↵� - �↵ has only

about 2-5 molecules of water indicating the more hydrophobic nature of the site.

Subsequently, another sevoflurane molecule enters the ↵� - �↵ site at ⇡1µs thus

revealing a possibility of multiple occupancy at this site. The �↵ - ↵� was the last

to get filled in the course of the simulation at ⇡1.3µs. Sites �� - ↵� and ↵� - �

remained unoccupied in the course of 2µs simulation and is instead occupied by

lipids and water molecules thus prohibiting sevoflurane from binding(Figure ??

E,F) . All the Sevoflurane molecules bind the inter-subunit sites by entering the
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lipid membrane except the site ↵
+

- �
-

in proximity to the pore, which is bound

by a sevoflurane initially present in the pore. This pathway gives us a clear indi-

cation of how a ligand entering the pore could end up occupying an inter-subunit

site, instead of blocking the pore (?).

Spontaneous binding is observed for intrasubunit, pore, sites from

flooding.

As shown in Figure (?? E) � subunit is the only subunit that favored intra-subunit

sevoflurane binding , at a height similar to that of the inter-subunit sites. While

the site between the M1 and M4 helix is occupied by sevoflurane, a lipid tail is seen

to penetrate the subunit between the M3 and M4 helix. This interactions occur at

identical spots in both the � subunits. We see three Sevoflurane molecules enter

the pore one after the other through the ECD. While two sevoflurane molecules

remain very mobile within the upper-TMD of the channel, a third Sevoflurane

entering the site leads to it being forced to enter a intersubunit site. In the course

of the simulation, one of the sevoflurane molecule enters the inter-subunit site ↵
+

- �
-

site from the pore thus revealing another binding site at this cavity.

Propofol but not sevoflurane persistently hydrogen-bonds with back-

bone.

As shown in Figure ?? (A,B) , Propofol forms Hydrogen bonds with the backbone

carbonyl oxygen in each of the interface, more persistently (⇡80-90%) in sites with

Propofol facing �
-

and � subunit than ↵
-

. In comparison, Sevoflurane, a less potent

anesthetic, forms hydrogen bonds transiently (⇡30%) than propofol, with having

strongest interaction at � - �� �� - ↵� (Figure ?? (C,D) . Due to the presence of

a conserved proline residue at the 13‘ position on all M1 transmembrane helix, a

break in the helix is formed at 16‘ position, thus causing the carbonyl oxygen to

be available for hydrogen-bonding with the ligand. This behavior is also observed
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in crystal structures of GluCL and GABA �
3

homopentamer.

As illustrated in Figure ?? (B) at the interfaces, � - ��, ↵� - �↵ and ↵� - �,

the propofol interacts solely with the backbone carbonyl oxygen of �L223, �I238

respectively. In the two identical �↵ - ↵� and �� - ↵� sites, propofol behaves

di↵erently, with forming highly transient hydrogen bonds with ↵L228 in �� -

↵� and weak hydrogen bonds with multiple residue such as ,�N265, �N262, and

↵L228 in �↵ - ↵�.

Figure ??(D), sevoflurane forms most consistent hydrogen bond at the � -

�� site, with residues �L223 and �301.At the ↵� - �, sevoflurane shows strong

interaction with ↵S270 and weak interactions with the gamma interface, Q238,

I239. In the �� - ↵� site, sevoflurane interacts with the residue homologous

to ↵S270, �N265, more consistently than �↵ - ↵�. Sevoflurane form weakest

interactions at the ↵� - �↵ site with the �L223. The general presence of multiple

hydrogen-bonding partners makes the Sevoflurane very mobile in the site.

Propofol but not sevoflurane shows site specificity.

We identified �
+

-↵
-

and ↵
+

- �
-

to have the highest a�nity followed by �
-

- �
+

and ↵
+

- �
-

as tabulated in Figure (??). The number of water/lipid molecules

that bind the site after the unbinding of Propofol reaching the average number

of water/lipid occupying the site, indicates the convergence of the free energy

calculation (Figure (?? A, B , C)). The two identical �
+

-↵
-

having weak and

multiple hydrogen-bonding residues , in addition to di↵erent number of water

molecules could lead to propofol behaving di↵erently in the sites.

Di↵erences in a�nities across sites for Propofol tend to reflect distinct

interactions of the sites with lipid or water rather than anesthetics.

Figure ?? (A) helps us understand how these inter-subunit sites di↵er based on

the number of water/lipid atoms occupying the sites. In the apo receptor, the
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Figure 4.6: Trajectory of propofol at subunit interface. Individual sub-

unit interface, with view from ECD(top) and view along TMD(below); Licorice

residues colored by subunit are the residues identified through previous exper-

imental studies; Blue dots represent the center of mass of propofol throughout

the simulation(A) � - ��,(B) �� - ↵�,(C) ↵� - �↵, (D) �↵ - ↵�, (E) ↵� - �; (E)

No residues have been reported in this site; Residues in licorice form are residues

homologous to other sites.

sites containing ↵ and � subunits have similar number of water molecules. � -

�� site has slightly more number of water molecules compared to the other sites

due to the additional polar residue in site as shown in our previous study (?).

Simulations reveal some water molecules being replaced due lipid binding in site

↵� - �. In order for an Anesthetic to bind the intersubunit sites, it would have

to replace the water/lipid residues in site. Therefore the a�nity of particular

site would depend on the number of water/lipid residues removed or existing in

that site following the binding of propofol. Figure ?? (B), shows the correlation

between the a�nity and the number of water/lipid atoms existing in site. We

see the a�nity increases with ability of propofol being able replace all the water

molecules in site.
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4.4 Conclusion

Propofol bound to the di↵erent intersubunit sites show persistent interactions

with the backbone carbonyl oxygen on M1 helix in interface containing �
-

or �
-

subunit. Despite Propofol showing very transient hydrogen bonding at the �� -

↵� interface, this site has a higher a�nity due to ability of propofol to displace

water/lipid molecules originally occupying the site in Apo receptor. In a similar

trend sites, Propofol shows a higher a�nity for sites ↵� - �↵, � - �� and �� -

↵�. With comparatively higher amount of water/lipid molecules in the presence

propofol makes these sites have weaker a�nity for propofol. For sevoflurane,

flooding simulations reveal various inter and intra-subunit sites. Sevoflurane was

observed to bind both the � intrasubunit , � - ��, �↵ - ↵� and ↵� - �↵ intersubunit

sites, with multiple occupancy in ↵� - �↵ site. FEP simulations showed that

sevoflurane showed no specificity to any particular site with a�nity values for all

sites below its EC
50
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.1 Appendix A: Role of the Fourth Transmembrane a He-

lix in the Allosteric Modulation of Pentameric Ligand-

Gated Ion Channels

This chapter involves experimental work conducted by experimentalists in Univer-

sity of Ottawa. The results were validated by us using computational techniques

and analysis were performed using tcl and python scripts.
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SUMMARY

The gating of pentameric ligand-gated ion channels
is sensitive to a variety of allosteric modulators that
act on structures peripheral to those involved in
the allosteric pathway leading from the agonist site
to the channel gate. One such structure, the lipid-
exposed transmembrane a helix, M4, is the target
of lipids, neurosteroids, and disease-causing muta-
tions. Here we show that M4 interactions with the
adjacent transmembrane a helices, M1 and M3,
modulate pLGIC function. Enhanced M4 interac-
tions promote channel function while ineffective in-
teractions reduce channel function. The interface
chemistry governs the intrinsic strength of M4-M1/
M3 inter-helical interactions, both influencing chan-
nel gating and imparting distinct susceptibilities to
the potentiating effects of a lipid-facing M4 congen-
ital myasthenic syndrome mutation. Through aro-
matic substitutions, functional studies, andmolecular
dynamics simulations, we elucidate a mechanism by
which M4 modulates channel function.

INTRODUCTION

Pentameric ligand-gated ion channels (pLGICs), such as the
nicotinic acetylcholine receptor (nAChR), respond to neurotrans-
mitter binding by transiently opening either cation- or anion-se-
lective channels across the post-synaptic membrane. The sites
for agonist binding are located at the interfaces between sub-
units in the extracellular domain (ECD), which extends away
from the membrane surface into the synaptic cleft (Figure 1) (Un-
win, 2005). Agonist binding induces rigid body motions, which
are translated into transient movements of the pore lining M2
a helices of the transmembrane domain (TMD) by a series of
loops at the ECD/TMD interface (Althoff et al., 2014; Sauguet
et al., 2014; Unwin and Fujiyoshi, 2012). Considerable attention
has focused on elucidating the gating movements of these inter-
facial loops, which form the primary allosteric path leading from

the agonist site to the channel gate (Grutter et al., 2005; Jha et al.,
2007; Lee and Sine, 2005; Lummis et al., 2005). In contrast,
structures not directly involved in the primary allosteric path
have received less attention, even though a number of allosteric
modulators influence gating via these auxiliary sites (Figure 1A).
The fourth transmembrane a helix, M4, is located on the

periphery of the TMD and is the target of both lipids and neuro-
steroids (Baenziger et al., 2015; Barrantes, 2003, 2015; Henault
et al., 2015; Hosie et al., 2006; Paradiso et al., 2001). Lipid-facing
mutations in M4 of the muscle-type nAChR influence channel
gating, with at least one leading to a congenital myasthenic
syndrome (CMS) (Bouzat et al., 1998; Lasalde et al., 1996; Lee
et al., 1994; Li et al., 1992; Shen et al., 2006; Tamamizu et al.,
2000). M4 extends beyond the bilayer to interact directly with
the b6-b7 loop (often referred to as the Cys-loop), a key structure
at the ECD/TMD interface that participates in channel gating.
One model proposes that interactions between M4 and the
adjacent a helices, M1 and M3, are dynamic, in that effective
M4-M1/M3 interactions lead to M4/Cys-loop contacts that
promote channel function, while ineffective M4-M1/M3 interac-
tions abolish M4/Cys-loop connections to reduce channel
function (daCosta and Baenziger, 2009; daCosta et al., 2013).
In this context, it is intriguing to note that of the four transmem-
brane a helices, M1–M4, M4 exhibits the greatest sequence
variability among the various Torpedo and human nAChR sub-
units. This variability should lead to subunit-specific interactions
at the interface between M4 and M1/M3, resulting in variable
interaction energies. If strong M4-M1/M3 interactions promote
coupling between the agonist site and channel gate, then vari-
able M4-M1/M3 interaction energies should lead to variable
coupling efficiencies. nAChR subunits with weak M4-M1/M3 in-
teractions should also be more sensitive to allosteric modulators
that act on M4.
The two structurally well-characterized prokaryotic pLGICs,

GLIC and ELIC (Figure 1) (Bocquet et al., 2009; Hilf and Dutzler,
2008, 2009; Pan et al., 2012; Sauguet et al., 2013), are excellent
models for probing the role of M4 in pLGIC function, as both
share a similar tertiary/quaternary fold yet have distinct M4
conformations. In GLIC, M4 interacts tightly with M1/M3 along
its entire length. In ELIC, the C-terminal half of M4 tilts away
from M1/M3 with the final five residues unresolved in the crys-
tal structure. Aromatic interactions are key determinants that
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energetically drive the binding of M4 to M1/M3 during folding of
the homologous glycine receptor (Haeger et al., 2010). GLIC ex-
hibits an extensive network of interacting aromatic residues at
the M4-M1/M3 interface, including a cluster of three aromatic
residues that may be essential for linking the C terminus of M4
to both M1/M3 and the b6-b7 loop (see Figures 1B and 3).
Intriguingly, this C-terminal M4 aromatic cluster is absent in
ELIC. Through aromatic substitutions, functional studies, and
molecular dynamics simulations, we examine here the effects
of aromatic residues at the M4-M1/M3 interface on the confor-
mation of M4, and how the resulting changes in conformation
influence channel function. We also examine whether TMDmod-
ulators influence pLGIC function by modulating M4-M1/M3
interactions.

RESULTS

Aromatic Residues Promote M4-M1/M3 Interactions
GLIC exhibits nine aromatic residues at the M4-M1/M3 inter-
face (Figure 1B), labeled as aromatics (1) M4 F315, (2) M4
F314, (3) M3 Y254, (4) M4 F303, (5) M3 F265, (6) M3 Y266,
(7) M1 W213, (8) M4 F299, and (9) M1 F216 (see Figure 3).
Although the aromatics at positions 4, 7, 8, and 9 are conserved
in ELIC, the entire M4 C-terminal aromatic cluster (aromatics
1–3) and the aromatic side chains at positions 5 and 6 on M3
are absent. We postulated that the distinct profiles of aromatic
interactions at the M4-M1/M3 interface in GLIC and ELIC lead
to the different conformations of M4 observed in the crystal
structures. The different M4 conformations, however, could
also result from differential crystal packing and/or detergent-
solubilization effects prior to crystallization (daCosta and Baen-
ziger, 2013).
To probe whether aromatic substitutions at the M4-M1/M3

interfaces influence the conformation of M4 in a folded pLGIC
structure located within a membrane environment, we turned to
molecular dynamics simulations. Simulations were run for both
wild-type GLIC (WT-GLIC) and a mutant where the five non-
conservedaromatic residuesweremutated toAla (5Ala-GLIC: ar-
omatic-to-Ala substitutions at positions 1, 2, 3, 5, and 6). In both
cases, simulations were performed using intact pentamers, as
well as with a single-subunit-TMD. Both sets were run in palmi-
toyl-oleoyl-phosphatidylcholine (POPC) bilayers, a membrane
that supports GLIC function (Labriola et al., 2013). The latter sim-
ulations revealed intriguing lipid binding poses, which are dis-
cussed below. Finally, simulations run for both wild-type ELIC
and an ELIC mutant with aliphatic-to-aromatic substitutions at
the same positions in the M4-M1/M3 interface were not informa-
tive because affected residues in the M4 C terminus are not
defined in the ELIC crystal structure, thus precluding a defined
starting conformation.
Consistent with our hypothesis, the simulations show that

aromatic residues at the M4-M1/M3 interface influence the
interactions of M4 with M1/M3. Specifically, the close contacts
between residues along the entire length of M4 and those on
M1/M3 in the GLIC crystal structure are maintained throughout
the simulations with WT-GLIC. In contrast, the loss of the
C-terminal aromatic cluster leads to a consistent tilting of the
C-terminal half of M4 away fromM1/M3, with closest Ca-Ca car-
bon atom contacts on M4-M1 and M4-M3 increasing by roughly
2 Å (Figures 2A and S1: the latter compares directly distances
between Y/A254 on M3 and both F/A314 and F/A317 on M4).
The differences in M4-M1/M3 interactions are statistically signif-
icant based on SEs calculated across the five subunits. The
magnitudes of the separations are larger than typical root-
mean-squared-deviations among the transmembrane Ca atoms
of different pLGICs (Bocquet et al., 2009; Hibbs and Gouaux,
2011; Hilf and Dutzler, 2009; Miller and Aricescu, 2014) or
between different conformations of GLIC (Sauguet et al., 2013).
The Ca carbon atom separations observed in the M4 C-terminal
region contrast with those observed between M4 and M1/M3
near the cytoplasmic side of the bilayer, where the Ca carbon
atom separations in 5Ala-GLIC and WT-GLIC converge
(Ca atoms separation differences are less than 1 Å) (Figures 2A–
2C). The latter suggests that the aromatic interactions remaining
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Figure 1. Structures of pLGICs with Bound Modulators
(A) Structures of the nAChR (PDB: 2BG9), GluCl (PDB: 3RIF), and GLIC (PDB:

3P50). In each case, a single subunit is shown as a dark-blue cartoon with the

M4 a helix highlighted in red. In the nAChR (left), residues in the agonist site are

highlighted as red spheres, while those forming the transmembrane gate are

highlighted as yellow spheres. In GluCl (center), the agonist glutamine, the

positive modulator ivermectin, the open channel blocker picrotoxin (aligned

using 3RI5), and a bound detergent molecule are highlighted as red, orange,

yellow, and marine spheres, respectively. In GLIC (right), the inhibitor propofol

and bound lipids (aligned from 3EAM) are shown as yellow and marine

spheres, respectively.

(B) A single TMD subunit of ELIC (left, 2VL0) and GLIC (right, PDB: 4HFI) with

residues at the M4-M1/M3 interface shown as spheres. Aromatic, polar

hydrogen bonding, positive, and aliphatic residues are highlighted in yellow,

green, blue, and tan, respectively. The marine sphere corresponds to a water

molecule.
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in the intracellular leaflet of 5Ala-GLIC are sufficient to maintain
effective M4-M1/M3 interactions in this region.
The tilt of the C-terminal half of M4 observed in the simulations

of the 5Ala-GLIC mutant suggests that aromatic residues are
essential for promoting effective M4-M1/M3 interactions. Note
that the observed tilt of M4 away from M1/M3 in the simulations
of 5Ala-GLIC is similar, but of lesser magnitude than the tilt of M4
observed in the crystal structure of ELIC. In the ELIC crystal
structure, the terminal five residues are unresolved, suggesting
weak, if any, interaction between the M4 C terminus and M1/
M3. The ELIC crystal structure supports the conclusion that
aromatic residues at the M4-M1/M3 interface promote M4 inter-
actions with M1/M3. Detergent solubilization and the removal of
lipidsmay perturb the intrinsically weak interactions between the

M4 C-terminus andM1/M3, leading to a greater disruption of M4
conformation than observed in the simulations.
The aromatic-to-Ala substitutions have a substantial effect on

the energetics ofM4-M1/M3 interactions. InWT-GLIC,M4C-ter-
minal aromatics 1, 2, and 3 are involved in pairwise interactions
within the aromatic cluster, with Ala substitutions of these resi-
dues leading to energetic penalties of >1 kcal/mol (Table S1).
For four of the five subunits, the two-dimensional free energy
landscape (Figure 2C) calculated from the relative orientations
of M3:Y254 (3) and M4:F315 (1) aromatic groups has a strong
angular dependence consistent with p-p stacking interactions,
with the minima near 90! indicating a T-shaped conformation
similar to that found in the crystal structure. In the fifth sub-
unit, F315 dissociates from the cluster and rotates to face the

A B

C D

Figure 2. Aromatic Residues Promote M4-M1/M3 Interactions
(A) Transmembrane domain of WT-GLIC and 5Ala-GLIC following 300 ns of simulation. Helices are shown in surface representation (M1, green; M2, blue; M3,

dark gray; M4, orange), with substituted residues shown in stick representation (Y/A254, orange; F/A314, purple; F/A315, green). The M2-M3 loop (yellow) and a

portion of the ECD (purple) closest to the interface with the TMD are also shown in surface representation. POPC lipid density, averaged over the final 200 ns of the

simulation, is represented by a translucent blue isosurface; the submerged appearance of the 5Ala-GLIC M4 a helices relative to those of WT-GLIC reflects

significant lipid penetration of the 5Ala-GLIC subunits.

(B) Representative subunit fromWT-GLIC (left) and 5Ala-GLIC (center), showing POPC lipids bound to the M1-M4 interface in stick representation with blue acyl

chains and red PC headgroups. A rotated view of 5Ala-GLIC (right) shows a second POPC molecule bound to 5Ala-GLIC, with cyan acyl chains and pink PC

headgroups, straddling the 5Ala-GLIC M3-M4 interface. Lines represent the membrane-water interface.

(C) Average distances between Ca atoms on residues at similar register on opposing helices. Substituted residues are highlighted in red. Error bars represent the

SE across the five subunits.

(D) Free energy landscape (potential of mean force) for configurations of F314 and F315 relative to Y254 in four of five WT-GLIC subunits, as a function of angle

between planar groups and centroid-centroid distance (Equations 1 and 2 in the Supplemental Information). In a fifth subunit, the aromatic cluster disassociates

early in the simulation, as discussed further in Figure S2. The blue symbol in each panel indicates the value of the corresponding angle and distance determined

from the crystal structure (PDB: 4HFI).

See also Table S1; Figures S1 and S2.
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lipids, as also observed in the single-subunit-TMD simulations
(Figure S1).

M4 C-terminal aromatics 1, 2, and 3 are also involved in pair-
wise interactions with other residues that strengthen M4-M3 in-
teractions. An additional strong energy penalty is associated
with the loss of a hydrogen bond between the tyrosine hydroxyl
of M3:Y254 (aromatic 3) and the carbonyl oxygen of M4:N307.
These two residues hydrogen bond via a bridging water in four
out of five chains of the highest-resolution crystal structure for
GLIC (Sauguet et al., 2013). In the simulations, bridging waters
are observed transiently, interspersed with direct hydrogen
bonding between the two residues. Also, the mutations weak-
ened several pairwise interactions involving aromatic substitu-
ents and non-aromatic polar or hydrophobic residues (Table S1).

One intriguing finding of the simulations is that the tilt of theM4
C terminus away fromM1/M3 and/or the reduced side-chain vol-
ume in 5Ala-GLIC leads to a change in lipid binding. In WT-GLIC,
POPCmolecules adopt poses at the edge of theM4-M1 andM4-
M3 interfaces, as in the GLIC crystal structures. In 5Ala-GLIC,
the POPCmolecules penetrate deeper into the M1/M3/M4 a-he-
lical bundle, with entire acyl chains becoming embedded at the
M1-M4 interface (Figures 2C and 2D). A second POPC assumes
a pose in a cavity formed by the C-terminal end of M4, the M2-
M3 loop, and the b6-b7 loop (Figure 2D), where one acyl chain
fills the increased free volume vacated by M4 F314 and F315

A B C

D

Figure 3. Enhanced M4-M1/M3 Interactions
Potentiate pLGIC Function
(A) The TMD of a single subunit of an ELIC homol-

ogy model (based on GLIC, PDB: 3EHZ). Aromatic

residues conserved in GLIC and ELIC are shown in

yellow, while aromatics removed from GLIC or

inserted into ELIC are shown in orange, super-

imposed on wild-type (WT) ELIC residues (red). The

M4 sequence alignments highlight key aromatic

residues (boxed), and identical (*), conserved (:),

and semi-conserved (.) residues.

(B) Two-electrode data for GLIC (upper) and ELIC

(lower), with representative mutants. Ligand con-

centration jumps (protons or cysteamine for GLIC

and ELIC, respectively) are indicated by the hori-

zontal bar.

(C) Dose-response curves obtained for single

aromatic-to-Ala substitutions in GLIC (upper) and

from either single and multiple aliphatic-to-aro-

matic substitutions in ELIC (lower). Error bars

represent SE.

(D) Changes in EC50 relative to the WT for GLIC

(pH 5.03) and ELIC (0.92 mM cys). NC, no current.

Multiple aromatic substitutions were not generated

for GLIC (X). Error bars represent SD. See Table S2

for EC50 values.

See also Table S2 and Figure S3.

upon mutation of each residue to Ala,
while the other acyl chain remains in con-
tact with the bulk membrane (Figure 2D).
Such interactions are seen across sub-
units, with one lipid at least partially buried
in each of these sites. Buried lipids could
potentially mediate some of the effects
of the aromatic substitutions, by direct in-

teractions with the M2-M3 and b6-b7 loop and/or indirectly by
stabilizing M4 in a conformation with reduced interactions with
the ECD. This possibility underscores the potential significance
of even slight conformational changes in M4, particularly if they
increase the free volume at the M4-M1/M3 interface above the
volume required to accommodate a buried lipid. Note also that
in single-subunit-TMD simulations, the absence of steric con-
flicts with the ECD allows even deeper penetration of the lipid.
It appears that even subtle changes in conformation can dramat-
ically alter lipid binding (Figure S3).

Weakened M4-M1/M3 Interactions Inhibit Channel
Function
To test experimentally whether M4 conformation influences
channel function, non-conserved aromatic residues in GLIC
were individually mutated to Ala to weaken M4-M1/M3 interac-
tions, and the effects of the individual substitutions on channel
function were assessed using the two-electrode voltage-clamp
apparatus. WT-GLIC gates open in response to protons, with a
pH value required to elicit half-maximal channel gating of
pH50 = 5.03 ± 0.08 (n = 38). Each individual aromatic-to-Ala
mutation led to a rightward shift in the dose response to protons,
with the pH50 values decreasing by "0.4 to "0.9 pH units: the
Y266A mutation at position 6 (Figure 3) gave rise to the largest
shift down to a pH50 = 4.12 ± 0.07 (n = 8). The shifts in pH50
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correspond to 2- to 8-fold increases in the concentrations of pro-
tons required for activation (Figure 3; Table S2). Simultaneous
aromatic-to-Ala substitutions of interacting aromatic pairs were
also generated, but none of the double mutants gave observable
proton-activated currents. The absence of current could reflect
impaired channel function and/or folding and then trafficking to
the cell surface (Haeger et al., 2010).
Note that the pH50 values derived from macroscopic currents

depend on both the affinity of the agonist for its binding site and
the equilibrium constant governing transitions from closed to
open states. In addition, desensitization kinetics can influence
the measurement of pH50 values. Most of the mutations have lit-
tle effect on the macroscopic desensitization rates (Figure S3).
Given that the proton binding sites for activation are mainly
distant from the TMD (Duret et al., 2011), the majority of the
changes in pH50 likely reflect changes to the equilibrium constant
governing channel gating; the decreased pH50 values thus likely
reflect impaired coupling between agonist binding and channel
gating. This interpretation, however, is not unequivocal, as a
His235 located on the adjacent M2 a helix influences proton acti-
vation of GLIC (Rienzo et al., 2014; Wang et al., 2012). In partic-
ular, the Y266A could directly influence the pH50 for gating via
this intramembrane protonation site.

Enhanced M4-M1/M3 Interactions Potentiate Channel
Function
In contrast to the mutations in GLIC, individual aliphatic-to-
aromatic substitutions introduced at the M4-M1/M3 interface
to enhance M4-M1/M3 interactions in ELIC each shifted the
dose response to cysteamine leftward, whether or not interact-
ing aromatic partners on the adjacent transmembrane a helices
were present (Figure 3; Table S2).Wild-type ELIC required a con-
centration of cysteamine to elicit half-maximal channel gating of
EC50 = 0.94 ± 0.16 mM cysteamine (n = 23). Of the individual
aliphatic-to-aromatic mutations, G218F (2) led to the largest
reduction in EC50 = 0.44 ± 0.09 mM cysteamine (n = 13). The
changes in EC50 values correspond to between 70% and 50%
reductions in the concentrations of cysteamine required. Multi-
ple aromatic additions were also introduced, and these led to
even further leftward shifts in the EC50 values. Engineering either
the entireM4C-terminal aromatic cluster (EC50 = 0.18 ± 0.02mM
cysteamine [n = 9]) or the entire aromatic network of GLIC into
ELIC (EC50 = 0.15 ± 0.04 mM cysteamine [n = 7]) shifted the
EC50 down to a value approaching 10% of the EC50 value of
wild-type ELIC. In fact, the largest reductions in EC50 were
observed with just two interacting aromatic partners engineered
into the M4 C-terminal region, one on M3 and the other on M4.
Both the I319F/V260Y and G318F/V260Y double mutants gave
EC50 values of 0.13 mM cysteamine.
The leftward shifts in the dose response observed with aro-

matic ‘‘additions’’ in ELIC contrast with the rightward shifts
observed with aromatic ‘‘deletions’’ in GLIC, with leftward shifts
reflecting a gain, as opposed to a loss, of channel function. In
contrast to GLIC where the proton-sensitive intramembrane
His235 complicates the interpretation of pH50 values, the agonist
binding site in ELIC is greater than 30 Å distant from even the
closest mutations at the M4-M1/M3 interface, suggesting that
the mutations do not directly influence the chemistry of the
agonist site and, thus, agonist affinity. Furthermore, mutations

in M4 of the nAChR have been shown to have no effect on
agonist affinity (Bouzat et al., 2000; Mitra et al., 2004; Shen
et al., 2006). Although single-channel measurements are
required to confirm that the changes in EC50 result from direct
effects on channel gating, the long distance between M4 and
the agonist site suggests that the changes in EC50 detected
here reflect enhanced channel function; i.e., enhanced coupling
between agonist binding and channel gating. The gain-of-func-
tionmutations show that residues along theM4-M1/M3 interface
in wild-type ELIC are not optimized to promote M4-M1/M3 inter-
actions that support channel function, and that improving the
effectiveness of these interactions promotes coupling between
the agonist site and channel gate.
We considered the possibility that aromatic additions to the

M4-M1/M3 interface promote more effective interactions with
bound lipids to enhance function. Interactions between the
F315 aromatic residue in GLIC and lipids are observed in both
the pentamer and single-subunit-TMD simulations. The lipid-
facing F317 and F312 residues were mutated to alanine, leading
to gain-of-function and loss-of-function phenotypes, respec-
tively (F317A pH50 = 5.41 ± 0.05 [n = 8], F312A pH50 = 4.50 ±
0.01 [n = 6]). These results show that it is impossible to predict
how interactions between aromatic residues and lipids will influ-
ence channel function.
Finally, an important feature of our results is the consistency

of the entire dataset. Every aromatic-to-Ala substitution at the
M4-M1/M3 interface in GLIC led to reduced channel function
while every aliphatic-to-aromatic substitution at the same inter-
face in ELIC led to enhanced channel function. The latter is
particularly compelling, given that although optimal aromatic
interactions enhance inter-a-helical interactions, the insertion
of aromatic side chains at the M4-M1/M3 interface could lead
to structural and/or chemical conflicts and, thus, a loss of chan-
nel function. The data highlight the ease with which effective
interactions between M4 and M1/M3 in ELIC can be formed
to enhance channel function. The consistency of the data sug-
gests that the changes in function are not due to localized
changes in structure, which would be expected to have random
effects. The molecular dynamics simulations support the
hypothesis that aromatic residues at the M4-M1/M3 interface
enhance M4-M1/M3 interactions. The gains of function
observed with aliphatic-to-aromatic residue substitutions in
ELIC thus result, at least in part, from enhanced M4 interactions
with M1/M3.

A Lipid-Facing CMS Mutation Potentiates Function by
Enhancing M4-M1/M3 Interactions
If M4-M1/M3 interactions in ELIC are intrinsically weaker than in
GLIC, leading to relatively poor coupling between the agonist
site and channel gate, ELIC may exhibit a greater capacity for
potentiation by allosteric modulators that enhance M4-M1/M3
interactions. To test this hypothesis, we focused on a CMS mu-
tation that occurs on the lipid-facing surface of aM4 in the human
muscle-type nAChR (C418W). C418W potentiates nAChR chan-
nel function roughly 25-fold (EC50 = 9.11 ± 1.45 mMacetylcholine
[n = 31] for wild-type, EC50 = 0.34 ± 0.08 mMacetylcholine [n = 11]
for C418W) by directly altering M4-lipid interactions, although
the mutation must ultimately influence interactions between
M4 and the remainder of the TMD (Figure 4; Table S3).
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A leucine residue is found in both GLIC and ELIC at the
equivalent position. This Leu residue (L304) residue in GLIC
was changed to both Cys and Trp, but neither substitution
had any effect on channel function (pH50 = 5.03 ± 0.02
[n = 6] and pH50 = 5.06 ± 0.03 [n = 6]), respectively, possibly
because the extensive aromatic network at the M4-M1/M3
interface already promotes effective M4-M1/M3 interactions
(Figure 4). In contrast, the same L308C and L308W mutations
in ELIC both led to gain-of-function phenotypes, with the
magnitude of the L308W gain of function (EC50 = 0.29 ±
0.05 mM cysteamine [n = 10]) approaching 5-fold relative to
the wild-type ELIC. Significantly, the introduction of interacting
aromatic residues to enhance intrinsic M4-M1/M3 interactions
reduced the potentiating effects of this CMS mutation in ELIC.
In fact, L308W had no further effect on the gating of ELIC
mutants containing either the three M4 C-terminal cluster aro-

A C

D

B E

F

Figure 4. A CMS Trp Mutation Potentiates
Channel Function by Enhancing M4-M1/M3
Interactions
(A) Side and top views of the TMD of a single subunit

of human a1ChR (homology model based on PDB:

2BG9). Aromatics at the M4-M1/M3 interface are

shown in yellow. The lipid-facing residue aC418 is

shown as a solid orange sphere, with the potenti-

ating aC418Wmutation superimposed as an orange

sphere/stick transparent combination.

(B) Proposed mechanism of function for the potenti-

ating effect of aC418W via enhanced M4-M1/M3 in-

teractions. In the absence of M4 C-terminal aromatic

contacts, interaction of the bulky aC418W with the

lipid bilayer causes M4 to interact more tightly with

M1/M3 (red arrow), potentiating activity. In the pres-

ence of M4 C-terminal aromatics, M4 already in-

teracts tightly withM1/M3, so aC418Whas no effect.

(C–E) Two-electrode data (left) and dose-response

curves (right) demonstrating the effect of the aC418

(or equivalent) mutation on (C) human muscle-type

nAChR, (D) ELIC (L308W), and (E) GLIC (L304W).

Error is represented as SE.

(F) Effect of the L308W mutation on aromatic-

substituted ELIC mutants, shown as change in EC50

relative to WT ELIC. Error is represented as SD, and

mutant numbers correspond to those in Figure 2A.

See Table S3 for complete EC50 values.

See also Figure S4.

matics or all five aromatic substitutions.
L308W thus potentiates ELIC function in
a manner similar to that observed with
the introduction of aromatic residues at
the M4-M1/M3 interface. These results
show that (1) altered lipid-protein inter-
actions promote channel function by
enhancing M4-M1/M3 interactions, and
(2) the intrinsic strength of M4-M1/M3 in-
teractions influences the functional sensi-
tivity of a pLGIC to altered protein-lipid
interactions, including mutations at the
lipid-protein interface. The CMS mutation
was also superimposed onto various aro-
matic-to-Ala substituted GLIC mutants,

but none of these gave proton-activated currents (data not
shown).

Propofol Inhibits Channel Function via an
M4-Independent Mechanism
M4-M1/M3 interactions might play a role in the allosteric effects
of other TMD modulators, such as the inhibitory drug propofol.
Propofol binds to GLIC near the extracellular surface of the
TMD in a cavity delineated by the four transmembrane a helices
and capped by the b6-b7 loop, with the most extensive interac-
tions occurring between M1 and M3 (Nury et al., 2011). We
tested the possibility that propofol inhibits effective M4-M1/M3
interactions by investigating the effects of propofol on several
of the aromatic-substituted mutants of both GLIC and ELIC.
None of the aromatic-to-Ala substitutions at the M4-M1/M3
interface of GLIC or the aliphatic-to-aromatic substitutions at
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the same interface in ELIC, however, had a major effect on pro-
pofol inhibition (Figure S4). In contrast to our hypothesis, propo-
fol does not inhibit gating bymodulatingM4-M1/M3 interactions,
consistent with both mutational and simulation studies, which
suggest that propofol inhibition results from binding closer to
the M2 pore lining the a helix (Nury et al., 2011), or even from
within the channel pore (LeBard et al., 2012).

DISCUSSION

Although there are likely other sites of action (Althoff et al., 2014;
Brannigan et al., 2008; Jones andMcNamee, 1988), a role for M4
in lipid sensing is highlighted by the identification of M4-bound
lipids in the crystal structure of GLIC (Bocquet et al., 2009), as
well as by mutagenesis data showing that changes in nAChR
M4-lipid interactions influence channel function (Bouzat et al.,
1998; Lasalde et al., 1996; Lee et al., 1994; Li et al., 1992; Shen
et al., 2006; Tamamizu et al., 2000). M4 is also the site of action
for neurosteroids (Hosie et al., 2006; Paradiso et al., 2001). In
addition, a lipid-facingmutation onM4 in themuscle-type nAChR
potentiates channel activity, leading to a CMS (Shen et al., 2006).
M4, however, is distant from the channel-liningM2 a helix, aswell
as key structures that form the primary allosteric path between
the agonist site and the channel gate (i.e., the b1-b2 and b6-b7
loops, the M2-M3 linker), thus raising the question of how
changes in M4 structure alter channel function.
Our data show that enhanced M4-M1/M3 interactions poten-

tiate pLGIC function while reduced interactions inhibit pLGIC
function. This conclusion is based on four observations. First,
molecular dynamics simulations show that aromatic residues
at the M4-M1/M3 interface promote strong M4-M1/M3 interac-
tions, with the elimination these aromatic residues leading to
increased Ca-Ca carbon atom separations between M4 and
M1/M3. Second, aromatic substitutions that promote M4-M1/
M3 interactions enhance channel function while aromatic sub-
stitutions that weaken M4-M1/M3 interactions reduce channel
function. Third, aromatic substitutions that modulate M4-M1/
M3 interactions influence the potentiating effects of a lipid-facing
M4CMSmutation. No potentiation was observed when the CMS
mutation was introduced into GLIC, which exhibits intrinsically
effective M4-M1/M3 interactions, while strong potentiation was
observed with ELIC, which lacks M4-M1/M3 stabilizing aromatic
interactions. Significantly, engineering aromatic interactions into
the M4-M1/M3 interface in ELIC abrogates the potentiating
response. Finally, the strength of M4-M1/M3 interactions has
no effect on the inhibitory effects of the drug propofol, which
acts at a TMD site that does not directly involve M4 (LeBard
et al., 2012; Nury et al., 2011).
Our proposed model of M4 action is supported by biophysical

studies, which have shown that the orientation of nAChR M4,
and thus presumably the interactions between M4 and M1/
M3, is sensitive to its surrounding lipid environment (Antollini
et al., 2005; Xu et al., 2005). The nAChR M4 moves halfway
along the reaction coordinate between agonist binding and
the open state (Mitra et al., 2004). Motion of M4 has also been
detected during desensitization of GLIC (Velisetty et al., 2014),
consistent with the desensitization effects observed here with
some of the M4-M1/M3 interface aromatic residue substitutions
(Figure S3).

There appears to be a particularly important role for the M4 C
terminus in pLGIC function, in agreement with the proposed role
of the M4 C terminus in lipid sensing by the muscle-type nAChR
from Torpedo. Increasing levels of cholesterol and anionic lipids
stabilize increasing proportions of agonist-responsive nAChRs
(Baenziger et al., 2000; daCosta et al., 2002, 2009; Hamouda
et al., 2006). In the absence of these activating lipids, the nAChR
adopts an uncoupled conformation that exhibits resting-state-
like agonist binding, but does not usually undergo agonist-
induced conformational transitions (Baenziger et al., 2008;
daCosta and Baenziger, 2009; daCosta et al., 2013). The M4
C terminus in both the nAChR and GLIC interacts directly with
the b6-b7 loop, an important link between the agonist site and
the transmembrane gate (Jha et al., 2007; Lee et al., 2009).
The M4 C terminus also interacts with M3 adjacent to the M2-
M3 linker, a structure that controls the orientation of the M2
gating a helix. Tighter M4 interactions with M1/M3 may facilitate
interactions between the M4 C terminus and the b6-b7-loop, to
form a b6-b7-loop conformation that participates optimally in
channel gating (daCosta and Baenziger, 2009). Interestingly,
the M4 C terminus does not interact directly with the b6-b7
loop in the ELIC crystal structure, which is significant because
crystallized ELIC does not undergo channel gating (Gonzalez-
Gutierrez et al., 2012). Weak M4 C-terminal interactions with
M1/M3, as a consequence of detergent solubilization, may
lead ELIC to adopt an uncoupled conformation (daCosta and
Baenziger, 2013).
Finally, a key finding of our study is the demonstration

that variable chemistry at the interface between M4 and M1/
M3 in different pLGICs leads to variable M4-M1/M3 interac-
tions, different ‘‘efficiencies’’ of coupling binding to gating, and
different susceptibilities to potentiation by allosteric modulators,
in this case a CMSmutation that acts on M4. GLIC has an exten-
sive aromatic network at this interface that leads to effective
M4-M1/M3 interactions along the entire length of M4, rendering
the TMD less malleable and less sensitive to M4-targeting mod-
ulators. GLIC is insensitive to the potentiating effects of the lipid-
facing M4 CMS mutation. GLIC also maintains efficient gating in
lipid environments that stabilize an uncoupled nAChR (Labriola
et al., 2013). ELIC, with no aromatic interactions in the C-terminal
half of M4, exhibits weak M4-M1/M3 interactions in this region.
ELIC is more sensitive than GLIC to M4-targeting modulators,
such as the CMS mutation and lipids, although aromatic substi-
tutions at the M4-M1/M3 abrogate sensitivity to both (Carswell
et al., 2015). The nAChR, with relatively few inter-a-helix aro-
matic interactions, likely exhibits relatively weak M4-M1/M3
interactions along the entire length of M4, and is even more sen-
sitive than ELIC to both the CMS mutation and lipids. Note that
although the Torpedo nAChR structure does not exhibit tight in-
teractions between M4 and M1/M3, M4 is not tilted away from
M1/M3 as it is in the ELIC structure. The nAChR structure, how-
ever, was solved by cryo-electron microscopy using native
nAChR membranes (Unwin, 2005; Unwin and Fujiyoshi, 2012),
while the ELIC structure was solved by X-ray diffraction using
crystals formed from detergent-solubilized ELIC (Hilf and Dut-
zler, 2008; Pan et al., 2012). In the native Torpedo membranes,
there are ‘‘activating’’ lipids (cholesterol, anionic lipids, etc.)
that stabilize a functional conformation, whereM4may associate
effectively with M1/M3.
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The chemistry at the M4-M1/M3 interface varies across hu-
man nAChR subunits, suggesting that human nAChRs exhibit
variable M4-M1/M3 interactions, and thus possibly different
sensitivities to allosteric modulators that act on M4. Knowledge
of the subunit-specific roles of M4 in nAChR function may
prove to be important for understanding the mechanisms by
which cholinergic activity is modulated by changes in lipid
composition that occur during the course of neurodegenerative
disease.

EXPERIMENTAL PROCEDURES

RNA Constructs for Oocyte Expression
GLIC-pMT3 was kindly provided by Dr. Pierre-Jean Corringer (Bocquet et al.,

2009). The GLIC coding sequence was transferred to pSP64 without the C-ter-

minal hemagglutinin tag. ELIC-pTLN was kindly provided by Dr. Raimund

Dutzler (Zimmermann et al., 2012). A C-terminal Ala, a cloning artifact not

present in the GenBank sequence (GenBank: POC7B7), was removed. Both

the GLIC and ELIC plasmids have the a7 nAChR signal sequence followed

by the GLIC or ELIC coding sequence. ELIC-pTLN and GLIC-pSP64 were line-

arized by MluI and EcoRI, respectively, and used to produce capped cRNA by

in vitro transcription using the mMESSAGE mMACHINE SP6 kit (Ambion).

All mutants were created using QuikChange site-directed mutagenesis kits

(Agilent) and verified by sequencing.

Electrophysiology
Stage V–VI oocytes were isolated as previously described (Laitko et al.,

2006). Oocytes were injected with the indicated amount of mRNA and

allowed to incubate for 1 to 4 days at 16!C in ND96 + buffer (5 mM HEPES,

96 mM NaCl, 2 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 2 mM pyruvate).

Injected oocytes were placed in a RC-1Z oocyte chamber (Harvard Appa-

ratus) containing the appropriate buffer (see below). Whole-cell currents

were recorded using a two-electrode voltage-clamp apparatus (OC-725C

oocyte clamp; Harvard Apparatus). The whole-cell currents were recorded

while the appropriate buffer flowed through the oocyte chamber at a rate of

5–10 ml/min.

For GLIC, whole-cell currents were recorded from injected oocytes

(3–13 ng cRNA) immersed in MES (2-(N-morpholino)ethanesulfonic acid)

buffer (140 mM NaCl, 2.8 mM KCl, 2 mM MgCl2, and 10 mM MES). Currents

through the plasma membrane in response to pH jumps (pH 7.3 down to the

indicated pH values) were measured with the transmembrane voltage

clamped at voltages between #10 and #60 mV depending on the level of

expression of eachmutant GLIC. In the majority of cases, the holding potential

was #20 mV. For ELIC, whole-cell currents were recorded from injected

oocytes (0.2–10 ng cRNA) immersed in HEPES buffer (150 mM NaCl,

0.5 mM BaCl2 10 mM HEPES [pH 7.0]). In most cases, currents through the

plasma membrane in response to cysteamine concentration jumps (from

0 mM up to the indicated values) were measured with the transmembrane

voltage clamped at #40 mV.

Propofol (2,6 diisopropylphenol) was obtained from Aldrich (D126608). A

stock solution was made by diluting liquid propofol to 1 M in DMSO. This so-

lution was stored in glass in the dark, and diluted in MES or HEPES buffer

immediately before use. Each oocyte was exposed to at most two different

propofol concentrations. To avoid cumulative inhibitory effects, GLIC and

ELIC IC50 values were obtained through repeated measurement of relative in-

hibition caused by one concentration of propofol on a single oocyte, multiple

times. The average inhibitory values at each concentration were used in calcu-

lation of the IC50 using Prism’s log (inhibitor) versus response (three-param-

eter) analysis.

Dose responses for each mutant were acquired from at least two different

batches of oocytes. Each individual dose-response experiment was fit with

a variable slope sigmoidal dose response, and the individual EC50 and Hill

coefficients from each experiment averaged to give the values ± SD. For the

presented dose-response curves, the individual dose responses for each

experiment were normalized and each data point averaged. Curve fits of the

averaged data are presented, with the error bars referring to the SE.

Molecular Dynamics Simulations
Two systems containing GLIC from PDB: 4HFI (Sauguet et al., 2013) were

prepared by protonating residues according to their standard states at pH

4.6, followed by either no mutations (WT-GLIC) or five simultaneous mutations

(5Ala-GLIC) corresponding to the sites 1, 2, 3, 5, and 6 investigated in the ex-

periments. Resolved lipids in the PDB structure were not included, although

after about 50 ns of simulation, lipids bound to WT-GLIC in poses similar to

those in PDB: 4HFI. For each system, the intact pentamer was placed in

a 110 3 110 Å POPC membrane aligned parallel to the xy plane using

CHARMM-GUI Membrane Builder (Jo et al., 2009). The system was solvated

with a total height in z of 155 Å and neutralized, for a total of about 175,000

atoms per system. Atomistic molecular dynamics simulations were run with

NAMD v2.9 (Phillips et al., 2005). The CHARMM36 force field was used for pro-

tein (Best et al., 2012; MacKerell et al., 1998) and phospholipid (Klauda et al.,

2010) parameters, with parameters for TIP3P waters (Jorgensen et al., 1983)

and ions (Beglov and Roux, 1994) corresponding to those traditionally used

with CHARMM-based force fields. All simulations used periodic boundary

conditions and particle mesh Ewald electrostatics. For more details, see Sup-

plemental Information.
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Supplementary Table S1a 

Inter‐residue interactions significantly affected by the aromatic‐to‐Ala mutationsb 

 

aTable S1 relates to Figure 2. 
bPair  interactions  significantly  affected  by  mutation.    Non‐bonded  energies  (van  der  Waals  and 
electrostatic)  were measured  for  each  pair  involving  a  substitution  in  both WT‐GLIC  and  5Ala‐GLIC 
simulated receptors and the resulting energy difference ΔE = E5Ala‐ΕWT was calculated.  Those pairs with 
|ΔE|>  1.0  kcal/mol  are  listed  here,  in  order  of  descending  effect.    Numbers  shown  in  parentheses 
correspond to the residue numbering scheme in Figure 3.   
 

   

M3 
Residue 

M4 
Residue 

ΔE 
(kcal/mol) 

Comments 

Y254 (3)  F314 (2)  3.6  Interactions display expected behavior for pi‐pi 
stacking in WT‐GLIC  

Y254 (3)  N307  3.4  Loss of hydrogen bond between residues in 5Ala‐
GLIC 

Y254 (3)  F315 (1)  1.8  Interactions display expected behavior for pi‐pi 
stacking in WT‐GLIC  

T253  F314 (2)  1.6  Pair residues widely separated in 5Ala‐GLIC 
compared to WT‐GLIC; equivalent loss of both 
electrostatic and van der Waals interactions 

M252  F314 (2)  1.1  Hydrophobic interactions reduced significantly in 
5Ala‐GLIC  

M252  F315 (1)  1.1  Electrostatic interactions between terminal dipole 
on F315A and M252 backbone in 5Ala‐GLIC are not 
present in WT‐GLIC, in which F315 interacts more 
strongly with T253 
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Figure S1.  Effects of Ala mutations on the Cα carbon atom separations.   
The left column shows the WT‐GLIC (top) and 5Ala‐GLIC (bottom) homopentameric structures at the end of the 
300 ns simulations.  Individual TMD α‐helices are shown in surface representations with M1, green; M2, blue; M3, 
gray; and M4, orange; also shown in surface representation is the M2‐M3 loop (yellow) and a portion of the ECD 
(purple) closest to the interface with the TMD.  The three residues of the aromatic cluster are shown as sticks.  
Note that in four of the five subunits of WT‐GLIC, the aromatic cluster involving Y254, F314 and F315 is maintained 
over the time course of the simulations.  In the subunit labeled A, M4 rotates slightly so that F314 moves toward 
Y254, and F315 projects out to interact directly with lipids.  The final conformation of M4 in subunit A is similar to 
that observed in the single subunit TMD simulations shown in Supplementary Figure 3. The panels in the right 
column show the evolution of the Cα carbon atom separation distances for residues in the C‐terminal aromatic 
cluster over the time course of simulations run for both WT‐GLIC (separated into subunit A, in which the aromatic 
cluster is not preserved, and subunits B‐E, in which it is preserved) and 5Ala‐GLIC. Dotted lines represent 95% 
confidence intervals based on deviation across subunits.  Figure S1 relates to Figure 2. 
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Figure S2.  Alanine mutations at the M4‐M1/M3 interface lead to altered lipid binding.   
A) Side views of a single TMD extracted after the 300 ns simulations of intact homopentamers of WT‐GLIC (left) 
and 5Ala‐GLIC (right) , showing the interactions of POPC molecules with M1‐M4 interface (top) and M3‐M4 
interface (bottom), with protein coloring and representation as in Fig. S1. POPC molecules are shown in stick 
representations, with acyl chains in blue/cyan and PC headgroups in red/pink.  The average coordinates of one 
POPC molecule bound in the WT‐GLIC simulations are consistent with the position of the bound PC lipid molecule 
modeled at the M1‐M4 interface in the GLIC crystal structure (PDB code 4HFI). B) Same as (A), but with the view 
rotated ~180o.  The simulations suggest that the M4 C‐terminal cluster of aromatic residues in the WT‐ GLIC 
homopentamer are more effective at preventing the penetration of lipids into the M1/M3/M4 α‐helical bundle 
than the corresponding alanine residues in 5Ala‐GLIC.  One interpretation is that the strong π‐π stacking 
interactions in WT‐GLIC “pull” M4 toward M3 thus preventing lipid binding, whereas mutation of these residues to 
alanine weakens M4‐M1/M3 interactions (see Supplementary Table 1) thus tilting M4 away from M1/M3 allowing 
the penetration of lipids into the interface.  Alternatively or in addition, the aromatic residues in WT‐GLIC may 
sterically prevent lipid penetration into the M4‐M1/M3 interface.  The increase in free volume that occurs upon 
mutation of the bulky aromatic side chains to alanine in 5Ala‐GLIC may allow lipids to penetrate further into the 



7 
 

interface driving the increase in separation between the M4 and M1/M3.  Note, however, that the mutation of the 
aromatic residues to alanine in 5Ala‐GLIC leads almost immediately (within the first 20 ns of the simulations) to an 
increased separation between the Cα atoms (Supplementary Fig. 1).  This equilibration time is much faster than 
the typical equilibration times for lipids in buried binding sites (~100‐150 ns).  The rapid movement of M4 thus 
suggests that the increased distances between M4 and M1/M3 likely results directly from weakened M4‐M1/M3 
interactions.  C) Side views and D) top down views of a single TMD extracted after the 250 ns from single‐subunit‐
TMD simulations of WT‐GLIC (left) and 5Ala‐GLIC (right).  In the single‐subunit‐TMD simulations, removal of the 
ECD allows the POPC molecule to penetrate farther into the TMD α‐helical bundle. In WT‐GLIC TMD, the bound 
POPC headgroup interposes between M1 and M3 with the long axis of the glycerol backbone parallel to a line 
separating the centers of M1 and M3.  M4 rotates slightly so that in this conformation, a section of one acyl chain 
is sandwiched between Y254 and F315, stabilized by hydrophobic interactions.   In 5Ala‐GLIC TMD, the analogous 
lipid is oriented with the long axis of the glycerol backbone perpendicular to that observed in WT‐GLIC‐TMD, 
parallel to a line pointing from the glycerol backbone center to the subunit center; this deeper conformation is 
facilitated by the mutation of five bulky aromatic residues into alanine, which leaves increased free volume in the 
core of the helical bundle.   Note that both of these lipid conformations would sterically clash with the ECD, and 
are consequently highly unfavorable in the intact pentamer.  The importance of the latter simulations is that they 
show that subtle changes in conformation can dramatically alter lipid binding to the M4‐M1/M3 interface.  
Figure S2 relates to Figure 2. 
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.2 Appendix B: A novel bifunctional alkylphenol anes-

thetic allows characterization of GABAAR subunit bind-

ing selectivity in synaptosomes.

This chapter involves experimental work conducted by experimentalists in Uni-

versity of Pennsylvania. The results were validated by us using computational

techniques and analysis were performed using tcl and python scripts.



A Novel Bifunctional Alkylphenol Anesthetic Allows
Characterization of !-Aminobutyric Acid, Type A (GABAA),
Receptor Subunit Binding Selectivity in Synaptosomes*□S
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Propofol, an intravenous anesthetic, is a positive modulator of
the GABAA receptor, but the mechanistic details, including the
relevant binding sites and alternative targets, remain disputed.
Here we undertook an in-depth study of alkylphenol-based
anesthetic binding to synaptic membranes. We designed, syn-
thesized, and characterized a chemically active alkylphenol
anesthetic(2-((prop-2-yn-1-yloxy)methyl)-5-(3-(trifluorometh-
yl)-3H-diazirin-3-yl)phenol, AziPm-click (1)), for affinity-based
protein profiling (ABPP) of propofol-binding proteins in their
native state within mouse synaptosomes. The ABPP strategy
captured !4% of the synaptosomal proteome, including the
unbiased capture of five " or # GABAA receptor subunits. Lack
of !2 subunit capture was not due to low abundance. Consistent
with this, independent molecular dynamics simulations with
alchemical free energy perturbation calculations predicted
selective propofol binding to interfacial sites, with higher affin-
ities for "/# than !-containing interfaces. The simulations indi-
cated hydrogen bonding is a key component leading to propo-
fol-selective binding within GABAA receptor subunit interfaces,
with stable hydrogen bonds observed between propofol and "/#
cavity residues but not ! cavity residues. We confirmed this by
introducing a hydrogen bond-null propofol analogue as a pro-
tecting ligand for targeted-ABPP and observed a lack of GABAA
receptor subunit protection. This investigation demonstrates
striking interfacial GABAA receptor subunit selectivity in the
native milieu, suggesting that asymmetric occupancy of hetero-
pentameric ion channels by alkylphenol-based anesthetics is
sufficient to induce modulation of activity.

!-Aminobutyric acid (GABA) is well established as the major
inhibitory neurotransmitter within the adult mammalian brain.
The majority of GABA inhibitory activity is a consequence of
binding to a set of pentameric ligand-gated ion channels called
the GABA type A (GABAA) receptor. GABAA receptors are
largely heteromeric protein complexes composed of five differ-
ent subunits that form a central pore that mediates chloride
flux. Including the multiple isoforms, heterogeneity of the
receptor is extensive with potentially more than 800 combina-
tions (1). This complexity can be partially simplified by the
degrees of selective cellular localization for some subunits and
isoforms. Synaptic GABAA receptors contribute considerably
to the communication between neurons, including influencing
presynaptic neurotransmitter release as well as inducing post-
synaptic hyperpolarization (1– 4). Numerous studies have indi-
cated that synaptic GABAA receptors are predominantly of a
2":2#:1! stoichiometry (5, 6) that organizes in an alternating
order (e.g. !"#"# anti-clockwise as seen from synaptic cleft)
(5–7). The resulting complex yields an abundance of potential
ligand interaction surfaces within one heteropentamer, includ-
ing at least four unique subunit interfaces. As such, it is justified
that the composition and orientation of subunits are function-
ally significant, with different pharmacological properties per-
taining to different GABAA receptor complexes (1, 8).

Numerous drugs influence GABAA receptor activity, includ-
ing general anesthetics that are used extensively in modern
medicine and in scientific research (9). For example, 2,6-diiso-
propylphenol (propofol2 ( (Fig. 1) has been strongly implicated
as a modulator of the GABAA receptor. Relatively low concen-
trations of this alkylphenol significantly potentiate GABA-in-
duced current, an action that hyperpolarizes the post-synaptic
membrane and thereby likely contributes to hypnosis and pos-
sibly other anesthesia phenotypes (10, 11). Furthermore, mul-
tiple reports indicate that phasic inhibition is particularly sen-
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sitive to low concentrations of propofol, suggesting that
synaptic GABAergic signaling is a critical pathway for the ane-
sthetic’s pharmacological effects (12–14).

Investigations have focused on the potential binding sites
within heterologously expressed "#! GABAA receptors. A
wide range of mutagenesis studies have probed ligand-gated
ion channel electrophysiology and have shown that mutation of
various residues predicted to reside within subunit interfacial
regions alters propofol modulation (9, 15–17). Particular point
mutations within # subunits, such as Asn-265, greatly decreased
propofol-positive modulation (11, 18). Our previous work
using the tritiated photoaffinity ligand (PAL) meta-azipropofol
demonstrated frequent labeling of interfacial residues within
the heterologously expressed Cys loop superfamily of recep-
tors, including "1#3!2 GABAA receptors (19). These findings
further suggest that subunit interfaces are potentially involved
in propofol modulation. Structure-activity relationships apply-
ing alkylphenol analogues and/or other chemical derivatives
(20, 21), molecular dynamic (MD) simulations (22, 23), as well
as other investigations have suggested complex physicochemi-
cal interactions between propofol and GABAA receptors (24).
Together, these studies have provided insight regarding the
potential mechanism by which propofol perturbs GABAA
receptor protein dynamics. However, in addition to the biased
nature of using heterologously expressed receptors, it is recog-
nized that each method has experimental limitations that result
in the current uncertainty regarding alkylphenol interactions
within the receptor.

Our objective was to advance the current understanding of
anesthetic interactions with heteromeric receptors by address-
ing the interaction(s) of alkylphenols with GABAA receptors
within their native synaptic milieu. Our approach applied a
novel chemically active alkylphenol anesthetic for quantitative
affinity-based protein profiling (ABPP) of propofol within syn-
aptosomes. By utilizing a native tissue-derived system, the rel-

ative GABAA receptor subunit expression, pentameric compo-
sition, protein-protein interactions, and lipid milieu are
maintained. We assessed these binding results with indepen-
dent MD simulations using the alchemical free energy pertur-
bation (AFEP) algorithm (25) to predict potential molecular
recognition elements within "1#3!2 GABAA receptor-binding
sites. Finally, we examined the impact of these molecular rec-
ognition elements within the synaptic GABAA receptors with
photoaffinity protection experiments. Our studies led to the
unbiased identification of GABAA receptor subunits in
native synaptic membranes as alkylphenol-binding proteins.
Our investigation suggested higher affinity interactions for
#"/"# and ""/## interfacial sites relative to !-containing
subunit interfaces and hydrogen bonding as the major recogni-
tion element for the alkylphenol-GABAA receptor complex.

Results

Synthesis of AziPm-click (1)—To identify the alkylphenol-
binding proteins within the synaptic proteome, we devel-
oped 2-((prop-2-yn-1-yloxy)methyl)-5-(3-(trifluoromethyl)-
3H-diazirin-3-yl)phenol, or AziPm-click (1), a photoaffinity
tandem bioorthogonal alkylphenol anesthetic ligand (Fig. 1).
AziPm-click (1) was designed to integrate two chemically active
groups that allow for ABPP as follows: 1) a diazirine photoreac-
tive group to covalently label protein interaction sites, and 2) an
alkynyl group for covalent attachment of a reporter tag by 1,3-
dipolarcycloaddition reaction (e.g. “Click Chemistry”) to cap-
ture and identify photoaffinity labeled proteins within the syn-
aptic proteome.

Synthesis of AziPm-click (1), shown in Scheme 1 (described
in supplemental S2–S7), starts with the previously reported
4-bromo-2-(methoxymethoxy)-1-methylbenzene (2) (26). Con-
version of 2 to the Grignard reagent using magnesium in THF
followed by treatment with pyrrolidine trifluoroacetamide pro-
duced trifluoromethyl ketone 3. Conversion of 3 to the oxime 4
and oxime tosylate 5 followed standard procedures. Treatment
of 5 with excess liquid ammonia produced diaziridine 6 that
was oxidized to the diazirine 7 using pyridinium dichromate.
Benzylic bromination using N-bromosuccinimide produced 8,
which was treated with the sodium salt of propargylic alcohol in
tetrahydrofuran to provide 9. Removal of the methoxymethyl
protecting group in the presence of the propargylic ether
required carefully controlled conditions and was finally accom-
plished using sodium hydrogen sulfate-impregnated silica gel
in methylene chloride (27).

FIGURE 1. Clickable photoactive propofol analogue. Chemical structures
of propofol and AziPm-click (1).

SCHEME 1
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Physicochemical and Protein-binding Properties—The phys-
icochemical characteristics of propofol and AziPm-click (1) are
summarized in Table 1, and the geometry-optimized structure
is shown in Fig. 2A. The UV absorption spectrum of AziPm-
click (1) shows a well defined peak between 330 and 400 nm due
to the diazirine group (methanol extinction coefficient
($365 nm) of 580 M#1 cm#1). Over the course of UV irradiation
using a Rayonet RPR-3500 lamp within the aqueous solution,
the AziPm-click (1) diazirine absorbance band decreased inten-
sity indicating photoactivation (Fig. 2B). The time-dependent
photoreactivity of AziPm-click (1) in aqueous solution was a
single exponential decay with a half-life (t1⁄2) of 25 min (95% CI;
20 –33) within a 1-cm path length cuvette and 6 cm from the
lamp. To confirm retention of other major molecular recogni-
tion features, we compared equilibrium binding affinities of
applied alkylphenol general anesthetics with the model protein
apoferritin by isothermal calorimetry and 1-aminoanthracene
(1-AMA) competition (28, 29). The affinities of alkylphenols
for apoferritin have shown to be well correlated with GABAA
receptor potentiation (30 –32); results are summarized in
Table 2.

Fluorescent Profiling of Alkylphenol-binding Proteins—To
confirm the functionality of both the chemically active groups
for downstream ABPP, we employed AziPm-click (1) within
mouse synaptosomes using an azide-PEG3-Alexa 488 fluoro-
phore as a reporter tag. The fluorescent labeling of proteins was
reliant on UV exposure (Fig. 3A). Fluorescent labeling was
decreased with increased concentrations of propofol indicating
protection of alkylphenol-binding proteins within synapto-
somes (Fig. 3B). To control for potential “inner filter” of UV
light, ketamine was employed as a protecting ligand (Fig. 3C),
which conferred no changes in fluorescence intensity seen in
Fig. 3D.

"1#2!2L GABAA Receptor Electrophysiology with AziPm-
click (1)—AziPm-click (1) was functionally active on "1#2!2L
GABAA receptors heterologously expressed in Xenopus

oocytes. AziPm-click (1) demonstrated similar positive modu-
lation activity as propofol (Fig. 4, A and B). The EC50 value for
propofol-positive modulation (at a GABA EC10) in our system
was 10 $M (95% CI; 3.3–17). AziPm-click (1) required a higher
concentration for a similar response with an EC50 of 49 $M
(95% CI; 38 – 61).

In Vivo Anesthetic Activity and Photoaffinity Labeling—
Propofol and AziPm-click (1) demonstrated similar pharmaco-
logical end points within Xenopus laevis tadpoles, inducing
reversible hypnosis with no observable toxicity summarized in
Table 3 and shown in Fig. 4C. To indicate photoaffinity labeling
of pharmacologically relevant targets, we demonstrated that
AziPm-click (1) produced sustained anesthetic end points
(immobility) in vivo after UV irradiation (33). X. laevis tadpoles
were exposed to 12 $M AziPm-click (1) or 3 $M propofol for 30
min. Tadpoles were then exposed to 10 min of low intensity UV
irradiation or were maintained as a 10-min non-UV irradiation
control. Similar to our previous reports for meta-azipropofol
(33), only tadpoles exposed to AziPm-click (1) and 10-min UV
irradiation displayed prolonged immobility after drug washout
(Fig. 4, D and E).

ABPP for Alkylphenol Anesthetics—The ABPP workflow
using AziPm-click (1) with relative quantification is summa-
rized in Fig. 5A. Azide-PEG3-biotin was employed as the
reporter tag for streptavidin-affinity isolation of photoaffinity
labeled protein targets. Tandem mass tag (TMT) isotopic label-

FIGURE 2. AziPm-click (1) geometry and photoreactivity. A, ball and stick
structure of AziPm-click (1) in predicted lowest energy conformation (gray,
carbon; red, oxygen; blue, nitrogen, green, fluorine). B, UV absorption spectra
of AziPm-click (1) (175 $M) in double distilled water (black line) over the course
of UV irradiation time points (gray and green lines).

TABLE 1
Physicochemical properties

Mass Density clogP
Da g/ml

AziPm-click (1) 270 1.19 3.55
propofol 178 0.96 3.79

TABLE 2
Equilibrium binding parameters
ITC is isothermal calorimetry.

Propofol AziPm-click (1)

ITC
1-AMA

displacementa ITC
1-AMA

displacementa

KD (95% CI; $m) 9 (7.1–11) 2.4 (1.3–4.4) 22 (20- 24) 4.0 (1.8–8.7)
Hill slope

(mean % S.E.)
1b #1.1 % 0.33 1b #0.97 % 0.39

a KD indicates fluorescence data derived from the Cheng-Prusoff equation.
b Stoichiometry of HSaF sites was modeled for one site; therefore, the Hill slope is

fixed at 1.

FIGURE 3. Fluorescent profiling of propofol proteome. A, fluorescent
image (FL) of SDS-polyacrylamide gel of synaptosomes exposed to AziPm-
click (1) with or without UV irradiation and corresponding Coomassie Blue
(CB) stain of UV-irradiated synaptosomes. B, protection from AziPm-click (1)
labeling of synaptosomes by propofol at 5& (75 $M), 10& (150 $M), 15& (225
$M), and 25& (375 $M). C, chemical structure of ketamine. D, protection from
AziPm-click (1) labeling of synaptosomes by ketamine at 10& (150 $M), 20&
(300 $M), and 30& (450 $M). All experiments were conducted in triplicate.
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ing and three-stage mass spectrometry (MS3) (34) were cou-
pled to ABPP for quantitative assessment of capture and pro-
pofol protection. The totals for identified proteins are sum-
marized in Fig. 5B. The AziPm-click (1) proteome contained a
discernible group of proteins that demonstrated a high degree
of capture efficiency with a greater than 10 enrichment factor
(Fig. 5C). Of the higher capture group, the majority of proteins
displayed propofol specificity with a greater than 50% protec-
tion and a decrease of at least 5 in enrichment factor (Fig. 5D
and supplemental Table 1). Five GABAA receptor subunits ("1,3
and #1–3) were identified as propofol-specific proteins. All sub-
units showed a decrease of at least 10 in enrichment factor with
propofol protection. Based on experimental studies in heterol-
ogous expression systems, the GABAA receptor is considered
to be an important alkylphenol target. This unbiased ABPP cap-
ture of the receptor from a complex biological milieu, derived
from native tissue, is to our knowledge the first such demon-
stration, and it further validates the receptor as a pharmacolog-
ically relevant target. To further corroborate the ABPP
results of our approach, we examined the apparent subunit-
level selectivity binding to this single target with other
approaches.

MD Simulations of Dynamic Propofol Interactions with
"1#3!2 GABAA Receptor—To understand the apparent subunit
specificity noted in the above experiments, MD simulations for
alkylphenol anesthetic binding were generated with an "1#3!2
GABAA model derived from an "1#1!2 GABAA model used
previously (35). Docking calculations to the entire pentamer
identified at least one propofol pose in each subunit interface,
#"/"# (two sites), " "/##, ""/!#, and !"/##, as shown in
Fig. 6A. Other than the channel lumen, no alternate sites were
consistently detected over multiple docking runs. Docking of
AziPm-click (1) to the same model yielded overlapping sites,
demonstrating that AziPm-click (1) is not sterically hindered
from binding to the intersubunit sites, despite the larger molec-
ular size. Furthermore, as shown in Fig. 6, AziPm-click docking
simulations yield similar orientations to propofol suggesting
common favorable interactions.

A receptor-propofol complex was constructed with one
propofol molecule in the highest scoring pose for each subunit
interface (Fig. 7A). The complex was embedded in a fully
hydrated phosphatidylcholine membrane and simulated for
270 ns using traditional equilibrium MD with atomic resolu-
tion. In addition to allowing the propofol in the intersubunit
space to equilibrate before the affinity calculations, we used this
simulation to characterize and compare the microscopic inter-
actions between propofol and the binding pocket across
subunits.

At the conclusion of the traditional MD simulation, standard
binding affinities for propofol in each of the four distinct sites
were calculated using separate 24-ns AFEP simulations. The

FIGURE 4. "1#2!2L GABAA receptor and anesthetic activity of AziPm-click (1). A, representative traces of ligand activity on heterologously expressed
"1#2!2L GABAA receptors in X. laevis oocytes. Traces are shown with the oocyte responses to GABA EC10 value and corresponding modulation propofol (3 $M)
or AziPm-click (1) (20 $M). B, concentration-response curves for propofol (black circle) and AziPm-click (1) (green diamond) for the positive modulation of
heterologously expressed GABAA receptor "1#2!2L in X. laevis oocytes. Each point represents the mean of four oocytes (n ' 4) % S.E., and data were fitted to
a sigmoidal dose-response curve with variable Hill slope. C, dose-response curves for propofol (n ' 210; black circle) and AziPm-click (1) (n ' 300; green
diamond) for loss of spontaneous movement in tadpoles. Data were fitted to a sigmoidal dose-response curve with variable Hill slope, and the EC50 and Hill
slope values are represented in Table 3. D, time course of recovery control for X. laevis tadpoles following propofol (n ' 30; black open circle) or AziPm-click (1)
(n ' 30; green open diamond) equilibration and 10 min no UV treatment. E, time course of recovery for tadpoles following propofol (n ' 30; black filled circle) or
AziPm-click (1) (n ' 30; green filled diamond) equilibration and 10 min of low intensity UV irradiation.

TABLE 3
Tadpole studies

EC50
(95% CI; $m)

Hill slope
(mean % S.E.)

AziPm-click (1) 6.1 (5.1–7.4) 3.0 % 0.54
Propofol 0.90 (0.84–0.97) 3.4 % 0.31
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AFEP method also involves running MD simulations but is
designed to facilitate simultaneous calculation of average quan-
tities appearing in the Zwanzig equation (36), an exact expres-
sion for the free energy difference between two states (e.g.
bound and unbound) that inherently accounts for all entropic
and enthalpic contributions. The results from the AFEP simu-
lations indicate three higher affinity sites at the ""/## and two
#"/"# interfaces, with KD values similar to propofol EC50. KD
values for the ""/!# and "!/## interfaces, however, suggest
markedly weaker propofol binding to those sites (Table 4).

The particularly low affinity of propofol for the "!/## inter-
facial cavity, which has one more polar residue than the other
interfacial cavities (Fig. 8A), seemed potentially contradictory

to an essential role for hydrogen bonding. As shown in Fig. 7B,
however, the pKD values for different subunit interfaces were
found to be strongly correlated (r2 ' 0.94) with the probability
(Phb) that the propofol hydroxyl would form at least one
hydrogen bond with one of the cavity-lining residues. Propo-
fol in either of the two sites with low KD values (""/## and
#"/"#) had at least Phb (0.8; for the two low affinity sites,
this probability was significantly reduced (Phb )0.3). Thus,
although propofol affinity is correlated with propofol hydro-
gen bonding, propofol is less likely to form hydrogen bonds
with the more hydrophilic "!/## interfacial cavity. This
result was due to stable hydration of the "!/## cavity, due
to interactions of water molecules with !Ser-301 and !Thr-

FIGURE 5. Affinity-based propofol profiling of alkylphenol-binding proteins in native synaptosomes. A, scheme for capture and analysis of AziPm-click (1)
labeling profiles in synaptosomes by biotin-streptavidin methods, TMT, labeling for relative quantification, strong cation exchange chromatography (SCX), and
Nanoliquid chromatography-three-stage mass spectrometry (NanoLC-MS3) analysis. B, distribution of protein groups for the AziPm-click (1) capture and
approximate percentage of full synaptosomal proteome, with a summary of the group’s threshold requirements. Proteomic experiments were conducted in
quadruplicate; the log2 standard deviation between datasets was calculated as 0.28 for heavy over intermediate TMT-labeled samples and 0.17 for heavy over
light TMT-labeled samples. C, TMT ratio frequency distribution (log10 scale) of UV versus no UV irradiation with high capture efficiency threshold. D, percent of
high capture group proteins that demonstrated less than or greater than 50% protection by propofol.

FIGURE 6. Intersubunit propofol and AziPm-click (1) occupancy in an "1#3!2 GABAA receptor as predicted by AutoDock Vina simulations. Helices of the
four distinct subunit interface pairs ("1, green; #3, magenta; !2, blue) with the highest scored docking poses for propofol (orange) and AziPm-click (1) (gray).
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281 (Fig. 7E). The water molecules compete for hydrogen
bonding partners and interact unfavorably with the propofol
isopropyl groups.

Within the highest affinity site at the ""/## interface,
propofol orients as a hydrogen donor to the carbonyl backbone
of Leu-223 within the #M1 transmembrane helix (Fig. 7C)
where a bulge in backbone hydrogen bonding is observed in
crystal structures for both GluCl (37) and the GABAA receptor
#3 homopentamer (38). Similar behavior was observed in sim-
ulations of triiodothyronine bound to interfacial sites (39). In
the #"/"# interface, propofol alternates rapidly between serv-
ing as a hydrogen acceptor for #M2:Thr-262 and donor for
#M2:Asn-265 (Fig. 7D). The associated slight reduction in pKD

is consistent with the slight reduction in Phb and the line of best
fit.

The AFEP calculations yield an intermediate affinity of
propofol for the !#/"" interfacial site. Residues of the !-face,
however, are nearly identical to those of the #-face, as shown in
Fig. 8, B and C, and sequence differences among site residues
are unable to account for the moderate differences in hydrogen
bonding and affinity between !#/"" and the higher affinity
##/"" site. Because hydrogen bonding of propofol to the M1
backbone is frequently observed for ## but not !#, it is possi-
ble that sensitivity of fluctuations in M1 secondary structure to
non-cavity residues causes the observed weak sequence depen-
dence. If so, the result suggests a further uncertainty in inter-
pretations of mutagenesis experiments and the underlying
assumption that identified residues are contact residues.

Propofol and 2-Fluoro-1,3-diisopropylbenzene (Fropofol) Pro-
tection of GABAA Receptor Subunits—To experimentally eval-
uate the role of the alkylphenol hydroxyl in selective binding to
sites within synaptic GABAA receptor subunits, we applied the
fluorine-substituted analogue fropofol (Fig. 9A) within protec-
tion experiments (40). Previously, fropofol did not modulate or
disrupt propofol potentiation of the GABAA receptor, and it did
not cause immobilization at even 100-fold higher concentra-
tions than propofol. In contrast, fropofol did display similar
binding as propofol to protein sites that were not dependent on

FIGURE 7. Selectivity of intersubunit propofol binding in an "1#3!2 GABAA receptor as predicted by molecular dynamics simulations using the AFEP
algorithm. A, five propofol molecules (colored surfaces) docked in the GABAA receptor subunit interfaces (#"/"# (#2 sites)) are as follows: cyan, ""/##;
violet, ""/!#; red, !"/##, orange. The transmembrane domain is viewed from the extracellular side along the pore axis and colored by subunit type; "1, green;
#3, magenta; and !2, blue. B, computational results for propofol pKD and its likelihood of hydrogen bonding to protein cavity residues (Phb) can be well fit by the
line pKD ' a (Phb) " b, where a ' 3.4 % 0.8 and b ' 3.4 % 0.1, and the 95% confidence band is shown in gray. C–E, interactions of propofol and water in the high
affinity and low affinity interfacial sites. Hydrogen bonds, red dashed lines. C, propofol binding in ""/## interface that contained seven polar residue side
chains (left, side view; right, top view) forms a persistent hydrogen bonding with a backbone carbonyl group exposed by the M1 helical bulge (#Leu-223). D,
bound propofol at the #"/"# interfacial site, which contained seven polar residue side chains, (side view) alternates between hydrogen bonds to #"M2:Thr-
262 and #"M2:Asn-265. For compactness, the image shows a rare frame in which both hydrogen bonds coexist. E, in the !"/## interface eight polar residue
side chains were present (top view); these residues favor hydrogen bonding with a water cluster stabilized by polar residues !"Thr-281 and !"Ser-301, which
are homologous to hydrophobic residues in " and # subunits (see Fig. 7).

TABLE 4
Binding affinities of propofol bound to one of four GABAA receptor
interfacial sites (shown in Fig. 5, interfaces notated counter-clock-
wise), calculated using AFEP

Interface KD KD e&'/RT & KD e'/RT a

$M $M
""/## 0.1 0.02–0.7
#"/"# 2.0 0.4–10
""/!# 30 5–200
!"/## 200 40–1000

a KD range corresponds to an uncertainty in *G of % ' 1 kcal/mol. Challenges
inherent in determining constants required for correction to laboratory condi-
tions contribute significantly to %; errors in relative values of KD are substantially
reduced compared with those for absolute KD.
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hydrogen bond interactions (40). Azide-PEG3-biotin was
employed as the reporter tag for streptavidin-affinity isolation
of protein targets photoaffinity labeled by AziPm-click (1) with
or without protection ligands propofol or fropofol. Protein lev-
els of GABAA receptor subunits were determined by Western

blotting before (or “input”) and after (or “elute”) streptavidin
capture of biotinylated proteins. All GABAA receptor subunits
were detected within synaptosomes prior to capture (Fig. 9A),
consistent with synaptic localization of these subunits. After
capture, only " and # subunits were detected. All GABAA
receptor " and # subunits showed significant decreases in cap-
ture efficiency when propofol was present during UV irradia-
tion. Unlike propofol, fropofol was unable to protect GABAA
receptor " and # subunits from capture (Fig. 9, A and B).

Discussion

In this study we investigated the molecular mechanisms and
placement of alkylphenol anesthetic binding to synaptic GABAA
receptors. This multifaceted study integrated an assessment of
total synaptic GABAA receptor binding relative to the native pro-
teome with a targeted investigation of key molecular recogni-
tion elements that contribute to binding affinity. Our approach
deployed a novel anesthetic PAL containing a click chemistry
moiety for downstream quantitative ABPP, as well as AFEP MD
simulations of receptor binding and photoaffinity protection
experiments. Together, these studies add to the understanding
of propofol pharmacology and the dynamic behaviors of het-
eropentameric receptors.

Previous work has shown that the ligand-gated receptors,
GABAA receptors in particular, are modulated by propofol.
Site-directed mutagenesis within heterologous expression sys-
tems and animal models provides the advantage of demonstrat-
ing drug activity and pharmacological changes as well as can-
didate regions of drug binding. The recognized pitfalls of
mutagenesis, like the inherent ambiguity of defined interac-
tion regions, perturbation of native protein dynamics and/or
genetic compensation, mandates that additional strategies be
deployed to complement these investigations. Photoaffinity
labeling has been one method used to further the understand-
ing of anesthetic-binding sites (41). Multiple PALs for propofol
have been reported (42, 43), including one from our own labo-

FIGURE 8. Sequence variation in interfacial binding sites of an "1#3!2 GABAA receptor heteropentamer. A, sequence alignment of " and # subunit
interfaces that contribute to the formation of interfacial binding sites. Highlighted residues represent residue side chains that directly contribute to the
formation of the binding cavity. Bold and * residues denote key sequence variations in the interfacial binding sites. B and C, helices of the four distinct subunit
interface pairs with ""/## interface as the reference pair. In all panels, side chains are colored by residue type as follows: polar (green), hydrophobic (white),
acidic (red), and basic (blue). B, extended view and binding site cavity view of the ""/## interface reference pair with all cavity contributing side chain residues
represented. C, helices of the four distinct subunit interface pairs are colored according to sequence differences with the ""/## interface as the reference
subunit pair displaying identical (light blue), similar (white), and change in residue type (orange). Note that for a given interface, coloring of the " and # subunit
backbone reflects sequence differences from "1 and #3, respectively. Cavity residues are labeled according to a prime-numbering system in which M2:16+ is
equivalent to Ile-271, Thr-266, and Thr-281 for "1, #3, and !2 subunits, respectively; M3:19+ is Tyr-294, Phe-289, and Phe-304 and M3:22+ is Ala-291, Met-286, and
Ser-301 with the same ordering.

FIGURE 9. Ligand protection of synaptic GABAA receptor capture. A, chemi-
cal structure of fropofol. B, representative Western blots for GABAA receptor sub-
units of input (lanes 2–5) and the corresponding elution (lanes 7–10) for synapto-
somal samples exposed to AziPm-click (1) (10 $M) with or without UV irradiation
and with or without co-exposure with propofol (100 $M) or fropofol (100 $M).
Lanes 1, 6, and 11 contain protein ladders. B, comparison of non-UV and UV cap-
ture with or without propofol or fropofol protection for each GABAA receptor
subunit; values are represented as the mean of four experiments % S.E. of the
fraction of the corresponding input sample. Data were analyzed by two-way
analysis of variance with Tukey’s multiple comparison test comparing fraction
captured between protection conditions for each subunit. Significant differences
compared with UV-irradiated eluate preparation without protection ligand are
shown (***, p ) 0.001; **, p ) 0.01; *, p ) 0.05).
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ratory (29), and have furthered an understanding of propofol-
protein interactions. Previous photoaffinity labeling studies,
however, have had their own recognized limitations, particu-
larly reliance on heterologous overexpression and reconsti-
tuted systems.

GABAA Receptor Binding of Alkylphenol-based Anesthetics
within the Synaptic Proteome—To respond to these issues, we
developed a photoaffinity tandem bioorthogonal ligand,
AziPm-click (1) to evaluate the alkylphenol-based anesthetic-
binding proteins within the native synaptosomal proteome
using ABPP. Subunits of the GABAA receptor were identified as
AziPm-click (1)-binding proteins that were shared with propo-
fol. To our knowledge the ABPP strategy has provided the first
evidence of direct interaction of alkylphenol anesthetics with
native tissue-derived synaptic GABAA receptors.

We observed that only selected subunits (" and #) within the
heteropentameric receptor were identified as AziPm-click (1)-
binding proteins. No ! subunits were captured in the ABPP
experiment despite the fact that the !2 subunit is estimated to
incorporate within 75– 80% of all receptor complexes (1), act as
an important subunit for synaptic GABAA receptor eventual
translocation to the plasma membrane (8, 45– 47), and was eas-
ily identified within our input synaptic milieu. Because AziPm-
click (1) demonstrated hypnotic activity and the ability to act as
a positive modulator of the GABAA receptor, the evidence indi-
cates that the orientation(s) of AziPm-click (1) within the active
binding site(s) has the diazirine photoreactive group in close
proximity only to " and # subunits. The !2 subunit apparently
does not contribute surface area to an alkylphenol-binding site
at the concentrations used here. When combined with previous
work implicating interfacial regions within Cys-loop receptors
(22, 48, 49) as propofol-binding sites, we more specifically con-
clude that alkylphenol occupancy of " and # subunit interfacial
sites (e.g. #"/"# and ""/##) is sufficient to result in positive
modulation.

Asymmetrical Propofol Binding to the GABAA Receptor—To
evaluate this hypothesis and determine potential elements that
mediate propofol affinity, we employed independent MD sim-
ulations using rigorous AFEP calculations that focused on
propofol interactions within the "1#3!2 GABAA receptor.
Beginning with high scoring poses in the five potential trans-
membrane sites consistently identified by docking to the full
pentamer (all of which are at the subunit interfaces), AFEP cal-
culations yielded KD values at #"/"# and ""/## interfaces
that were similar to experimental propofol EC50 values. In con-
trast, the KD values for ""/!# and !"/## interfaces were 1–2
orders of magnitude greater, reaching concentrations of propo-
fol known to be lethal and shown to inhibit the induced positive
modulation in electrophysiology studies (50, 51). MD simula-
tions have demonstrated that partial (or asymmetrical) occu-
pancy of the interfacial regions, even in a homomeric pentam-
eric ligand-gated ion channel, has greater effects on pore radius
than total (or symmetrical) occupancy (52). Recently, a similar
hypothesis was suggested for etomidate and propofol using
site-directed mutagenesis of "1#2!2 GABAA receptor (48). It is
also likely that at propofol concentrations where the lowest
affinity interfacial sites are occupied, other sites that cause loss
of function (e.g. pore blocking site(s)) may be occupied as well.

Hydrogen Bonding Mediates Alkylphenol-based Anesthetic
Binding to the GABAA Receptor—Numerous interactions can
contribute to propofol affinity within a protein cavity. These
include multiple weak interactions, such as the hydrophobic
effect, as well as the potential for stronger interactions, such as
hydrogen bonding with the alkylphenol hydroxyl. From the
"1#3!2 GABAA receptor MD simulations, the higher relative
affinities for the #"/"# and ""/## interfaces corresponded
with increased probability for hydrogen bond interaction(s) for
#"M2 Thr-262 and Asn-265 or #-M1 Leu-223 at a conserved
bulge in the M1 backbone. In contrast, the lowest affinity (!"/
##) interface contains a larger number of potential hydrogen
bonding side chains; however, this increases cavity hydration
and causes displacement of propofol. Propofol bound to the
""/!# sites yielded an intermediate affinity and likelihood of
hydrogen bonding. Although the ""/!# side chains are equiv-
alent to those of the higher affinity ""/## site, we observed
that the backbone carbonyl of ## M1 Leu-223 was significantly
more likely to serve as a hydrogen bond acceptor than in the
homologous residue, !# M1 Ile-238. The origin of this differ-
ence is likely subtle and dependent on any residues that affect
M1 secondary structure, not just cavity residues.

To confirm the contribution of the hydroxyl to the alkylphe-
nol-based anesthetic-binding site within captured synaptic
GABAA receptor subunits and the functional relevance of these
sites, we introduced the fluorine-substituted and therefore
hydrogen bond-null ligand fropofol into our investigation.
With the fluorine replacement of the alkylphenol hydroxyl,
fropofol displayed no activity on heterologously expressed
"1#2!2 GABAA receptors (40). Fropofol does, however, bind to
propofol-binding sites that are characterized primarily by the
hydrophobic effect (40). We observed that fropofol, unlike
propofol, did not protect the " or # subunits from AziPm-click
(1) capture. These results confirm MD simulations that identi-
fied hydrogen bonding as a key element contributing to alkyl-
phenol-based anesthetic binding to synaptic GABAA receptors
and that such interfacial sites are likely to contribute to the
altered functional activity.

Study Limitations—Although the goal of this investigation
was to reconcile propofol pharmacology with a complex bind-
ing proteome, some limitations are implicit in our studies,
including points for future improvement. First, our analogue
AziPm-click (1) showed a reduced potency for modulating
"1#2!2 GABAA receptors and a parallel decrease in anesthetic
potency as compared with the parent propofol. However, this is
well within what has been reported for the alkylphenol chemo-
type (53), and it is probably a result of the additional bulk and
electrostatically active diazirine and ether/alkyne groups,
which reduce hydrophobicity. Furthermore, associated dock-
ing simulations demonstrated overlapping poses for propofol
and AziPm-click (1). Finally, MD simulations using the AFEP
algorithm use the parent compound propofol rather than
AziPm-click (1), but they yield affinities that are consistent with
results from AziPm-click (1).

Second, our current investigation is limited to the employed
biological system, a synaptosomal fraction derived from whole
brain, and therefore, it is focused on synaptic proteins, includ-
ing synaptic GABAA receptors. Propofol has previously been
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shown to influence tonic receptor-mediated inhibition that is
anticipated to contribute to observed hypnotic sedation and
other anesthesia phenotypes, specifically amnesia (13, 14, 54).
Because of the lack of extrasynaptic GABAA receptor subunits
within our proteome (data not shown), we could not determine
the binding character for these receptors.

Finally, although the presented quantitative ABPP strategy
allows the first platform for identifying alkylphenol protein tar-
gets relative to a native biological milieu, it does not directly
identify the photoaffinity labeled residues. In part, this is a
result of the challenging elution/digestion of labeled proteins
and large modification size ((600 Da) of the biotin PEG3-con-
jugated AziPm-click (1) modification. Currently available
cleavable biotin-X-azide linkers have variable cleavage effi-
ciency and/or require reagents that perturb downstream quan-
titative labeling for native tissue-derived systems (55). Our
efforts for non-quantifiable capture using cleaved biotin linker
and AziPm-click (1) identified modifications on higher abun-
dance proteins like the voltage-dependent cation channel (data
not shown) that corresponded with earlier reports (56); how-
ever, residue-level modifications on lower abundance proteins,
like the GABAA receptor, remained undetected. Thus, we can-
not confirm an interfacial location of sites in this study,
although this location has been demonstrated in heterologous
receptors (19). Future development of chemically active alkylphe-
nol anesthetics, cleavable biotin linkers, as well as enhanced pep-
tide enrichment and release methods may allow for increased cap-
ture efficiency permitting detection of modifications within the
very low abundance photoaffinity labeled peptides.

Additional Alkylphenol-based Anesthetic Synaptic Targets—
It is unlikely that a given drug will only bind and act on a single
protein target within a proteome. In particular, the small gen-
eral anesthetic molecules have been shown to bind to many
different proteins (57). Although propofol is thought to have
higher affinity for specific protein targets relative to volatile
anesthetics, the projected affinities for major targets, as we
observed with the GABAA receptor, still remain in the low
micromolar range. Therefore, it is not surprising that a number
of targets (!200) were captured due to the promiscuous bind-
ing associated with the general anesthetic. Whether the activity
of every identified protein is altered upon alkylphenol binding is
not clear and is not likely. However, some captured targets, in
addition to the GABAA receptor, have been reported as being
influenced by propofol. Examples include syntaxin-1A (58),
N-methyl-D-aspartate receptor (59), potassium/sodium hyper-
polarization-activated cyclic nucleotide-gated channel 1 (60),
as well as voltage-gated calcium channels (61) and potassium
channels (62), all of which may contribute to desirable and/or
undesirable pharmacological effects.

Concluding Remarks—Although the GABAA receptor is con-
sidered to be an important target for general anesthetics, the
mechanism of GABAA receptor modulation remains unclear.
In this investigation, we aimed to further understand alkylphe-
nol binding to native receptors and to evaluate the molecular
recognition elements that mediate affinity. Our results indicate
that propofol binds to the assembled receptor in an asymmetric
pattern, with greater affinity for #"/"# and ""/## interfaces.
Hydrogen bonding and cavity hydration were found to be the

likely defining factors that contribute to the differential inter-
facial affinity and functional activity. In addition, this work sug-
gests that the alkylphenol anesthetic proteome is large and
complex, providing the opportunity to modulate activity at
many targets. Finally, this work adds to current methodologies
used for the identification of anesthetic targets and a better
understanding of allosteric binding interactions.

Experimental Procedures

General Synthetic Procedures—Reagents and solvents were
all used as acquired from commercial sources. 1H, 13C, and 19F
NMR spectra were obtained on either a Bruker DMX 500 MHz
or a Bruker DMX 360 MHz nuclear magnetic resonance spec-
trometer. The detailed synthetic methodology and associated
NMR spectra for intermediates and AziPm-click (1) are pro-
vided in the supplemental material. Purity of AziPm-click (1)
was determined using reverse phase-HPLC with a C-18 analyt-
ical column with a 60-min gradient from 40 to 70% acetonitrile
in 0.1% formic acid at a 1 ml/min flow at ambient temperature
(21–22 °C).AziPm-click(1)wasmonitoredforUV-visibleabsor-
bance at 210 and 365 nm. The retention time for AziPm-click
(1) was observed at 22.3 min with a purity of (96%.

Physicochemical Properties—The UV spectrum and extinc-
tion coefficient of the AziPm-click (1) diazirine absorption were
obtained from known concentrations in methanolic solutions
and gathered from the Varian Cary 300 Bio UV-visible spectro-
photometer. Photoactivation of the diazirine was measured by
the disappearance of the diazirine UV absorption peaks when
exposed to 350 nm light (Rayonet RPR-3500 lamp) !6 cm from
the light source. Maximum water solubility was approximated
using the extinction coefficient. Calculated octanol/water par-
tition coefficients were generated using XLOGP3 software 22
with default settings. The geometry-optimized structures for
AziPm-click(1) was calculated at the B3LYP/6 –311"G (2d,p)
level of theory using Gaussian 09 (63).

Isothermal Titration Calorimetry—Isothermal titration calo-
rimetry isotherms for binding to soluble protein model horse
spleen apoferritin were conducted as reported previously (31)
and were resolved using a VP-isothermal titration calorimetry
microcalorimeter (MicroCal, Inc., Northampton, MA). Origin
5.0 software was used to best-fit thermodynamic parameters to
the heat profiles.

1-AMA Displacement Fluorescence Assay—1-AMA fluores-
cence inhibition has been reported as a reliable measurement of
anesthetic occupation of the horse spleen apoferritin anesthetic
site (64). 1-AMA displacement studies were conducted as
described previously (29). The fluorescence intensity versus
concentration data were fitted to variable slope Hill models to
obtain the IC50 and Hill slope. The KD value was calculated
using the Cheng-Prusoff equation to correct for the presence of
the 1-AMA competitors.

Crude Synaptosome Preparation—Mouse crude synapto-
somes were prepared as reported previously (65) with modifi-
cations. Male C57/B6 mice (8 –12 weeks) were deeply anesthe-
tized with isoflurane and intracardially perfused with ice-cold
phosphate-buffered saline (PBS; pH 7.4) before decapitation.
Brains were extracted and homogenized in ice-cold isolation
buffer (IB; 0.32 M sucrose, 2.5 mM HEPES, 1 mM EDTA (pH 7.4))
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(10% w/v%) in the presence of protease and phosphatase inhib-
itors. The homogenate was centrifuged at 1,000 & g for 10 min
at 4 °C. The resulting supernatant was decanted, and the pellet
was homogenized with an equal volume of IB and centrifuged at
1,000 & g for 10 min at 4 °C. Both supernatants were pooled and
were centrifuged at 1,000 & g for 10 min at 4 °C. The superna-
tant was decanted and centrifuged at 12,000 & g for 20 min at
4 °C. The pellet was washed twice by resuspension of the pellet
in 2& volumes of IB and centrifuged at 12,000 & g for 15 min at
4 °C. The resulting crude preparation of synaptosomes, now
entirely free of the euthanizing isoflurane, was used in following
experiments. All following protein contents are measured using
BCA assay (Thermo Scientific). Animal care and experimental
procedures involving mice were carried out according to a pro-
tocol approved by the IACUC of the University of Pennsylvania.

Synaptosomal Photoaffinity Labeling—Synaptosomes were
resuspended to 1 mg of protein/ml in HEPES buffer medium (in
mM: 140 NaCl, 5 KCl, 5 NaHCO3, 1.2 NaH2PO4, 1 MgCl2, 10
glucose, and 10 HEPES (pH 7.4)). Concentrations of AziPm-
click (1) with or without the presence of concentrations of com-
petitive ligands (propofol, ketamine, or fropofol) in dimethyl
sulfoxide (DMSO) vehicle ()0.3% v/v) were added, and synap-
tosomes were gently vortexed for 10 s. The samples were
allowed to equilibrate for 5 min before being transferred to a
parafilm-sealed 1-mm path length quartz cuvette. The sample
was then irradiated for 20 min at a peak bandwidth of 350 nm
(Rayonet RPR-3500 lamp) !6 cm from the light source. Non-
irradiated samples were left in the dark at ambient temperature
(22–25 °C) for 20 min. All remaining procedures were con-
ducted with restricted light exposure.

Fluorophore Conjugation for Proteome Detection—To 150 $g
of photolabeled or control synaptosomes, 8 $l of 10% SDS in
water and 2 $l of 1 mM dithiothreitol (DTT) in water were
added. Samples were vortexed and heated at 65 °C for 10 min.
After a brief cooling, final concentrations of 30 $M azide-PEG3-
Fluor 488 (Click Chemistry Tools), 2 mM tris(3-hydroxypropyl-
triazolylmethyl)amine (Sigma), 1 mM ascorbic acid (Sigma),
and 1 mM CuSO4"5H2O (Sigma) were added to each sample and
vortexed vigorously. The samples were left in the dark for 1 h.
After, 4& volume of chilled methanol, 1.5& of chilled chloroform,
and 3& of chilled double distilled H2O were added and vortexed
vigorously. Samples were centrifuged at 1,300 & g for 30 min, and
both liquid layers were carefully removed. The protein pellet was
washed with 500 $l of 1:1 (v/v) methanol/chloroform and centri-
fuged at 14,000 & g for 20 min at 4 °C. Washed pellets were air-
dried for 10 min and resuspended in 25 $l of 1% SDS and 1%
Triton X-100 in 50 mM Tris base buffer. An equal volume of 2&
SDS Laemmli buffer was added, and 25 $g of protein was loaded
without boiling to 4–15% SDS-polyacrylamide gel. Proteins were
directly visualized within the gel using fluorescence and then
stained with Coomassie G-250 stain. Fluorescent studies were
normalized to Coomassie stain band intensity.

Heterologous Expression of GABAA Receptor Subunits and
Electrophysiological Recordings—GABAA receptor expression
in X. laevis oocytes was completed as described previously (40).
cDNAs for GABAA receptor "1, #2, and !2L subunits were gen-
erously provided by Dr. Robert Pearce (University of Wiscon-
sin). All animal care and experimental procedures involving

X. laevis frogs were carried out according to a protocol
approved by the IACUC of Thomas Jefferson University.
GABAA receptor currents expressed in X. laevis oocytes were
recorded as reported previously (40). Data acquisition and ini-
tial analysis were performed using pClamp 9.2/10.3 (Molecular
Devices, Sunnyvale, CA). Macroscopic currents were low-pass
filtered at 1 kHz and digitized at 2 kHz. Data were fit to a sig-
moidal dose-response curve with variable Hill slope.

Hypnotic Activity and in Vivo Photolabeling in X. laevis
Tadpoles—Behavioral activity was initially determined in
albino X. laevis tadpoles (stages 45– 47) as described previously
(29, 33). All animal care and experimental procedures involving
X. laevis tadpoles were carried out according to a protocol
approved by the IACUC of the University of Pennsylvania.

Biotin Conjugation—To 750 $g of photolabeled or control
synaptosome samples, 40 $l of 10% SDS and 2 $l of 5 mM DTT
in water were added. Samples were then vortexed, heated for 10
min at 65 °C, and then briefly cooled. Final concentrations of
150 $M azide-biotin (Click Chemistry Tools), 2 mM tris(3-hy-
droxypropyltriazolylmethyl)amine (Sigma), 1 mM ascorbic acid
(Sigma), and 1 mM CuSO4"5H2O (Sigma) were added to each
sample and vortexed vigorously. The samples were left in the
dark at ambient temperature (22–25 °C) for 1 h with mild agi-
tation. Directly to each sample 4& volume chilled methanol,
1.5& chilled chloroform, and 3& chilled double distilled H2O
were added. Samples were vortexed vigorously and centrifuged
at 1,400 & g for 30 min at 4 °C. Both liquid layers were carefully
removed, and the protein pellet was washed with 2 ml of 1:1
(v/v) chilled methanol/chloroform. Samples were centrifuged
at 3,500 & g for 30 min at 4 °C. Protein pellets were briefly
air-dried before further processing.

Sample Processing for ABPP Mass Spectrometry Studies—750
$g of biotin-conjugated protein sample was resuspended in 500
$l of 25 mM NH4HCO3 and 6 M urea in water. Next, 150 $l of 5%
Triton X-100 in water, 50 $l of 10% SDS in water, and 1.5 $l of
0.5 M DTT were added. The samples were heated for 15 min at
65 °C. After briefly cooling, 14 $l of 0.5 M iodoacetamide in
water was added, and the sample was left in the dark for 45 min.
Insoluble debris was separated by centrifugation for 10 min at
14,000 & g. The supernatant was diluted to 4 ml with PBS, and
2 ml of PBS containing 100 $l of 50% streptavidin-agarose resin
(Thermo Scientific) was added. Biotinylated proteins within the
sample were captured over resin overnight at 4 °C with mild
agitation. The resin was first washed with 6 ml of 1% SDS in
PBS, and then 7 ml of 0.1 M urea in PBS followed by 10 ml of
PBS. The resin underwent a final wash with 0.9 ml of 50 mM
Tris-HCl and 1 mM CaCl2 in water (pH 8.0) and then resus-
pended in 200 $l of 50 mM Tris-HCl, 1 mM CaCl2 in water (pH
8.0), and 2 $g of porcine sequencing grade trypsin (Promega).
Samples were digested overnight at 37 °C. Samples were then
centrifuged at 2,000 & g for 4 min, and digest supernatant was
decanted. Beads were washed in 100 $l of PBS centrifuged at
5,200 & g for 5 min, and the wash was combined with the digest
supernatant. To the combined sample, trifluoroacetic acid
(TFA) was added to 0.4% (v/v) or until pH )2. The sample was
desalted with Oasis C18 10-mg columns (Waters) as described
previously (66). The eluted sample was dried by speed vac and
resuspended in 0.1 M HEPES buffer (pH 8.5). Samples were
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labeled with Tandem Mass TagTM 6-plex (TMTsixplexTM)
(Thermo Scientific) with the UV(") sample labeled with
TMT6# 128 or 131 reagent, the propofol protection sample
labeled with TMT6# 126 or 129 reagent, and the UV(#) sample
labeled with TMT6# 127 or 130 reagent using product instruc-
tions. Appropriate corresponding TMTsixplexTM-labeled sam-
ples were pooled and dried by speed vac. The combined samples
were resuspended in 0.5% acetic acid in water and pH-corrected
with acetic acid until pH was )2. 40 $g of protein was desalted
with C18 stage tips prepared in-house and dried by speed vac.

Samples were resuspended in 10 mM KH2PO4 (pH 2.6), 30%
acetonitrile (v/v) in water, and fractionated by off-line strong
cation exchange chromatography prior to mass spectrometry
(MS) analysis similar to as reported previously (66). The full
synaptosome proteome control was prepared similarly without
TMTsixplexTM labeling.

Mass Spectrometry Analysis—All TMT samples were analyzed
with three-stage mass spectrometry (MS3) TMTsixplexTM quan-
tification workflow as described previously (34). Spectral anal-
ysis was conducted using Thermo Proteome Discoverer 2.0
(Thermo Scientific) and mouse non-redundant (gene-centric)
FASTA database. Mascot searches allowed for variable oxida-
tion of methionine ("15.9949 m/z) and static modifications of
cysteine residues ("57.0215 m/z; iodoacetamide alkylation)
and TMTsixplexTM tags on lysine residues and peptide N ter-
mini ("229.162932 m/z). To establish the base synaptosomal
proteome, searches allowed for variable oxidation of methio-
nine ("15.9949 m/z) and static modifications of cysteine resi-
dues ("57.0215 m/z; iodoacetamide alkylation). All studies
maintained trypsin enzyme specificity filtered with no greater
than two missed cleavages. The MS2 spectral assignment was
restricted to a specified false-positive rate of 1%, and a mini-
mum of two unique peptides was required for protein identifi-
cations. Quantification was based on the theoretical m/z of the
individual TMTsixplexTM reporter ions as reported previously
(34). Enrichment factor was defined as the mean (")UV/
(#)UV TMT ratio. Frequency distribution histograms of log2
values were generated using GraphPad Prism 7.0.

Western Blotting for Biotin-conjugated Protein Targets—750
$g of biotin-conjugated protein sample was resuspended via
sonication in 500 $l of 25 mM NH4HCO3 and 6 M urea in water.
Following that, 150 $l of 5% Triton X-100 in water, 50 $l of 10%
SDS in water, and 1.5 $l of 0.5 M DTT were added. The samples
were heated for 15 min at 65 °C. Insoluble debris was separated
by centrifugation for 10 min at 14,000 & g. The supernatant was
diluted to 1 ml with PBS, and 50 $l was removed for the input
sample. An additional 5 ml of PBS containing 100 $l of 50%
streptavidin-agarose resin (Thermo Scientific) was added.
Biotinylated proteins were captured over resin overnight at 4 °C
with mild agitation. The resin was first washed with 6 ml of 1%
SDS in PBS and then 7 ml of 0.1 M urea in PBS followed by 10 ml
of PBS. The resin underwent a final wash with 0.9 ml of PBS and
then was resuspended in 100 $l of 2& SDS Laemmli buffer
containing 100 mM DTT. Samples were then incubated with
agitation at 37 °C for 30 min, centrifuged at 700 & g for 2 min,
and heated for 15 min at 90 °C. 50 $l of 2& SDS Laemmli buffer
containing 100 mM DTT was joined to the input sample and
heated for 5 min at 90 °C. Samples were centrifuged at 14,000 &

g for 10 min prior to electrophoresis using 4 –15% SDS-poly-
acrylamide gels with 10 $l of each sample introduced into each
well. Proteins were then transferred to PVDF membranes. The
membranes were blocked for 1 h with 2.5% BSA in Tris-buff-
ered saline containing 0.1% Tween 20 (v/v; TBST). Membranes
were incubated with GABAA receptor subunit antibodies over-
night at 4 °C. All antibodies for GABAA receptor subunits were
purchased from Santa Cruz Biotechnology, Inc., and included
rabbit or goat polyclonal "1 ((A-20) sc-31405), "3 ((J-23)
sc-122603), #1((N-19) sc-7361), #2 ((C-20) sc-7362), and !2
((Q-18) sc-101963) antibodies and monoclonal #3 ((D-12)
sc-376252) antibody. For GABAA receptor subunit analysis,
membranes were washed three times with TBST prior to a 2-h
incubation with appropriate HRP-conjugated secondary anti-
body at room temperature. All membranes were then washed
twice with TBST and once with Tris-buffered saline (TBS)
before being developed with Amersham Biosciences ECL select
reagent and scanned. Only the net ratio of intensity-detected
band(s) between 75 and 50 kDa was considered. The elution
intensities were normalized to the corresponding input sample.
Samples showing no detectable band elution were set to a net
ratio of intensity of 0. Studies were conducted in quadruplicate
and are represented as the fraction of the corresponding input.

Molecular Dynamics Simulations—A model of the "1#3!2
GABAA receptor was built by mutating 31 residues in the #
subunits from an "1#1!2 GABAA model 3 reported in Hénin et
al. (35). The mutations were made using the MUTATOR
plugin of VMD (67). AutoDock Vina (68) was used to generate
initial coordinates for propofol; default parameters were used,
and the search space included the entire pentamer. AutoDock
Vina returned at least one pose for each subunit interface; the
ligand conformation with the best score was chosen for each
site. The complex (GABAA receptor and five propofol mole-
cules) was then placed in a 109 & 109 Å phosphatidylcholine
membrane aligned parallel to the xy plane using CHARMM-
GUI membrane builder (69). The system was solvated to a total
height in z of 139 Å, followed by the addition of sodium and
potassium ions that neutralized the system and brought the salt
concentration to 0.15 M. The complete simulation system con-
tained about 167,000 atoms.

The CHARMM36 force field was used for protein (70, 71)
and phospholipid (72) parameters, with parameters for TIP3P
waters (73) and ions (74) corresponding to those traditionally
used with CHARMM-based force fields. Propofol parameters
relied on atom types from CHARMM36, as described in LeBard
et al. (75), further parameterization and use of a CMAP poten-
tial was required to accurately enforce coupling between rota-
tion of the hydroxyl and isopropyl groups due to steric clashes.

Atomistic molecular dynamics simulations were run with
NAMD version 2.10 (76). All simulations used periodic bound-
ary conditions and particle mesh Ewald (PME) electrostatics.
Interactions between non-bonded atoms were cut off at 12 Å,
and bonds involving hydrogen were constrained using the
SHAKE/RATTLE algorithm. A Langevin thermostat and
barostat were used to maintain a temperature and pressure of
300 K and 1 atm, respectively, and vanishing surface tension
was imposed. The simulation time step was 2 fs. Following
the system generation, 30,000 minimization steps and a 7-ns
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equilibration protocol that gradually softened restraints on
the protein and ligand were run. Subsequently, we ran a
200-ns production run with soft harmonic restraints on the
C" atoms (k ' 0.5 kcal/mol/Å2). The probability of hydrogen
bonding was calculated using a VMD script that measured
the fraction of frames in which propofol was hydrogen bond-
ing to any residue in the site, detected using the VMD geo-
metric criterion with a distance cutoff of 3.3 Å and an angle
cutoff of 40°. The first 50 ns of the production run were not
included in the analysis.

Binding affinities were calculated using the AFEP method, a
theoretically exact method that involves gradually decoupling
(reducing interaction strength) the ligand and the binding site
throughout an MD simulation (44, 77). The decoupling free
energy was then corrected by the ligand solvation free energy,
as well as the entropic cost of transferring the ligand from the
available volume per molecule in the standard state (1,660 Å3)
to the volume of the ligand-binding site, yielding the standard
Gibbs free energy of binding, *G0. The dissociation constant
KD was calculated using the relationship KD ' exp(#*G0/RT).
Implementation of the method was very closely based on the
procedure used by LeBard et al. (75) for propofol binding to
intrasubunit site transmembrane domains of Gloeobacter
ligand-gated ion channel. Decoupling of propofol from each of
four interfaces was carried out in four separate simulations,
over 24 windows, with 1 ns/window for a total of 24 ns per
interfacial binding site.

The probability of propofol hydrogen bond formation
(Phb) was estimated by calculating the frequency that a single
hydrogen bond with the propofol hydroxyl was detected over
the course of the equilibrium MD simulation. Molecular
images in Figs. 6, A and C–E, and 7 were generated using
VMD (67), and the data in Fig. 6B was plotted and fit using
python scripts.

Statistics—GraphPad Prism 7.0, ChemDraw Professional
15.0, and Microsoft Excel, unless otherwise noted, were used
for figure preparation and statistical data analysis.

Supplemental Material—1H, 13C, and 19F NMR spectra and
detailed synthetic methods of AziPm-click (1) are presented in
supplemental S2–S32. The identified propofol-specific pro-
teome is presented in supplemental Table 1.
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Du, J., Lü, W., Wu, S., Cheng, Y., & Gouaux, E. 2015, Nature, 526, 224

Eugène, E., Depienne, C., Baulac, S., et al. 2007, The Journal of neuroscience :
the o�cial journal of the Society for Neuroscience, 27, 14108

Farrar, S. J., Whiting, P. J., Bonnert, T. P., & McKernan, R. M. 1999, Journal
of Biological Chemistry, 274, 10100

Fiorin, G., Klein, M. L., & Hénin, J. 2013, Molecular Physics, 111, 3345

Forman, S. A., Miller, K. W., & Yellen, G. 1995, Molecular Pharmacology, 48,
574 LP

Franks, N., Jenkins, A., Conti, E., Lieb, W., & Brick, P. 1998, Biophysical Jour-
nal, 75, 2205

Franks, N., & Lieb, W. 1996, Temperature dependence of the potency
of volatile general anesthetics: implications for in vitro experiments.,
doi:10.1097/00000542-199603000-00027

Franks, N. P., & Lieb, W. R. 1984, Nature, 310, 599

—. 1994, Nature, 367, 607

Fritsch, S., Ivanov, I., Wang, H., & Cheng, X. 2011, Biophysical Journal, 100,
390

Git, V., Bernardi, R., Bhandarkar, M., et al. 2017

Gonzalez-Gutierrez, G., Cuello, L. G., Nair, S. K., & Grosman, C. 2013, Proceed-
ings of the National Academy of Sciences, 110, 18716

Grosman, C., Salamone, F. N., Sine, S. M., & Auerbach, A. 2000, The Journal
of general physiology, 116, 327

Gupta, S., Chakraborty, S., Vij, R., & Auerbach, A. 2017, The Journal of General
Physiology, 149, 85

Hales, T. G., Deeb, T. Z., Tang, H., et al. 2006, The Journal of biological chem-
istry, 281, 17034

Hales, T. G., & Lambert, J. J. 1991, British Journal of Pharmacology, 104, 619

Harris, R. A., Mihic, S. J., Dildy-Mayfield, J. E., & Machu, T. K. 1995a, FASEB
J, 9, 1454



123

—. 1995b, The FASEB journal : o�cial publication of the Federation of American
Societies for Experimental Biology, 9, 1454

Hassaine, G., Deluz, C., Grasso, L., et al. 2014, Nature, 512, 276

Hénin, J., & Chipot, C. 2004, The Journal of chemical physics, 121, 2904

Hénin, J., Salari, R., Murlidaran, S., Brannigan, G., & Biology, I. 2014, Biophys-
ical journal, 106, 1938

Hibbs, R. E., & Gouaux, E. 2011a, Nature, 474, 54

—. 2011b, Nature, 474, 54

—. 2011c, Nature, 474, 54

Hilf, R. J., & Dutzler, R. 2009, Nature, 457, 115

Hilf, R. J. C., & Dutzler, R. 2008a, Nature, 452, 375

—. 2008b, Nature, 452, 375

Humphrey, W., Dalke, A., & Schulten, K. 1996, Journal of molecular graphics,
14, 33

Isralewitz, B., Baudry, J., Gullingsrud, J., Kosztin, D., & Schulten, K. 2001,
Journal of Molecular Graphics and Modelling, 19, 13

Ivanov, I., Cheng, X., Sine, S. M., & McCammon, J. A. 2007, Journal of the
American Chemical Society, 129, 8217

Jaiteh, M., Taly, A., & Hénin, J. 2016, PLOS ONE, 11, e0151934

Jarzynski, C. 1997a, Physical Review E, 56, 5018

—. 1997b, Physical Review Letters, 78, 2690

Jayakar, S. S., Zhou, X., Chiara, D. C., et al. 2014a, The Journal of biological
chemistry, 289, 27456

—. 2014b, The Journal of biological chemistry, 289, 27456

Jenkins, A., Franks, N. P., & Lieb, W. R. 1999, Anesthesiology, 90, 484

Jo, S., Lim, J. B., Klauda, J. B., & Im, W. 2009, Biophys J, 97, 50

John Mihic, S., Ye, Q., Wick, M. J., et al. 1997, Nature, 389, 385

Jurd, R., Arras, M., Lambert, S., et al. 2002, The FASEB Journal, 17, 250

—. 2003, The FASEB journal : o�cial publication of the Federation of American
Societies for Experimental Biology, 17, 250



124

Kang, J.-Q., Shen, W., & Macdonald, R. L. 2006, The Journal of neuroscience :
the o�cial journal of the Society for Neuroscience, 26, 2590

Kash, T. L., Jenkins, A., Kelley, J. C., Trudell, J. R., & Harrison, N. L. 2003,
Nature, 421, 272

Klauda, J. B., Venable, R. M., Freites, J. A., et al. 2010, The journal of physical
chemistry. B, 114, 7830

Krasowski, M. D., & Harrison, N. L. 1999, Cell. Mol. Life Sci., 55, 1278

Krasowski, M. D., Jenkins, A., Flood, P., et al. 2001a, The Journal of pharma-
cology and experimental therapeutics, 297, 338

Krasowski, M. D., Nishikawa, K., Nikolaeva, N., Lin, A., & Harrison, N. L. 2001b,
Neuropharmacology, 41, 952

LeBard, D. N., Hénin, J., Eckenho↵, R. G., Klein, M. L., & Brannigan, G. 2012a,
PLoS computational biology, 8, e1002532

—. 2012b, PLoS computational biology, 8, e1002532

Lee, W. Y., Free, C. R., & Sine, S. M. 2009, The Journal of neuroscience : the
o�cial journal of the Society for Neuroscience, 29, 3189

Lee, W. Y., & Sine, S. M. 2005, Nature, 438, 243

Lev, B., Murail, S., Poitevin, F., et al. 2017, Proceedings of the National Academy
of Sciences, 114, E4158

Liu, R., Loll, P. J., & Eckenho↵, R. G. 2005, FASEB journal : o�cial publication
of the Federation of American Societies for Experimental Biology, 19, 567

Lummis, S. C. R., Beene, D. L., Lee, L. W., et al. 2005, Nature, 438, 248

Macdonald, R. 2010, The Journal of physiology

Macdonald, R. L., Kang, J.-Q., Gallagher, M. J., & Feng, H.-J. 2006, Adv Phar-
macol, 54, 147

MacKerell, A. D., Bashford, D., Bellott, M., et al. 1998, The journal of physical
chemistry. B, 102, 3586

Maldifassi, M. C., Baur, R., & Sigel, E. 2016, Neuropharmacology, 105, 207

Mark, A. E. 1998, in Encyclopedia of computational chemistry, Vol. 2 (Chichester,
UK: John Wiley & Sons, Ltd), 1070–1083

Miller, K. W. 2002, Br. J. Anaesth., 89, 17

Miller, P. S., & Aricescu, A. R. 2014, Nature, 512, 270



125

Mitra, A., Cymes, G. D., & Auerbach, A. 2005, Proceedings of the National
Academy of Sciences, 102, 15069

Mowrey, D., Cheng, M. H., Liu, L. T., et al. 2013, Journal of the American
Chemical Society, 135, 2172

Murail, S., Wallner, B., Trudell, J. R., Bertaccini, E., & Lindahl, E. 2011, Biophys
J, 100, 1642

Murlidaran, S., & Brannigan, G. 2018, Physical Accuracy Leads to Biological Rel-
evance: Best Practices For Simulating Ligand-Gated Ion Channels Interacting
With General Anesthetics, doi:10.1016/bs.mie.2018.02.001

Murlidaran, S., Salari, R., & Brannigan, G. ????

Nakahiro, M., Yeh, J. Z., Brunner, E., & Narahashi, T. 1989, FASEB J, 3, 1850

Nirthanan, S., Garcia, G., Chiara, D. C., Husain, S. S., & Cohen, J. B. 2008,
Journal of Biological Chemistry, 283, 22051

Nishikawa, K., & Harrison, N. L. 2003, The Journal of the American Society of
Anesthesiologists, 99, 678

Nury, H., Bocquet, N., Le Poupon, C., et al. 2010, Journal of molecular biology,
395, 1114

Nury, H., Van Renterghem, C., Weng, Y., et al. 2011, Nature, 469, 428

Orser, a., Pennefather, P. S., & Macdonald, J. F. 1994, The Journal of Neuro-
science, 74, 7747

O’Shea, S. M., & Harrison, N. L. 2000, The Journal of biological chemistry, 275,
22764

Park, S., & Schulten, K. 2004, Journal of Chemical Physics, 120, 5946

Phillips, J. C., Braun, R., Wang, W., et al. 2005, Journal of computational chem-
istry, 26, 1781

Pitman, M. C., Suits, F., Mackerell, A. D., & Feller, S. E. 2004, Biochemistry,
43, 15318

Pohorille, A., Jarzynski, C., & Chipot, C. 2010, J Phys Chem B, 114, 10235

Raju, S. G., Barber, A. F., LeBard, D. N., Klein, M. L., & Carnevale, V. 2013,
PLoS Computational Biology, 9, e1003090

Ramakrishnan, L., & Hess, G. P. 2004, Biochemistry, 43, 7534

Sanna, E., Garau, F., & Harris, R. A. 1995, Molecular Pharmacology, 47



126

Sauguet, L., Shahsavar, A., Poitevin, F., et al. 2014, Proceedings of the National
Academy of Sciences, 111, 966

Sebel, L. E., Richardson, J. E., Singh, S. P., Bell, S. V., & Jenkins, A. 2006, The
Journal of the American Society of Anesthesiologists, 104, 1176
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