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ABSTRACT

GATING MECHANISM IN NICOTINIC

ACETYLCHOLINE RECEPTOR CHANNEL

Nicotinic acetylcholine receptor (nAChR) is a ligand gated ion channel. Aber-

rations of nAChR is the primary reason of many congenital myasthenic syndromes.

The mechanism behind the function of nAChRs is still unclear. In the present study

nAChR from Torpedo marmorata was analyzed using the 3D structures of trasmem-

brane domain (TMD) (Protein Data Bank (PDB) Code: 1oed) and TMD with ligand

binding domain (LBD) and five helices from the cyptoplasmic domain (PDB Code:

2bg9). Elastic Network Models (ENM), namely Gaussian Network Model (GNM) and

Anisotropic Network Model (ANM), were employed to assess the underlying motions

of nAChR. A program called MCPOOL was designed to analyze the correlated fluctua-

tions by GNM to study the communication pathways between the binding domain and

the gate. Conservation and correlated mutation analysis was performed to interpret

the results of the ENMs from an evolutionary standpoint.

The results of GNM analysis suggested that TMD domain is largely affected

by LBD and cytoplasmic domain. The highly fluctuating motion of M2-M3 loop is

suppressed by the presence of LBD. The cross correlations elaborated by MCPOOL

revealed the pathways between binding and gating region. The most visited regions

are the initial residues of M1, M2-M3 loop, and the last residues of M4. They are on

the pathways and overlap the minimum fluctuating regions and highly associate with

the conserved residues and the residue pairs of correlated mutations. The results agree

in the suggestion that these most visited regions are key passageways on the signal

transmission pathway, and thus affect the gating mechanism.
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ÖZET

ASETİLKOLİN RESEPTÖRLERİNDE KANAL AÇILMA

MEKANİZMASI

Nikotinic asetilkolin reseptörü (nAChR) ligand kontrollü (ligand gated) iyon

kanalıdır. Bu reseptördeki bozukluklar birçok kas hastalıg̃ına neden olur. Bu re-

septörün çalışma mekanizması tam anlamıyla anlaşılamamıştır. Bu çalışmada Tor-

pedo marmorata’nın nAChR’ı protein veri bankasındaki sadece hücre duvarının içindeki

bölgeyi içeren 1oed ve hücre dışı ve hücre içi bölgeri de içeren 2bg9 kodlu yapılar in-

celenmiştir. Elastik ag̃ modelleri olan Gaussian ve anizotropik (Anisotropik) ag̃ yapı

modelleri reseptörün hareketlerini incelemek için kullanımıştır. Çapraz korelasyonları

inceleyip yapı içindeki haberleşme yollarını bulmak için MCPOOL adlı bir program

tasarlanmıştır. Ayrıca korunmuş (conserved) aminoasitler ve beraber deg̃işime ug̃ramış

aminoasit çiftleri (correlated mutation) belirlenerek aminoasitlerin evrimsel deg̃işimi ile

üç boyutlu yapıdaki dinamig̃in nasıl örtüştüg̃ü irdelenmiştir.

Dinamik sonuçlar hücre duvarındaki M1, M2, M3 ve M4 sarmal yapılarından

oluşan, bölgenin dig̃er bölgelerin varlıg̃ından etkilendig̃ini göstermektedir. Hücre dışı

bölge ile hücre duvarı içinde olan bölge arasındaki M2-M3 bölgesinin hareketlerinin

hücre dışı bölge tarafından bastırıldıg̃ı görülmektedir. MCPOOL tarafından ortaya

çıkarılan haberleşme yolu üzerinde M1’deki ilk M4’teki son ve M2-M3 ara bölgesindeki

aminoasitler yer almaktadır. En kısa haberleşme yolu üzerinde en çok yer alan amino-

asitlerin yapınin mekanistik olarak önemli noktalarında yer aldıg̃ı ve korunan ve birlikte

deg̃işen aminoasit çiftleri ile örtüştüg̃ü görülmektedir. Bu sonuçlar ışıg̃ında adı geçen

bölgelerin reseptör kanalının açılma mekanizması için önemli oldukları belirlenmiştir.
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1. INTRODUCTION

1.1. Background Information

Nicotinic acetylcholine receptor (nAChR) is one of the most studied protein in

the superfamily of ligand gated ion channels (LGIC). LGIC superfamily comprises

several families of evolutionarily related proteins. These proteins can be referred as

the Cys-Loop receptors, due to the fact that extracellular halves of all of the family

members contain a conserved pair of disulfide bonded cysteine residues separated by

only thirteen residues [1]. Serotonin (subtype 3 of the 5-hydroxytryptamine 5HT3),

Gamma-Amino Butyric Acid receptor type A (GABAA) and glycine receptors are all

members of LGIC superfamily. The families of LGIC superfamily can be divided into

cation an anion selective channels. Among these members, nAChR and serotonin

belong to the cation selective group while GABAA and glycine receptors belong to the

anion selective group of ion selective channels [2].

nAChRs reside at the neuromuscular junctions and at a number of different sites

in the central nervous system [3]. nAChRs are neurotransmitter receptors, their main

function is transducing chemical signal into an electrical signal [4, 5]. They mediate

fast chemical transmission of electrical signals by opening a narrow pore across the

cell membrane, where they reside, in response to neurotransmitters released from the

nerve terminal into the synaptic cleft [6]. nAChRs have three distinct regions, namely

ligand binding domain (LBD) (extracellular domain), transmembrane domain (TMD),

and cytoplasmic domain (CYP). Figure 1.1 displays these regions (See Figure 1.1) on

the structure of nAChR.

nAChRs are formed by five homologous subunits (α2, β, δ, γ, or ε) These large

subunits are almost 150 Å long, and formed by approximately 370 residues. In this

work, nAChR from the electric organ of Torpedo marmorata, which is the marbled

electric ray fish which is highly enriched in acetylcholine (ACh) receptor containing



2

Figure 1.1. nAChR from Torpedo marmorata as seen from membrane surface. LBD is

red, TMD is black and CYP is blue [10]. Black lines represent cell membrane

membranes [6, 7, 8], is analyzed, because of the available three dimensional (3D) struc-

tures (Protein Data Bank (PBD) code: 2bg9 and 1oed).

Until the release of the recent 3D structure of nAChR (PDB code: 2bg9), ligand

binding and transmembrane domains did not exist in a single 3D structure. In fact the

ligand binding domain was not resolved for Torpedo marmorata. During this period

computational analyses were done either separately for ligand binding and transmem-

brane domains, using the 3D structure of transmembrane domain of Torpedo mar-

morata (PDB code: 1oed) [7] and the 3D structure of Acetylcholine Binding protein

(AChBP), highly homologous to the ligand binding domain of nAChR (PDB Code:

1i9b [9]), or using a combined structure made up of 3D structures of TMD of nAChR

from Torpedo marmorata and AChBP. The difference between AChBP and ligand

binding domain of nAChR is that AChBP consists of only five identical subunits, it’s a

homopentamer. AChBP does not have an ion channel (a transmembrane domain). It’s

a soluble and has five binding pockets and is released to the synaptic cleft to modulate

the synaptic transmission [9].
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Figure 1.2. Subunits of nAChR viewed from the extracellular side. Alpha gamma,

beta, delta, alpha delta, gamma subunits are shown (blue, green, magenta, light blue,

orange respectively).

1.2. Structure

The structure of nAChR (PDB code: 2bg9) from the Torpedo marmorata is the

closed structure of the receptor [10]. It is formed by five homologous subunits; these

subunits are alpha gamma (αγ), beta (β), delta (δ), alpha delta (αγ), and gamma (γ)

(αγ, β, δ, αδ, γ) (See Figure 1.2) (See Appendix 1 for additional information about

the sequences of each subunit). Each subunit, except for alphas which are identical,

is at most 49 per cent identical to each other (delta and gamma) and at least 33 per

cent identical (alpha and delta) (See Appexdix C, Pairwise alignment) according to

the pairwise alignment (PIR SSearch, [11]). Figure 1.2 shows these subunits from the

extracellular side of the membrane. Two alpha subunits are identical and are named

alpha gamma and alpha delta. Alpha subunits are named with the neighbour with

which they form the binding pocket. Each of the subunits is formed by three distinct

regions, which are named according to their positions relative to the cell membrane

(See Figure 1.1).
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Figure 1.3. Secondary structure of alpha gamma subunit of nAChR. Residue which

line the narrowest section of the pore is cyan [7, 10].
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Each subunit is formed by mostly beta sheets and loops at the LBD and helices

at the TMD. The LBD consist of one helix segment at the N terminal, twelve beta

sheets and twelve loops between beta sheets. Each subunit has four helices at the

transmembrane domain which named M1, M2, M3, and M4. Ligand binding domain

and the transmembrane domains are connected covalently by beta 10 (B10) sheet and

M1 helix. The interface of ligand binding and transmembrane domains are formed by

Cys loop, loop two (between beta one (B1) and beta two (B2)), and loop nine, which

connects beta eight (B8) to beta nine (B9) [12]. There are two ACh binding sites

on nAChR [10]. These are located between the alpha subunits and their neighbours

(alpha gamma-gamma, alpha delta-delta). Each of these binding pockets is formed by

several loops and beta sheets contributed by an alpha subunit and the neighbouring

subunit. Binding pocket is shaped by loop A (loop five), loop B (loop eight), and

loop C (loop 10) from the alpha subunits and beta five (B5) and beta six (B6) of the

adjacent subunit (delta or gamma subunit) [10] (See Figure 1.3). The residues which

connect B10 strand to M1 helix are called B10-M1.

Transmembrane domain is formed by four alpha-helical segments of five subunits.

These segments line around a central pore in a tapering manner (See Figure 1.1). Each

TMD helix is divided into an upper half and a lower half for naming purposes. The

upper half of a transmembrane helix is the half near the extracellular side, the lower

half is the half near the intracellular side (See Figure 1.4.a). Among these alpha-

helical segments are five M2 helices, which form the lumen of the pore (or the inner

ring) [2, 13]; M1 and M2 helices form the inner ring, and M4 forms the outer ring

(See Figure 1.4.b). Among these rings only outer ring have extensive lipid contacts,

while middle ring makes much less lipid contacts [13, 14, 15]. M2 and M3 helices

are connected with the M2-M3 loop which is thought to be one of the regions on the

signal pathway from binding region to gate region [7, 10, 12, 16]. M1-M2 loop connects

the M1 and M2 helices at the cytoplasmic half of the transmembrane domain (See

Figure1.4.a).

The proposed gate, in the transmembrane domain, is thought to be formed by

two constricting rings, which lie at the αγLeucine251 (αγLeu251 - Leucine Ring) and
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αγValine255 (αγVal255 - Valine Ring) [7] (See Figure 1.3). These two rings form the

narrowest sections of the transmembrane domain, where upon activation widens by

several Angstroms (freeze trapping experiments [17]). At these narrowest sections of

the pore the M2 helices have very small separation and have bulky hydrophobic side

chains. The symmetric nature of the pore leads to equal side to side hydrophobic

interactions between equivalent residues at each subunit. Both small separation and

the symmetric hydrophobic interactions keep the pore together [7, 10].

The cytoplasmic segment of the nAChR structure (PDB code: 2bg9) has missing

loops. The only cytoplasmic segments present are the MA helices which are connected

to the M4 helices. MA helices form an inverted pentagonal cone, which has five open

spaces on the side. These open spaces are the only possible path for the ion flow [10].

Earlier kinetic studies established that nAChR can exist in at least three conformations

with different functional properties, closed, open and desensitized [18].

1.3. Literature Survey

Nicotinic Acetylcholine receptors reside at the cell membrane facing the synaptic

cleft. When ACh molecules bind to these receptors a fast conformational change occurs

in the channel structure. This change leads to a change in the ionic permeability of the

pore. The gating mechanism involves allosteric signalling caused by a brief exposure to

ACh, and a conformational change at the alpha subunits. This conformational change

is transmitted through the ligand binding domain to the transmembrane domain as a

twist like motion [7], which in turn breaks the symmetric forces keeping the residues at

the gate region together, allowing the pore to expand. Mutations of the genes coding

the nAChR may alter this basic mechanism to an extend that renders nAChR impaired.

In LGIC super-family proper gating of the channel is the most important func-

tion. Improper functioning of nAChRs, due to their abundance at the neuro-muscular

junction, is the reason of many congenital myasthenic syndromes (CMS), which are in-

herited disorders that cause muscle weakness (myasthenia). The loss of proper function

damages the ability of post-synaptic cells to receive signals from the nervous system.
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Figure 1.4. a) Transmembrane segment of nAChR and connecting loops. b)

Presentation of inner ring (magenta), middlering (cyan), and outer ring (red).
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Previous studies have revealed such mutations. The mutations of Valine 285 in the M3

helix of alpha subunit to Isoleucine (αγV285I), and a mutation at the cytoplasmic loop

between M3 and M4 helices of the β subunit cause CMS [19, 20].

Nicotinic acetylcholine receptors are also found at the post-synaptic membranes

of cells in brain. Mutations in these residues are thought to be involved in many

diseases which includes, but are not limited to, autosomal dominant nocturnal frontal

lobe epilepsy, Alzheimer’s disease, schizophrenia, Parkinson’s disease, Chrohn’s disease

[16, 21].

Nicotinic acetylcholine receptors have been a topic of experimental studies since

the late sixties [22]. In late seventies it was found that delipidation and solubilization of

nAChR irreversibly changed nAChR to a low affinity state [15]. Electron spin resonance

studies in the late seventies of nAChRs in its native membrane environment disclosed

a lipid belt region where lipids directly interacted with nAChR. This lipid belt region

was shown to be qualitatively different than the rest of the membrane in muscle cells,

regarding molecular mobility and lipid composition [2]. This association of lipid belt

region and nAChR, supports the idea that nAChRs are, indeed, effected by their lipid

surroundings, but the exact nature is still to be discovered. Also, there are evidence

that nAChR interacts with the cholesterol molecules in the lipid membrane, which

modulates nAChR for proper gating [15].

Experiments on nAChR using photoreactive phospholipids have shown that acetyl-

choline interacts with cholesterol and phospholipids [23]. Other experiments on nAChR

label M4 transmembrane helices extensively with membrane partition photoactivatable

probes. M3 and M1 transmembrane helices were also labelled [15, 24] In addition,

photoaffinity experiments showed that gamma F292, L296, M295, and N300 faces lipid

interface [25]. Experimental mutation studies on the residues of M3 helices, which are

exposed to lipid environment, were conducted to disclose the functional contributions of

the lipid exposed residues. The results have shown that an increase in either volume or

hydrophobicity of these residues affect the function of nAChR. Also, experiments down
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on the nAChR from the adult muscle cells indicate that 8’ position (alpha Phe284) of

the M3 domains of all subunits contribute to channel gating [26].

The M4 helix is the least conserved among the transmembrane helices and the

most hydrophobic of all. Results of hydrophobic probe experiments have shown that

it’s the outermost among the transmembrane helices [24]. Experiments demonstrated

that alpha T422I mutation, a residue on M4 helix, impedes this residues ability to

make hydrogen bond, therefore influences the opening and closing rates of gating and

that it’s essential for proper gating [24, 27, 28, 29]. Another mutation experiment have

shown that L416W and I419W mutations decreased the expression level to below 20

per cent of the wild type. Also an experimental study conducted by Tamamizu et. al.

suggested that I425 at the M4 helix is important for proper folding and oligomerization

of nAChR. A study on the contribution of M4 helices on gating demonstrated that the

upper half of M4 helix have a larger effect when compared to the residues at the lower

half. In addition, this study showed that mutations at positions L410, M415, C418,

T422, and F426 of alpha M4 helix affects gating [29]. All of these studies prove that

M4 is an essential part of the gating process [24].

In a study about the activation of nAChRs, it’s suggested that activation involves

a conformation change in the alpha subunits and Cys and M2-M3 loops are important

for the transfer of signal from LBD to TMD [6]. A study on the coupling of ligand

binding and gating on the GABAA receptors support the importance of Cys and M2-

M3 loops [35]. Also, a study about the gating of 5HT3A receptor supports that Cys and

M2-M3 loops are important and also, adds that loop two is involved in signal transfer

along with latter loops [30].

A previous study about the coupling of binding to gating proposed that loop

nine from the neighbouring subunit contacts loop two, and loop two along with Cys

loop straddles M2-M3 loop, suggesting a twisting motion that breaks apart the pore

girdle and allows the flow of ions [12]. In a recent experimental study, the principal

pathway is thought to begin with the binding pocket forming alpha loop C at the LBD

and continue through the covalently connected B10 strand to the M1 helix region. In
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between B10 and M1 alpha Arg209 is adjacent to alpha Glu45 of loop two at the LBD

region. Glu45 along with Val46 couple with Pro272 at the M2-M3 loop [31]. This

study also revealed that mutations to Arg209 impairs channel gating, and supports

the importance of Cys loop and loop nine for the coupling of binding to gating as

previously suggested [12, 31].

Regarding alpha subunit, a natural mutation of alpha Ser269Ile, last residue on

M2 helix, causes a CMS, but mutations at the same position in non-alpha subunits do

not cause a CMS [7], this evidence supports the idea that gating is mainly driven by

alpha subunits.

The experimental data provides a foundation for computational studies to reach

an understanding of the gating mechanism and delicacies of gating modulating inter-

actions. Recently nAChRs have been the topic of several molecular dynamics (MD)

simulations. MD simulations performed by Xu et. al. using the transmembrane do-

main of inserted into a dipalmitoylphosphatidylcholine (DPPC) bilayer, showed that

M4 helices transmit the effects exerted by lipid surroundings into pore lining M2 he-

lices [32]. Another MD simulation of the transmembrane domain in bilayer octane,

mimicking cell membrane, pointed out that there is a hinge point near the gate, where

all M2 helices showed bending motions. Also, this study underlines a correlation be-

tween M2-M3 loop and the gate region on the M2 helices, and that alpha M2-M3

loops fluctuates more than M2-M3 loops of non-alpha subunits [33]. MD simulations

of ligand binding along with transmembrane domain state that LBD is anti-correlated

with LBD. This study suggests that B9 and B10 form a lever that connects the binding

site with the motions of TMD. Their simulation also supports the importance of loop

two and M2-M3 and Cys loop. They propose that Cys loop pivots M2-M3 loop and

loop two influences this motion [34].

Normal mode analysis (NMA) conducted by Cheng et. al. demonstrated that

M2-M3 loop is correlated with Cys loop and loop two, which underlines that Cys loop

and loop two undergo highly concerted motions with M2-M3 linker [18, 35]. Another

NMA study states that while first mode motions are dominated with twisting, second
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and third modes show symmetric expansion and asymmetric expansion respectively

[34]. Also, one of the recent NMA study, suggests that only the first mode motions

result in a structural change, which results in widening of the pore [36].

Correlated mutation analysis the alpha subunit of nAChR from Torpedo califor-

nica (99.13 per cent identical to Torpedo marmorata) has been the topic of a more

recent publication Chen et. al. [37]. They identified clusters of correlated mutations

at M1-M2 loop, M2-M3 loop. There are other correlated sites at M1 (Leu212, Ile219,

Val232), M3 (Phe280, Thr281, Val293), and M4 (Val405, Leu411, Gly421, Thr422).

On the LBD correlated residues were at sites on loop two (Gln48), loop nine (Trp176),

and Cys loop (Val132, Phe137). They proposed that there is a network of correlated

amino acids from the binding site to the gating region.

In this work, several different approaches were employed to identify important

residues and elucidate the mechanism underlying the process which ends in an open

pore. NMA was employed using a Gaussian Network Model (GNM) approach, and

a custom program, MCPOOL, was written to analyze the cross correlation results

of GNM. MCPOOL generates paths of given length biased by the cross correlation

values and analyzes for communication pathways. GNM results do not include any

information regarding the direction of motions (isotropic) [11]. A similar but anistropic

method is the Anisotropic Network Model (ANM) [38]. ANM was also used to analyze

the motions described by the lowest modes.

Conservation analysis was performed using the “Consurf” [39, 40] server at Bioin-

formatics Unit of Tel Aviv Unversity. Consurf provides data about conservation of

each residue in a protein. There are some residues which are important for proper

functioning of protein, but are not conserved during evolution. Evolution overcomes

this problem with the coupled or correlated mutations, meaning that mutation a func-

tionally or structurally important residue is kept, and passed to the next generation,

if another mutation compensates for the loss of function caused by the first mutation.

This analysis is called correlated mutation analysis (CMA). CMA was performed using

the “Corrmut” [41] server at the Bioinformatics Unit of Tel Aviv University.
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In the first half of the preparation period of this thesis only the 3D structure

of the transmembrane domain of nAChR from Torpedo marmorata was present and

all of the analyses were done using either the sequence or 3D structure (PDB code:

1oed) of this region. However a refined 3D structure was released in 2006, which

include the ligand bindin domain and transmembrane domain together with a portion

of cytoplasmic domain (PBD code: 2bg9). This new structure gave a new opportunity

to assess the gating mechanism in a more complete manner.

This thesis will present the results of analysis for both of the structures and

will compare the effect of the presence of LBD. Conservation and corelated mutation

analyses were done using sequences homologous to the sequences of subunits of 2bg9,

a set of homologous sequences was used for each subunit.
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2. METHODS

2.1. Gaussian Network Model (GNM)

Gaussian network model (GNM) is a coarse grained one dimensional (isotropic)

elastic network mode [11] where residues are thought to be connected to each other

with harmonic springs. GNM assumes that fuctuations are isotropic, so motions are

described with their amplitudes on a one dimensional scale and that the protein is in

its native equilibrium state (in its minima). Interactions of individual atoms are coarse

grained using a virtual bond model where individual residues are represented by their

backbone carbon atoms (Cα) and the interaction between different amino acid are not

differentiated. A single-parameter potential approximation is adopted for all interact-

ing backbone atoms and all backbone atoms are assumed to under undergo Gaussian

fluctuations about their equilibrium values [42]. Backbone atoms are considered as

interacting if the distance between two backbone atoms are less than a certain cut-off

distance. The interaction map is described in a connectivity matrix, Kirchhoff matrix.

Figure 2.1. Representation of equilibrium positions R0
i and R0

j of the backbone atoms

of ith and the jth residues. Each residue is represented by a circle.
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The fluctuations of backbone atoms assumed to obey a Gaussian distribution

(W(∆Ri)) is represented as

W (∆Ri) = exp(−3(∆Ri)
2/2 < (∆Ri)

2 >) (2.1)

where < (∆Ri)
2 > is the mean square fluctuation of the ith residue, N is the total

number of residues. The total potentil Vtot can be written as the pairwise interactions

of the molecular system of N residues as

Vtot =
∑

i

∑

j

V (Ri,Rj) =
∑

i

∑

j

(1/2)γ(∆Rij · ∆Rij) (2.2)

Here, the summation includes all i and j pairs (1 ≤ i < j ≤ N) for which equilibrium

separation is less than a cut-off distance Rc, γ represents the Hookean force constant

assumed for all interacting pairs regardless of the chemical or physical nature of the

interacting pair. ∆Rij can be described as

∆Rij = Rij − R0

ij (2.3)

Here, ∆Rij is the fluctuation in the distance vector relative to the equilibrium separa-

tion R0
ij. Rij, which is the separation between sites i and j, is

Rij = Ri − Rj (2.4)

Ri ad Rj is the positions of i and j sites, respectively [11]. The fluctuations of the

distance separating the residues are represented by ∆Rij can be rewritten as (See

Figure 2.1)

∆Rij = ∆Ri − ∆Rj (2.5)

where ∆Ri represents the instantaneous fluctuations of the ith residue (See Figure 2.1).
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Γij =























−1 i 6= j Rij ≤ Rc

0 i 6= j Rij ≤ Rc

−
∑

i6=j
Γij i = j

(2.6)

Here Rc is the cut off distance, which is the maximum distance allowed for ith and jth

residues (10Å ) to be treated as interacting. Using Γ, the total potential function can

be rewritten as

Vtot = H = (γ/2)tr[∆RTΓ∆R] (2.7)

The ∆R represents the matrix of instantaneous fluctuations of ∆Ri of all residues,

(1 ≤ i ≤ N). ∆R is a N × 3 matrix whose ith row is the transpose of ∆Ri. H is

the internal Hamiltonian and is used to represent the total potential of a biomolecular

system [11]. The average fluctuations of interacting residues are found from the inverse

of Kirchoff matrix,

〈∆Ri · ∆Ri〉 =
1

ZN

∫

(∆Ri · ∆Ri)exp{−H/kBT}d{∆R} = (3kBT/γ)[Γ−1]ij (2.8)

ZN represents the configurational integral which can be written as

ZN =

∫

exp{HkBT}d{∆R} (2.9)

where kB is the Boltzmann constant, T is the absolute temperature and d{∆R} repre-

sents the integration over all residue fluctuations. Equation 2.8 provides a link between

the connectivity matrix and the average fluctuation of interacting pairs and correlation

between. This equation can further be simplified using the eigenvectors and eigenvalues

obtained by decomposition of Kirchoff matrix along with equations 2.8 and 2.9 by
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[∆Ri · ∆Rj]n,ni =

ni
∑

k=n,ni ni>n

[uk]i[uk]jλ
−1

k

ni
∑

k=n,ni ni>n

λ−1

k

(2.10)

Here the correlation between the fluctuations of ith and jth residues in the modes

between n and ni are presented (the contribution of several modes). λk is the kth

eigenvalue. The term uk represents the kth eigenvector. The individual modes (k) of

correlations can be calculated using the eigenvalue and the corresponding eigenvector

instead of a range of modes. The smallest non-zero eigenvalue can be used to calculate

the lowest mode and individual modes can be calculated using the corresponding eigen-

value. Autocorrelations can be calculated assuming i and j is equal. The normalized

cross correlations of ith and jth (C(i, j)) nodes can be calculated using

C(i, j) =
〈∆Ri · ∆Rj〉

[〈Ri · Ri〉〈Rj ·Rj〉]1/2
(2.11)

Here cross correlations are normalized using the individual auto correlations (Eq. 2.10).

Cross correlations represents the extend of correlation between the motions of ith and

jth residues. Cross correlation values range from negative one to one. Positive values

describe that ith and jth residues move in the same direction, while negative values

mean that they move in opposite directions. Small absolute values of cross correlations

represent a weak correlation between residues. Equation 2.11 can be used to calculate

the contributions of individual or several modes together by

C(i, j) =
[∆Ri · ∆Rj]n,ni

[[Ri ·Ri]n,ni[Rj · Rj]n,ni]1/2
(2.12)

which is essentially the same as equation 8 without the ensemble averages.

The smallest non-zero eigenvalues define the slowest modes of motions while the

highest eigenvalues define the fastest modes of motions. Slow modes represent a global
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motion, while fast modes represent the isolated motions of individual backbone atoms

[42]. The work done on GNM identified the residues, which are active in the fast

modes, as key players upholding the stability of the folded molecule [42]. The local

minima in the slow mode fluctuations are thought to be stable regions, with mini-

mum global fluctuation [11]. These minimum fluctuating regions act as hinges, a static

point, in between two more fluctuating (mobile). Therefore they are usually referred

to as hinges. In this work autocorrelations at slow modes (small eigenvalue) and fast

modes (large eigenvalue) was calculated using equation 2.10 and cross correlations was

calculated using equation 2.12. The results of GNM analysis is used to understand the

individual and correlated motions of nAChR. Results of slow and fast mode fluctua-

tions were graphed along with other information to provide a base for observations on

cross correlation maps. Cross correlation results were further analyzed with MCPOOL

(explained later) to extract important information about each correlation, otherwise

would be lost.

2.2. Anisotropic Network Model (ANM)

Anisotropic network model (ANM) is an extension of GNM where the fluctuations

are anisotropic (affected by direction), thus incorporates the X, Y , and Z components

independently. Therefore, the overall potential for the ANM calculations includes the

fluctuations for all components. The harmonic potential can be expressed by

V = (1/2)γ(sij − s0

ij)

= (1/2)γ([(Xj − Xi)
2 + (Yj − Yi)

2 + (Zj − Zi)
2]1/2 − s0

ij)
2

(2.13)

Here γ is the harmonic force constant, and s0
ij is the separation vector of ith and jth

residues, s0
ij is similar to R0

ij in GNM (See Figure 2.1). In equation 2.13 Xi, Yi, Zi, are

the components of vector Ri. In ANM a similar matrix to Kirchoff matrix in GNM, the

Hessian matrix, is employed. This matrix can be derived from the second derivative

of equation 2.13. Both ANM and GNM assume that the structure is at equilibrium,

therefore the first derivative of the potential is zero.
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∂V

∂Xi
= 0 (2.14)

The second derivative for the potential function with respect to X component becomes

∂2V

∂X2
i

=
γ(Xj − Xi)

2

s2
ij

(2.15)

and the cross derivatives are

∂2V

∂Xi∂Yj
= −

∂2V

∂Xj∂Yi
= −γ(Xj − Xi)(Yj − Yi)/s

2

ij (2.16)

For the nodes surrounding ith node (where s0
ij < Rc) equations 2.15 and 2.16 becomes

∂2V

∂X2
i

= γ
∑

j

(Xj − Xi)
2/s2

ij (2.17)

∂2V

∂Xi∂Yi

= γ
∑

j

(Xj − Xi)(Yj − Yi)/s
2

ij (2.18)

Here summations are over each j node surrounding the ith node (where s0
ij < Rc). The

Hessian matrix is constructed as:

H =

















h11 h12 . . . h1N

h21 h21 . . . h2N

...
...

. . .
...

hN1 hN2 . . . hNN

















(2.19)

where the hth
ij element is shown by
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hij =











∂2V /∂Xi∂Xj ∂2V /∂Xi∂Yj ∂2V /∂Xi∂Zj

∂2V /∂Yi∂Xj ∂2V /∂Yi∂Yj ∂2V /∂Yi∂Zj

∂2V /∂Zi∂Xj ∂2V /∂Zi∂Yj ∂2V /∂Zi∂Zj











(2.20)

the elements of hij in the Hessian matrix are given by equation 2.16. When i = j, the

diagonal elements of hii is given by equation 2.17 and the off-diagonal elements are

given by equation 2.18. The decomposition of the Hessian matrix results in 3N − 6

eigenvalues and 3N−6 eigenvectors. In the present application, the conformations that

describe the fluctuations from the average in the lowest ten nonzero modes were elabo-

rated. Three dimensional (3D) structures were constructed using these vectors and the

original node coordinates. A plus and a minus conformations were generated and the

resulting 3D structure was animated using Visual Molecular Dynamics package (VMD)

[43]. ‘Molecular graphics images were produced using the Chimera package from the

Computer Graphics Laboratory, University of California, San Francisco (supported by

NIH P41 RR-01081)” [44]. The radius profile of the resulting structures pore were

analyzed using HOLE [45] program suite.

The results of ANM analysis is important to visualize the isotropic results of

GNM. ANM analysis yields the actual motions of each slow mode. ANM and GNM

modes might not coincide perfectly, but together they provide information on the

essential modes of motion. ANM result were used to qualitatively assess the dimension

of the pore. The radius profile was used to interpret the occurring motions.

2.3. Multiple Sequence Alignment (MSA)

Multiple sequence alignment (MSA) is the alignment of more than two sequences

[46]. Homologous proteins was searched for using the blastp web interface of “SIB

BLAST Network Service” [47] with the sequence of nAChR from Torpedo marmorata as

in the PDB file 2bg9. The sequences each subunit of nAChR from Torpedo marmorata

(PDB code: 2bg9) was used as input, and sequences were searched “with within the
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Swiss-Prot curated sequences” and “exclude the fragment sequences” options. Only

the sequences with similarity above 35 per cent were retrieved, this set is called the

standard sequence set.

The actual MSA calculations were performed by the web interface of ClustalW

(version 1.83) [49] using the default values. The resulting outputs of MSA calculations

were used as input files for conservation and correlated mutation analysis.

2.4. Conservation Analysis

Conservation is the resistance of residue to withstand the evolutionarily mutations

[39]. Mutations at conserved sites either render the molecule impaired or seriously affect

the molecules ability to perform its function. Therefore mutations at these sites are

rarely passed onto the next generation. The conserved residues are often structurally

or functionally important residues [40]

Conservation analysis uses sequences of a protein family or super-family to search

against a base sequence for conserved residues, which are conserved at the same position

on different proteins. In this work conservation analysis is performed using the third

version of “Consurf” server at the Bioinformatics Unit of Tel Aviv University [39, 40].

To conform with other analysis the standard sequence set and its MSA was used as

input files and the sequence of nAChR was analyzed for conserved sites.

The output of Consurf has two score types and two confidence intervals for each

type. The first score is the conservation score, which shows the rate of evolutionarily

change. Its ranges from negative real numbers to positive real numbers. Low scores

show more conservation. Conservation score is normalized to yield an average of zero

and a standard deviation of one [39]. Therefore, conservation scores can not be used

to compare different structures’ (or different subunits, or results from different runs)

conservation status. The second score type is derived from the conservation score,

this score divides the range of conservation scores into nine bins, first being the least

conserved and nineth being the most conserved. Both type of scores have confidence
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intervals which show the validity of the predicted value. Confidence information is vital

against the possibility that too few sequences (containing a specific site) or too little

diversity among the sequences might interfere with the results, and produce unreliable

information. Therefore only the residue that fit into nineth bin and have confidence

interval of “9,9” is assumed to be a highly conserved residue in the present analysis. The

number of these highly conserved residues depends on the range of conservation score

and the distribution of scores. Therefore a residue is only highly conserved relative

to other residues in the particular structure or domain being analyzed, and a highly

conserved residue in a domain might not be as conserved as another highly conserved

residue in another domain.

2.5. Correlated Mutations

Correlated mutations refer to the coupled mutation of two residues, for which

the mutation of the second residue compensates for the loss of function caused by

the first mutation [48, 50]. These couples could be formed near neighbours or distant

neighbours. These distant couples may reflect an allosteric regulation mechanism [51].

Correlated mutation analysis was performed using the web interface of “CorrMut”

server at the Bioinformatics Unit of Tel Aviv University [41]. The default parameter

was used along with the MSA from the ClustalW server. The results were filtered using

a minimum correlation value of 0.5. The results were graphed using the Dot and Dotty

programs [52].

2.6. Mcpool

MCPOOL is a program written to analyze the cross correlation outputs of GNM

results. Cross correlation data includes essential information about the coupled motions

of molecular regions. It’s possible to analyze the relations between distant and close

regions using a cross correlation map; but the vast amount of information present

about the motions, makes it difficult to disclose a network of allosteric signals between

remote residues. MCPOOL searches through this vast network for the most probable
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paths of communication. This search begins with the generation of a pool of paths of

given length and minimum cross correlation value (mincor), using an implementation

similar to the Monte Carlo chain generation method, starting from a point or region

(SR) on the cross correlation map. The generation of any given path start with the

identification of possible pairs (PC), a possible pair represents a possible step that

could be taken at a certain point on the path, using

PCi = (SRn,Rk) where







crosscorr(SRn,Rk) > mincor

|SRn − Rk| > gn
(2.21)

where R is the vector containing all of the residues present on the cross correlation map

(with Nr elements, generally total number of residues) and crosscorr is the matrix

containing all of the cross correlation values of residue pairs. gn limits the minimum

number of residues separating SRn (which is the residue number of nth residue in the

starting region) and Rk (which is again a residue number). In this work gn is taken as

three. The reason for assuming gn three is :

• it is not desirable to identify PC in the close proximity of starting region, this

ends up in local paths

• it is not desirable to give a greater value for gn, as this may results in skipping

neighbours with high cross correlation values with distant residues.

The minimum cross correlation value, a step in a random path may have, is

mincor. The value of mincor is taken as 0.5, because 0.5 is low enough to include

the lower correlation values while it does not over saturate PC with low correlated

pairs. Using equation 2.21 all of the possible pairs are identified, then the total cross

correlation value (Z) of all PCi pairs are calculated using

Z =

Npc
∑

i=1

crosscorr(PCi) (2.22)
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in which Npc represents the number of PCi identified using equation 2.21. Using Z

each cross correlation value of PCi is normalized using

PoCi = crosscorr(PCi)/Z (2.23)

where, PoCi represents the possibility of ith pair. Using PoC a range is setup for each

PCi. The total range of the all PCi is between zero and one. The range for a PCi is

setup using

RPoCi,1 =







0 for i = 1

PRi−1 for i 6= 1
(2.24)

RPoC is the matrix which stores the range for each PCi, the first element (RPoCi,1)

for PCi is the starting point of the range, the second element is calculated using

RPoCi,2 =







PRi for i 6= Npc

1 for i = Npc
(2.25)

where PRi term in equations 2.24 and 2.25 can be defined by

PRi =

i
∑

j=1

PoCj (2.26)

This method biases the possibility of each PCi according to the cross correlation

values. Then a uniform random number generator with a uniform distribution is used

to select one element PC. This basic scheme is used to create a pool of paths with

given lengths.

The Monte Carlo path generation method of MCPOOL was checked against a

true random path generator in which possibility of a residue appearing is not biased

using the cross correlation values. In the true random run the possibility of any residue

to appear at a given point on a path should be 1/Nr. The possibility calculated from
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the results of the true random run was approximately equal to 1/Nr. However, the

possibility of a given residue appearing at a certain point on a path, calculated from the

results of MCPOOL significantly differs from latter results. The possibilities calculated

from the results of MCPOOL closely resemble its source, the cross correlation map.

This pool of generated paths is searched for “connected paths”. These connected

paths are a subset of the generated paths which connect the starting region with the

preselected target region. Then these connected paths are analyzed, on a residue basis,

for important residues. This analysis results in two outputs:

1. A file containing the occurrence frequency of each residue on connected paths.

2. A file containing the connected paths in PAJEK [53] network format.

The first file, which contains the occurrence frequency of each residue (on the

paths with defined initial and target regions) on the connected paths is used to analyze

the important residues which are key to allosteric signalling. The occurrence frequency

of a residue represents the connectedness of a residue to its neighbours. A residue with

high occurrence frequency represents a crucial point on connected paths.

The second file is used to visualize and analyze these connected paths (paths with

defined initial and target regions extracted from the initial pool) using the PAJEK

program [67.9] which is a software for analyzing large networks. This file contains all

of the nodes (residue) connected with arcs (steps). Each arc is given a value according

to is occurrence frequency in the connected paths. The network, described in this file,

is analyzed using the occurrence frequency of an arc. If an arc has a high occurrence

frequency it may be referred as an essential step on the pathway from the binding site

to the gate region. In PAJEK these frequencies are normalized using the maximum

frequency value and normalized occurrence frequencies smaller that 0.1 is removed.

For presentation purposes the values are multiplied by three. The resulting network is

a representation of major steps on the pathway from binding region to gate.
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Other useful information can be retrieved from the analysis of connected paths,

such as the preference to use an external connected path, which is a connected path

that includes at least one residue not on the subunit of starting region, or an internal

connected path, which is a connected path that includes only residues that are on the

subunit of starting region, for targets that are on the subunit of starting region.
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3. RESULTS AND DISCUSSION

3.1. Conservation Analysis

Conservation analysis of nAChR from Torpedo marmorata was done using the

sequence of 2bg9 (PDB code: 2bg9). This sequence was search for homologues with

the web interface of BLASTP [47]. The resulting sequences were aligned by ClustalW

using the default values [49]. Conservation analysis produced two types of results.

The first is the normalized conservation score. The second score type is derived from

the first results. The second score type represents the normalized conservation scores

in nine distinct bins. First bin contains the least conserved residues and ninth bin

contains the most conserved residues. Each residue in a bin has a confidence interval.

This confidence interval represents the actual range of bins a residue can reside in. An

example would be that, a residue with eight as a second type score has a confidence

interval of five to nine (5,9). This means that there is not enough information to

pinpoint the exact score of this residue. Therefore in this work only residues with a

confidence interval of nine to nine (9,9) is considered as a highly conserved residue. In

figure 3.1, a type of averaging called the ”10 period moving average” (10 pe Mov. Ave.)

(See figure 3.1. This type of averaging appear after the tenth point in the graph with the

average value of the first ten points (such as normalized conservation scores), the second

point on the ”10 per. Mov. Avg”. line is the average of ten normalized conservation

scores starting from the value of the second point on the normalized conservation scores.

In figure 3.1 only highly conserved residues are labeled. Stars represent the residues

which are highly conserved in the other three non-alpha subunits. Rhombus represent

the residues which are highly conserved in two of three other non-alpha subunits.

Conservation analysis showed that, except three sites, highly conserved sites in

the alpha subunit are also conserved at the equivalent positions in beta, delta, and

gamma subunits (See Table 3.1). However, those three sites on alpha subunit (Glu241,

Ser268, Val405) are highly conserved in two of three non alpha subunits. Figure 3.1

shows the conservation distribution and highly conserved residues of alpha subunit of
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Figure 3.1. Conservation scores (normalized) of alpha TMD (solid line) along with

the moving average of these scores (dashed line).

nAChR. In all the subunits M2 helices are the most conserved, while M2 helices and

M3 helices are the second and third most conserved among the four transmembrane

helices (See Figure 3.1, and figures B.1, B.2, B.3 in Appendix B). M4 transmembrane

helices are the least conserved among all transmembrane helices which is consistent

results of similar studies [24]. Most of the highly conserved resides, which line up

with equivalent positions in other subunits, are hydrophobic (See Appendix C for MSA

of nAChR subunits). However, there are residue which are not hydrophobic, such as

aspartic acid (Asp), asparagine (Asn), lysine (Lys). Among these residues aspartic

acids are on the M4 helix, Asparagines are on the M3 helix and lycines are the first

residues on M2 helices. All of these residues are near the cytoplasmic domain. When

plotted on the 3D structure, the highly conserved residues, which are highly conserved

on all subunits, form four rings (See Figure 3.2). These four rings are respectively

(from LBD domain to cytoplasmic domain) at the interface of TMD and LBD on M2-

M3 loop, one residue before the gate section, one residue after the gate section, and at

the interface of cytoplasmic domain and TMD. Rings adjacent to the narrowest section

of the pore are formed by hydrophobic residues. Polar residues are only on the first

and the last rings. Also the third ring approximately marks the middle of M2 helices.
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Table 3.1. Highly conserved residues in TMD of nAChR, bold residues are conserved

in all subunits, while italicized residues are conserved in three. The last column

shows the ring which the residues on the same row contribute to.

Alpha Beta Delta Gamma Ring

- - - Phe220 -

- Tyr220 Tyr228 Tyr221 -

Pro221 Pro227 Pro235 Pro228 2

- Cys228 Cys236 Cys229 -

Leu235 Leu241 Leu249 Leu242 4

Pro236 Pro242 Pro250 Pro243 4

- - Gly254 Gln249 -

Glu241 Glu247 Glu255 - -

Lys242 Lys248 Lys256 Lys250 -

- - - Ile255 -

- - - Ser256 -

Leu250 Leu256 Leu264 Leu258 3

Phe256 Phe262 Phe270 Phe264 2

- - Leu272 Leu265 -

- - - Phe266 -

Pro265 Pro271 Pro279 Pro273 1

Thr267 Thr273 Thr281 Thr275 1

Ser268 Ser274 Ala282 Ser268 -

Pro272 Pro278 Pro286 Pro280 1

- Ile279 - Leu281 -

Met282 Met288 Met296 Met290 2

- Ser294 Val302 - -

Asn297 Asn303 Asn311 Asn305 4

- Arg307 Arg315 Arg309 -

- - Gly450 - -

Val405 Val434 Thr452 Val445 -

Asp407 Asp436 Asp454 Asp447 4

- - - Gly461 -
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Figure 3.2. Highly conserved residues are displayed with a sphere. The golden ribbon

is the gate. Spheres are on M1 (cyan), M2 (magenta), M3 (blue), M4 (red). Black

lines represent the cell wall.

3.2. Correlated Mutations

Correlated mutations are changes with compensating effects. The mutation of a

residue at one site causes a disturbance which is compensated for by the mutation of

another residue at another site. These types of mutations can be identified computa-

tionally by analyzing the sequences of a family of homologous sequences.

CorrMut [41] has been employed here to search through the sequences for cor-

related mutations. CorrMut analyzed nAChR from Torpedo marmorata using the

sequence of 2bg9 in five subunits. This sequence was search for homologues with the

web interface of BLASTP [47]. The resulting sequences were aligned by ClustalW

using the default values [49]. This alignment was used as the input file of CorrMut.

A minimum correlation coefficient of 0.5 was chosen. Figure 3.3 shows the results of

correlated mutations at the TMD of alpha subunit.

The helix with minimum correlated mutations is the M2 helix. This is explained

by the fact that M2 is more conserved than other helices. Serine at the 287 position

(See Figure 3.4, green sphere) on the M3 helix is the most connected residue. Figure

3.3 shows the network of correlated mutations. As Figure 3.3 suggests, apart from the
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Figure 3.3. The Network of correlated mutations for alpha subunit of nAChR with

correlation coefficients (above lines).

Figure 3.4. Correlated mutations (dark green) and conserved residues (not green) on

the alpha subunit of nAChR.
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conserved residues, alpha subunit of nAChR has a network of correlated mutations.

Ser287 of M3 helix is correlated with residues from M1, M2, and M4 helices. Ser287

forms a closed loop of correlated residues with I289 on M3 helix, V232 on M1 helix,

and A427 on M4 helix. A closed loop may represent a cluster of residues which is

important for the function. It’s noteworthy that residues on M1 and M4 helices do

not have a direct correlated residue on M2 helix. Residues on M1 and M4 correlated

with residues on M2 helix via residues on M3. A recent study showed that mutation

of Phe426 on M4 helix, which is adjacent to A427 on M4 helix, affects the gating [29].

In addition a recent MD study proposed that M4 acts as means to transfer the lipids

modulating effects to the channel [32]. It’s also interesting that Ser287 on M3 helix is

at the junction in between I264 on M2 helix and residues from the other subunits. This

may suggest that Ser287 is a conduit in between M1 and M4 and M2 helices. Figure 3.4

show the residues identified by conservation and correlated mutation analysis (CMA)

together for alpha subunit. Conserved and correlated sites form a network from the

M2-M3 loop and from lipid facing helices to the gating region.

Correlated mutation sites can be seen on the M1-M2 and M2-M3 loops (See Figure

3.4). These include the coupling of the Gly275 on the M2-M3 helix with the Val249

near the gate region on M2, and the coupling of Ser239 on M1-M2 with the Glu432 on

M4. M2-M3 region has been noted to be important to the transfer of allosteric signal

from the LBD region to the TMD [7, 12, 29, 30, 31]. Also, several studies point out

that M1-M2 loop is on the signaling pathway [16].

Correlated mutation analysis of Beta subunit of nAChR differed from that of

alpha subunit. In Beta subunit M1 and M4 helices are coupled with the residues on

the M2 helix (See Figure B.4). In addition, Beta subunit has a similar closed loop of

correlated residues. These residues are Leu456 on M4, Val238 on M1, Phe293 on M3,

V295 on M3. This closed loop is connected to M2 helix at Ser252 via Phe286 on M3.

It’s also noteworthy that, M4 helix has several correlated mutations with residues on

M2 helix. The positions of the correlated mutations can be seen on Figure 4. M2-M3

loop is correlated with gate region on the M2 helix by the correlation of a residue

juxtaposed to M2-M3 helix, Iso281. This residue is correlated with the Ala255, which
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is near the proposed gateway. It’s also notable that one end of M2-M3 loop is the

site of a correlated mutation (Ile281) while the other end is conserved (Thr273). The

conserved proline (Pro278) is also notable.

The results of correlated mutation analysis for delta subunit are represented

schematically on figure B.6. Same correlated mutation pairs, present in all subunits,

exists in Delta subunit of nAChR. A residue on the M2-M3 linker is conserved and

this residue (Pro286) is flanked by (See Figure B.7) the two residues identified by the

correlated mutation analysis (Leu283 and Gly289). Both of these residues are corre-

lated with residues on M2 helix near the gate region. Also, M1-M2 loop is flanked by

a conserved residue (Lys256) and a residue identified by CMA (Ser253). Figure B.7

show the positions of residues identified by CMA on the 3D structure of nAChR (PDB

Code: 2bg9). M4 and M1 helices of delta subunit also have correlated residues with

residues from M2 helix, there is direct coupling between M4, M1 and M2 helices as in

beta subunit.

The CMA analysis of gamma subunit from the nAChR showed no direct corre-

lations mutations between the residues of M4 and M1 with M2. As in alpha subunit,

M1 correlates with M2 through M3 helix (See Figure B.8). M4 helix has a single cor-

related mutation with the loop after M3 helix. Similar to all subunits M2-M3 helix

has a conserved residue flanked by two residues identified by CMA (See Figure B.9).

These residues are Leu277 correlated with Leu294 and Val257 correlated with Gly283.

Correlated mutation analysis was performed on the nAChR and the correlated

residues with a correlation coefficient higher than 0.5 were analyzed. In all four different

subunits of nAChR alpha has the highest number of correlated couples. Residues on

M1 and M4 helices of alpha and gamma subunits correlated with residues on M2 helix

through a correlation with M3 helix. In beta and delta subunits, residues on M4 helices

have direct coupling with the residues on M2. On delta subunit residues on M1 helix

have pairs identified by correlated mutation analysis, with M2 residues.
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3.3. GNM Results

3.3.1. Contact Map

Contact map of the TMD of nAChR from the Torpedo marmorata was calculated

using the 3D structure from 1oed (See Figure D.1). Each subunit has extensive intra-

subunit contacts. Inter-subunit contacts are made with neighboring subunits. Most

of the inter-subunits contacts are contacts of M2 helices of neighboring subunits (See

Figure D.1, parallelogram). Inter-subunit contacts include the contacts between M3

helices with the M1 helices of subunit at the counter clockwise position, when viewed

from the extracellular side (marked by an oval on Figure D.1). M2 helices of each

subunit have a number of contacts with the M1 of neighboring subunits (marked by an

octagon on Figure D.1). The number of contacts between individual helices of TMD

of nAChR can be seen on figure 3.5.

Figure 3.5. Contact network and number of contacts for TMD of nAChR.

The contact network represented by Figure 3.5 show that M4 helices have no contacts

with M2 helices, but M2 subunits are connected to M4 subunits via the extensive

contact network. M1 and M2 helices have extensive contacts with M2 helices in their

subunit, and inter-subunit contacts are dominant between M2 helices. M4 helix of delta

subunit has the least number of contacts. It has less than half of number contacts made
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by any helix in the TMD domain. Also, delta subunit has the least number of contacts

with the neighboring subunits.

3.3.2. Isolated M2 Helices

M2 helices (inner ring) of nAChR have been analyzed without the other TMD

helices. This analysis was done with GNM. The resulting slow and fast mode fluctua-

tions were analyzed for intrinsic flexibility. The slow mode fluctuation of the first two

slowest modes suggested that the upper halves (the half near the extracellular side) of

all M2 helices are more mobile than the lower halves (the half near the cytoplasmic

side) (See Figures 3.6).

Figure 3.6. Mean square fluctuations of the average of the lowest two modes for M2

helices of nAChR.

This stationary lower half and mobile upper half may be the results of the tapering

structure. The tapering structure of the TMD domain of nAChR lead to fewer contacts

at the upper half. M2 helix of the beta subunit is the most mobile among the M2 helices

at the upper half. Also, beta M2 helix has the smallest number of contacts with the

other M2 helices, but it has only one less contact than alpha M2 and Gamma M2
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helices (alpha gamma M2 helix has 86, beta M2 helix has, 85, delta M2 helix has 98,

alpha delta helix has 101, and gamma M2 helix has 86 contacts).

The cross correlations of M2 helices also show signs of the tapering structure

of TMD domain (See Figure D.2). Figure 3.7 shows the key for interpreting cross

correlation maps.

Figure 3.7. Key for correlation coefficients ranges and the representative colors.

The lower halves of all M2 helices are positively correlated, while the upper halves

of neighboring subunits do not show correlation and non neighboring subunits have a

weak negative correlation. The tapering structure leads to less contacts in the upper

half and this in turn leads to very weak correlations (white spaces). The lack of intra-

subunit correlation between the upper half and the lower half represents the difference

in motions of the two parts of the subunit.

3.3.3. M1, M2, and M3 helices

M1, M2, and M3 helices make up the inner and middle rings of the TMD of

nAChR, their structure should contain the key elements to allow for channel opening,

since M4 helices do not have a single contact with M2 helices, M4 helices can not alter

the structural mechanism dramatically. The mean square fluctuations of the slowest

two modes of show a similar fluctuation scheme to the fluctuations of isolated M2

helices, the lower half of each helix is more stationary than the upper halves (See

Figure 3.8).
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Figure 3.8. The mean square fluctuations of M1, M2, and M3 helices of the TMD in

the average slowest two modes.

The high fluctuations of starting residues of each M1 helix is the results of missing

connection (a covalent bond) with the LBD. M2-M3 loop (between the end of M2 and

starting position of M3) shows high mobility in each subunit. The results of MD

simulation of TMD in a membrane mimicking environment also found M2-M3 loop

to be region with highest amplitude fluctuations [33], they suggested that this may

be a requirement for transmitting structural changes to the TMD from LBD. Also,

their MD simulations exhibited a correlation between the fluctuations of M2-M3 loop

and the twisting bending motion of M2 helices, this correlation is present in the cross

correlation map of M1, M2, and M3 loops (See Figure D.3, region inside the oval),

suggesting that these helices have the structural requirements of mechanics of gating.

The M1, M2, and M3 helices (inner and middle rings) have been analyzed using

GNM to identify the effects of M4 helices (outer ring). The correlation of M2 helices of

M2 subunit show results similar to the analysis of isolated M2 helices, the correlation

displays the tapering character of the TMD of nAChR. Upper half of M2 helices show

no correlation (See Figure D.3 and Figure 3.9). The result of the tapering structure

can be seen on the correlations of M1 helices. The effects of a tapering structure can
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be seen within the positive correlations between subunits with no contacts. Positive

correlations exist between the last residues of M3 helix (which are near the intracellular

domain) and the M1-M2 loop. The lack of correlation between M1-M2 loop and M2-M3

loop can, also, be attributed to the tapering structure of TMD.

Figure 3.9. Results of tapering structure, the helices of a single subunit with little or

no correlation.

Unwin et. al. [7] proposed that the twisting motion at the TMD domain weakens

the symmetric forces acting on the pore lining residues, and pore widens when M2

helices collapse onto the middle and outer rings [17]. This suggests that there may be

a relatively flexible hinge at or near the gate region. Once the interacting forces are

broken by the twisting motion, this hinge may protrude toward middle ring and widen

the pore. The tapering structure and the lack of correlation between the upper half

and lower half support this idea of twisting motion opening the pore.

3.3.4. Transmembrane Domain of nAChR

Normal mode analysis was performed on the TMD of nAChR. The 3D structure

of TMD of nAChR was taken from the PDB item 1oed. In its native environment

the TMD of nAChR is embedded in the lipid bilayer of cell membrane [7]. To assess

the changes imposed by the lipid bilayer two systems were constructed such that both

systems have approximately same number of contacts per residue. In the first system

each residue on the lipid facing side of nAChR was added a contact. This resulted in

a shape similar to a five point star (See Figure 3.10).
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Figure 3.10. TMD of nAChR with additional contacts for every lipid facing residue to

represent the lipid bilayer. Blue xs are the backbone atoms of nAChR.

The second system used a periodic repetition of equally spaced atoms to form a

cube, then TMD of nAChR was embedded into this cube. The overlapping atoms of

cube was removed (See Figure 3.11). This system has more additional atoms than the

first system.

Figure 3.11. TMD of nAChR embedded in a cube of generic atoms to represent the

lipid bilayer. Red crosses are the backbone atoms of nAChR.

The representations of the membrane environment use the fact that GNM does

not differentiate atom types. Only one force constant is used for the interaction be-

tween individual atoms. Therefore, only the distribution and locations of atoms in

the membrane is important to incorporate a membrane into the GNM analysis. These

two systems were constructed to assess the general effect of nAChR in its native envi-

ronment. Slow mode fluctuation of all systems are similar in a general sense, but the
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amplitudes of fluctuations decreases as the number of residues increase (second system

has the highest number of additional atoms) (See Figure 3.12).

The first difference between isolated TMD of nAChR and the embedded TMD

nAChR is that the fluctuations of most fluctuating regions diminish, because of the

additional contacts. Also, the hinge on the lower half of M3 helix (near M4) diminishes

(increases its relative fluctuation) from isolated TMD of nAChR to the second system.

The fluctuations of the loose end of M4, caused by the tapering structure, diminishes

in the presence of lipid mimicking atoms to point that it fluctuates only as much as

M2-M3 loop. Another important difference is that the smooth fluctuation difference

between the lower end of M1 and lower half of M2 changes to an abrupt decrease. The

mobility of the M2-M3 loop relative to the rest of the TMD does not change. The

relative fluctuations of the lower half of M3 helix increases and relative fluctuations of

M4 decrease to a similar level. This behavior may suggest that M4 helices transfer the

effect of lipid bilayer to the channel through the M3 helices.

The cross correlation map of TMD of nAChR (See figure D.4) shows the results of

slowest ten modes of nAChR, which corresponds to 23 per cent of the total dynamics.

The presence of M4 helices increases the intra-subunit correlations. The presence of

M4 helices increases the correlation of the region around M1-M2 loop (lower part of

M1 and M2) to the region around M2-M3 loop (upper part of M2 and M3), but the

individual loops still have limited correlation (See Figure D.3). A recent experimental

study [31] points out that the Arg209 on the end of B10 is correlated to the M2-M3

loop by a residue on the loop two of LBD. This suggests that initial residues of M1

should also be correlated with M2-M3, since they are covalently bonded to Arg209 in

the whole structure of nAChR. This correlation of initial residues of M1 and M2-M3

helix was missing in the absence of M4 helices but it is present in the presence of M4

helices.

The inter-subunit correlations include the correlations of neighboring and non

neighboring subunit. Each neighboring subunit has extensive correlations at the lower

end of M2 and M3 helices. Non neighboring subunits have high positive correlations
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Figure 3.12. The mean square fluctuations of the average of the first two modes of

TMD of nAChR isolated (A), in the first type of environment (B), and in the second

type environment (C).
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between the lower halves of M1 and M2 and lower half of M2 helix and the lower half

of M3 helix. The high correlation between the subunits at the lower half of TMD of

nAChR may suggest that the M1-M2 loop plays an important role in the gating.

The additional atoms result in a more correlated intra-subunit correlations for all

subunit except for beta and gamma subunits, in which the correlations decrease in the

first system. In the second type system all of the intra-subunit positive correlations

increase. Also, in this system the inter-subunit positive correlations increase to great

extend, while in the first type system the negative correlations increase.

These observations suggest that even if the lipid contacts may change correlations

between regions of TMD of nAChR to a certain extent the basic intrinsic flexibility

remains.

Figure 3.13. Average of fasted 10 fast mode mean square fluctuations of the TMD of

nAChR.

The residues which are active in the fast modes may be referred as the hot spots of

the protein, which are important for the structure [11]. The identified residues, active

in the fast modes, are labeled on figure 3.13. These residues cluster at the lower half of

the TMD under the level of the gate (See Figure 3.14). The positions of these residues
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and the physical meaning attributed to these active residues lead to an idea that the

lower half of the TMD is structurally important while the upper half of the TMD is

functionally important. This idea may be supported by the fact that the binding region

is at the extracellular side and that the signal from binding site is transferred through

the upper half of the TMD.

Figure 3.14. The conserved residues (colored spheres) and the residues active in the

fast modes (black spheres). The gate region is shown in golden ribbons.

3.3.5. Transmembrane Domain results from 2bg9

Recently Unwin et. al released a more extensive 3D structure of the nAChR

from Torpedo Marmorata [10] (PDB code: 2bg9). This new structure has the LBD,

TMD and some residues of the cytoplasmic section together. GNM analysis had been

performed on this new and more complete structure to elucidate the effect of LBD and

the cytoplasmic domain on the TMD of nAChR. The analyses were performed using

2bg9, and TMD was extracted from extracted from the results. The mean square

fluctuations of the average of the slowest two modes of TMD of nAChR as 2bg9,

showed different results than the slow mode results of TMD of nAChR isolated from

LBD and TMD (See Figure 3.15). The most distinct difference is the absence of a

hinge at M1-M2 loop, this loop was relatively stationary in the isolated analysis of

TMD of nAChR. The main reason behind this change the cytoplasmic helices (MA)

present in the structure in 2bg9. These helices have few contacts and can freely move

in the structure of 2bg9. They are covalently bonded to M4 helices and make contacts
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with M1-M2 loop and M3-M4 region. These contacts might transfer the exaggerated

fluctuations of MA to the M1-M2 loop and M3-M4 region (See Figure 3.15).

Figure 3.15. Slow mode mean square fluctuations (average of slowest two modes) of

TMD of nAChR extracted from the GNM analysis of 2bg9.

Another noticeable difference is that the hinge at the region between M3-M4 has

become a highly fluctuating region (presence of MA) and the flexible M2-M3 loop lost

the flexibility to a great extend in alpha subunits and to a lesser extend in non-alpha

subunits. These differences may be the result of the coupling between the cytoplasmic

helices and TMD and LBD. Some studies suggest that the Cys loop and loop two

together torques the M2-M3 loop and that Cys loops acts as the pivot point in between

LBD and TMD [12, 16, 31, 35]. These suggestions support the results of GNM analysis

of 2bg9. M2-M3 is stationary relative to the regions between M1-M2 and M3-M4,

because it is interacting with the Cys loop and loop two. The M2-M3 loop in alpha

delta subunit lies on a plateau of lower than any part in the TMD. This plateau extends

from the gate on the M2 helix to the M2-M3 Loop. In alpha gamma subunit M2-M3

is more flexible than the M2-M3 loop in alpha delta subunit, but both are stationary

when compared to the rest of the TMD. Several studies suggest that the activation of

the channel is triggered with separate contributions from alpha subunits [6, 7]. This

suggestion might explain the relative stationary structure of the M2-M3 loop to the
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other M2-M3 loops. A rigid body is more effective in transmitting changes, than a

flexible body.

Noticeably the last residues of M4 helices in all subunits show more restricted

fluctuations than the analysis of isolated TMD of nAChR depicted, and in both alpha

subunits these last residue of M4 forms stationary regions. This clearly shows that M4

subunits have contacts with the LBD, and might suggest that M4 interacts with LBD.

Several studies, both experimental and computational, suggest that M4 conveys the

effects of environment to the channel [27, 29, 32, 54].

Figure 3.16. The fast mode fluctuations of the fastest 30 modes of TMD of nAChR

extracted from the analysis of 2bg9.

The fast mode fluctuations of the TMD from the analysis of 2bg9 shows similar

results to the fast mode (See figures 3.13, 3.16) results of isolated TMD of nAChR.

The residues active in these modes are clustered similarly. The residues resides mostly

in the lower half of the TMD.

The cross correlation results of the first ten modes of TMD from the analysis of

2bg9 (represents the 20 per cent of dynamics) is dominated by positive correlations
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of each transmembrane region. Only the inter-subunit correlations of beta and delta

subunits with other subunits have negative correlations (See Figure D.5) M2-M3 loop

of beta and delta subunits with most of the regions of alpha subunits and gamma

subunit.

The correlation map suggests a tightly integrated TMD. Except for the delta

subunit M4 of all subunits have high intra-subunit correlations of M4 with its’ M2-

M3 loop (grey boxes on Figure D.5). The highest inter-subunit correlation are mostly

between the lower half of M1 and M2 with the lower half of M3 and M4.

The results of GNM analysis suggests that the structure of TMD of nAChR is

largely affected by the presence of LBD and the cytoplasmic helix. The isolated TMD

has the intrinsic flexibility and rigidity, but the neighboring domains modulate these

structural properties. The interaction between TMD and LBD shapes the correlations

important for proper gating. Therefore, the structural properties of the TMD of nAChR

are required but are not the only requirements for the gating mechanism.

3.4. ANM Results

ANM analyses have been performed to elucidate the motions described by cross

correlation maps and slow mode fluctuations. ANM analysis produces coordinate files

which include the amplitude and directions of each residue (vectors). These vectors

are used to produce a 3D image of the protein at various modes and conformations.

Each mode has two conformations one positive, obtained by adding the vectors to the

original conformation, and one negative, obtained by subtracting vectors. Also ani-

mations of the motion from negative conformation to positive conformation through

the original structure were generated and used to analyze the motions. The resulting

3D representation of the protein at each mode was analyzed with HOLE [45]. HOLE

produced outputs containing the radius profile of the channel along the Z axis (the axis

pore runs along). The output vectors does not describe the absolute amplitude of mo-

tion along each axis, these vectors were multiplied by an arbitrary constant for a better

presentation of the movement described. Therefore the results of HOLE are only infor-
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mative of the state of the pore after these motions. It is possible to see if pore widens

or gets narrower from the results of HOLE, but the radius values are not absolute. The

analyses were performed on the 3D structure of nAChR from Torpedo marmorata using

the structure file retrieved from Protein Data Bank (PBD) (PDB code: 2bg9). This

structure contains the ligand binding domain along with the transmembrane domain

and a helix from the cytoplasmic domain. After computational analyses the results

for TMD of nAChR were extracted. The analyses were not performed on the isolated

TMD domain of nAChR, because of the data provided by GNM analyses. GNM results

suggested that the presence of LBD domain and cytoplasmic section produce an effect

which can not be excluded from the ANM analysis. Therefore, isolated structure was

not analyzed using ANM.

Figure 3.17. ANM results, first mode of nAChR (2bg9). Black ribbon represents the

original structure. Negative and positive conformations are represented by blue and

red ribbons, respectively.

The motion in the first mode of ANM analysis exhibits a dominating twisting

motion. The lower half of the TMD twists to a greater extend than the upper half.

The motion seems to start with the M2-M3 linkers motion and it’s transferred to the

lower end via M3 helices. M2 helices are stationary relative to the lower end. (See

Figure 3.17). These motions produced a wider pore in the negative conformation and

the positive conformation does not provide a wider pore (See Figure 3.18). The twisting
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motion described in this mode was described by Cheng et. al. [18] and they suggest

that twisting motion is important for the opening of gate.

The motions in the second mode of ANM analysis show a transitional movement

with a small amount of rotation. The extent of motion is different in each subunit.

Only the negative conformation leads to a wider channel, the positive conformation

leads to a narrower pore (See Appendix E, Figure E.1).

Figure 3.18. The pore profile calculated by HOLE in the first mode. Thick line

represents the original structure. Negative and positive conformations are represented

by thin and dashed lines, respectively.

The third mode of motions produces a transition, rotation motion at the gate

level. The M1 helices and M2-M3 loop seems to bend the transmembrane helices in

the middle. The M1-M2 loop is stationary relative to the gate section. The effects of

these movements produce a wider pore for the negative conformation but a narrower

pore for the positive conformation (See Figure E.2). The fourth mode does not produce

a wider channel, therefore it is omitted.

The fifth mode produces a wider pore (See Figure E.3) for the negative conforma-

tion, but the positive conformation lead to a narrower pore. In fifth mode the structure

seems to be fluctuating less than the other modes, but the all M2 helices, except the

gamma M2, seem to be bending towards the M4 helices. The motion from the M2-M3

loop seems to drive the combined motions, leading to a wider gate. The lower halves of

each subunit seem to move like a rigid body. The motion from M2-M3 seems to bend
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the upper half and the bending diminishes near the gate region. The combined effect

of each of these modes produces a wider pore in the fifth mode (See Figure 3.19).

The results from the ANM analysis up to fifth modes suggest that twisting motion

is a dominating motion producing wider gate. The motions from M2-M3 loop and upper

half of M1 helix should be underlined as the driving elements in the gating motions.

Figure 3.19. ANM results, fifth mode of nAChR (2bg9).

3.5. Mcpool

MCPOOL is program to analyze the cross correlation data produced by GNM

analysis. The abundance of data in the cross correlation map makes it difficult to read

and produce valuable information. MCPOOL analyzes the data via generating paths

biased by cross correlation data, starting from a give set of points, and analyzes these

paths (one million were generated) for connected paths. These connected paths are

a subset within the random paths, which reach a set of target regions. This set of

target regions were the gate regions defined by the Leu251 and Val255 [7, 10] rings

and the residues falling in between these rings. The starting set of residues were

selected are the binding region shaping residues of loop A (loop five), loop B (loop

eight), loop C (loop 10). This analysis was performed on the cross correlation map

(first ten slowest modes) of recently published structure of nAChR (PDB code: 2bg9)
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[10]. This structure contains the ligand binding domain, transmembrane domain and

a cytoplasmic domain consisting of five helices (named MA). After MCPOOL analysis

results for TMD was extracted and presented with the findings of correlated mutation

analysis and conservation analysis. The reason for using the cross correlation data of

2bg9 is that GNM results depicted TMD domain differentiates to a great extent in the

presence of LMB and cytoplasmic domain (see section 3.3).

The lengths of paths were set at ten, twenty and thirty steps, but the results of

only paths with ten steps were elaborated. The results of twenty and thirty steps were

largely similar to the results of ten steps. The length of paths does not impose that

all paths from binding region to gate region to be exactly ten steps. It only imposes a

maximum length.

The first result of the MCPOOL analysis is the occurrence frequency of residues

on connected paths. The importance of the occurrence frequency of residues is that

residues with high occurrence frequencies form the key points in the structure for

communication between two preselected regions. They may be interpreted as passes

for efficient transmission of signal between any given point; i.e. the hub regions.

The second result of MCPOOL is the network formed by the connected paths.

This network has a defined starting region and a defined ending region. The net-

work was analyzed and visualized with a software for network analysis, PAJEK [67.9].

This analysis provides additional benefits to MCPOOL, which are visualization and

realization of key points more effectively. The only drawback of network analysis is

that representation of each residue is inconvenient. Therefore the residues of nAChR

are grouped as the structural part they are on (residues on Cys loop is grouped into

a group called Cys loop). This grouping results in 41 groups per subunit and 205

groups for TMD. Sometimes this grouping causes key residues to be left out, but it

provides more information than it interferes with. Also, the two results of MCPOOL

are complementary and should be analyzed together.
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Figure 3.20. Most used residues of alpha gamma subunit plotted on slow mode

fluctuations.

3.5.1. Occurrence Frequencies

Most occurring residues figures show forty residues with highest occurrence fre-

quency (circles) on the paths from binding region to the gate region on alpha gamma

subunit in TMD, plotted on the average fluctuations of first two modes (line), along

with conserved residues (triangles), and correlated mutation sites (crosses). The most

occurring residues cluster at four locations (See Figure 3.20). These are the initial

residues of M1, lower half of M2, M2-M3 loop and initial residues of M3 and the upper

half of M4 helices. It is also notable that most frequently occurring residues reside

at hinges. The frequent occurrence of the initial residues of M1 helix support the

importance of the covalent bond between Beta10 strand in LBD and M1 helix of al-

pha subunit [16, 31]. The important M2-M3 loop is also present, which is repeatedly

mentioned in articles [1, 16, 31, 35, 55]. Residues on M4 helices are also important

for regulating the gating, and mutation analyses underline the importance of M4 helix

[15, 29, 55], but residues on M4 haven’t been identified as residues important for the

coupling of LBD and TMD. One of the frequently occurring residues Phe426 (359 on

Figure 3.20, from now on the number between parentheses will show the number of the
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residue on the corresponding figure if they differ) is found to be affecting the gating

when mutated [29].

In addition, some of these frequently occurring residues are conserved residues

and some of them are overlap with correlated mutations. The conserved residues which

are frequently occurring are alpha gamma Pro265, Thr267 and Ser268 on the M2 helix,

Met282 on M3 helix. The frequently occurring residues which are conserved through

correlated mutations are alpha gamma Val215, Val216 on M1 helix, Gly275 on M2-M3

loop, and Val425 (358 on Figure 3.20) and Glu432 (365 on Figure 3.20).

Figure 3.21. Most used residues of alpha gamma subunit plotted on slow mode

fluctuations.

The results of MCPOOL analysis for beta subunit (See Figure 3.21) resemble

the result of alpha subunit. The most noticeable difference between the results is the

diminished cluster of frequently occurring residues on the M1 helix. Only two of such

residues exits, Tyr220 (211 on Figure 3.21), which is also conserved, and Ile221 (212

on Figure 3.21), which is conserved by correlated mutations. The remaining results

are similar. The frequently occurring residues cluster in the upper half of M2 and M3

and on the M2-M3 loop and the upper half of M4.
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The results of delta subunit are similar to beta subunit with the difference that

the cluster of most frequently occurring residues on the upper half of M4 is decreased

(See Appendix F, figure F.1). MCPOOL analysis produced similar results for alpha

delta and gamma subunits (See Appendix F, figures F.2, F.3).

3.5.2. Network of Pathways

The network of connected paths were analyzed for key regions of communication

with the network analysis program PAJEK. The network output of MCPOOL was first

normalized with respect to the maximum occurrence frequency of a step. Than the

steps with normalized occurrence frequency less than 0.1 (0.15 for gamma subunit and

0.25 for delta subunit) was removed. This number is selected in order to present the

10 per cent of number of groups with the maximum occurrence frequencies, which led

to around 20 groups. For representation purposes loop C was selected as the starting

point of pathway, due to the recent findings about loop C [31, 55], but groups on the

LBD were not interpreted in the present thesis.

The network representation of the pathway between alpha gamma loop C (loop

10) and alpha gamma gate group (residues Leu251 to Val255) uses the upper half of

M4 subunit (See Figure 3.22) at the most. M2-M3 is on the pathway but it is not as

underlined as the Upper half of M4 or the upper half (symbolized by “Ust”) of M1

helix. Interestingly the pathway to the gate region passes from the neighboring gamma

subunits M1 helix and the lower half (symbolized by “Alt”) of M4 helix.

The network representation of the alpha delta, and gamma subunits are similar

to the network representation of alpha gamma subunit with one difference that these

subunits (alpha gamma, gamma) do not use the neighboring subunits in the commu-

nication (See Appendix F, Figure F.4, F.6, and F.7). The upper half of M4 helices of

each subunit is a key passageway for all subunits.

The results for Delta subunit is similar to the other results, as the upper part of

M4 helix is underlined, but delta subunit uses the TMD of beta subunit extensively
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Figure 3.22. Network representation of the pathway network from alpha loop C

(represented by A Loop10) to the gate region of alpha subunit (A Gate).

(See Figure F.5). The regions of beta subunit used by the paths between delta loop C

and delta gate region includes upper halves of beta M1, M2, M3 and M4. This may be

the result of extensive high correlations between beta and delta subunit present in the

cross correlation map and the fact that M4 helix of delta subunit makes the smallest

number of contacts with M1 and M3 helices of delta subunit.

The results of MCPOOL analysis suggest that upper half of M4 helices are key

passageways on the pathway to the gate region from the binding region. In addition,

the results suggest that the covalent bond between M1 helices and LBD, and M2-M3

Loop is important for signal transmission. In the present study there were no noticeable

difference between alpha subunits.
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4. CONCLUSIONS

Nicotinic acetylcholine receptors (nAChR) are a family of ligand gated ion chan-

nels (LGIC) super-family. They mediate the signals at the neuromuscular junctions

and in the central nervous system. Aberrations in nAChR family is the cause behind

many diseases such as Congenital Myasthenic Syndrome (CMS) (weakness of mus-

cles) and Alzheimer’s disease (a disease deteriorating a persons memory and ability to

learn). Nicotinic acetylcholine receptors have been studied extensively since the late

sixties and the most studied nAChR is from a ray fish, Torpedo marmorata, which

utilizes electric shocks to stun its prey. In the present study the structure of of nAChR

is studied.

GNM analysis was performed on the near complete 3D structure of nAChR and

the result for TMD was extracted. The correlation between the fluctuations of residues

by GNM analysis suggests that the tapering structure of TMD, a more tightly packed

lower half and a loosely packed upper half, is important for the structural requirements

of a twist to open type of movement suggested by Unwin et. al. [7]. The tapering

structure of TMD leads to a wider upper portion and a narrower lower portion in

TMD, which in turn leads to an increase in number contacts made by a residue from

the extracellular side (upper) to cytoplasmic side (lower). The wider region of M2-M3

loop creates spaces for the interface regions of LBD, therefore a wider region of contact.

The symmetric positions of residues [7] and increased number of contacts at the gate

region makes an expansion difficult due to side to side interactions. From a logical

stand point it requires more energy to expand the gate region without first weakening

the side to side interactions of M2 helices. The abundance of highly correlated residues

of M2 helices suggest that, these residues on M2 helices tend to move in a single

direction (because the results of GNM are isotropic). Only the decreased correlations

between non neighboring gate regions on M2 helices hint the rotational movement.

This rotational movement could weaken the side to side interactions [7] and allow the

expansion of gate.
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The analysis of fluctuations in the most cooperative modes of TMD of the nAChR,

with LBD and cytoplasmic domain, show that the fluctuations of M2-M3 loop is re-

stricted relative to the rest of the regions. The flexible joints in a structures is more

efficient in transmitting the structural information than a mobile segment, therefore

the M2-M3 loop behaves as a hinge, with low amplitude motions, mediating the struc-

tural information between two domains. Also, an efficient way of transmitting signals

from binding region would be more successful, in the way that it will allow sharper re-

flexes (faster signaling), and in the greater sense of interaction between living creatures

and evolutionary prey and hunter relation. The initial residues of M1 helices are also

displays restricted fluctuations. The fluctuations of M1 helix changes into unrestricted

fluctuations from the upper half of TMD to the lower half. This mobility change should

be attributed to the cytoplasmic helices which have much less contacts than the rest

of the nAChR described in the 3D structure. This could be interpreted as a drawback

for the signal transmitting capabilities of M1 but the cross correlations with the M2-

M3 loop and the upper part of M2 may allow the signal to be directly transmitted to

M2 helices. The slow mode fluctuations of M4 helices and the cross correlation of M4

helices with other regions in the TMD domain suggests that M4 should be involved in

the gating mechanism as much as the M2-M3 loop. Even though mutagenesis studies

of M4 suggests that M4 affects the gating, it is not discussed as on the pathway from

binding site to the gate.

The analyses with the isolated structure of TMD of nAChR shows that the fluc-

tuations in the most cooperative modes of TMD are affected to a great extent by the

LBD. The TMD domain, in the isolated analyses, shows the intrinsic flexibilities re-

quired for the gating mechanism, but the interaction between LBD and TMD shapes

the correlations. Therefore, individual interactions of LBD and TMD are essential for

gating mechanism.

Conservation and correlated mutation analysis suggests that the residues shap-

ing the M2-M3 helix and the gate region are important for structure and function of

nAChR. It’s noticeable that even most of the residues on M4 helices are not conserved,

correlated mutations at these sites conserve the important residues.
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The method MCPOOL, designed in this thesis, has shown to be an efficient

and informative tool in the analysis of the correlated fluctuations. By MCPOOL, it

has been possible to acquire a network of connected paths from a starting region to

a preselected target, and identified the most visited residues on these paths. These

most visited residues highly associate with the results of conservation and correlated

mutation analyses. The results of MCPOOL suggests that the interaction between LBD

and TMD is not dependent on any single region, but the interaction is transmitted by

a set of regions. These regions include the M2-M3 loop, initial residues of M1 (which

are covalently bonded to B10 at the LBD), and the upper half of M4. They contribute

to the gating mechanism.

The gating mechanism involves the cooperative interactions of LBD interacting

regions of TMD helices. The signal from the binding region is transmitted through

M1, M2-M3 loop and M4 to the rest of the channel to allow for a cooperative twisting

motion and a bending at the gate region which in turn leads to a wider pore.
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APPENDIX A: SEQUENCE OF nAChR

Figure A.1. Sequence of nAcetylcholine receptor from Torpedo marmorata
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APPENDIX B: CONSERVATION AND CORRELATED

MUTATION FIGURES

Figure B.1. Conservation scores (normalized) of beta TMD.
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Figure B.2. Conservation scores (normalized) of delta TMD.

Figure B.3. Conservation scores (normalized) of gamma TMD.
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Figure B.4. The Network of correlated mutations for beta subunit of nAChR.

Figure B.5. Correlated mutations (dark green) and conserved residues (not green) on

the beta subunit of nAChR.
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Figure B.6. The Network of correlated mutations for delta subunit of nAChR.

Figure B.7. Correlated mutations (dark green) and conserved residues (not green) on

the delta subunit of nAChR.
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Figure B.8. The Network of correlated mutations for gamma subunit of nAChR.

Figure B.9. Correlated mutations (dark green) and conserved residues (not green) on

the gamma subunit of nAChR.
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APPENDIX C: MULTIPLE SEQUENCE ALIGNMENT OF

nAChR SUBUNITS

Figure C.1. Multiple sequence alignment of nAChR subunits
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APPENDIX D: GNM FIGURES

Figure D.1. Contact Map of 1oed with maximum backbone separation of 10Å.
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Figure D.2. Cross correlation map for slowest ten modes of M2 helices.
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Figure D.3. The cross correlation map for the slowest ten modes of M1, M2, and M3

helices (inner and middle ring) of TMD of nAChR.
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Figure D.4. The cross correlation map for the TMD of nAChR (isolated), the results

of the slowest ten modes.
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Figure D.5. Cross correlation map of the TMD region of nAChR extracted from the

analysis of 2bg9.
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APPENDIX E: PORE RADIUS PROFILES

Figure E.1. The pore profile calculated by HOLE in the second slowest mode. Thick

line represents the original structure. Negative and positive conformations are

represented by thin and dashed lines, respectively.
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Figure E.2. The pore profile calculated by HOLE in the third slowest mode.

Figure E.3. The pore profile calculated by HOLE in the fifth mode.
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APPENDIX F: MCPOOL ANALYSIS RESULTS

Figure F.1. Most used residues of delta subunit plotted on slow mode fluctuations.
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Figure F.2. Most used residues of alpha delta subunit plotted on slow mode

fluctuations.

Figure F.3. Most used residues of gamma subunit plotted on slow mode fluctuations.
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Figure F.4. Network representation of the pathway network from beta loop C

(represented by B Loop10) to the gate region of beta subunit (B Gate).

Figure F.5. Network representation of the pathway network from delta loop C

(represented by C Loop10) to the gate region of delta subunit (C Gate).
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Figure F.6. Network representation of the pathway network from alpha delta loop C

(represented by D Loop10) to the gate region of alpha delta subunit (D Gate).

Figure F.7. Network representation of the pathway network from gamma loop C

(represented by E Loop10) to the gate region of gamma subunit (E Gate).
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