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ABSTRACT

ALLOSTERIC COMMUNICATION IN BINDING DOMAIN OF
NICOTINITIC ACETHYCHOLINE RECEPTOR

Allosteric interactions have been thought to be of great importance in regulating the
gating mechanism of the receptors. The term allostery comes from the Greek words allos,
"other," and stereos, "shape”, meaning that action in one part of the molecule causes an effect
at another site. Acetylcholine has been one of the first identified neurotransmitters. It is a
chemical transmitter existing in the nervous system of many organisms including humans. In
this work, allostery and allosteric pathways in the information transmission between
Acetylcholine binding and the gate regions have been studied on three structures. These three
structures are Acetylcholine Binding Protein, nicotinic Acetylcholine Receptor and the Ligand
Binding Domain of nicotinic Acetylcholine Receptor without the transmembrane region. For
this, combined computational methodologies have been employed. In understanding of the
allostery; Gaussian Network Model (GNM) and Anisotropic Network (ANM) have been
performed to study the fluctuations of residues and the correlation between them in various
modes of motion. The results of the correlation analysis by GNM are elaborated using
MCPOOL program. MCPOOL identifies allosteric pathways between a starting and a selected
target region. These regions have been examined with respect to the dynamic mode shapes of
GNM and ANM analyses and the conservation and the correlated mutational analysis. ANM
has been applied to see three dimensional conformational changes of molecule in different
modes. Changes in diameter of gate region in different modes of motion have been presented
by HOLE program. Results suggest that Loop 2, Cys Loop and Loop 9 are mostly visited
regions in the allosteric communications, which agree with experimental results and also
suggest new regions that might be important. These regions overlap with the minimum points
of the slowest mode shapes. The conservation and correlated mutations analyses shows that
some of the mostly visited residues along the paths are either conserved or correlated during
the evolution. The presence of the transmembrane domain in the calculations contributes to
the pathways and the motion of the structure. Indeed, without the transmembrane regions, the
ligand binding domain can not lead to a conformational change which contributes to the

twisting motion of the receptor, which is an essential movement for the gating mechanism.
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OZET

NIKOTINIK ASETILKOLIN RESEPTORLERININ HUCREDISI
BOLUMLERINDEKI ALLOSTERIK ETKILESIMLER

Uzaktan etkilesimlerin reseptor kanallarinin agilmasinda biiyiikk bir énemi oldugu
diistiniilmektedir. Allostery kelimesi molekiiliin bir tarafindaki etkinin molekiiliin bir bagka
yerine etki etmesi anlamina gelmektedir ve latincedeki allo “Oteki” ve stereo “sekil”
kelimelerinden tiiremistir. Asetilkolin tanimlanmus ilk sinir hiicreleri arasi iletkendir. Insanlar
da dahil bir¢ok organizmanin sinir sistemlerinde bulunurlar. Bu tezde asetilkolinin baglandigi
bolge ile kanalin en dar yeri arasindaki allosterik etkilesmiler incelenmistir. Bu incelemeler
asetilkolin baglanma protein’i, nikotinik asetilkolin reseptorleri ve bu reseptorlerin hiicre disi
kisimlari i¢in ayrt ayri yapilmistir. Bunun i¢in bazi bilgisayarli metotlar kullamilmigtir. Her
aminoasitin birbirleri ile olan etkilesimlerini anlayabilmek i¢in her ii¢ yapiya da Gaussian ag
modeli (GNM) ve anizotropik ag modeli (ANM) uygulandi. Bu etkilesimler MCPOOL isimli
program ile analiz edildi. MCPOOL istege gore belirlenen iki bolge arasinda yollar tiireten ve
bu bolgeler arasindaki uzaktan etkilesimleri gosteren bir programdir. Bu bolgelerin GNM ve
ANM’in dinamik modlarinda nerelere denk geldiklerine bakildi. Bu bolgeler ayrica
korunmugmu yoksa evrim boyunca mutasyona ugramigsmi diye kontrol edildi. Yapilarin ii¢
boyutlu yer degisimlerini incelemek icin ANM programi kullanildi. Her iic molekiil i¢in de
farkli modlardaki hareketler incelendi. Bu hareketler sonrasinda kanalin agilip ac¢ilmadigini
anlamak i¢in HOLE isimli program kullanildi. Biitiin sonuglara gore Loop 2, Cys Loop ve
Loop 9 bolgeleri allosterik etkilesimlerde en ¢ok kullanilan yerler olarak goriildii ki buda daha
once yapilmis olan calismalarla ortiismektedir. Bunlarin yamisira bazi farkli bolgeler de
onemli olarak goriilmiistiir. Bu bolgeler en yavas hareketlerin oldugu modlarda minimum
noktalarina karsilik gelmektedir. Korunmusluk ve mutasyona ugrayip ugramadiklarini
incelemek i¢in yapilan analizlerin sonucunda goriilmiistiirki allosterik etkilesimde nemli rol
oynayan bolgelerin veya aminoasitlerin bir kism1 ya korunmus yada mutasyona ugramis
olarak goze carpmaktadir. Hiicre duvar1 bolgesinin bulunmasi kanalin agilimi hakkinda bazi
yararh bilgiler vermistir. Hiicre duvari bolgesi olmadig1 takdirde hiicre dig1 boliimii kendi

basina kanalin agilmasini saglayan donme hareketini gdsterememektedir.
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1. INTRODUCTION

Nicotinic acetylcholine receptors (nAChR) are neurotransmitter receptors that function
as transducers of various signals [1]. These receptors reside at the neuromuscular junctions,
autonomic ganglia and at various sites in the central nervous system [2].These receptors are
members of ligand gated ion channels (LGIC) where they mediate a rapid chemical
transmission of electrical signals between nerve and muscle cells by opening a narrow path in

response to the release of Acetylcholine (Ach) into the synaptic cleft [3].

Since all of the members of LGIC’s contain disulphide bonded cystein residues in
their extracellular domains, these LGIC’s are also called as Cys-Loop receptors [4]. Some
other members of LGIC superfamily are GABA (Gamma-Amino Butyric Acid receptor type
A), glycine receptors and serotonin (subtype 3 of the 5-hydroxytryptamine 5HT3) and [5].
Within the LGIC superfamily, the nAChR and 5HTj; are cation-selective channels while

GABA, and glycine are anion-selective channels [6].

nAChR consists of five homologous subunits (o, B, 8, ¥ or €) and contains three
distinct domains which are called the ligand binding domain (LBD), transmembrane domain
(TMD) and the intracellular domain (ID) (Figure 1.1). Each subunit is composed of around

370 residues and the length of the molecule from the top to the bottom is around 150 A.

This thesis covers the analysis of three different molecules which are the nAChR of
the electric organ of Torpedo Marmorata (PDB: 2bg9) [7], ligand binding domain of nAChR
without the transmembrane domain, and the Acetylcholine Binding Protein (AChBP) (PDB:
1i9b) [8].

In the beginning of this thesis the full structure of nAChR didn’t exist and the analyses
had been made on AChBP. Later with the release of the full structure of nAChR, full structure
has been analyzed. To see the differences and the similarities between AChBP and the LBD
of nAChR, the LBD of nAChR is extracted from the full structure and considered to be an
isolated structure, the third molecule. All of the analyses are made on these three structures

which are AChBP, the full structure of nAChR and the LBD of nAChR.



Ligand Binding Domain
(LBD)

Transmembrane Domain

(TMD)

Intracellular Domain
(ID)

Figure 1.1. Graphical representation of nAChR from Torpedo Marmorata (PDB code: 2bg9).
Green: Ligand binding domain (extracellular half), Red: Transmembrane Domain, Blue:

Intracellular Domain [7].

Before the public release of the full structure of nAChR (PDB: 2bg9), AChBP (PDB:
119b) was supposed to be the extracellular domain of the Transmembrane Domain of nAChR
since the actual extracellular half of the molecule was not resolved. Until the 3-D structure of

nAChR is resolved, AChBP was analyzed as LBD of TMD of Torpedo Marmorata (PDB:
10ED) [9].

There is a great difference between the LBD of nAChR and AChBP. AChBP is
formed by five identical subunits which makes it a homopentamer, while the subunits of LBD
of nAChR are not identical. Another difference is that LBD of nAChR has got two binding
pockets while AChBP contains five binding pockets which are located at the interfaces of

subunbits at the extracellular domain.



1.1. Structure

1.1.1. Structure of AChBP (PDB: 1i9b)

Acetylcholine binding protein (AChBP) is a water-soluble protein with high similarity
to the extracellular domains of ligand-gated ion channels. The protein is secreted from glial
cells in the fresh-water snail, Lymnaea Stagnalis, from European fresh waters, where it
modulates neuronal transmission [8]. It is composed of 5 homolog subunits and each subunit
consists of 205 residues. AChBP is a homolog of the ligand binding domain of the pentameric

ligand-gated ion-channels.

In the pentamer the only subunit contacts are at dimer interfaces. Each AChBP
protomer consists of an a helix, two short 3y helices, a core of twelve B-strands and twelve
loops connecting the B-strands. In the ion channels, the transmembrane domains are at the
bottom of the AChBP structure, starting at the end of B-strand B10. The upper part of the
molecule is called N-termini and the lower part is called C-termini. In the LGICs the TMD

lies at the end of the Beta 10 where it ends at the C-termini [8].

The alignment of the subunits along the AChBP molecule is shown in Figure 1.2.

Figure 1.2. A) View of the AChBP from the top of the extracellular side, B) View of the

AChBP from perpendicular to the pore axis.



There are many charged residues in the central pore of the pentamer which makes the
central pore to be hydrophilic. On the subunit-subunit interfaces, there are cavities which are
lined with the residues that are thought to be involved in the ligand binding. This region
which is supposed to be the ligand binding sites of the molecule is about 30A away from the

C-termini. [8]

There are two types of binding residues which are called as the principle binding residues
(TYRS89, TRP143, HIS145, TYRI185, CYS187, CYS188 and TYR192) corresponding to the
loops, and the complementary binding residues (TRP53, GLNS55, ARG104, VALI106,
LEU112 and MET114) corresponding to the beta strands [8]. These binding residues are
shown on Figure 1.3. The residues and corresponding regions of AChBP are given in

APPENDIX A Table A.1.

Figure 1.3. Representation of important regions of AChBP. Red: Alpha Helices, Blue: Beta
Strands, Green: Cys Loop, Black: Loop2, Orange: Loop9, Magenta Balls: Primary Binding

Site Residues, Yellow Balls: Complementary Binding Site Residues.



There is a Cys-Loop region in the molecule which lies between two disulphide bonded
cysteine residues. This Cys-Loop is well conserved in the LGIC superfamily but not in
AChBP. This Cys-Loop region is hydrophobic in the LGIC superfamily and it is located at the
C-termini of the AChBP. Also this Cys-Loop region is located at the bottom of the LBD of
receptors. This position of Cys-Loop and its hydrophobicity in the LGIC family may play a
key role in the gating mechanism if a transmembrane domain exists and hence it may interact

with TMD of the receptor.

1.1.2. Structure of nAChR (PDB: 2bg9)

The structure of nAChR of Torpedo Marmorata (PDB: 2bg9) is the closed structure of the
receptor. nAChR consists of a beta subunit, a delta subunit, a gamma subunit and two
identical alpha subunits (alpha-gamma & alpha-delta) which are named according to the
neighbor with whom it makes a binding interface. All of these five homologous subunits are

composed of approximately 370 residues and contain a LBD, a TMD and an ID.

Alpha Gamma

Alpha Delta

Figure 1.4. (A) A view of nAChR from the extracellular side. (B) A view of nAChR from
membrane side. Red: Alpha-Gamma, Yellow: Beta, Green: Delta, Cyan: Alpha-Delta,

Magenta: Gamma.



All subunits have a beta sheet dominated structure at the LBD and alpha-helix
dominated structure at the TMD. The LBD consists of twelve beta sheets, twelve loops
connecting these beta sheets and an alpha-helix segment at the N-termini. Residues belonging
to the TMD come after the last residue of LBD where LBD and TMD are connected

covalently.

The signature loop of LGICs, the cys loop, resides at the interface of ligand binding
and transmembrane domains, along with the loop 2 (between betal and beta2). Another loop
near the interface between the domains is the loop 9 which connects beta8 to beta9 [10].
There are two binding sites for ACh. These are located between the alpha subunits and their
neighbours (alpha gamma—gamma, alpha delta—delta). The binding loop is formed by loop A
(loop 5), loop B (loop 8), and loop C (loop 10) of alpha subunits and the Beta5 and Beta6 of
adjacent subunits (gamma or delta) [7] but the main binding occurs on the Loop A, Loop B

and Loop C regions of the LBDs of the alpha subunits.

The structure of the Alpha-Gamma subunit of the nAChR is given in Figure 1.5.

TMD of each subunit consists of four alpha-helical segments which are called M1,
M2, M3 and M4. M2 is in the inner side of the TMD and forms the lumen of the pore [10, 6].
M4 is at the outer part of the TMD and it has contacts with the lipid. The other two alpha-
helices M1 and M3 also have contacts with the lipid but not as much as M4 [10, 11, 12].

There is a gate region in the middle of the M2 helix which limits the ion flow in the
closed state. The Loop between M2 and M3 helices which is called M2-M3 Loop or M2-M3
linker is thought to make interactions with the Loop 2, Cys Loop and Loop regions of LBD. It
is thought that this interaction yields a signal transmission from the binding loops to the gate

region in an allosteric mean [7, 9, 10].

The proposed gate in the transmembrane domain is thought to be formed by two
constricting rings which lie at the o, LEU251 and a ,VAL255. These two rings constitute a
barrier to ion permeation as it forms the narrowest section along the nAChR [7]. This region
widens after the binding of the agonist and lets the ions to pass, and it closes back as the

agonist leaves the binding region. [13].



Figure 1.5: Overall structure of Alpha-Gamma subunit of nAChR.

In Figure 1.6, the interface between the LBD and TMD of nAChR shows the locations
of M2-M3 linker, Cys Loop, Loop 2, Loop 9 and the other regions close to these regions.

There are missing residues in the ID of nAChR. The only existing region is 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 [7]. Earlier kinetic studies established that nAChR can exist in at least three

conformations with different functional properties, closed, open and desensitized [14].



Figure 1.7. Interface between the LBD and TMD of nAChR.



1.2. Literature Survey

The basic mechanism that nAChR allows the cation flux into the cytoplasm is a
stepwise motion in which individual interactions leading to an open channel are still unclear.
Unwin et al. proposed that the binding of acetylcholine to the binding sites at the ligand
binding domain triggers a conformational change at the alpha subunits, which is transmitted
through the ligand binding domain to the transmembrane domain and the gate regions by a
twist like motion, which in turn leads to an open channel [9]. This basic mechanism may be
altered by mutations in the genes coding the structure of nAChR. The results of these

alterations may be severe. Past studies have linked mutations in nAChR to several diseases

[5].

Channel gating is the most important function of these receptors, without proper
gating mechanism, due to mutations in the genes coding for nAChR [9], many congenital
myasthenic syndromes (CMS) appear. A CMS is a an inherited disorder that causes muscle
weakness (myasthenia) by affecting the connection between nerve cells and muscle cells,

called the neuromuscular junction [Muscular Dystrophy Association; www.mdausa.org 2006].

Some of the deficiencies in AChRs, caused by the mutations, result in extended opening of
the gate, while other result in the short-lived opening. It has been demonstrated that the cause
of a CMS was the result of a mutation V2851 in the M3 helix of alpha subunit [15]. Another
cause of a CMS is the mutation at the cytoplasmic loop between the M3 and M4 helices of the
B subunit [16].

Apart from nAChRs at the neuromuscular junction, many nAChRs function in the
nerve cells in brain. Aberrations in these nAChRs are thought to be involved in many diseases
including autosomal dominant nocturnal frontal lobe epilepsy, Alzheimer’s disease,

schizophrenia [17], Parkinson’s disease, Crohn’s disease [5].

The experimental studies of the nAChR in its membrane environment show that, there
is a lipid belt region, which is closely associated with the nAChR, surrounding the AChR
protein. This region is qualitatively different in terms of molecular mobility, and the lipid
composition of the synaptic region has been reported to differ from that of the rest of the
membrane in muscle cells [6]. There are experimental evidences that nAChR is effected by its

lipid microenvironment, but the exact nature is still to be resolved [12].



Experiments with the membrane partition photoactivatable probes label M4
transmembrane helice extensively and M3 and M1 helices are also labelled [12] Photoaffinity
experiments showed that gamma F292, 1296, M295, and N300 faces lipid interface [18].
Mutation experiments are conducted on the lipid exposed residues of gamma M3 to elucidate
the functional contributions of there lipid exposed residues on M3 subunit. These experiments
have shown that an increase in the volume of hydrophobicity of these lipid — exposed residues
will increase the nAChR function [15] Experiments done on the nAChR from the adult
muscle cells indicate that 8' positions (alpha PHE284) of the M3 domains of all subunits

contribute to channel gating [19].

The M4 domain is the least conserved among the transmembrane domains. It is the
most hydrophobic and constitute to the outermost transmembrane domain [20]. Experimental
mutation studies in which the therionine 422 was mutated to alanine, have shown that the
hydrogen bond made by alphaT422 (a conserved residue) influences the opening and closing
rates, and alpha T422 is essential for the proper gating [21, 22, 23]. Tamamizu et. al. [24]
demonstrated that tryptophan mutations to residues L416 and 1419 created an expression level
less than 20 per cent of the wild type, while mutation of alpha V425 to tryptophan exhibited
a significant increase in the open channel probability. Also Tamamizu et. al. suggested that

1417 is important for the AChR folding, oligomerization.

Another mutational experimental study of the M4 helix demonstrated that mutations to
the upper half of the M4 helices have a larger effect compared to those in the lower half. This
mutation study also demonstrated that mutations at positions L410, M415, C418, T422, and
F426 of alpha M4 helix affects gating [23] All of these mutatgenesis studies suggest that the
M4 domain is essential for proper AChR activation [20].

The work done on GABA, receptor by Kash et. al. [25] supported the notion that
cysloop and the loop region between M2 and M3 helices are important for gating. Also Kash
et. al. [25] suggested that the work done by Unwin et. al. (a structural study which underlines
the importance of cysloop and M2-M3 loop regions) is supported by their experiments [25, 3].
The work of Castillo et. al. demonstrated that M2-M3 loop in nAChR are involved in

coupling agonist binding and gating [26].
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In a recent experimental study by Lee et. al. [27], the principal pathway is thought to
begin with loop C at the LBD and continue through Beta 10 strand to the M1 helix region
where alpha Arg209 juxtaposes the alpha Glu45 ( Loop 2 ). Glu45 and Val46 couples with
Pro272 at the M2-M3 loop. Lee et. al. reported that mutations at alpha Arg209 impairs
channel gating 46 fold. They also underlines the importance of Cys Loop and Loop 9 for the
coupling of binding to gating [27] Bouzat et. al. proposed that Loop 9 from the adjacent
subunit contacts Loop 2.Then, these Loop 2 and Cys Loop regions straddle M2-M3 loop
suggesting a twisting motion which in turn twists the pore lining M2 domain to allow flow of

cations [10].

Apart from experimental studies, nAhCRs have been the topic of many computational
studies. These studies mainly include molecular dynamics (MD) and normal mode analysis

(NMA).

Normal mode analysis conducted by Cheng et. [14] showed that cross correlation
results point out a M2-M3 loop is correlated with Cys loop and Loop 2. Also, Cheng et. al.
underline that NMA results favour that both the Cys loop and Loop2 undergo highly
concerted movements with M2-M3 linker [14, 25]. Their NMA shows that first mode
motions are dominated by twisting, second mode is dominated by symmetric expansion and
third mode is dominated by asymmetric expansion motions. Taly et. al. reported that only the
first mode of NMA produces a structural reorganization that result in a wide opening of the

ligand binding and transmembrane domains [28].

MD studies conducted by Xu et. al. [29] on the transmembrane domain of nAChR in
membrane showed that M4 helices convey the effects exerted by lipid surroundings into the
M2 ring. MD studies, on the transmembrane domain of nAChR in a membrane mimicking
environment, performed by Hung et. al. [30] pointed out that there is a hinge in the proximity
of central hydrophobic gate. Also, their MD results underline a correlation of M2— M3 loop
with the gate at the M2 helices. In addition, their results show that M2-M3 loop of alpha
subunits (alpha gamma and alpha delta) exhibit highest fluctuations. Law et. Al. conducted
MD simulations on the transmembrane and ligand binding domain of nAChR [31]. Their
result state that motions of TMD and LBD are anti correlated. Law et. al. suggest that outer

beta strands (Beta 9 — BetalQ) form a lever that connects the binding site with the motions of
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TM domain and that interaction of Loop2 with the M2-M3 loop pivoted by Cys Loop is
important for gating [31].

This thesis covers many different analyses mainly made on AChBP and nAChR. At
the beginning, there was only the AChBP and it was supposed to be the LBD of the
transmembrane domain of nAChR. With the release of the refined structure of nAChR as a
full structure, the analysis has been continued with the LBD of nAChR with and without the
TMD. The similarities and differences between AChBP, LBD of nAChR and the LBD of
nAChR with and without TMD with respect to the various properties in connection to gating
have been the main focus in the present work. Three structures have been subjected to the

analysis.

Firstly, to obtain the mean-square fluctuations of the residues (auto-correlations) and
the correlation between the fluctuations of the residues (cross-correlations in the structure, the
Gaussian Network Model (GNM) has been employed [32]. The cross-correlations have been
elaborated by MCPOOL [33], which generates paths between any two arbitrary residues or
regions using the cross-correlation values. These paths allows us to see the allosteric

interactions between residues.

Since GNM is a one-dimensional model, it doesn’t show the directions of
displacements. For this, Anisotropic Network Model (ANM) has been employed to generate
the conformations that display the fluctuations from the average structure in various modes of
motion [34]. To see the behavior of the pore in a set of slowest modes of motion, whether the
radius of pore tightens or widens at different conformations, the software HOLE is employed

[35].

To see the structural and/or functionally important residues, conservation analysis has
been carried out using the Consurf server [36, 37]. Conservation score of each residue is taken
from this server and checked if any of the well conserved residues contribute to the gating
mechanism. For the probability that some of the important residues could have been
correlated during the evolution, correlated mutations analyses have also been conducted using
“Analysis of Correlated Mutations” server [38]. Finally, to see the shortest and most visited
regions along the paths that have been generated by MCPOOL [39] using the results of cross-
correlation analysis, the PAJEK program has been used [40]. PAJEK analyzes the generated
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paths and gives graphical outputs showing the most frequently used steps along the paths. The
starting point and target point is connected with lines and dots. Each dot displays the mostly
visited regions along the paths and lines connecting the points show where a region goes

mostly.
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2. METHODS

2.1. GNM

Gaussian network model is a coarse grained one dimensional elastic network model
where the fluctuations are thought to be isotropic. Residues are thought to be connected to
each other with harmonic springs. Since GNM assumes fluctuations to be isotropic,
fluctuations are described with their amplitudes on a one dimensional scale and that the
protein is in its native equilibrium state. Interactions of individual atoms are coarse grained

using a Virtual bond model.

Each individual residue is represented by backbone carbon atoms (C%) in this model
and the interactions between different residues are not specific. All backbone atoms are
assumed to undergo Gaussian fluctuations about their equilibrium values [41]. If the distance
between two backbone atoms is less than a certain cut-off distance (r.). the backbone atoms

are considered to be interacting and in contact.

This analysis decomposes this network of interactions, represented by a Kirchoff
matrix, a matrix representing the contacting pairs, [41] and a harmonic potential. The
decomposition results in the eigen values and the eigen vectors of the system. The smallest
non-zero eigen values define the slowest modes of motions while the highest eigen values

define the fastest modes of motions.

Slow modes represent a global motion, while fast modes represent the isolated
motions of individual backbone atoms [41]. The work done on GNM identifies the residues,
which are active in the fast modes, as key players upholding the stability of the folded
molecule [41]. The local minima in the slow mode fluctuations are thought to be stable
regions, with minimum global fluctuation [42]. These minimum fluctuating regions act as
hinges, a static point, in between two more fluctuating (mobile). Therefore they are usually

referred to as hinges.
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Figure 2.1. Representation of equilibrium positions R;” and RjO of the backbone atoms of i

and the jth residues. AR; : instantaneous fluctuation of it residue, AR; : instantaneous

. .th . . . .
fluctuation of j= residue, R;; : instantaneous fluctuation separation.

The fluctuations of backbone atoms are assumed to obey a Gaussian distribution,

shown by Equation 2.1
W(ARi )= expl- S(ARi Pif(ar ) where 1<isN @.1)

Where  <(ARi)*>: mean square fluctuation of the i" residue,

N : total number of residues.

The total potential for a molecular system of N residues can be written using the

pairwise as shown in Equation 2.2

Vo=3 3 VR, R )=Y Y 112)ylaR, -AR,)  where 1<i<j<N 2.2)

i i
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In potential equation, V is calculated for all i and j pairs. In this equation y represents
the Hookean force constant assumed for all interacting pairs regardless of the chemical or

physical nature of the interacting pair, AR;; can be calculated by Equation 2.3
ARij = Rij - Rijo (2.3)

Where AR;;j 1is the fluctuation in the distance vector relative to the equilibrium

separation Rijo. The separation between sites 1 and j (R;j) can be calculated by Equation 2.4

R, =R,- R, (2.4)

R; and R; are the positions of i™ and jth sites, respectively [42]. In Equation 2.2 the
term vy is used for all interactions, without considering the individual chemical or physical
properties of pairs. In equation 2.2 the summations are only valid for interacting pairs for
which equilibrium separation is less than a cut-off distance R, (Rijo < R,). The fluctuations of
the distance separating the residues are represented by AR;; (Figure 1.1) can be rewritten as

Equation 2.5
AR; =AR;- AR; (2.5)

where ARi represents the fluctuation of the i" residue (Figure 1.1).

The Kirchoff matrix is a symmetric and a sparse matrix, which represents the
connectivity of a biomolecular system [42]; Kirchoff matrix can also be named as the

connectivity matrix.

—li#jR; <r,
[ =1 Oi=jR; 21,1 (2.6)

ij
_ani:j

i#]

Equation 2.6 summarizes how connectivity matrix is obtained. In this equation I" is the

connectivity matrix. Rj; represents the distance between the i"™ and ™ backbone carbon atom.
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r. is the cut off distance, is maximum distance allowed for connected i™ and jth residues (IOA).
After obtaining the connectivity matrix eigen values and eigen vectors are calculated and

connectivity matrix is inverted.

Kirchoff matrix (I' ) can be used to write the total potential in a compact manner using

Equations 2.1 and 2.2.
V,,=H=(y/2)ir[AR'TAR] (2.7)

The AR term in Equation 2.7 represents the matrix of instantaneous fluctuations of AR;
of all residues, (1<1 < N). AR is a (Nx3) matrix whose i™ row is the transpose of AR;. H is the
internal Hamiltonian represents the total potential of a biomolecular system [42]. The average
fluctuations of interacting residues in a molecular system are found from Equation 2.8

replacing the inverse of Kirchoff matrix,

1 H 3k,T ||
(AR, -AR>:Z—J(ARi -ARi)exp{— kB—T}d{AR}z(T)F I, 2.8)

N

Zx is the configurational integral which can be written as Equation 2.9
Z, = | expi Hk,T}d: AR} (2.9)

where kg is the Boltzmann constant, T is the absolute temperature and d{ AR} represents the
integration over all residue fluctutations. The average fluctuation of interacting pairs can be
found using Equation 2.8, this equation can further be simplified using the eigen vectors and
eigen values obtained by decomposition of Kirchoff matrix along with equation 2.8 and 2.9

[41].

(AR, -AR,) =Bk, T/ y)4 " uu,"],

2.10
6k, A, ] ] 10
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Eqution 2.10 shows the mean square fluctuations associated with the k™ mode where A is the
K™ eigen value. The (3 kg T/ y) represents the harmonic potential constant obtained by
Gaussian distribution assumption. The term uy represents the eigen vectors (uy is the k™ eigen
vector). The individual modes (k) of autocorrelations can be calculated using the eigen value
and the corresponding eigenvector. The smallest non-zero eigen value can be used to calculate
the lowest mode and individual modes can be calculated using the corresponding eigen value.

The contribution of several modes together, is calculated by

i

Z[ARi ’ ARi]k //11(—1

k=n,ni>n

AR -AR] = @2.11)

n,ni ni .
LA

k=n,ni>n

In Equation 2.11 n and ni represent the range of modes to be taken into account. The
normalized cross correlations of i™ and j™ (C(i,j)) nodes can be calculated using Equation 2.10

-th -th .
fori and " pairs

<AR,.-ARJ.>

_ 2.12)
[AR,-AR)AR -AR )]

C(i.j)=

Cross correlations are normalized using the individual auto correlations (Equation 2.10).
Normalization with respect to auto correlations yields Equation 2.12. Cross correlations
represent the extent of correlation between the motions of i™ and j™ residues. Cross correlation
values range from -1 to 1. Positive values describe that i™ and j"™ 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 2.12 can be used to calculate the contributions of individual or several modes
together by Equation 2.13 which is essentially the same as equation 2.8 without the ensemble

averages.

AR -AR,|
), - @1
|:[AR1 ) ARi ]n,ni [ARJ ' AR/ ]n ni :|
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Slow modes, representing the global motions of the backbone atoms are defined by the
smallest non-zero eigenvalues. In the slow mode fluctuations, the minima points are referred
as hinges and they are thought to be stable and less mobile than the other residues. On the
other hand fast modes represent the isolated motions of the backbone atoms and are defined
by the highest eigenvalues. The peak points on the fast mode motions are referred as

kinetically hot residues.

In the GNM analysis, autocorrelations are calculated using Equation 2.11 and cross
correlations are calculated using equation 2.13. Results of GNM analyses are elaborated to see
the correlations between residues. Slow and fast mode fluctuations are drawn and the results
of other calculations such as conservation, correlated mutations and MCPOOL analysis are
plotted into these figures. The results of GNM analyses are also used in MCPOOL section to

find coupled correlations.
2.2. ANM

An extension of the Gaussian Network Model, called the Anisotropic Network Model
[34], makes it possible to determine the directions of the resiudes and/or regions of a molecule
on the three dimensional scale for different possible conformations that the molecule may
have. In GNM, the directions of residues are controlled by the harmonic potentials but in
ANM, because the displacements are both on X, Y and Z coordinates, the coordinates of
fluctuation vector are controled by the Gaussian dynamics. So the potential including the

fluctuations at X, T and Z directions becomes;

1% =%y(R,.j —R,.jo)2 (2.14)

Substituting R;; into Equation 2.14,

v :%yﬂ(xj —x. P+l -vP+lz -z ) —R..O} (2.15)

J ! y

Where; y = force constant, Rijo and R;j = seperation vector of residue i and j and X, Y and Z =

components of seperation vectors.
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The counterpart of Kirchoff Matrix used in the ANM calculations is called the Hessian
Matrix, which is a square matrix of second partial derivatives of the potential. If the second
derivative of Equation 2.14 is taken for X only and for two different components such as X

and Y, the resulting derivatives become;

% _ 7(X] _Xi)z

= (2.16)
2 2
X, R;
82V _ 82V _ 7(Xj_Xile_Yi) (2 17)
0X,0Y,  0X,0Y, R’ '
For the residues around the i™ residue, Equations 2.16 and 2.17 become;
oV VZ—(X" /) 2.18)
x> 5 RS '
an (Xj_X,‘x\Yj_Yj)
=7L (2.19)
0X Y, r R’

)

Where j under the summation sign stands for summation over all of the surrounding residues
where Rijo < 1.. Using the Equations 2.17-2.19 the Hessian Matrix can be formed where
hessian matrix is expressed as Equation 2.20. Each individual Hj; in the Hessian matrix are
calculated from equation 2.21. For the case of i=j, H;; matrices form the diagonal elements of

the Hessian Matrix.

IN

2N

# = . . (2.20)

NN -



% o’V %
0X,0X, 09X, Y, 9X,0Z,
o % o’V o’V @.21)
P719Y,0X, OY,0Y, dY,0Z, '
o’V o’V o’V
| 0Z,0X, 0ZY, 0Z,0Z, |

For the case of dealing on the one direction only, the diagonal elements of Equation
2.21 are calculated by Equation 2.18 and the off-diagonal elements of Equation 2.21 are
calculated by Equation 2.19. And these Equations 2.18 and 2.19 form the diagonal elements
of Equation 2.20, while the off-diagonal elements of Equation 2.20 are calculated by Equation
2.17 which correspond to Hj’s. Hence the counterpart of Kirchoff Matrix in the ANM is
shortly # /y and its decomposition extract 3N-6 eigen values and 3N-6 eigen vectors for the

individual modes. There are 6 zero eigenvalues in ANM while there was only one in the

GNM.

In the ANM calculations, ten slowest non-zero eigen values and corresponding eigen
vectors which also correspond to the respective modes are taken into consideration. One plus
and one minus conformations are derived over the original conformation of the molecules and
these new conformations are added to the original conformation. To see the movements
clearly, the new found minus and plus conformations are exaggerated by multiplying them
with an arbitrary constant and the resulting conformations are observed by using the Visual

Molecular Dynamics (VMD) program.[43].

To analyze how the conformation and the radius of the molecule changes at both

minus and plus conformations, the HOLE program has been applied [35].

2.3. Multiple Sequence Alignment

The starting step for both conservation and correlated mutations analysis was search
for homologous sequences for our molecule. For this, the multiple sequence alignments were
carried out. Multiple sequence alignment is an approach [44] that compares multiple DNA or

amino acid sequences and aligns them to highlight their similarities.
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For this purpose 100 homologous sequences (up to 35 per cent similarity) were taken
for each of the subunits of our molecule by using EXPASY BLAST [45]. With the default
values on the site and excluding the fragment sequences, the search for homologous
sequences was carried out on Swiss-Prot database. After the blast is run and the homologous
sequences are found, these sequences are given to the version 1.83 of Clustal W, by using the

default parameters, to obtain multiple sequence alignments.

These steps have been carried out for both five subunits of nAChR and thus five
multiple sequence alignments for each subunit have been obtained. And these alignments

were used for the analysis of conservation and correlated mutation.

2.4. Conservation Analysis

Conservation is the degree to which a specific residue is found at a specific site in
related sequences of a family of nucleic acids, proteins etc. [36]. If that specific residue is
found at that specific site throughout the sequence family this residue at this site is conserved.
Conservation can also be considered as a scale of the resistance to evolutionarily mutations.
These conserved residues are often found to be functionally or structurally important residues

[37].

Conservation analysis was performed using the web interface of version 3.0 of
“Consurf” [36, 37]. The default parameters were kept but the MSA file retrieved from
ClustalW server was used. Consurf returns a conservation score, ranging from a negative
value to a positive value, for each residue. This score corresponds to the evolutionary rate of

the residue [37], a negative rate translates into a more conserved residue.

Also, Consurf presents another scale (a colour scale) to represent the conservation
scores. This colour scale ranges from 1 to 9. Only most conserved residues are rated 9 and

most variable residues are rated 1.

Another feature of Consurf is the confidence interval. This interval represent the range
for which the conservation score and the colour number can take on. Therefore, in this work
only the residues with colour number confidence interval with 9 — 9 are considered as highly

conserved residues.
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An important thing about conservation analyses is that the conservation scores are
normalized along each subunit. This normalization process makes it impossible to compare

two different subunits with each other.

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 [38, 46]. These couples could be formed near neighbours or distant neighbours.

These distant couples may reflect an allosteric regulation mechanism [47].

Correlated mutation analysis was carried out using the ‘“Analysis of Correlated
Mutations” server [38]. The default parameters were used along with the MSA from the

ClustalW server. The results were graphed using the Dot and Dotty programs [48].

2.6. MCPOOL

MCPOOL interprets the outputs of GNM calculations. It analyzes the cross correlation
values of residue pairs and discriminates the values according to the given minimum
correlation value. In MCPOOL analyses, the correlation values of above 0,5 are taken into
consideration [39]. After MCPOOL realizes which residue pairs have correlation value of
greater than 0,5, it starts to generate residue-residue steps similar to the basis of Monte Carlo
chain generation method. Each residue may be cross correlated with hundreds of other

residues.

The starting region or residue is given by the user and according to this starting point
Mcpool seeks residues which have cross correlation value of minimum 0.5 with the starting
residue. Then these correlation values are normalized by the total value of these correlation
values. So each residue obtains a value between zero and one. Each normalized value is added
to the previous one and thus the cross correlation values of each residue lie adjacently
between one and zero. The main purpose of this normalization process is to give each residue
a range which will be used in the pathway generation similar to the Monte Carlo chain

generation.

23



After the normalization and selecting the ranges for each residue, MCPOOL generates
random numbers between zero and one. Number corresponding to the values obtained from
the normalization procedure show which residue is selected in the next step. Next random
gerneration procedure yields another number, hence another residue. This procedure
continues until the path reaches to the preselected target region or the path reaches to a total
number of steps which was limited by a desired number. If a path reaches to the desired target
region that path is called connected path.Furthermore if that path doesn’t use any residue out
of the starting subunit it is called internal connected path. If a path uses at least one residue of
the other subunits than the starting subunit, this path is called external path. In the analyses of

Mcpool, 100,000 paths are generated for maximum of 10, 20 and 30 steps.

The minimum correlation value is allowed to be 0,5 for each residue pair. For the
AChBP molecule the starting point of these calculations are the principle binding residues and
the target regions are selected to be the Cys Loop, Loop 2 and Loop 9 regions. For the
molecule of nAChR, the starting point is the binding loops which are named as Loop A, Loop
B and Loop C, while the target region is selected to be the gate region in the transmembrane

region.

The outputs of MCPOOL show the most visited regions and residues along the
connected paths and categorize the connected paths as internal connected paths and external
connected paths. The residues that are visited at the most are presented with respect to the
fluctuations in the average of the slowest two modes and in the average of the fastest 30

modes. The most visited regions are further elaborated with the software PAJEK [40].
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3. RESULTS AND DISCUSSION

3.1. GNM Calculations

GNM calculations were performed for AChBP, nAChR and the LBD of nAChR to
compare the differences and similarities in dynamic fluctuations. The fluctuations at two ends
of dynamic spectrum, in the slowest and fastest modes, and the correlation between the

fluctuations in the slowest modes are analyzed for each of the molecules in turn.

3.1.1. Fluctuations in the Slowest Modes

The slowest modes, with the low frequency fluctuations, are the most cooperative
modes of motion of a structure and significantly overlap its functionally important
fluctuations (32). The mimina of the slowest mode shape point to the hinge sites, which are
mechanistically important regions, mechanistic hotspot of the structure. The maxima, on the
other hand, describe the regions that display high amplitude of motion and these regions could
be associated with binding sites. Here, the distributions of the mean-square fluctuations in the

average of the slowest two modes are analyzed and presented in Figures 3.1-3.3.

Figures 3.1 to 3.3 display the fluctuations in the average of the two slowest modes of
AChBP, LBD of nAChR and the full structure of nAChR respectively. Since AChBP is a
homopentamer and all of its subunits are identical, only the alpha-gamma subunit is shown

here.

The subunits of LBD of nAChR and the full structure of nAChR are not identical. So
each figure will be discussed separately but only the figures of Alpha-Gamma subunit will be

shown in this section. The other figures can be seen in Appendix B, Figure B.1 to Figure B.6.

Loop2, Cys Loop and Loop9 which are thought to be important regions in the
allosteric system of gating mechanism, are shown on the graph and positions of the principle

binding residues are shown by arrows.
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Figure 3.1. Slow 1-2 averages of each subunit of AChBP. Dark Blue: Alpha-Gamma, Pink:
Beta, Yellow: Delta, Turquoise: Alpha-Delta, Violet: Gamma. Arrows point the binding

residues of the AChBP molecule.

As expected, the shapes of the average of the slowest two modes are similar for all five
units of the AChBP, which is a pentamer. The last residues of Loop 2 and Loop 9 seem to act
as a hinge point as they contribute to some minimum points on the Figure 3.1. However, Cys
Loop seems to be relatively mobile as the other loops do. The principle binding residues

seems to be mobile, which would be important for the recognition of Acetylcholine.

The fluctuations of residues of Alpha-Gamma subunit of LBD in nAChRin the
average of slowest two modes are presented in Figure 3.2. The binding residues are not
presented for clarity in the figure. The regions of the binding loops are shown instead. Figures

for other subunits are given in Appendix B, Figure B1 to Figure B3.

As the subunits of LBD of nAChR are different from each other, the slow 1-2 average
figure of each individual subunit is different except the alpha subunits. This difference is
mainly on the fluctuations values, but the shape is similar in all. When a subunit shows
minima, the other subunits almost have minima on that region too. In opposition to Figure 3.1

of AChBP, Loop 2 corresponds to a minimum point in the LBD of nAChR. But this situation
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is not valid for Delta and Alpha-Delta subunits. Similar to this, only the Beta and Gamma

subunits have minima while the other three subunits have a maximum point at Loop C.
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Loop9
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0] 50 100 150 200
Residue

Figure 3.2. Fluctuations of Ligand Binding Domain of nAChR for Alpha-Gamma Subunit in

the average of the slowest two modes.

The binding loops Loop A and Loop B are at minima, while the other binding loop
Loop C displays high amplitude of motion. Few residues of Cys Loop and Loop 9 correspond
to the minimum values but the residues of Loop 2 don’t correspond to the minimum regions.
This shows that if some residues of Cys Loop and Loop 9 have residues at minimum
fluctuations while some of their other residues are mobile, it may be considered that these
loops move over points which may act as hinge point letting the Cys Loop and Loop 9 to
move. This motion may agree with the expression that these loops straddle over the M2-M3

region of TMD [10].

For the case of full structure of nAChR containing both LBD and TMD, Figure 3.3
displays the slow 1-2 average fluctuations. Loop 2 and Cys Loop regions of the nAChR
display hinge behavior, which is not the case with AChBP and with the LBD of nAChR as a

isolated structure. This is apparently due to the absence of transmembrane region.
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Figure 3.3. Slow 1-2 average of Alpha-Gamma subunit of nAChR.

When the TMD is attached to the LBD, the molecule seems to modify its structural
fluctuations and these loops seem to act as hinge points leading the structure to move around
these loops. These loops may be pivot regions letting the molecule to make motions
separately. Figures of the other subunits of nAChR are given in APPENDIX B, Figure B4 to
Figure B6. In the ANM section, the motions of each residue on the three dimensional scale

will be discussed.

3.1.2. Fluctuations in the Fastest Modes

The fluctuations in the fastest modes of are analyzed. The average of the fastest 30
modes, i.e. modes with the 30 highest frequencies, are analyzed and presented here. These
highest frequency fluctuations reflect the localized motion. The peaks in these modes are

referred as kinetically hot residues.

Figures 3.4 to 3.6 show the fast 30 average fluctuations of AChBP, LBD of nAChR
and the full structure of nAChR respectively. Since AChBP is a homopentamer and all of its

subunits are identical, only the alpha-gamma subunit is shown here. But the subunits of LBD
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of nAChR and the full structure of nAChR are not identical. Thus, each figure will be
discussed separately but only the figures of Alpha-Gamma subunit will be shown in this

section. The other figures can be seen at Appendix B.
Loop2, Cys Loop and Loop9 which are thought to be important regions in the

allosteric system of gating mechanism, are shown on the graph and positions of the principle

binding residues are shown by arrows.
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Figure 3.4. Fluctuation in the average of 30 fastest modes for each subunit of AChBP. Dark
Blue: Alpha-Gamma, Pink: Beta, Yellow: Delta, Turquoise: Alpha-Delta, Violet: Gamma.

As seen from the Figure 3.4, the fast 30 average fluctuations of each individual subunit
of AChBP are the same, as the molecule is a homopentamer. It shows that the principle
binding residues of AChBP are located on the hot spots while the regions which are
considered to be important at the gating mechanism (Loop2, Cys Loop and Loop 9) don’t
appear on the hot spots. Some other regions containing hot spots are beta 1, Loop 5 which is
a binding loop at nAChR, Loop 8 which is another binding loop at nAChR and the beta 10
region. This beta 10 region is in contact with Cys Loop and Loop 2.

29



The LBD of nAChR which may be thought as the counterpart of AChBP is not a
homopentamer as AChBP. So the fast average figures of each individual subunit should be
different from each other just like the slow 1-2 average figures were. Instead of showing the
principle binding residues, where principle binding residue fact belongs to AChBP, the
binding loops are located on the fast mode fluctuations of LBD of nAChR in Figure 3.5.

Fast 30 averages of LBD of 2bg9

0.025

0.02

Loop B

0.015

Fluctuations

0.01
Cys Loop

Loop 9

0.005 - Loop A

A=, A LY L

0 50 100 150 200
Residue

Figure 3.5. Fluctuations in the average of fastest 30 modes of LBD of nAChR for Alpha-

Gamma Subunit.

Similar to Figure 3.4, Cys Loop, Loop 2 and Loop 9 do not correspond to the hot spots
in Figure 3.5, i.e., the high frequency fluctuating residues, for the alpha-gamma subunit.
Beta, Delta and alpha-delta subunits have maximum points in the Loop 2 region and beta and
delta subunits also have maximums (hot spots) at the Cys Loop region. Also, Beta, Delta and
Alpha-Delta subunits have peaks in the fast mode fluctuations at Loop 9. There also one hot

spot in the beta 1 region and two hot spots in the beta 10 regions.

In Figure 3.4 it was observed that the principle binding residues correspond to the hot
spots, but in the fast 30 average fluctuation figure of alpha-gamma subunit of LBD of nAChR,
the binding loops do not have any residues corresponding to hot spots. Only, Loop A has got
a residue corresponding to a hot spot but this is not so obvious. The other alpha subunit,

Alpha-Delta subunit, doesn’t have any binding loop at the hot spots even not at the Loop A.
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but the other subunits have some hot spots at different binding loops. All of these binding
loops have hot spots at the Beta subunit. Delta subunits Loop A region also contains a residue
corresponding to a hot spot. One of the residues in the Loop B region of Gamma subunit

corresponds to a hot spot (See APPENDIX B, Figure B.7 to Figure B.9).

When TMD is attached to LBD, the fluctuations in the average of 30 fastest modes are

presented in Figure 3.6.
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Figure 3.6. The fluctuations in the average of the fastest 30 modes of Alpha-Gamma Subunit
of the full structure of nAChR.

For the fluctuations of nAChR in the average of 30 fastest modes, Alpha-Gamma
subunit contains some residues at the Cys Loop region that correspond to the hot spots. Also a
small hot spot peaks is seen at the M2-M3 linker of TMD. There are some hot spots observed
at the TMD but most of these hot spots correspond to the lower part of nAChR. Also there is a
hot spot at the Beta 10 region of Alpha-Gamma subunit. Beta 10 is between Loop 9 and the
binding loop Loop C. This beta 10 region covers a hot spot at each of the individual subunits.
There are absolutely some differences between the subunits. Delta and Alpha-delta don’t have
any residues in the Cys Loop region that corresponds to a hot spot. And there are not any

residues at the M1 region of Delta subunit corresponding to a hot spot.
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The hot spots at Cys Loop can only be seen when a TMD is attached to the LBD. Cys
Loops of AChBP and LBD of nAChR do not have hot spots while one or two residues near
this Cys Loop correspond to hot spots. Also many of the principle binding residues of AChBP
are on hot spots while none of the binding loops are on the hot spots in nAChR. The hot spots
seen on the Beta 10 regions are similar in all of the three structures. The other subunits are

shown in APPENDIX B, Figure B.10 to B.12.

3.1.3. Cross Correlations

The correlations between the fluctuations in the slowest 10 modes are presented here.
The interactions between two subunits are investigated. Generally the analyses are focused on
the Alpha-Gamma subunits and the figures are plotted for Alpha-Gamma subunits. The

figures of the other subunits are given in Appendix B.

The slowest 10 modes correspond to 17 per cent of dynamics in AChBP, 29 per cent
of dynamics in LBD of nAChR and 20 per cent of the dynamics in the full structure of
nAChR. The results suggest how residue pairs fluctuate in a given topology of the structure.
The residue pairs may be positively or negatively correlated and these correlations are shown
in different colors. The positive values indicating the positive correlations, between 0 and 1,
are shown in different tones of red while the negative values indicating the negative
correlations, between -1 and 0, are shown in different tones of blue where the darker the color,

the greater the correlation between those residue pairs.

In this section cross correlation results of the average of first ten modes are analyzed
for AChBP, LBD of nAChR and for the full structure of nAChR respectively. Figure 3.7 is

the cross correlation map of AChBP structure including all of the subunits.

Since 119b is a homopentamer, interactions between alpha-gamma subunit and beta
subunit are the same with the interactions between beta subunit and delta subunit and so on.
The intramolecular correlations of each individual subunit are the same with each other. It can
also be seen from the graph that the picture is almost the same on the x = y diagonal on the

subunit basis.

32



Cross Correlation All Chains {mod 1-18), {18 Angstrom)

LA BN

T foa: -1

1068 .ﬁ - :E :-:;;‘1; '#b ¥l
| J'&- T

aee

7508

768

658

residue index

488

350

360

258

% O K B 'L
8 ‘..h a & 1’
[} o8 168 156 288 256 368 3950 458 H@8 590 68@ 698 7@ o0 GB@ 850 98@ 990 1600
residue index
8,9 - 1.8 {-0,7) = {-8,9} = (-0,5) - {-8,7} {-8.3} = {-8,5)
8,7 - 8.9 8.9 -0,7 - 8.3 -0,9 -

Figure 3.7. Cross correlation map showing all of the five subunits of AChBP.

Figure 3.7 shows that each subunit is positively correlated with its neighbors and
negatively correlated with non-neighboring subunits. Since 1i9b is a homopentamer and
contains five binding region, one at each interface, it is plausible that the positive correlations
are at the neighboring subunits where the residues are close to each other. Negative
correlations occur between the non-neighboring subunits where long distances may obstruct

positive correlations.

The residues within each subunit are highly positively correlated within themselves.
The regions at the lower part of the AChBP, C-termini, seem to be coupled with each other.
Loop2, Cys Loop, Loop 9 and Beta 10 regions are close to each other in the space and these

regions are positive correlated. Almost all of the binding residues of AChBP have positive
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correlations with Loop 1, Beta 2, Beta 7 and beta 8 regions. Loop 2, Cys Loop and Loop 9
also have some positive correlations with binding residues. Loop 2, Cys Loop and Loop 9
regions also have positive correlations with Beta 1 and Beta 2 regions. Beta 1 and Beta 2
regions appear like as the spine of the AChBP molecule. Since they are positively correlated
with binding residues and with the some other regions such as Loop 2, Cys Loop and Loop 9,
they may act like a bridge between the binding residues and the C-termini of the AChBP

molecule.

It was proposed that Loop 2 and Cys Loop of one subunit and Loop 9 of the adjacent
subunit are correlated and when these regions come together they straddle the M2-M3 linker
of the transmembrane region [10]. But AChBP doesn’t have a transmembrane domain region.
However, in Figure 3.8, the cross correlations between the A and B subunits show that Loop 9

of subunit B is positively correlated with Loop 2 and Cys Loop regions of subunit A.

The black rectangles in Figure 3.8 show the positive correlation of Loop 2, Cys Loop
and Loop 9 regions. It is seen that Loop 2 and Cys Loop of Subunit A is positively correlated
with the Beta 10 region of subunit B. Beta 10 is the end of the subunit and in the presence of a
TMD, it connects LBD to TMD. Loop 2 and Cys Loop are on the near side of subunit B and
show positive correlation with Beta 10. But Loop of subunit A do not have positive
correlation with Beta 10 region of subunit B. Loop 9 is on the other side of the subunit and it

is not close to the Beta 10 region of subunit B.

The other positively correlated regions are as; Loop 1, Beta 3, Loop 4, Loop 8, Loop
10 and Beta 10 regions of subunit A of AChBP are positively correlated with the alpha helix,
Beta 2, Loop 3, Beta 3, Beta 5’ (contains two complementary binding residues), Beta 6
(contains two complementary binding residues) and Loop 9 regions of subunit B. And the

Loop5, Loop 8 and Loop 10 regions of subunit B is negatively correlated with subunit A.

In Figure 3.8, the intersections of yellow and green rectangles show the correlation
between the principle binding residues of subunit A and the complimentary binding residues
of subunit B. It is seen that the principle binding residues of subunit A of AChBP are

positively correlated with complimentary binding residues of subunit B of AChBP.
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Figure 3.8. Cross correlation map of subunit A and subunit B of AChBP. X axis: Subunit B,
Y axis: Subunit A. Green and Yellow rectangles represent the principle binding residues of

subunit A and the complimentary binding residues of subunit B respectively.

In the subunit B, the region between the residues 294 and 300 correspond to Loop A
of subunit B. The residues between 349 and 354 correspond to the Loop B of subunit B while
the residues between 390 and 393 form Loop C regions. These regions contain principle
binding residues. Figure 3.8 show that these binding regions of subunit B are positively
correlated with the binding regions of subunit A. Since AChBP is a homopentamer the

correlations between any two adjacent subunits are all the same.



For the non-neighbor interactions of subunit A and subunit C and subunit D, there
aren’t any positively correlated regions in the overall correlation map of AChBP. The entire
correlation map is covered with negative correlations (APPENDIX B, Figure B.13 and Figure

B.14.).

For the other neighbor of subunit A, subunit E stands on the clockwise side of subunit
A just like the subunit A stands at the clockwise side of subunit B when viewed from the top
of the extracellular side. For the subunit E-subunit A interaction, Loop 2 and Cys Loop of
subunit A reside far to Loop 9 of subunit E. However, if it was subunit E-subunit A
interaction, it would be the same with the subunit A-subunit B interaction which has already
been discussed above. The interactions of subunits are given in the APPENDIX B, Figure

B.15.

When these cross correlation evaluations are carried out for the LBD of nAChR
without TMD, the cross correlation map totally changes as shown in Figure 3.9. There are
1025 residue in the AChBP molecule but there are 1053 residues in the LBD of nAChR when
TMD is extracted. In addition, AChBP is a homopentamer while LBD of nAChR is not a

homopentamer.

In the cross correlation maps of AChBP it was seen that each subunit is positively
correlated with its two neighboring subunits. But in the cross correlation maps of LBD of
nAChR, in Figure 3.9, the subunits do not necessarily make positive correlations with both of

their neighboring subunits.

In opposition to the cross correlation maps of AChBP (Figure 3.7), the LBD of
nAChR seems to be separated into two clusters according to Figure 3.8. Beta and Delta
subunits form one cluster while the other three subunits form the second cluster. The
formation of these two clusters increases the amount of negatively correlated regions.
Subunits of LBD of nAChR have positive correlation with their neighbors standing at the
counter clockwise side (when viewed fro mthe top of the extracellular side). Only Gamma

subunit has got positive correlations with both neighboring subunits.

The intramolecular correlations of each individual subunit are almost the same with a

similarity of 99 per cent. The intramolecular correlations are made up of positive correlations.
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Figure 3.9. Cross correlation map showing all of the five subunits of the LBD of nAChR
without the TMD.

Alpha-Gamma and Delta subunits of LBD of nAChR are positively correlated with
their neighbor subunits which are located at the counter-clockwise side (from the view of the
extracellular side) and they are negatively correlated with their other neighbors. On the other
hand, Beta and Alpha-Delta subunits of LBD of nAChR are positively correlated with their
neighbor subunits which are on the clockwise direction while they are negatively correlated
with their subunits which are at the counter-clockwise direction when viewed from the
extracellular side. All of the mentioned directions are from the view of the top of the
extracellular side and will be from this view in the following sections. Only the Gamma

subunit is positively correlated with its both neighboring subunits. On the negatively
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correlated neighbors of each individual subunit there is only one region showing positive

correlation, which is the Loop B region.

Loop B is a binding region at the LBD of nAChR. There are five binding regions in
AChBP but there are only two binding regions in LBD of nAChR. One of these binding sites
of LBD of nAChR is at the interface of Alpha-Gamma and Gamma subunits and the other

binding site is at the interface between Alpha-Delta and Delta subunits.

Figure 3.9 shows that Alpha-Gamma is negatively correlated with Beta subunit, but
Loop B region of Beta subunit is positively correlated with Alpha-Gamma subunit in the LBD
of nAChR. The same situation is also valid between Delta and Alpha-Delta subunits. The
Delta subunit is negatively correlated with Alpha-Delta subunit but the Loop B region of
Alpha-Delta subunit is positively correlated with Delta subunit. Also this Figure 3.9 is

symmetric on the x=y axis.

The names of the subunits in the AChBP were named as A, B, C, D and E lining on
the counter-clockwise order [8]. But in the LBD of nAChR the subunits are labeled in the
opposite direction [3]. For example, subunit B is on the counter-clockwise direction of subunit
A in the AChBP molecule but Beta subunit is on the clockwise direction of Alpha-Gamma
subunit in the LBD of nAChR. So the subunit A—subunit B interaction of AChBP corresponds
to the subunit A—subunit E interaction in the LBD of nAChR.

Among the binding loops of Alpha-Gamma subunit of the LBD of nAChR, only Loop
B is slightly positively correlated with the Loop 2, Cys Loop and Loop 9 regions of Gamma
subunit of the LBD of nAChR. This Loop B region is positively correlated with each region
of Gamma subunit. The other binding loops, Loop A and Loop C have positive correlations
with Gamma subunit except the Loop 2, Cys Loop and Beta 10 regions of Gamma subunit in

the LBD of nAChR.

The Loop 2 and Cys Loop regions of Alpha-Gamma subunit are close to Loop region
of Gamma subunit in space. Loop 9 region of Alpha-Gamma subunit is close to the Loop 2
and Cys Loop regions of Beta subunit in the LBD of nAChR. Loop 2 and Cys Loop of Alpha-
Gamma subunit is positively correlated with the Loop 9 region of Gamma subunit in the LBD

of nAChR as seen in Figure 3.10.
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Figure 3.10. Cross correlation map of Alpha-Gamma and Gamma subunits of LBD of

nAChR.

Figure 3.10 shows that two binding loops of Alpha-Gamma subunit, Loop A and Loop
B, are positively correlated with the Beta 1, Beta 2 and Loop 9 regions of Gamma subunit of
LBD of the nAChR. The latter regions are specially showed because these regions will appear
at the MCPOOQOL results in section 8.

One can see a contrast between Figure 3.10 and Figure 3.8. For the AChBP, it was
shown that the Loop 2 and Cys Loop regions of subunit A are close to Loop 9 region of

subunit B and these regions were positively correlated. But in the case of LBD of nAChR
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when no TMD exist, Loop 2 and Cys Loop regions of Alpha-Gamma subunit are close to
Loop 9 region of Gamma subunit in space and these regions are positively correlated.

When we look at the correlations between Loop2 and Cys Loop regions of Alpha-
Gamma subunit and the Loop 9 region of Beta subunit, there are only one or two positively

correlated residues APPENDIX B, Figure B.16.

The correlations between non-neighboring subunits are totally negative correlations in
LBD of nAChR. There aren’t any positive correlations between non-neighboring subunits as
it was seen in AChBP molecule. Also the correlations between two alpha subunits are
negative. On the other hand Beta and Delta subunits are highly positively correlated with each

other.

In GNM outputs for the LBD of nAChR, Figure 3.9 shows that Alpha Gamma subunit
is positively correlated with its neighbor on the counter-clockwise side (Beta subunit). But
Alpha-Delta subunit is positively correlated with its neighbor on the clockwise direction (with
Gamma subunit). This behavior of the subunits make the molecule to be splitted into two
clusters as mentioned before. Loop B and Loop C regions of Alpha-Delta subunit aren’t
positively correlated with any of the regions of Gamma subunit. But the Loop B and Loop C
regions of Gamma subunit are positively correlated with all regions of Alpha-Delta region.
Also each of the binding loops of Gamma subunit are positively correlated with the Beta 10

region of Alpha-Delta subunit APPENDIX B, Figure B.17.

As shown on Figure 3.7 and Figure 3.9 the alpha subunits of AChBP and the LBD of
nAChR behave differently. When Alpha-Gamma subunit correlates positively with Gamma
subunit, Alpha-Delta subunit correlates negatively with Delta subunit. However, the binding
regions are thought to be at these two interfaces. One is at the interface between Alpha-
Gamma and Gamma subunits and the other is at the interface between the Alpha-Delta and
Delta subunits [3]. Since the subunits around these interfaces show different correlations the
molecule may not move cooperatively. One subunit may go one way while the other subunit

move to the opposite side. These three dimensional movements will be discussed in section

3.2.

GNM calculations have also been carried out for the full structure of nAChR. When a

TMD exists under LBD, the total number of negative correlations decrease. The correlations
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between the subunits become more positive and the amount of the positive correlations
increases. Each of the subunits makes positive correlations with their both neighbors but these
positive correlations are not as much as the subunits of AChBP. The LBD of nAChR when
there is TMD forms two clusters as it was the case when there wasn’t a TMD. The

correlations between subunits are shown in Figure 3.11.
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Figure 3.11. Cross correlation map showing all of the five subunits of the full structure

nAChR.

In the GNM analysis of LBD of nAChR without TMD, there are 1053 residues in the

system. When the full structure of nAChR is analyzed, there are 1849 residues. The increase
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in the total residue number of the system changes some cross correlations as seen in Figure

3.11.

The correlations between the transmembrane sections of each subunit in the nAChR
are totally positive. LBDs are positively correlated with the TMD of their own subunit. All of
the transmembrane regions are positively correlated with each other. One residue may not
have positive correlation with any residues located at the TMD of another subunit. Since it is
positively correlated with the residues of its own TMD, the residue at the TMD can be
positively correlated with the other residue located at the TMD of the other subunits. In the
MCPOOL section, section 3.8, these positive correlations will be used to connect positively

correlated residues to seek if there are any possibilities to go from one residue to another one.

In Figure 3.11, Alpha-Gamma subunit seems to have more positive correlations with
Gamma subunit than it has with Beta subunit. And the other alpha subunit, Alpha-Delta

subunit seems to have more positive correlations with Gamma subunit too.

Loop B region of Beta subunit is positively correlated with the gate region and LBD of
Alpha-Gamma subunit (see APPENDIX B, Figure B.18.). In addition, Alpha-Gamma subunit
is positively correlated with the Gamma subunit as seen from Figure 3.12. The total amount of
positively correlated residues are much more than the positive correlations observed between
these Alpha-Gamma and Gamma subunits while LBD of nAChR was extracted from the full
structure. However, LBD of Alpha-Gamma is not positively correlated with the LBDs of its

non-neighboring subunits.

The correlations between Alpha-Gamma and Gamma subunits of nAChR are shown in
Figure 3.12. The LBDs and TMDs are positively correlated within themselves. The LBD of
Gamma subunit has some positive correlations with TMD of Alpha-Gamma. However, LBD
of Alpha-Gamma has got positive correlation with the TMD of Gamma only at the M2-M3
Loop.

Loop 2 and Cys Loop regions of Alpha-Gamma subunit has positive correlations with
Loop 9 region of Gamma subunit. Loop B of Alpha-Gamma subunit seems to be positively
correlated with the M2-M3 Loop of Gamma subunit. This result also agrees with the cross

correlation studies of Andrew McCammon et al [14]. In addition, Loop 9 region of Gamma is
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positively correlated with the M2-M3 Loop of Alpha-Gamma subunit. In Figure 3.12, Beta 10

regions are showed within the green rectangles.

Cross Correlation A=E of 2869 (nod 1-10), (1A Angstrom)
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Figure 3.12. Cross correlation map of Alpha-Gamma and Gamma subunits of nAChR. Green

rectangle: positions of Betal(O and Betal0-M1 regions.

In the absence of TMD, when LBD of nAChR is studied separately, these Beta 10
regions do not seem to have positive correlations with any other regions. But in the presence
of a TMD, Beta 10 region of Gamma subunit makes positive correlations with Loop2, Cys
Loop and Loop 9 regions of Alpha-Gamma subunit and vice versa. Won Yong Lee and

Steven M. Sine suggested in one of their studies that [27], after the binding of an agonist Loop
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C caps the binding site. They suggest that this capping motion is propogated through the
interface of LBD and TMD through the Beta 10 region [27].

Cys Loop region of Gamma subunit is positively correlated with the Gate region of
Alpha-Gamma subunit as seen in Figure 3.12. This Cys Loop of Gamma subunit is also
positively correlated with the upper half of M2 and M3 regions of the Alpha-Gamma subunit.
In addition, the Loop 9 region of Gamma subunit seems to be positively correlated with the

upper half or the M4 region of Alpha-Gamma subunit.

The ligand binding domains of both Alpha-Gamma and Gamma subunits are highly
positively correlated with each other. Mainly, Loop A, Loop B and Loop C regions of Alpha-
Gamma subunit are positively correlated with alpha-helix, Loop 1, Beta 1, Beta 2, Beta 3,

Beta 5° and Beta 6 regions in addition the Loop 9 and Beta 10 regions of Gamma subunit.

The Beta 1, Beta2, Loop 2, Cys Loop, Binding Loops and Loop 9 are highly correlated
with each other. Also in the cross correlation figures of the full structure of nAChR the Beta
10 region appears to be positively corrlated with the regions mentioned above. Also it is seen
that the binding loops are positively correlated with Loop 2, Cys Loop and Loop 9 regions
and these regions are also positively correlated with gate regions if TMD is connected with

LBD.

The LBD at the full structure of nAChR shows some similar correlations with the
LBD of nAChR when no TMD exists. But the existence of a TMD leads the molecule make
more positive correlations. But in the case of AChBP the molecule shows much more

differences with respect to the LBD of the nAChR.

Correlations between the subunits are different for AChBP and nAChR. In the case of
AChBP all of the subunits make the same correlations because it is a homopentamer. But in
the case of nAChR, even a TMD exists or not, the molecule is partitioned into two clusters.
The correlations between Beta and Delta subunit are strongly positive. These clusters are

shown in Figure 3.13.
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correlations. Directions of the arrows mean that the subunit at the starting side of the arrow is

positively correlated with the subunit showed by the end of that arrow.
3.2. ANM Calculations

Using ANM, the conformations that describe the fluctuations from the average
structure, which is the X-ray structure here, in the slowest modes of motion are presented and
analyzed here for AChBP, the LBD of nAChR while TMD is extracted and for the full
structure of nAChR.

To see the transitions from one conformation to the other conformation, the vectors
that describe the direction of the fluctuations are rescaled by multiplying them with an
arbitrary constant and then these new rescaled vectors are added and extracted from the
original average conformation to get two conformations, which will be referred as positive

and negative conformations respectively from this on.

In the slowest modes of motion, eight slowest modes by ANM have been elaborated.
These conformations are visualized on VMD software to study the behaviors reflected by

these modes [43].
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3.2.1. ANM Analyses for AChBP

The slowest first mode displays a breathing motion of AChBP as shown in Figure
3.14. All of the subunits, except the Alpha-Gamma subunit, move through in and out of the
pore. Alpha-Gamma subunit in AChBP moves parallel to the pore axis, which means that this

subunit doesn’t expand as much as the other subunits.

Figure 3.14. Graphic representation of AChBP for the first mode of ANM. White: Original

conformation, Blue: Negative conformation, Red: Positive conformation.

If we take a close look at Figure 3.14, it can be seen that when positive conformation
of one subunit moves into the channel pore, the positive conformations of other four subunits
move outwards. For example, if we follow the blue conformation (negative conformation) in
the figure, the negative conformation in the lower left part seems that it has moved to the

clockwise direction of the original average conformation but the negative conformation in the



lower right part seems that it has moved to the counter-clockwise direction of the original
average conformation. If it was a twisting motion, the motion of each conformation should

have been in the same direction.

A similar breathing motion is also observed in the slowest second mode. When two
Alpha subunits (Alpha-Gamma & Alpha-Delta) move towards the pore axis, Gamma and Beta
subunits moves outwards. Delta subunit neither moves inward the pore nor moves outwards

the pore. It sways parallel to the pore axis.

The slowest third mode also displays a breathing motion, but this time the channel
stretches more than that is observed in the first two modes. Despite the breathing motion of
the molecule, Alpha-Delta subunit twists on its own axis. Each time it twists, it takes one of
its adjacent subunit inwards the channels pore while the other neighbor subunit is taken

outwards.

The slowest fourth mode also shows a breathing motion in which the stretching of the
molecule is smaller than the observed one in the third mode. Delta and Gamma subunits move
inwards the channel while Alpha-Delta subunit moves outwards. Meanwhile, Alpha-Gamma

and Beta subunits twist on their own axis’s slightly

Slowest fifth mode displays a breathing motion and is very similar to the one observed
in previous slowest modes. The upper part of the molecule (N-terminal) seems to be more
mobile than the lower part (C-terminal) of the molecule. Actually it can be said that the lower

hardly moves and the Alpha-Delta subunit is the least mobile along the five subunits.

So far the movements of the subunits are observed to be similar. The actual behavior
of the system is identical but the subunits differ in each individual mode. When one subunit
moves in a one way, the other subunit makes the same movement in the other mode and this is
valid for the first five slowest modes. The main reason of this situation is the homopentamer

structure of the AchBP.

At the sixth mode of ANM calculations for AChBP molecule, the molecule seems to
be separated into two portions where Beta and Delta subunits form a couple and the other

three subunits (Alpha-Gamma, Alpha-Delta and Gamma) form another. These couples seem
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to move together where Beta and Delta moves outward from the channel while Alpha-

Gamma, Alpha-Delta and Gamma subunits move inwards the channel.

Seventh mod is similar to the first mode behavior. When Delta, Alpha-Delta and
Gamma move inwards the channel Alpha-Gamma moves outwards and Beta moves parallel to
the channel pore axis. The upper part of Alpha-Delta is the most mobile while the upper part

of Beta is the least.

There is an impressing motion in the eighth mode where the molecule makes a
twisting motion (Figure 3.15) on the contrary of breathing motion that has been observed at
the previous modes. The upper part (N-terminal) and the lower part (C-terminal) moves in the
opposite directions. The alpha helices of the molecule seem to close on the adjacent subunit

that may be a sign of closing over the binding region.

Figure 3.15. Graphic representation of AChBP for the eighth mode of ANM. White: Original

conformation, Blue: Negative conformation, Red: Positive conformation.
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3.2.2. ANM Analyses for LBD of nAChR without TMD

When LBD of nAChR is taken as a separate molecule and analyzed to observe

conformational changes in the slowest, the following observations are held:

In the slowest first mode, the molecule oscillates from the central point which means
that when the upper half of the molecule moves one side, the other half moves to the other
side. In other words the molecule sways from one side to the other side keeping the middle of
the molecule as a pivot point. Unlike AChBP, a breathing motion doesn’t occur in this

molecule when the LBD of nAChR is supposed to be alone without the TMD.

The behavior observed in the second slowest mode of AChBP has also been observed
in the second slowest mode of LBD of nAChR. When the LBD of nAChR is taken as a
separate molecule, the beta and delta subunits move cooperatively. When these subunits move
one side (for example into the channel pore) the alpha subunits move to the other side ( in this

case through out of the pore axis) leading the molecule to make a breathing motion.

Even though a twisting motion has been observed for the subunits ( not for the
molecule) of AChBP in the third slowest mode, none of the subunits of LBD of nAChR does
this motion in this mode. Its alpha-gamma and gamma subunits move in the opposite direction
of beta and alpha-delta subunits. The beta and alpha-delta subunits move cooperatively

instead of beta and delta subunits in the case of the second slowest mode of LBD of nAChR.

The forth slowest mode is a little bit different than the fourth motion of AChBP.
Actually the behavior of the molecule is similar to the motions observed at the third slowest
mode of LBD of nAChR. But this time the alpha-gamma and gamma subunits move towards
each other by a small twisting movements. These two subunits close over each other and
when they close they move inwards the channel pore by pushing alpha-delta and beta subunits

out of the channel pore.

In the fifth mode of LBD of nAChR, the alpha-delta subunit turns around itself and
every time it turns it pushes the adjacent subunits. When it moves to clockwise direction, it
pushes the gamma subunit into the pore and when alpha-delta moves in the counter-clockwise

direction it pushes the delta subunit into the pore. Meantime, the delta subunit moves
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cooperatively with the alpha-gamma subunit and the gamma subunit moves cooperatively

with the beta subunit.

At the sixth slowest mode, the molecule seems to be separated into two portions where
Beta and Delta subunits form a couple and the other three subunits (Alpha-Gamma, Alpha-
Delta and Gamma) form another. These couples seem to move together where Beta and Delta
moves outward from the channel while Alpha-Gamma, Alpha-Delta and Gamma subunits

move inwards the channel.

In the seventh slowest mode, the upper halves of each subunit are more mobile than
the lower halves. Also the mobility of alpha-gamma, beta and delta subunits are greater than
the mobilities of alpha-delta and gamma subunits. In this seventh slowest mode of nAChR a

very small breathing motion reigns the molecule.

In the eighth slowest mode, there is a breathing motion. No twisting motion occurs in
this mode as it has been observed in the eighth slowest mode of AChBP. The Beta and Delta
subunits move cooperatively forming a couple while these subunits move in the opposite
directions of alpha subunits. In this eighth slowest mode of LBD of nAChR, the alpha delta
subunit moves as a rigid body moving from one side to other side. The upper part and the

lower part of the subunit move together on the same direction.

3.2.3. ANM Analyses for the full structure of nAChR

A twisting motion is observed in the first mode. Each subunit closes onto the adjacent
subunit at the LBD and the most closure is seen at the alpha subunit. The LBD rotates in the
opposite direction to the transmembrane domain leading the molecule to make a twisting

motion. Figure 3.16 shows such twisting motion of the nAChR molecule.

If we take a close look at the Figure 3.16, it is seen that the positive conformations of
each subunit, for an example, are on the clockwise direction of the original conformation.
This shows that all of the subunits move towards the same direction. But in the case of
breathing motion the conformations of each subunit are on different sides just as showed in

Figure 3.14.
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Figure 3.16. Graphic representation of nAChR for the first mode of ANM. White: Original

conformation, Blue: Negative conformation, Red: Positive conformation.

In this motion, Cys Loop and Loop2 straddle M2-M3 loop of transmembrane domain
and push it in the opposite direction of the ligand binding domain while Loop 9 of adjacent

subunit moves away from M2-M3 Loop.

In the third slowest mode, no breathing motion is observed. The whole molecule bends
cooperatively within each domain but domains move to opposite directions. This bending
motion means that while transmembrane moves through one side, the other two domains
(ligand binding and cytoplasmic) move through the opposite side. It is also seen that the

cytoplasmic region is the most mobile region among the molecule.
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In the fourth slowest mode, the full structure of nAChR is more mobile than the
motions observed at the previous modes. This time both alpha subunits move inwards the pore
while the other three subunits move outwards which shows that the alpha subunits act
together. Although the ligand binding domain is very mobile, transmembrane domain seems

to be more stable.

In the fifth slowest mode, Alpha-Gamma and Delta subunits move outwards, Beta
subunit moves inwards and in the mean time Alpha-Delta and Gamma subunits get closer to
the channel by spinning on the opposite directions. But all of these motions observed in the
fifth slowest mode of nAChR are carried out cooperatively on the subunit basis which means

the ligand binding and transmembrane domains move as a whole rigid body.

For the sixth slowest mode, a breathing motion is observed. Gamma subunit closes
over Alpha-Gamma subunit, Alpha-Gamma subunit closes over Betasubunit, and Delta
subunit closes over Alpha-Delta subunit while Beta and Alpha-Delta subunits move outwards
the channel. But even these regions of ligand binding domain move this much, the mobility of

transmembrane domain are less than the mobility of ligand binding domain.

In the seventh slowest mode, the negative conformation of seventh mode is similar
with the negative conformation of the slowest fist mode. The twisting motion can be seen in
this mode too. Cys Loop and Loop2 move together and the Loop9 of adjacent subunit gets
close to this two loops. These regions form a mobile socket which covers M2-M3 linker

leading it to be pushed in the opposite direction of ligand binding domain.

In the eighth slowest mode of nAChR molecule, the subunits twist around themselves.
But this twisting motions do not make the whole molecule twist. For example, the ligand
binding domain of Delta subunit turns around itself but doesn’t close over Alpha-Delta
subunit.

Same spinning motion is valid for Beta subunit but it spins through the other side of
Delta subunit instead of closing over Delta. Both alpha-Gamma and Alpha-Delta subunits
spin around themselves to close over Gamma subunit. The transmembrane domain also seems

to be more mobile than the motions it has in the other modes.
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So far the movements of each subunit in the molecule have been investigated. In most
of the modes of AChBP except the eighth mode, a breathing motion dominates the molecule
and for all of the modes of LBD of nAChR the breathing motion is observed. But when a
TMD is attached to the LBD as it is in the full structure of nAChR, the first mode shows a

total twisting motion where the LBD and the TMD move in the opposite directions.

Since the first modes have more contribution and significance on the total motions that
the molecule may show, the twisting motion of the first mode of nAChR carries a big
importance showing that the molecule twists the M2-M3 linker by the help of cys loop, Loop2
and Loop9 regions of LBD.

Up to now only the relative motion characteristics of each individual subunit have
been analyzed for eight different modes but nothing has been said if these motions can lead to
any changes in the pore radius. To evaluate the changes in the pore volume, HOLE program

[35] is used.

3.3. HOLE Analyses

The conformations that describe the fluctuations from the average structure in the
slowest 10 modes by ANM were further analyzed with respect to the changes in the pore
radius with the fluctuations. For this, the software HOLE was utilized [35]. HOLE calculates
the radius of of the pore at any point, thus find the narrowest regions and how the radius’ of

those putative regions change throughout the pore.

To this aim, Table 3.1 displays the differences between the positive and negative
conformations of AChBP, LBD of nAChR without the transmembrane region, and the full

structure of nAChR in a given mode at the narrowest region.

The narrowest part of AChBP pore is situated at the lower part of the molecule,
namely at the C-terminal region. The radius of this region is calculated as 6.761 A in
unperturbed, native average conformation. None of the 10 modes led to the conformations
that have a greater radius value than the latter, except the negative conformations in the sixth

and eighth modes.
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Table 3.1. Minimum radius values of AChBP, the LBD of nAChR as a separate structure and
the full structure of nAChR at their narrowest sections. (-conf) shows the value of minimum
radius at the negative conformation, (+conf) shows the value of minimum radius at the

positive conformation.

AChBP LBD of nAChR nAChR

Mod # | (- conf) original (+ conf) [(- conf) original (+ conf) | (- conf) original (+ conf)

Mod1 | 6.311 6.761 4.655 | 5.128 4.787 4548 | 2.727 2171 2.576
Mod2 | 5364 6.761 5.341 | 4.896 4.787 4.615 | 2.359 2.171 2.266
Mod 3 | 4.242 6.761 4.049 | 4.721 4.787 4.829 | 2.602 2171 2517
Mod 4 | 4446 6.761 3.919 | 4.661 4.787 4.362 | 2.053 2.171 2.45
Mod5 | 6.747 6.761 4.141 | 5.032 4.787 4.403 | 2127 2.171 2.465
Mod6 | 6.971 6.761 4.338 | 4.698 4.787 4.658 | 2.598 2.171 2.522
Mod7 | 4611 6.761 6.708 | 4.599 4.787 5.159 | 2.618 2.171 2.692
Mod 8 | 7.162 6.761 6.370 | 4.210 4.787 4597 | 2328 2.171 2397
Mod9 | 5.328 6.761 5.662 | 4.557 4.787 4.487 | 2.152 2171 2513
Mod 10| 6.396 6.761 6.253 | 4.331 4.787 4.408 | 1.942 2171 2274

Similar observation was also held for the LBD of nAChR. The minimum radius of the
LBD of nAChR seems to be 4.787 A which is smaller than the minimum radius value
encountered in AChBP. Since the coordinates of LBD of nAChR aren’t subject to any
changes, the narrowest part of the LBD of nAChR is the same even if TMD exists or not. So it
can be said that the narrowest section of the LBD of nAChR is 4.787 with and without TMD,
The narrowest section of the full structure of nAChR becomes the MA region and the gate
region. The reasons of the difference between the narrowest sections of AChBP and the LBD
of nAChR may be the existence of a transmembrane region at the nAChR and the difference
of the structures of the AChBP and the LBD. The shape and some characteristics of the
AChBP and the LBD of nAChR may be similar but the alignment of residues is not, which
means that the sequences of AChBP and LBD of nAChR are not the same, which may be

another reason of this difference of minimum value of the narrowest part.

Minimum radius of the molecule (LBD of nAChR where the TMD is excluded) seems
to be greater than its value of the original conformation only at the positive conformations of

the third and seventh mode and the negative conformations of the first, second and fifth
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modes. All of the other conformations of the other modes yield smaller minimum radius. The
absence of the TMD makes the molecule to be more compact. When LBD is free of TMD, it
moves easier than it does when a TMD is attached. The TMD tightens the overall structure

and hence making the two separate domains of nAChR move cooperatively.

The most significant result suggested by Table 3.1 is that whatever the value of the
minimum radius at the LBD is, it never decreases below the minimum radius value of the full
structure of nAChR which is at the gate and MA region. The minimum radius of nAChR is

2.171 A, which corresponds to the intracellular domain of nAChR.

The second narrowest region of nAChR is the gate regions of the molecule, which is
more important than the intracellular domain as the gate region is the main restrictive part
along the molecule for the transmission of the signals. The signals don’t need to pass through
the middle of the intracellular domain, because there are some large gaps around this

intracellular region and the signals can pass through these gaps instead [7].

It can also be seen from Table 3.1 that the value of radius at the narrowest region of
nAChR broadens for positive conformations of each different mode. And most of the modes
yield wider pore radius at the negative conformations too. The minimum radius of the gate
region is around 2.60 A, which is also smaller than the values of the positive and negative
conformations of both AChBP and LBD of nAChR. With the positive and negative
conformations, the narrowest region shifts from ID to the gate region of TMD. Thus, the
narrowest region along the full molecule of nAChR will remain the gate region as seen in
Figure 3.17, where hole profile of the full structure of nAChR is displayed. Figure 3.17 shows
such shifting situation for the first mode of ANM results.

Figure 3.17 shows that the narrowest region at original conformation of nAChR is the
lower part of ID which is also called as MA region. But according to the results of ANM
calculations, gate region seems to be the narrowest region for both positive and negative
conformations. It is also possible to see that the MA region has got a large amount of
movement at both positive and negative conformation. Even the narrowest region of LBD is

wider than the radius of gate region
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Figure 3.17. Pore radius’s along the full structure of nAChR. Dark Blue: The original
conformation of nAChR, Yellow: positive conformation of nAChR at the first mode, Pink:

negative conformation of nAChR at the first mode.

3.4. Conservation Analysis

For the identification of functionally important residues, we have recoursed to the
conservation analysis using the Consurf server [36]. After obtaining the conservation scores
of each residue, only the most conserved ones which correspond around per cent 10 of the

total residues are taken into consideration.

This section will show the results of conservation analysis applied for AChBP and for
the full structure of nAChR. Also, the most conserved residues will also be shown in the

MCPOOL section (section 3.6).

The negative values of the conservation scores means show the conserved residues.
The smaller the conservation score is, the higher the conservation of that residue is. Different
conservation scores of each individual residue and regions can be used to see the differences
between the residues and/or regions. But the conservation scores of each residue are

normalized within the individual subunits to make the overall average conservation score of
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the subunit to be zero. This means that the conservation scores of different subunits cannot be

compared using these conservation values.

Figure 3.18 displays the conservations of each region of the AChBP. Since AChBP is
a homopentamer the conservation scores of each subunit is the same. Therefore, conservation

scores of only one subunit will be shown.
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Figure 3.18. Average conservation score of each subunit belonging to the Acetylcholine
Binding Protein (AChBP). P: regions which contain principle binding residues, C: regions
which contain complimentary binding residues, Yellow Star: Regions which are thought to be

important at the gating mechanism [10].

For the gating mechanism of AChBP, it was proposed that each subunit consists of
principal and complementary binding residues [8]. It was also proposed that the principal
binding residues of one subunit and the complementary binding residues of adjacent subunit
forms the binding cavity for Acetylcholine [8]. Loop 2 and Cys Loop appear to be well
conserved but Loop 9 is not conserved along the AChBP molecule. Also only two of seven
complementary residues are conserved while four of seven principle binding residues seem to
be conserved along the molecule. But Loop 10 and Beta 10 which contain principle binding

residues seem to be not conserved.
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The conservation scores of each subunit along the alpha-gamma subunit of nAChR are

shown in Figure 3.19. The conserved regions of AChBP and LBD of nAChR are similar.
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Figure 3.19. The conservation score averages for each individual region across nAChR over
five subunits. Red stars show the binding loops [7]. Yellow stars are the regions which are

supposed to be important regions for the gating mechanism [10].

Figure 3.19 is generally in agreement with Figure 3.18 except for some regions. For
example Loop10 is not conserved at AChBP and nAChR even it consists of binding residues
in it. Figure 3.19 also shows that the transmembrane domain of nAChR is more conserved
than Ligand binding domain even though the MA region seems to be not conserved yet its

whole sequence is still unknown.

An impressing result of Figure 3.18 and 3.19 is that Loop 9 is conserved for neither
AChBP nor nAChR. Also these yellow starred regions are in contact with each other in the
molecule and the high conservation scores of these loops may suggest us that the gating signal
is transmitted mainly along these Loop2, Cys Loop and M2-M3 Loop of Transmembrane
region. And also the high conservation score of Betal0-M1 region which couples the Ligand

binding domain and Transmembrane domain may add more importance to this region.
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Since the conservation outputs of Consurf server [36] are normalized the differences
of conservation levels of each individual subunits cannot be compared. However, the
conservation scores of subunits for different subunits are given in Figure 3.20 to get some

insight.
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Figure 3.20. Conservation scores of each region for each subunit of nAChR.

Even though it is not possible to compare the subunits with each other using the results
of Consurf, Figure 3.20 shows that the same regions of different subunits show similar
conservations. There are only two exceptions. In the Beta subunit, the Beta 5’ region seems to
be not conserved while the Beta 5° regions of the other subunits are conserved. The other
exception arises at the Loop 9 region. The Loop 9 region of Delta subunit seems to be

conserved while the Loop 9 regions of the other subunits aren’t.

One of the differences between the AChBP and the nAChR is the Beta 10 region. Beta
10 is conserved in the nAChR but it isn’t conserved in the AChBP. At the beginning, Beta 10
of AChBP wasn’t considered to be the region which connects the Transmembrane and Ligand

binding domains since it was a putative Ligand binding domain of 10ED without any
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transmembrane domain. So, it was not considered to be an important region at the very
beginning, but after the discovery of the real Ligand binding domain of nAChR, it started to

gain more importance.

TMD of nAChR is more conserved than LBD of nAChR. Even though the
conservation values are normalized to make the overall average of the conservation scores
zero, the average conservation scores of the LBD of nAChR is around 0.1. But the low
conservation of TMD with a value of -0.14 makes the overall conservation score average to
be zero. But the point is that the LBD of nAChR becomes less conserved, when the analysis is

carried out together with the sequence of TMD as attached to LBD.

3.5.Correlated Mutations

To understand how the residues behaved during the evolution, “Analysis of Correlated
Mutations” server has been used [38]. This server has been run to compare the results of
correlated mutation analysis for each individual subunits of AChBP, LBD of nAChR and for
the full structure of nAChR.

Similarities and differences between the results of these molecules have been checked.
After obtaining the results of this sever, the correlated residue pairs are investigated and some
figures showing these pairs are drawn. These residues are then analyzed together with the
conservation analysis and MCPOOL calculations (to be discussed later) to give us some

insight about possibilities of being important residues.

Va1 \::6\
() (ne

L V125

Mo,

L146

Figure 3.21. Schematic representation of correlated mutation pairs obtained form “Analysis of
Correlated Mutations” server. A: residue pairs having correlated mutation at AChBP, B:

residue pairs having correlated mutation at Ligand Binding Domain of nAChR
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In Figure 3.21, each connected circles represent the residue pairs having correlated
mutation which are obtained from “Analysis of Correlated Mutations” server. The letter in
each circle stands for the name of residue and the number represents which residue it is. This

figure shows that Ligand Binding Domain of nAChR has more correlated pairs than AChBP.

If we take a close look at this Figure 3.21, it can be seen that only five residues of
alpha-gamma subunit of AChBP have correlated mutations while LBD of nAChR has got 15
correlated residues. None of these residues are the binding residues. The correlated residues of
the Alpha-Gamma subunit of AChBP are in the Betal, Beta 3, Loop 4, Cys Loop and Loop 9
regions. And the correlated residues of the Alpha-Gamma subunit of LBD of nAChR are
scattered through Beta 1, Loop 3, Beta 3, Loop4, Beta 4, Beta5S’, Beta 7, Cys Loop, Beta 9

and Loop 9 regions.

Both of these molecules have one correlated residue in their Cys Loop regions
(VALI125 of AChBP and ILE130 of the LBD of nAChR). Also PHE165 of AChBP and
PHE170 of the LBD of nAChR are in the Loop 9 regions. There are 15 correlated residues in
the LBD of nAChR. Four of these 15 residues are on the loops while the other eleven are on
the beta sheets. The residues belonging to loops are ARG64 (Loop 3), VALSS (Loop 4),
ILE130 (Cys Loop) and PHE170 (Loop 9). It is also seen from Figure 3.21 that LYS107
(Beta5’) of the Alpha-Gamma subunit of LBD of nAChR has got many correlated mutation

pairs. But this residue has never been thought to be an important residue up to now.

Since AChBP is a homopentamer the correlated mutation analyses for each subunit
yields the same residues. But the correlated residues of the LBD of nAChR differ from

subunit to subunit as seen in Figure 3.22.

Since both alpha subunits are identical, the correlated mutation pairs of Alpha-Gamma
subunit are the same with the correlated mutation pairs of Alpha-Delta subunit. Gamma
subunit seems to have the least amount of residues having correlated mutations which are
LEU49 (Beta 2) and VAL89 (Beta 4). Correlated residues of Beta subunit are spreaded
through the Beta 1, Beta 3, Beta 6, Loop 9, Loop 10 (Loop C) and Beta 10 regions. Correlated
residues of Delta subunit appear at Beta 1, Beta 2, Beta 3, Beta 6, Cys Loop and Loop 9

regions.
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Figure 3.22: Schematic representation of correlated mutation pairs of LBD of nAChR
obtained form “Analysis of Correlated Mutations” server. A: Beta subunit, B: Delta Subunit,

C: Alpha-Delta subunit, D: Gamma subunit

Among the five subunits of LBD of nAChR, LYS107 located in the Loop 9 region of
the alpha subunits make the most correlated mutation pairs. The other residues having much
correlated mutation pairs are the PHE200 (Beta 10) and PHE171 (Loop9) of Beta subunit,
LEU42 (Betal) and PHE169 (Loop9) of Delta subunit and the PHE170 (Loop9) of the Alpha
subunits having three correlated mutation pairs. All of these residues of Loop 9 regions are
their counterparts in those subunits which mean that PHE170 of Alpha subunit is the
counterpart of PHE169 of Delta subunit. This shows that, this residue of this position is
mutated among the evolution which is not one of the most conserved residues on the

molecule.
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Also only the Beta subunit have residues involved with correlated mutations
(TYR195) in its binding loop Loop C whereas the other subunits do not have any correlated
residue in the binding regions. Also all of the subunits except the Beta subunit have correlated

residues in Cys Loop and Loop 9 regions.

Figure 3.23. Schematic representation of correlated mutation pairs of the Alpha-Gamma

subunit in the full structure of nAChR obtained from the “Analysis of Correlated Mutations”

SErver.

As the total amount of the residues inside the molecule increases, the correlated
mutations increase (Figure 3.23). More possibilities of making correlated mutation pairs yield
tens of correlated mutation pairs. Alpha subunits have got 30 residues having correlated
mutations where TYR203 (Beta 10) is correlated with 11 of these 30 residues; Beta subunit
has got 32 correlated residues where ILE204 (Beta 10) is correlated with 8 of these32
residues; Delta subunit has got 39 different correlated residues where PHE202 (Beta 10) is
correlated with 22 of these residues and Gamma subunit has got 16 correlated residues where
PHE203 (Beta 10) is correlated with 9 of these residues. So it can be said that the correlations
of these residues affect many of the other residues. Figures of such correlated pairs are shown

in APPENDIX B, Figure B.19 to Figure B.21.

Some of the correlated mutations form loops between residues. For example PHE170
(Loop 9) is correlated with HIS134 (Cys Loop), HIS134 is correlated with TYR203 (Beta 10),
TYR203 is correlated with PHE205 (Beta 10) and PHE20S5 is correlated with PHE170. This is

only one of the examples.
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From the correlated mutation analyses of nAChR, it is seen that only Beta and Delta
subunits have residues having correlated mutations in the MA and M4 regions. Also these
Beta and Delta subunits have got correlated residues in the gate regions. In one study of
Auerbach [23], he showed that the mutations in the upper half of the M4 region have larger

effect than on the lower part.

The results here suggest a measure for the cooperativity within the subunits as the
calculations were carried out with the subunit sequences. Nevertheless, the intersubunit

cooperativity can be addressed as seen in sections GNM and ANM.

3.6. MCPOOL Analyses

So far the correlations between the fluctuations and the conformations that describe
the fluctuations from the average structure in the slowest and fastest modes have been
discussed along the conservation and correlated mutational analysis. Here, MCPOOL [39],
which finds pathways between any two arbitrary locations at any desired length using the
correction maps, will combine all of the data. The residues that are mostly visited along these

paths and the location and the importance of these residues will be discussed.

For AChBP, the principle binding residues are chosen as a starting point and Cys
Loop, Loop 2 and Loop 9 are given as target locations as these regions are thought to be
involved for gating mechanism [8, 10]. For the Ligand binding domain of nAChR, the target
locations remained the same but the starting points are taken as Loop A, Loop B and Loop C
that are thought to contain binding residues of nAChR. As for full structure of nAChR, the
target point is set as the gate region that is located at the transmembrane region while the

starting points are again Loop A, Loop B and Loop C.

The motivation for the generation of the paths is able to account for the allosteric
communication between LBD and TMD. For the case of only Ligand binding domain
analysis, this allosteric communication is thought to be between the binding regions and Cys
Loop, Loop 2 and Loop9 as these regions are thought to play key role in the signal
transmission from the binding regions to the gate regions [3]. For this, 100,000 paths have
been generated starting from the given region at a given maximum number of steps. This

doesn’t mean that those paths should arrive to the preselected region at given maximum
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number of allowed steps. One path can reach to the target region at three steps while another
path can never reach to target region even at 30 steps. After the generation of the paths, the
paths are analyzed whether they reached to the target regions at a given number of steps.

These allowed maximum numbers of steps are selected to be 10, 20 and 30.

First analysis of MCPOOL output is to search for the connected paths between the
starting and the target regions among the total generated paths in a given number of steps. It
has been seen that as the allowed number of steps of the connectedness increases, the number
of connected paths found in the pool of paths increases. After several runs of the program for
different allowed maximum number of steps and total number of generated paths, it has been
decided to generate 100.000 as the total number of generated paths has no significant effects
on the results. Nevertheless, the number of allowed step sizes for the connectedness is an
important parameter on the results. Thus, the analyses have been carried out for a set of
number of allowed steps as 10, 20 and 30.Table 3.2 shows how these connected paths are

distributed.

Table 3.2: Number of connected paths reaching to each individual subunit along AChBP. First
column shows maximum allowed length of the steps used in the path generation. Second
column shows the starting. Third column shows the target region. Fourth to eighth columns

show the number of connected paths between the starting subunit and the target of the subunit

Starting Alpha- Alpha-

# of steps Subunit Target Gamma Beta | Delta Delta Gamma
" Cys Loop | 19334 | 10607 | 1051 | 244 | 2998
o -

k) Alpha Loop 2 7447 3511 | 309 | 190 | 2423
7] Gamma

= Loop9 | 23769 | 20533 | 2134 | 223 | 2364
m Cys Loop | 27892 | 18176 | 4163 | 2231 | 7851

Q -

k) Alpha Loop2 | 12309 | 7493 | 1742 | 1500 | 5774
7] Gamma

o

N Loop9 | 32241 | 28167 | 5720 | 1943 | 6584
» CysLoop | 31654 | 22203 | 6836 | 4398 | 10967
&

o é’*'pha' Loop2 | 15360 | 10364 | 3618 | 3251 | 8443
o amma

® Loop9 | 35365 | 31361 | 8038 | 3628 | 8919
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Table 3.2 shows that as the number of allowed step size increases, the total amount of
connected paths increases. For example, to understand the table 10607 out of 100,000
generated paths start from the binding residues of AChBP located in the Alpha-Gamma
subunit and arrive to the Cys Loop of Beta subunit in maximum 10 steps. Another example is;
18176 out of 100,000 generated paths starts from the binding residues of Alpha-Gamma

subunit of AChBP and arrive to the Cys Loop region of Beta subunit in maximum 20 steps.

Table 3.2 shows that the total amount of paths that reach to the target regions either by
using internal connected paths or external connected paths. In the case of using external paths
which mean that the path has been using the residues of non-starting subunit, the paths tend to
use their neighbors more than their non-neighbor subunits. So, the paths starting from any
subunit of AChBP mostly uses its neighbor which is on the clockwise direction (named as the
positive side) when viewed from the extracellular side. For example, if the starting region is
on the Alpha-Gamma subunit, the most used subunit along the four of the other subunits is the
Beta subunit and if the starting region is on the Beta subunit, the most used subunit along the
other four subunits is the Delta subunit and so. But what is the ratio of these external

connected and internal connected paths?
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Figure 3.24: The ratio of internal paths to the total connected paths generated for AChBP.
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As seen from the figure, the paths starting from any subunit of AChBP tend to use
only the residues of their own subunit for short paths, but as the length of the path increase,
the amount of external subunit usage increases. But even for the paths in 30 step length, the
amount of internal connected paths reaching to either Cys Loop or Loop 9 is greater than the
amount of the external connected paths. This may be because of the short distance between

these regions and high amount of residue contents of these regions.

Table 3.3. Number of connected paths reaching to each individual subunit along nAChR.

# of steps gﬁg‘tllnnl% Target é;ﬂllfl; Beta | Delta %Ell;;l- Gamma
Alpha-Gamma Gate 1581 737 482 523 1055
2 Beta Gate 589 1240 998 518 451
2 Delta Gate 338 742 | 735 413 244
S Alpha-Delta Gate 588 517 810 1752 967
Gamma Gate 947 537 463 793 1277
Alpha-Gamma Gate 4256 2600 2012 2282 3483
2 Beta Gate 2084 3355 2940 2026 1808
% Delta Gate 1609 | 2613 | 2644 | 1747 | 1378
& Alpha-Delta Gate 2340 2256 2808 4507 3215
Gamma Gate 3153 2154 2077 2707 3675
Alpha-Gamma Gate 6799 4604 3941 4293 5909
2 Beta Gate 3769 5492 4980 3771 3303
‘3 Delta Gate 3190 4791 4666 3414 2800
a Alpha-Delta Gate 4442 4211 4965 7118 5604
Gamma Gate 5382 3989 3895 4835 6082

First column shows maximum allowed length of the steps used in the path generation.
Second column shows the starting subunit containing the binding loops. Third column shows
the target region. Fourth to eighth columns show the number of connected paths between the

starting subunit and the target of the subunit shown on the column

The same MCPOOL analyses were carried out for the full structure of nAChR. This
time there is a TMD attached to the LBD and there is an ID attached to the TMD. So we can
select the gate region as the target and check how these paths are distributed. Starting from the
binding loops of each individual subunit and going to gate region of any subunit, the analyses

yielded the following table.
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This table shows the amounts of connected paths along the 100.000 generated paths.
As the number of steps used in the paths increase, the amount of connected paths increases.
But as the length of the path increases, the significance of that path decreases. 5 per cent of
the total generated paths can go to the selected target while we limit the maximum length of a
path to be 10 steps, 15 per cent for 20 steps, and 25 per cent for 30 steps. The paths starting
from Alpha Delta and Alpha Gamma subunits can go to any gate region with greater amounts
than non-alpha subunits can and these alpha subunits use their own subunit more than the

other subunits do.

The internal and external connected path analyses have also been investigated for the
full structure of nAChR where LBD, TMD and ID are altogether. Because Loop A, Loop B
and Loop C are considered to be the binding loops of nAChR, these regions have been
selected as the starting points of the paths and the middle of M2 helix of TMD which is

considered to be the gate region of nAChR is selected as the target region.

Internal Conncected Paths / Connected Paths
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Figure 3.25: The ratio of internal paths to the total connected paths generated for nAChR.

In Figure 3.25., X axis shows the subunit which contains the target gate region and Y

axis shows the percentage of internal connected path usage over the total connected paths.
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Figure 3.25 shows the percentage of internal connected paths usage. As seen from the
figure, for the shorter paths, the internal connected path percentage is greater than the external
connected path percentage which means that short paths do not need to leave the starting
subunit. And it is seen that the alpha subunits have the greatest percentages of using the

internal connected paths.

It is known that only the alpha subunits of nAChR contain binding loops, on the other
hand it is seen from Figure 3.25 that the paths starting from the binding regions of alpha
subunits tend to use the residues which are on their own subunit more than using the residues
of other subunits. Besides, an allosteric signal should be transmitted from the binding region
to the gate region for the channel to open and let the ions pass. Combining all these data, the
high amount of total connected and internal connected path reveals the importance of alpha
subunits and contributes to their importance of being the actual actuator of the signal

transmission.

When the LBD of nAChR is considered to be alone, this molecule behaves like it does
on the full structure. But this time the target is not the gate region. Similar to the targets
selected at the AChBP, Cys Loop, Loop 2 and Loop 9 has been chosen as the target regions.
Alpha subunits seem to use their own subunits more than that the other subunits do and even
at the long paths the internal connected path usage is greater than the external path usage. But
this is reasonable while the distance between the starting and target regions is smaller than the

distance in the full structure.

The amount of internal connected path usage in the AChBP is smaller than the amount
of internal connected paths in the LBD of nAChR and there is a bigger difference between the
internal connected path usage ratios of subunits. For example the internal connected path
amount at the alpha subunits of AChBP is around 60-70 per cent while this amount is around
95 per cent at the alpha subunits of LBD of nAChR. But the distance is short for these cases.
When the TMD is also taken into consideration, the amount of internal connected path usage
decreases to the values of 50 per cent. Also, when LBD is alone the total amount of the
connected paths is around five times more than the connected paths of nAChR. So it is seen

that most of the generated paths can reach to the Cys Loop, Loop 2 and Loop 9 regions.
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After realizing that it is easy and highly possible to reach Cys Loop, Loop 2 and Loop
9 regions, it has been analyzed if these regions exist on the paths starting from the binding
region and going to the gate of nAChR. To this aim, each individual step on the connected
paths has been analyzed. If a residue belonging to TMD comes after any residue of the LBD
on the connected paths, these two residues are analyzed to see which region of LBD is
correlated with the TMD. The results show that the Cys Loop and Loop 9 regions of LBD are
the most used regions when a path jumps from LBD to TMD. Loop 2 region cannot be seen at
the top of the list but this is mainly because of the low residue content of Loop 2. But on the
residue basis instead of region basis, the residues of Loop 2 seem to be more involved on the
transmission from the binding domain to the transmembrane domain then the other residues.
Another highly used region is betal strand of LBD. On the other hand, LBD is more
correlated with the upper part of TMD than it is with the lower part.

All of these regions have been analyzed and evaluated as the most used regions and
some of the shortest and mostly used paths have been demonstrated at the PAJEK section (to
be shown later). Even on those figures, Cys Loop and Loop 9 seem to be the most used

regions at the LBD.

The results of Mcpool are elaborated with respect to the fluctuation behavior of
residues at two ends of dynamic spectrum, the conservation of residues and correlated

mutation of residue pairs.

3.6.1. Combined Analyses for AChBP

Figures 3.26 to 3.28 display the fluctuations in the slowest two modes for AChBP with
the conserved residues and residues in the pairs of the correlated mutations. The most visited
residues on the paths starting from the binding residues and going to Cys Loop, Loop 2 and

Loop 9 are also labeled on the figures.

The general representations of the figures are all the same. The paths generated by
MCPOOL are analyzed for the paths which reach the target in maximum of 10, 20 and 30

steps.
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Fluctuation

below the white line shows the most used 40 residues at the paths with maximum allowed
step size of 10, the black boxes on the white lines show the most used 40 residues at the paths
with maximum allowed step size of 20, grey boxes above the white line show the most used
40 residues at the paths with maximum allowed step size of 30. Red triangles on the while

line shows the most conserved residues and the green plus signs on the white line shows the
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Figure 3.26. Fluctuations of alpha-gamma subunit of AChBP in the average of slowest

In Figure 3.26., the white line represents the slow 1-2 average fluctuations. Grey boxes
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two modes.

pairs having correlated mutations.

The most visited residues along the shorter paths (maximum of 10 steps) correspond to the
beta 2, loop 5, beta 6°, beta 7, beta 8, beta 9 and beta 10 regions. Beta 2 is kind of a spine in

the molecule starting from the lower part of the molecule and going through the upper part of

In Figure 3.26, the preset target is Cys Loop of any subunits in the AChBP molecule.

the molecule. Beta 10 is in contact with the Cys Loop.
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On the paths with up to 20 steps, the most visited residues are similar to the residues
that have been observed for the paths with maximum 10 steps. These most visited residues
mainly correspond to beta 1, beta 2, loop 4, loop 5, beta 7, beta 8, beta 9 and beta 10. And on
the paths containing maximum of 30 steps, the most used residues correspond to beta 1, beta

2, loop 4, and beta 8 beta 9 and beta 10.

Also from Figure 3.26, it is seen that some of the conserved residues along the AChBP
molecule are also most visited residues along the paths but these conserved residues are
spreaded along the subunit. On the other hand the residues having correlated mutations do not

seem to appear on the important regions.

When the target regions are selected as Loop 2 region, Figure 3.27 shows the most

visited residues along the paths;
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Figure 3.27. Slow 1-2 average fluctuations of alpha-gamma subunit of AChBP.

In Figure 3.27 the preset target is the Loop 2 of any subunits in the AChBP molecule.

The most visited residues along the shorter paths (maximum of 10 steps) correspond to the
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beta 1, beta 2, loop 5, beta 6, beta 7, beta 8, beta 9 and beta 10. On the paths with up to 20
steps, the most visited residues mainly correspond to beta 1, beta 2, loop 4, loop 35, beta 7,
beta 8, beta 9 and beta 10. And on the paths containing maximum of 30 steps, the most used

residues correspond to beta 1, beta 2, loop 4, beta 8 beta 9 and beta 10.

The third preset target for the MCPOOL analysis along the AChBP molecule is the

Loop 9 region. Figure 3.28 shows the most used residues along the paths;
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Figure 3.28. Slow 1-2 average fluctuations of alpha-gamma subunit of AChBP.

In Figure 3.28 the preset target is the Loop 9 of any subunits. The most visited residues along
the shorter paths (maximum of 10 steps) correspond to the beta 1, beta 2, loop 5, beta 6, beta
7, beta 8, beta 9 and beta 10.

On the paths with up to 20 steps, the most visited residues mainly correspond to beta
1, beta 2, loop 4, loop 5, beta 7, beta 8, beta 9 and beta 10. And on the paths containing
maximum of 30 steps, the most visited residues correspond to beta 1, beta 2, loop 4, beta 8,

beta 9 and beta 10.
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3.6.2. Combined Analyses for the LBD of nAChR without TMD

When TMD does not exist in the nAChR molecule, the LBD of nAChR contains one
starting point and three target regions for each subunit. The starting regions of each subunit
are the binding loops which are Loop A, Loop B and Loop C whereas the target regions are
the Loop 2, Cys Loop and Loop 9 regions of each subunit. These analyses are performed for
all of the subunits of the LBD of nAChR but only the results of Alpha-Gamma subunit are
displayed here. The other figures are listed in APPENDIX B, Figure B.22 to Figure B.27.
Figure 3.29 to 3.31 display the slow 1-2 average fluctuations of the Alpha-Gamma subunit.
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Figure 3.29. Slow 1-2 average fluctuations of alpha-gamma subunit of the LBD of nAChR.

Grey boxes below the slow 1-2 fluctuations curve represent the most visited residues
along the paths which are composed of maximum 10 steps. The black boxes right onto the
slow 1-2 average fluctuations curve are the most visited residues along the paths which are
composed of maximum 20 steps. And the grey boxes above the slow 1-2 average fluctuations

curve are the most visited residues along the paths which are composed of maximum 30 steps.
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The red triangles and the green plus signs on the slow 1-2 average fluctuations curve represent

the most conserved and correlated residues respectively

In Figure 3.29, the most visited residues are on the paths which start from the binding
loops of Alpha-Gamma subunit and go to any Cys Loop region of any subunit. And the most
visited residues are the residues of the Alpha-Gamma subunit. The Cys Loop region seems to
be well conserved but this region do not appear on any hinge point of the slow 1-2 average
fluctuations. The most visited residues on the paths which are composed of maximum 10
steps seem to appear at the Beta 2, Beta 7, Loop 9, Beta 9 and Beta 10 regions. There is only
one residue belonging to the Loop 2 region which is also one of the most conserved residues
(GLU45). Also one of the most visited in residue in these paths is ASN53 (Beta2) which is
also well conserved. According to figure (MC5) LEU90 (Beta4) is also one of the most
visited residue and it seems to be correlated during the evolution whereas the neighboring
residues ASP89 and VALO91 are well conserved. LYS145 and LEU146 of the Beta 7 region
and the VAL33 of Beta 1 are the other most visited residues and these residues have

correlated mutations along the subunit.

When the paths are allowed to search for more steps, some of the most visited residues
are the same with the residues found on the paths which are composed of maximum 10 steps.
Residue of Beta 1, Beta 2, Beta 5°, Beta 6 and some residues from Loop 9 and Beta 9 are the
most visited residues on the paths of maximum 20 steps. Only four residues of the Beta 1
region are most visited residue at the paths of maximum 10 steps. But nine residues of the
Beta 1 region seem to be most visited residues on the paths of maximum 20 steps. On the
other hand, residues of Beta 9 and Beta 10 are most visited residues on the paths of maximum
10 steps, but only one or two of these residues (TRP184 and LYS185 of Beta9 and THR202
of Betal(Q) appear on the most visited residues of paths containing maximum 20 steps. VAL33
(Betal), LEU90 (Beta4), LYS107 (Beta 5’), LEU146 (Beta7) and LYS185 (Beta9) seem to be
the most visited residues along the paths of maximum 20 step and these residues also have

correlated mutation pairs.

If the paths are allowed to visit more residues, the most visited residues change for a
few cases by comparison to the most visited residues seen on the paths of maximum 20 steps.
On the paths of maximum 30 steps, there are some residues of Loop 1 region which do not

appear on the paths of maximum 10 and 20 steps. Residues of Loop 5’ are also most visited
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residues along the paths of maximum 30 steps but these residues do not appear to be mostly

visited residues for the paths of maximum 10 steps.

There are some mostly visited residues in all of the paths whatever the length of the
paths is. When the most visited 40 residues are listed, 16 of them appear on both maximum of
10, 20 and 30 step paths. These residues are generally in Beta 1, Beta 2, Beta 4, Beta 7, Beta
8, Loop 9 and Beta 10 regions. Residues of Loop 2 are visited for shorter paths which contain
four or five steps. The main difference between short (2 to 10 steps) and the long paths (10 to
30 steps) is the usage of inner sheets (residues between 1 and 127) and outer sheets (residues
from 143 to 211) [3]. Shorter paths visit the residues of outer sheet more than the long paths.
Outer sheet interacts with the adjacent subunit. One the alpha helix regions are the least

visited regions in all of the paths whatever the number of step is.

For the shorter paths (1 to 10 steps), some residues of Beta 1, Beta 2, Loop 9, Beta 9
and Beta 10 are mostly visited for all of the subunits. For longer paths (10 to 30 steps), Loop 1
region of Alpha-Gamma, Delta and Gamma subunits are on the mostly visited regions list

while the other subunits do not have mostly visited residues in Loop 1 region.

But these analyses are residue based analysis. The most visited residues are plotted on
the figures. But each region consists of different number of residues. For example Loop2
contains four residues whereas Loop region contains around 17 residues. This residue based
analysis enables us to see the most visited residues but on the analysis of most visited regions

this Loop 2 region disappears from the most visited regions list.

For the analyses of most visited residues along the paths going to the Loop 2 regions,
Figure 3.30 is drawn. Figure 3.30 displays the most visited residues for different length of
paths (maximum of 10, 20 and 30 steps) and the most conserved residues and the residues

having correlated mutations are also shown.

From comparison of Figure 3.29 and Figure 3.30, the most visited residues along the
connected paths seem to be very similar. But the target regions aren’t plotted on the figures,
so none of the residues of Cys Loop are shown on Figure 3.29. But in Figure 3.30 the short

paths (1 to 10 steps) residues of Cys Loop region seems to be visited so many times along the
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paths going to Loop 2 region of the LBD of nAChR. These residues are either well conserved

or have correlated mutations.
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Figure 3.30: Slow 1-2 average fluctuations of alpha-gamma subunit of the LBD of nAChR.

Also, the paths reaching to the Loop 9 regions are similar to the paths reaching to the
Cys Loop and Loop 2 regions. In all of the cases, no matter which region is selected to be the
target region, as the number of maximum allowed step is increased, the paths tend to visit the
residues of inner sheet more than the residues of outer sheet. But the inner and outer sheet

usage slightly changes in the paths of Delta and Alpha-Delta subunits.

Each bracket shows the Target regions and each column under the target columns are
the maximum allowed step number along the paths. Numbers in table represent the number of
the most visited residues along the connected paths. Lines inside the brackets separate the
subunit as inner and outer sheets. Residues before the Cys Loop belong to the inner sheet and

the residues after the Cys Loop belong to the outer sheet [3].

77



Table 3.4 displays the most visited residues along the paths starting from the binding
loops of Alpha-Gamma subunit of LBD of nAChR and going to the Cys Loop, Loop 2 and

Loop 9 regions of each subunit.

Table 3.4: Most visited residues along the paths in the LBD of nAChR.

Target = Cys Loop Target = Loop 2 Target = Loop 9
10 Step 20 Step 30 Step 10 Step 20 Step 30 Step 10 Step 20 Step 30 Step
31 28 23 27 26 28 23 20
33 29 26 29 27 29 26 22
36 30 27 28 31 27 23
42 31 28 31 29 32 28 26
45 32 29 34 29 27
51 33 30 31 35 30 28
52 34 31 38 34 37 31 29
53 35 32 39 39 32 30
55 36 33 34 43 33 31
56 37 34 51 34 32
57 53 35 54 53 35 33
58 54 36 88 54 36 34
59 55 55 90 56 54 55 37 36
90 56 56 56 53 54
103 57 57 56 57 54 55
123 58 58 124 59 58 55 56
124 59 59 126 88 88 56 57
125 60 60 129 89 59 90 57 58
127 87 87 130 103 87 103 58 59
143 90 88 131 104 88 119 59 60
144 103 90 132 118 89 120 87 86
145 104 103 144 90 121 88 87
146 105 104 145 120 102 122 89 88
158 107 105 121 103 123 90 89
160 118 107 104 124 103 90
161 119 108 124 105 126 104 103
162 120 117 126 118 128 105 104
164 121 118 163 144 143 118 105
167 122 119 167 145 120 145 119 107
168 123 120 169 121 146 120 108
172 125 121 172 158 121 117
175 146 | 122 | 174 159 | 122 118
180 158 146 177 160 180 145 119
181 159 158 178 181 146 120
182 160 159 182 162 160 183 158 121
184 161 160 183 168 184 159 122
201 162 161 162 201 184 146
202 184 162 202 185 158
203 185 185 203 201 159
204 202 202 203 209 204 202 201




Red numbers in first bracket mean that, those residues are the most visited residues
along the paths going to Cys Loop regions whatever the number of used step is. Green
numbers in the second bracket mean that, those residues are the most visited residues along
the paths going to the Loop 2 regions whatever the number of used step and the blue numbers
in the third bracket mean that, those residues are the most visited residues along the paths
going to the Loop 9 regions whatever the number of used step is. The numbers highlighted
with yellow represent the mostly used residues on the paths wherever the target region and

whatever the number of step of the path is.

Table 3.4 shows that whatever the length of the step is and wherever the target region
is selected, ARG55, ARG57 and GLNS58 of Beta 2, LEU146 of Beta 7 and the ILE158 of Beta
8 are the most visited residues. Another result of this table is that the shorter paths (1 to 10
steps) tend to visit the residues of outer sheet more than the residues of inner sheet where the
longer paths (10 to 30 steps) tend to visit the residues of inner sheet. Table 3.4 does not
include the residues of binding loop as it is the starting point and the residues of Loop 2, Cys

Loop and Loop 9 regions as they are the target regions.

Table 3.5. Most visited residues along the paths of LBD of nAChR

Alpha-Gamma Beta Delta Alpha-Delta | Gamma
55-ARG 35-LEU | 29-GLU 33-VAL 33-LYS
57-ARG 36-THR | 35-LEU 34-GLY 54-TRP
58-GLN 37-LEU | 36-SER 36-GLN 55-ILE
146-LEU 39-SER | 59-ASP 55-ARG 88-ASP
158-ILE 40-LEU | 90-PRO 56-LEU 157-LEU

53-SER | 91-ASP 57-ARG 158-GLN
56-LEU 92-ILE 90-LEU
103-THR | 147-LYS 103-ASN
124-TYR | 148-PHE 119-THR
160-MET 120-PRO
200-VAL 121-PRO
122-ALA
146-LEU
158-ILE
159-SER
187-TRP
201-ILE
202-THR
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For the most visited residues along the paths starting from the other subunit four
subunits of the LBD of nAChR, Table 3.5 gives some insight. Residues shown in Table 3.5
are the counterparts of yellow highlighted residues shown in Table 3.4.

Table 3.5 displays that most visited residues found for each path whatever the number
of step and wherever the target is. 18 residues of Alpha-Delta subunit are visited mostly on
the paths and these residues seem to be the most visited residues for the arrival to the desired
region after the path starts from the binding regions. And all of the other residues are crucial

for the generated paths to be able to reach the target regions.

3.6.3. Combined Analyses of the full structure of nAChR

When nAChR is analyzed as a full structure with its TMD attached to the LBD, it
contains one starting point and one target region for each subunit. The starting region of each
subunit are the binding loops which are Loop A, Loop B and Loop C whereas the target
regions are the gate regions of each subunit. These analyses are performed for all of the
subunits of the nAChR but only the results of Alpha-Gamma subunit are displayed here. The
other figures are listed in APPENDIX B, igure B.28 to Figure B.30.

Figure 3.31 displays the slow 1-2 average fluctuations of the Alpha-Gamma
subunit.Grey boxes below the slow 1-2 fluctuations curve represent the most visited residues
along the paths which are composed of maximum 10 steps. Black boxes right onto the slow 1-
2 average fluctuations curve are the most visited residues along the paths which are composed
of maximum 20 steps. And the grey boxes above the slow 1-2 average fluctuations curve are
the most visited residues along the paths which are composed of maximum 30 steps. The red
triangles and the green plus signs on the slow 1-2 average fluctuations curve represent the

most conserved and correlated residues respectively.

In Figure 3.31, the preset target is the gate region of any subunits in the full structure
of nAChR molecule. The most visited residues along the shorter paths (maximum of 10 steps)
correspond to Loop 2, Cys Loop, Loop9, Beta9 and Beta 10 regions at the extracellular side.
The loop connecting extracellular and transmembrane domains, named as the Betal0-M1 loop
here, is also one of the most visited regions. In TMD, the most visited residues are at the top

parts of the helices which places are close to the extracellular side.
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Figure 3.31. Slow 1-2 average fluctuations of the Alpha-Gamma subunit of nAChR.

All of the most visited residues in LBD are close to each other in space and these
regions are supposed to be the actuator regions of the gating mechanism [8, 10]. In Figures
3.26 to 3.30, the target regions were selected to be Loop 2, Cys Loop and Loop 9 regions
supposing these regions as important regions. In Figure 3.31 it is seen that these regions really
appear on the most visited regions on the paths heading to the gate regions. These regions
appear at the hinge point of the slow 1-2 average fluctuations. The most visited residues
shown in Figure 3.31 are either well conserved or have correlated mutations. Also, in spite of
M4’s distant location from the inner interface between LBD and TMD, the upper part of M4
seems to be highly visited along the connected paths. But this M4 region does not seem to be
highly visited for the long paths of the Delta subunit. This region was studied by Auchbach to
see its effects on the gating mechanism and they claim that mutation on some of the residues

of M4 affects gating mechanism [23].

Alpha-helix region of each subunit is the least visited region among the whole

molecule for each of the subunits. Loop 2, Cys Loop and Beta 10 regions are mostly visited
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for all of the subunits of nAChR.Also the upper halves of the helices of TMD are mostly

visited during the paths reaching to the gate region.

In the full structure of nAChR, the most visited residues are in Loop 2, Cys Loop, Beta
10 and in the upper halves of the helices of TMD. Also some short paths seem to visit Loop 9
regions but not as much as they visit Loop 2 and Cys Loop regions. In the LBD of nAChR
and AChBP analyses these Loop 2, Cys Loop and Loop 9 regions were selected to be the
target regions and it was observed that Beta 1, Beta 2 and Beta 10 regions were mostly visited
along the paths. Also from the GNM section it was shown that the transmembrane region is
highly correlated within itself and with the other transmembrane regions. Also the analyses of
MCPOOL shows that there are so many visited regions in the upper parts of the helices of the
TMD. These data show that after the coupling of the ligand, binding regions transmit the
signal to the lower part of the extracellular side using the Beta 1, Beta 2 and Beta 10 regions.
The signal then comes to either Loop 2 or Cys Loop. Residues of M2-M3 Loop are mostly
visited. Then the upper halves of the helices of the TMD regions are highly visited. But these
are the most used residues and this is not the actual order of the transmission. As the order of
the steps remains unknown this is only a theory which may be in agreement with the previous
studies of various researchers [3, 5, 10, 25, 27]. But this theory will be checked in the PAJEK
section because PAJEK will show the steps involved in the transmission of signal from the
binding regions to the target regions. It will also show where a residue goes and which residue

was visited before that one.

3.7. PAJEK Visualizations

In section 3.6, the most visited residues and regions on the paths identified in the
network of cooperative fluctuations of the structure have been discussed. Such regions are
presented with respect to the fluctuations in the average of the slowest two modes in Figures
3.26 to 3.31 with the conserved residues and residues having correlated mutations labeled.
Here, we further present how the two end points may connect, when we have a starting and

target regions, with these most visited residues.

As there are too many paths connecting these end points, graphic representations of

the most used paths are presented below for AChBP, LBD of nAChR and full structure of
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nAChR. For the AChBP the starting point is selected to be the principle binding residues and
the end points are selected to be the Cys Loop, Loop 2 and Loop 9 regions.

For LBD of nAChR the starting points are selected to be the binding loop Loop 8
(Loop B) and the end point is selected to be the Cys Loop, Loop 2 and the Loop 9 regions.
For the full structure of nAChR the starting point is Loop B again but the end point is the gate
region this time. From the PAJEK figures it is seen that almost all of the most used residue

and region outputs of MCPOOL appear on the figures.

For PAJEK analyses, each path was analyzed individually. Since each path is
composed of its own individual steps, these steps were investigated and categorized for each
path and this data was given to PAJEK. PAJEK analyzes the Mcpool outputs and looks at
each visited step. When a residue goes to another residue it is considered to be a step and

PAJEK takes these data from MCPOOL.

After calculating the usage value of each step, it points each individual residue and
starts connecting the residues according to the usage of those steps. There may be thousands
of different steps, but in the PAJEK calculations only the strongly connected residues are
taken into consideration. Strongly connected residue means that, those steps are used so many
times on the total paths. The numbers standing on the lines show how many times that step

has been used totally.

Results of MCPOOL and PAJEK don’t need to be exactly the same since the analyses
of these methods are different (to be described on the following pages). Figures 3.32 to 3.34
display the most used steps along the paths. The figures are listed as starting from the binding
loop and ending at the Cys Loop, Loop 2 and Loop 9 respectively.

According to the results of MCPOOL, the most visited regions on the paths belonging
to AChBP were found to be BetalO, Betal, Beta9, Beta2 and Loop9 Here, PAJEK displays
how these regions are involved in the most used pathes between the given end points These
regions remain on the analysis of most used path search as visualized in Figure 3.32. Even
though none of these regions are close to Cys Loop along the sequence, they are close to each

other in space and they display correlated fluctuations.
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Figure 3.32. Graphic representation of the most visited steps along the paths which start from

the Loop B of alpha-gamma subunit of AChBP and go to the Cys Loop of the same subunit.

Figure 3.33 displays the most used regions on the paths starting from Loop 8 and
arriving at Loop 2 to see how these most used regions behave. Loop 2 is also considered to be
an important region as an actuator of the gating mechanism. Each green dot stands for the
most visited residues. The values on the lines of connected dots are the number of generation

of those steps and the arrows on each line shows which way do those lines go through

In MCPOOL section the most used residues were indicated but in this PAJEK section
the most used steps are shown. There are hundreds of residues along the molecule and
MCPOOL calculates the usage of each residue along the paths bu this doesn’t mean that the
most used residues are connected on the paths. The most visited residue doesn’t mean that
these residues must follow each other on the paths. However, PAJEK shows the most used

steps. When the end point is selected to be the Loop 2 region of AchBP, the figure becomes;
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Figure 3.33. Graphic representation of the most used paths which start from the Loop 8 (Loop
B) of alpha-gamma subunit of AChBP and go to the Loop 2 of the same subunit. Each green

dot stands for the most used regions.

For example, if PAJEK shows a step that has been used 2000 times along the paths, it
means that one residue of that step is connected with the other residue of that step for 2000
times. But if MCPOOL says a residue is visited 2000 times, this doesn’t mean that this
residue is visited 2000 times after the residue shown on the PAJEK output. So, combining
both results of MCPOOL and PAJEK it is seen that there is an agreement within these results.
Betal, Loop 9, Beta9 and BetalO regions were observed to be the most visited four regions by
the analysis of MCPOOL. These regions are also found in the PAJEK calculations in addition
to Cys Loop, Beta 2 and Loop 5. These Cys Loop, Loop 2 and Loop 9 regions were
considered to be involved in gating mechanism [10] either by actuating or helping the signal
to be transmitted. These data also show that they are coupled and they are of great importance

for each other in the name of signal transmisson.
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It has been mentioned above that the shortest and the most frequently used regions on
the paths from binding loop to cys loop or loop2 to be in agreement with the regions that we
have found in the MCPOOL. Similar situation holds true for the paths arriving to loop9 region
too. But this time loop 2 is not seen neither in the shortest nor the most frequent paths. The
Loop B don’t make any direct connections with Loop 2 and the connections of Loop s with
other residues are weak. Also the other binding loops connect with Loop 2 weakly. So this
Loop 2 region do not appear on the paths that starte from the binding loop of A and arrives to

the Loop 9. One of the reasons of this situation may be the low residue content of Loop 2.

In Figure 3.33 it was seen that a path goes via loop 9 to loop2. However, on the paths
which start from the Loop B of AchBP and go to the Loop 9 of AchBP, Loop 2 region does
not appear on the PAJEK figures This may lead us to think that on the way to the lower parts
of the molecule, maybe to a gate region if a transmembrane region is present, loop9 is visited
before loop 2 on the paths. Similarly, Loop2 do not appear on the paths to the cys loop while
we see Cys Loop on the paths to loop 2. This may also lead us to think that on the paths down
to the lower parts of the molecule, cys loop is visited before loop 2. These two statements may
imply that if a signal is transmitted from binding loops to the transmembrane domain, since
Cys Loop and Loop 9 comes before Loop on the paths, these Cys Loop and Loop 9 regions
may be the actual allosteric transmitter. Also due to the close position of Loop 2 to Cys Loop
and Loop 9 and the buried position of Loop 2 at the bottom of the LBD, Loop 2 may be
highly affected by the motions of Cys Loop and Loop 9.

Since AchBP is a homopentamer, only three pajek outputs show the paths involved in
only Alpha-Gamma subunit is presented. Each subunit is the same and the most visited
regions and the paths are almost the same. In the case of Ligand Binding Domain of nAChR,
since each subunit is different from each other, the PAJEK calculations were carried out for
each subunit separately. In Figures 3.32 to 3.34, the starting point was the Loop8 (Loop B)
region of AchBP. Here, as LBD of nAChR contains three binding loops which are referred as
Loop A, Loop B and Loop C, the paths starting from Loop A, Loop B or Loop C and going to
Cys Loop, Loop 2 or Loop 9 are analyzed. The results will be presented only for the paths of
Alpha-Gamma subunit. There are some differences on the paths starting from the non-alpha
subunits. One of the biggest difference is the amount of the step usages. In the MCPOOL

section it was shown that the alpha subunits can reach to the target regions more than the non-
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alpha subunits. The figures of other subunits will be given in APPENDIX B, Figure B.31. to

Figure B.42 in detail. Another difference is on the most visited regions.

.-’-‘-. Loopd

ﬂ_LoopS
Figure 3.34. Graphic representation of the most used and shortest paths which start from the
Loop 8 (Loop B) of alpha-gamma subunit of AchBP and go to the Loop 9 of the same

subunit.

Figures 3.35 to 3.37 will show the most connected regions and the most visited regions
on the paths starting from the binding loop Loop 8 to the Cys Loop, Loop 2 and Loop 9 of the
LBD of nAChR respectively.

Figure 3.35 shows the most visited regions along the paths originated from the Loop 8
and reached to the Cys Loop of LBD of nAChR. Most of the regions appeared in the Figures
3.32 to 3.34 of AchBP are seen here too. This implies that the LBD of nAChR behaves
similar to AChBP even though AChBP is not a real ligand binding domain of a receptor.
There are six vertices shown on this figure where four of them (Loop9, Beta 1, Beta 2 and
Beta 10) are at the top of most used regions according to MCPOOL analysis. In addition to
MCPOOL two other regions (Beta 9 and Loop 10) are shown to be the most visited regions
where Loop 10 is a binding loop (Loop C), and Beta 9 connects Loop 9 and the Loop C (Loop
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10). But this doesn’t mean that these two regions do not appear on the MCPOOL results.
Because MCPOOL lists only the four most visited regions. So the fifth and sixth most visited

regions may be these regions.

The other alpha subunit, Alpha-Delta, has got five vertices on its pajek output
APPENDIX.B, Figure B.37, four of which are the four mostly used regions (Beta 1, Beta 2,
Loop 9 and Beta 10) according to MCPOOL. Also these regions are the same with the regions
that has been used at the paths of Alpha-Gamma subunit. Similarly, the Beta and Gamma
subunits use the same regions of their own subunit, but at different proportions. Since each
subunit is different and only the alpha subunits contain binding regions, the amount of
connected path is different for each starting subunit. The only difference arises for Delta
subunit. Loop 1 of Delta subunit seems to be visited frequently on the paths starting from the
binding loops of Delta and reaching to the Cys Loop but this region cannot be seen on the
PAJEK graphs due to the principles of PAJEK calculations mentioned above. So we may
think that if Loop 1 is on the most used regions list of MCPOOL but doesn’t appear on the

PAJEK figures, it is not involved at the paths that we are really interested.

In section 3.6, it was shown that the longer paths visit the residues of the inner sheet
more than the outer sheet. But the Cys Loop is between this inner and outer sheets and it is
located at the bottom of the extracellular domain. If a binding occurs and if the signal is to be
transmitted through the Cys Loop from binding residues it should be mainly from the residues
of outer sheet. And Loop 1 is located at the inner sheet. This may show that as the number of
allowed maximum step of the generated path increases, the steps are involved at the inner
sheet and make loops within some residues. That’s why the Loop 1 region seem the be visited
many times but the important thing is the transmission ot the signal through the Cys Loop, not

through the Loop 1.

Since the main purpose of these analysis is to find out which regions are the most
visited regions and which region to region connections occur frequently for the transmission
of signal from binding loops to C-terminal of the molecule, we must deal with the outputs of
PAJEK. A region may be used so many times on the total paths but it doesn’t mean that this
region is involved on the gating. And the results of pajek shows us the regions that we

mentioned before.
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Figure 3.35. Graphic representation of the most visited paths which start from the Loop B of
alpha-gamma subunit of LBD of nAChR and go to the Cys Loop of the same subunit.

Similar to the analysis that have been made for the paths from binding regions of LBD
of nAChR to Cys Loop region, both of the most used regions of MCPOOL results appear on
the Figure 3.36.

There are some small differences between Figure 3.35 and Figure 3.36. For the paths
going to Cys loop it is seen from Figure 3.35 that there the connection between Loop 8 and
Cys Loop occurs 4450 times. This value means that this step is used 4450 times on the total

connected paths.

In Figure 3.36 the paths which start from Loop 8 split into two parts. One part is the
Loop 8 to Loop 9 step and the other is Loop 8 to Beta 1 step. Figure 3.36 shows that the Loop
8 to Loop 9 step occurs 2117 times and Loop 8 to Beta 1 step occurs 2123 times. Even we add

the values on these two separate branches it doesn’t make 4450.
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Figure 3.36. Graphic representation of the most used and shortest paths which start from the

Loop B of alpha-gamma subunit of LBD of nAChR and go to the Loop 2 of the same subunit.

Figure 3.36 also shows that there aren’t direct connections between Loop 8 and Loop
2. the main reason of this is that only the most frequent steps are taken into consideration. For
to this aim the steps which are connected with a value of lower than 2000 were discarded. But
the value of Loop 8 to Loop 2 step occurs 1580 times. Therefore no direct connections can be

seen on Figure 3.36.

Another difference is on the total amount of the values entering to the target regions.
From Figure 3.35 and Figure 3.36 it is seen that the occurance of Cys Loop of the most
frequent steps is greater than the occurence of Loop 2 on the most frequent steps. For the case
of Cys Loop this number is almost three-fold of the total value on the lines entering to Loop2.
But one detail is that the total number of residues in Loop 2 is around one-third of the number

of residues present in Cys Loop.
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The results of MCPOOL show that Loop 1 of the LBD of nAChR is one of the most
visited regions along the paths starting from the binding loops and going to the Cys Loop of
LBD of nAChR. But this Loop 1 region does not appear on the PAJEK figures. The biggest
reason is the limitations on the PAJEK figures. Since only the most frequent steps are

obseved, Loop 1 of LBD of nAChR does not appear on the Figure 3.36.

However, all of the other subunits have got the same regions on the MCPOOL and
pajek outputs. Neverthelles, Beta and Delta subunits have got less paths reaching on target

than the other subunits.

Figure 3.37 displays the most frequent steps involved in the paths starting from the
Loop 8 of LBD of nAChR and going to Loop 9 region. On the analysis of these paths, much
of the results of MCPOOL and PAJEK are the same. In the Figure 3.35 and 3.36, Loop 1 was
discussed . Loop 1 seems to be one of the most used regions for the paths originating from the
Delta subunit and going to Cys Loop, Loop 2 and/or Loop 9. But for the paths going to Loop9
region of alpha-gamma subunit of LBD of nAChR, as the number of allowed steps reaching

to Loop 9 is increased, the probability of Loop 1 to be on the most visited list increases.

When the allowed maximum step number is set to be high, MCPOOL continues to
generate paths until the path length be 30. If the paths reach to the desired target at the 30
step, all of the 30 steps are taken into consideration in PAJEK analysis. If the generated steps
are repeated because of the low probability of going from one residue to another residue,
some residues or regions may seem to be highly involved on the connected paths even if they

don’t have a significant effect on the allosteric mechanism.

So, almost all of the paths to the Loop 9of LBD of nAChR use Loop 1 region as much
as they use Beta 1 or Beta 2. But on the pajek analysis we are dealing with most frequent
steps and this eliminates most of the paths containing Loop 1 region. On the other hand, if
there are these many paths which can reach to target at three or four steps, the presence of

Loop 1 on the paths, which reach to target on ten or twenty steps doesn’t make sense.
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Figure 3.37. Graphic representation of the most used and shortest paths which start from the
Loop B of alpha-gamma subunit of LBD of nAChR and go to the Loop 9 of the same subunit.
Each green dot stands for the most used regions. The values on the lines of connected dots are

the number of generation of those steps and the arrows on each line shows which way do

those lines go through.

So far many PAJEK outputs have been discussed and it is seen that mostly the same
regions are appear on the PAJEK figures which were drawn for the aim of reaching to Cys
Loop, Loop 2 or Loop 9 from the binding regions. But how about if there was a

transmembrane region attached to these molecules?

So far we always talked about the paths arriving to Cys Loop, Loop 2 and/or Loop 9,

supposing that these regions are of great importance for gating mechanism [10]. To check this
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theory, we took nAChR under consideration to see if these regions are located on the pajek
figures. If so, it can be said that these regions are important for the allosteric transfer of the

signal from binding sites to the gate region of the molecule.
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Figure 3.38. Graphic representation of the most used and shortest paths which start from the

Loop B of alpha-gamma subunit of nAChR and go to the Gate of the same subunit.

Figure 3.38 displays the most frequent steps along the paths starting from the binding
loop Loop 8 (Loop B) of full structure of nAChR and going to the gate region located at the
transmembrane domain. This figure may seem complicated but it is plausible since nAChR
has got around 60 per cent more regions than both AchBP and the Ligand Binding domain of
the whole molecule. Previous MCPOOL results showed us that the upper regions of
transmembrane domain are the most used regions along the TMD and the pajek output of this
nAChR shows these regions to be either the shortest or the most used regions while reaching
to gate regions after starting from the binding region. PAJEK outputs of other subunits are

given in APPENDIX B, Figure B.43 to Figure B.46.

As expected, Cys Loop and Loop 9 can be seen on this figure and surprisingly Loop 1
too. While working on the ligand binding domain of nAChR without the TMD, Loop 1
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haven’t been seen on any of the PAJEK figures. So it wasn’t considered to be an important
region. But when the TMD is attached to LBD, Loop 1 region seems to carry more
importance than it does on AChBP or LBD of nAChR. But no direct connections are seen
between Loop 1 and the gate regions. It maybe because that Loop 1 is at the N-terminal of

LBD while gate region is placed at the middle of TMD.

For both of the AChBP, nAChR and the LBD of nAChr molecules, the Beta 1 and
Beta 2 regions of LBD seem to be mostly visited regions. And also according to the results of
MCPOOL section these regions are the must regions if a path is expected to reach the selected
target. The upper halves of the TMD seem to be more visited on the paths through the gate.

Actually it would be meaningless to go through the lower part and then go to the gate.

In the end of the MCPOOL section the most visited residues were listed for the paths
of starting from the binding regions and going to the gate regions of nAChR. And it was said
that the order of the steps in the paths are unknown. In this section the most frequent steps
showed that the binding loops visit the Cys Loop, Loop 2 and Loop 9 regions and sometimes
they visit the Beta 1 and Beta 2 regions as mentioned at the end of the MCPOOL section.
Then, these regions interact with the upper halves of the transmembrane helices. And finally
these signals coming from the upper halves of the helices gather at the gate region. After the
binding of the ligand to the extracellular region of the nAChR molecule, a conformational

change occurs and this change yields a twisting motion.
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4. CONCLUSION

nAChR receptors have been important material for the researchers for a couple of
decades. Among the Ligand Gated and Voltage sensitive classes of ion channels, nAChR 1is
the most studied ion channel from the Ligand Gated ion Channel family. Later studies
revealed the full structure of nAChR molecule but before the public release of the full
structure of nAChR, many different transmembrane channels were studied with different
Ligand Binding Domains such as Acetylcholine Binding Protein. It has been subject to many
different studies as its shape and configuration is similar to LBD of the nAChR. Also, since
the defective opening or closing mechanisms of such ion channels lead to serious diseases, the
exact gating mechanism of the nAChR has been a prior study for many researchers. In this
thesis many different calculations are performed to understand the gating mechanism of the
channel. And to understand the intrinsic behaviors of the molecule, the LBD of nAChR is
considered as a separate molecule. In addition, the structural behavior of AChBP is

investigated.

The cross correlation analyses of these three molecules yielded different results. The
homopentamer structure of AChBP showed exactly the same results for each individual
subunit. But this is not the real expected behavior, as the real ligand binding domain of
nAChR is not homopentamer. There are five binding regions in the AChBP whereas there are
two binding regions in the LBD of nAChR which are located at the Alpha subunits of
nAChR. But the importance or difference of these Alpha subunits of AChBP couldn’t have
been designated due to the homopentamer structure of AChBP. But in the case of LBD of
nAChR study, the subunits appeared to behave different where the molecule appeared to split
into two clusters. But in the presence of TMD, the full structure showed real opening motion
of the gate region. Cys Loop, Loop 2 and Loop regions of the LBD interact with each other
and move cooperatively to straddle the M2-M3 linker of the TMD. Cys Loop is less mobile in
the full structure of the nAChR than it is in the other two structures. It behaves as a hinge
point between the LBD and TMD of nAChR. Also some residues of the Cys Loop region of
nAChR are observed to be kinetically hot residues. But when no TMD exist, the residues of
Cys Loop region do not correspond to any kinetically hot residues. In addition, the M2-M3

loop is also a stable region which acts as a hinge point in the full structure of nAChR but it

95



moves enough to form a couple with the Cys Loop and Loop 2 regions of the Ligand Binding
Domain. The upper regions of the helices of the transmembrane domain are more involved in
the gating mechanism than the lower part of the transmembrane region. And these regions of
each subunit are highly correlated with each other. When the investigations are made on the
effects of ligand binding to the signal transmission to the gate regions of the other subunits, it
is seen that the paths jump to the TMD of the starting subunit first and then goes to the other

subunit through the transmembrane regions.

On the search for allosteric pathways through the target regions, Cys Loop, Loop 2
and Loop 9 regions are important regions for the transmission of the signal from the ligand
binding to transmembrane region. Also the Beta 10 region of the extracellular domain, which
is covalently bonded to the transmembrane domain, is an important region for the
transmission of the signal after the activation of the molecule by an agonist. Signals come to
these regions either directly or by a second region. These secondary regions are mostly the
Beta 1 and Beta 2 regions for each of the three structures. These regions are located in the
molecules as if they are the spines of the molecules; hence these regions affect the behaviors
and motions of the molecule. Also some of the residues of these regions are either conserved

or correlated among the evolution which makes those residues more important.

When LBD of nAChR is studied as a separate structure, it showed breathing motions
just like the AChBP. But the presence of the TMD caused the molecule to make a twisting
motion. The wideness of the pore is determined by the side chains of the residues of gate
regions. As the molecule twists, the side chains of the residues recede and the interactions
between these side chains diminish. Also, since the outer part of the transmembrane domain
of the nAChR is in contact with the lipid layer, it would be easier for the molecule to twist

than to expand.

Both the LBD of nAChR and the AChBP molecules tightens for the positive and negative
conformations but the gate region of nAChR broadens. The LBD of the molecule is squeezed
and this shrinking of the LBD leads the TMD to widen by the twisting motion pivoted from
the LBD to TMD interface.
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APPENDIX A: STRUCTURAL DATA

Table A.1. Residue index of AChBP.

Res. Res. Res. Res.

Res. # Name Region | Res. # Name Region | Res. # Name Region Res. # Name Region
1 PHE 53 TRP Beta 2 105 VAL Beta 5' 157 GLU Loop 9
2 ASP Alpha 54 GLN Beta 2 106 VAL Beta 5' 158 ASN Loop 9
3 ARG Alpha 55 GLN Beta 2 107 SER Loop 6 159 SER Loop 9
4 ALA Alpha 56 THR Beta 2 108 ASP Loop 6 160 ASP Loop 9
5 ASP Alpha 57 THR Beta 2 109 GLY Loop 6 161 ASP Loop 9
6 ILE Alpha 58 TRP Beta 2 110 GLU Beta 6 162 SER Loop 9
7 LEU Alpha 59 SER Beta 2 111 VAL Beta 6 163 GLU Loop 9
8 TYR Alpha 60 ASP Loop 3 112 LEU Beta 6 164 TYR Loop 9
9 ASN Alpha 61 ARG Loop 3 113 TYR Beta 6 165 PHE Loop 9
10 ILE Alpha 62 THR Loop 3 114 MET Loop 6' 166 SER Loop 9
11 ARG Alpha 63 LEU Loop 3 115 PRO Loop 6' 167 GLN Loop 9
12 GLN Alpha 64 ALA Loop 3 116 SER Beta 6' 168 TYR Loop 9
13 THR Alpha 65 TRP Loop 3 117 ILE Beta 6' 169 SER Loop 9
14 SER Alpha 66 ASN Loop 3 118 ARG Beta 6' 170 ARG Loop 9
15 ARG Loop 1 67 SER Loop 3 119 GLN Beta 6' 171 PHE Beta 9
16 PRO Loop 1 68 SER Loop 3 120 ARG Beta 6' 172 GLU Beta 9
17 ASP Loop 1 69 HIS Loop 3 121 PHE Beta 6' 173 ILE Beta 9
18 VAL Loop 1 70 SER Loop 3 122 SER Beta 6' 174 LEU Beta 9
19 ILE Loop 1 71 PRO Loop 3 123 CYS Cys Loop 175 ASP Beta 9

20 PRO Loop 1 72 ASP Loop 3 124 ASP Cys Loop 176 VAL Beta 9
21 THR Loop 1 73 GLN Beta 3 125 VAL Cys Loop 177 THR Beta 9
22 GLN Loop 1 74 VAL Beta 3 126 SER Cys Loop 178 GLN Beta 9
23 ARG Loop 1 75 SER Beta 3 127 GLY Cys Loop 179 LYS Beta 9
24 ASP Loop 1 76 VAL Beta 3 128 VAL Cys Loop 180 LYS Beta 9
25 ARG Loop 1 77 PRO Beta 3 129 ASP Cys Loop 181 ASN Beta 9
26 PRO Loop 1 78 ILE Loop 4 130 THR Cys Loop 182 SER Beta 9
27 VAL Beta 1 79 SER Loop 4 131 GLU Cys Loop 183 VAL Beta 9
28 ALA Beta 1 80 SER Loop 4 132 SER Cys Loop 184 THR Beta 9
29 VAL Beta 1 81 LEU Loop 4 133 GLY Cys Loop 185 TYR Beta 9
30 SER Beta 1 82 TRP Loop 4 134 ALA Beta 7+ Cys 186 SER Loop 10
31 VAL Beta 1 83 VAL Loop 4 135 THR Beta 7+ Cys 187 CYS Loop 10
32 SER Beta 1 84 PRO Loop 4 136 CYS Beta 7+ Cys 188 CYS Beta 10
33 LEU Beta 1 85 ASP Loop 4 137 ARG Beta 7 189 PRO Beta 10
34 LYS Beta 1 86 LEU Beta 4 138 ILE Beta 7 190 GLU Beta 10
35 PHE Beta 1 87 ALA Beta 4 139 LYS Beta 7 191 ALA Beta 10
36 ILE Beta 1 88 ALA Beta 4 140 ILE Beta 7 192 TYR Beta 10
37 ASN Beta 1 89 TYR Loop 5 141 GLY Beta 7 193 GLU Beta 10
38 ILE Beta 1 90 ASN Loop 5 142 SER Beta 7 194 ASP Beta 10
39 LEU Beta 1 91 ALA Loop 5 143 TRP Loop 8 195 VAL Beta 10
40 GLU Beta 1 92 ILE Loop 5 144 THR Loop 8 196 GLU Beta 10
41 VAL Beta 1 93 SER Loop 5 145 HIS Loop 8 197 VAL Beta 10
42 ASN Beta 1 94 LYS Loop 5 146 HIS Loop 8 198 SER Beta 10
43 GLU Loop 2 95 PRO Loop 5 147 SER Loop 8 199 LEU Beta 10
44 ILE Loop 2 96 GLU Beta 5 148 ARG Loop 8 200 ASN Beta 10
45 THR Loop 2 97 VAL Beta 5 149 GLU Loop 8 201 PHE Beta 10
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46
47
48
49
50

51
52

ASN
GLU
VAL
ASP
VAL

VAL
PHE

Loop 2
Beta 2
Beta 2
Beta 2
Beta 2

Beta 2
Beta 2

98
99
100
101
102

103
104

LEU
THR
PRO
GLN
LEU

ALA
ARG

Loop 5'
Loop 5'
Loop 5'
Loop 5'
Beta 5'

Beta 5'
Beta 5'

150
151
152
153
154

155
156

ILE
SER
VAL
ASP
PRO

THR
THR

Beta 8
Beta 8
Beta 8
Beta 8
Loop 9

Loop 9
Loop 9

202
203
204
205

LYS
LYS
GLY

Beta 10
Beta 10

98



APPENDIX B: ADDITIONAL FIGURES
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Figure B.1. Fluctuations of Beta subunit of LBD in nAChR in the average of slowest two modes
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Figure B.2. Fluctuations of Delta subunit of LBD in nAChR in the average of slowest two modes
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Figure B.3. Fluctuations of Gamma subunit of LBD in nAChR in the average of slowest two modes
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Figure B.4. Fluctuations of Beta subunit of nAChR in the average of slowest two modes
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Figure B.5. Fluctuations of Delta subunit of nAChR in the average of slowest two modes
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Figure B.6. Fluctuations of Gamma subunit of nAChR in the average of slowest two modes.
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Figure B.7. Fluctuations of Beta subunit of LBD of nAChR in the average of fastest thirty modes
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Figure B.8. Fluctuations of Delta subunit of LBD of nAChR in the average of fastest thirty modes
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Figure B.9. Fluctuations of Gamma subunit of LBD of nAChR in the average of fastest thirty modes.
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Figure B.10. Fluctuations of Beta Subunit of nAChR in the average of the fastest 30 modes
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Figure B.11. Fluctuations of Delta Subunit of nAChR in the average of the fastest 30 modes
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Figure B.12. Fluctuations of Gamma Subunit of nAChR in the average of the fastest 30 modes
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Cross Correlation A=C (mod 1-16), {16 Angstron}
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Figure B.13. Cross correlation map of subunit A and subunit C of AChBP.
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Cross Correlation A=D {mod 1-16), {16 Angstron}
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Figure B.14. Cross correlation map of subunit A and subunit D of AChBP.
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Cross Correlation A=E {nod 1-16}, (18 Angstron}
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Figure B.15. Cross correlation map of subunit A and subunit E of AChBP.
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Figure B.16. Cross correlation map of subunit Alpha-Gamma and Beta subunits of LBD of

nAChR.
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Cross Correlation D= LBD of 2869 (mod 1=18}, {18 Angstrom}
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Figure B.17. Cross correlation map of subunit Alpha-Delta and Gamma subunits of LBD of
nAChR.
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Figure B.18. Cross correlation map of subunit Alpha-Gamma and Beta subunits of nAChR.
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Figure B.19. Schematic representation of correlated mutation pairs of the Beta subunit in the full structure of nAChR
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Figure B.21. Schematic representation of correlated mutation pairs of the Gamma subunit in the full structure of nAChR
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Figure B.22. Slow 1-2 average fluctuations of Beta subunit of the LBD of nAChR.
Target = Cys Loop
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Figure B.23. Slow 1-2 average fluctuations of Delta subunit of the LBD of nAChR.

Target = Cys Loop
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Figure B.24. Slow 1-2 average fluctuations of Gamma subunit of the LBD of nAChR.
Target = Cys Loop
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Figure B.25. Slow 1-2 average fluctuations of Beta subunit of the LBD of nAChR.
Target = Loop 2
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Figure B.26. Slow 1-2 average fluctuations of Delta subunit of the LBD of nAChR.
Target = Loop 2
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Figure B.27. Slow 1-2 average fluctuations of Gamma subunit of the LBD of nAChR.
Target = Loop 2
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Figure B.28. Slow 1-2 average fluctuations of the Beta subunit of nAChR. Target = Gate
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Figure B.29. Slow 1-2 average fluctuations of the Delta subunit of nAChR. Target = Gate
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Figure B.30. Slow 1-2 average fluctuations of the Gamma subunit of nAChR. Target = Gate

340



+B_LoopS

=1 EB_Betall

B_Cysloop
Figure B.31. Graphic representation of the most visited paths which start from the Loop B of Beta subunit of LBD of nAChR and go to the Cys

Loop of the same subunit
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Figure B.32. Graphic representation of the most visited paths which start from the Loop B of Beta subunit of LBD of nAChR and go to the Loop

2 of the same subunit.



B_Loopd

Figure B.33. Graphic representation of the most visited paths which start from the Loop B of Beta subunit of LBD of nAChR and go to the Loop

9 of the same subunit
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Figure B.34. Graphic representation of the most visited paths which start from the Loop B of Delta subunit of LBD of nAChR and go to the Cys

Loop of the same subunit
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Figure B.35. Graphic representation of the most visited paths which start from the Loop B of Delta subunit of LBD of nAChR and go to the Loop

2 of the same subunit
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Figure B.36. Graphic representation of the most visited paths which start from the Loop B of Delta subunit of LBD of nAChR and go to the Loop

9 of the same subunit
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Figure B.37. Graphic representation of the most visited paths which start from the Loop B of Alpha-Delta subunit of LBD of nAChR and go to

the Cys Loop of the same subunit
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Figure B.38. Graphic representation of the most visited paths which start from the Loop B of Alpha-Delta subunit of LBD of nAChR and go to

the Loop 2 of the same subunit



137

0 Loopd
416
ETHE]
AD_Beta? s
382
4339
3856
7
T D _Cyzloop
g0 _Betalll

0 Loopd

Figure B.39. Graphic representation of the most visited paths which start from the Loop B of
Alpha-Delta subunit of LBD of nAChR and go to the Loop 9 of the same subunit
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Figure B.40. Graphic representation of the most visited paths which start from the Loop B of
Gamma subunit of LBD of nAChR and go to the Cys Loop of the same subunit
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Figure B.41. Graphic representation of the most visited paths which start from the Loop B of Gamma subunit of LBD of nAChR and go to the

Loop 2 of the same subunit
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Figure B.42. Graphic representation of the most visited paths which start from the Loop B of Gamma subunit of LBD of nAChR and go to the

Loop 9 of the same subunit
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Figure B.43. Graphic representation of the most used and shortest paths which start from the Loop B of Beta subunit of nAChR and go to the

Gate of the same subunit
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Figure B.44. Graphic representation of the most used and shortest paths which start from the

Loop B of Delta subunit of nAChR and go to the Gate of the same subunit
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Figure B.45. Graphic representation of the most used and shortest paths which start from the Loop B of Alpha-Delta subunit of nAChR and go to

the Gate of the same subunit
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Figure B.46. Graphic representation of the most used and shortest paths which start from the
Loop B of Gamma subunit of nAChR and go to the Gate of the same subunit.
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