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A bstract

Ligand Binding, Signal Transduction and A llosteric Regulation  

in A M odel o f the Transmembrane Portion of 

the 5-HT2 Receptor

by

Daqun Zhang

Advisor: Professor Harel Weinstein

A three-dimensional model of the transmembrane portion of serotonin 5 -HT2 

receptor is proposed based on various experimental results, physicochemical principles of 

protein structure prediction, computer graphic modeling and molecular dynamics (MD) 

simulation. Hie characteristics of the model are: (1) a shape similar to that reported recently 

for rhodopsin, another G-protein coupled receptor (GPCR) [1], (2) a helix-helix packing 

bearing the structural features of GPCRs which are distinctive from that of 

bacteriorhodospin [2], (3) the helix arrangement satisfying various inferences from 

experimental results (Chapter IV), (4) a structural response to ligand binding that is 

consistent with experimental observations of ligand properties and GPCR activation [3-5]. 

A new concept of polarity conserved position is proposed for structural comparison and for 

modeling specific helix-helix packing in trmsmembrane helix (TMH) bundles [2]. The 

unique arrangement of TMHs in GPCRs is also identified by integrating available 

experimental and theoretical study results. Ligand binding and signal transduction of the



receptor were studied by MD simulation of interactions between the model and various 

ligands from different chemical classes with different pharmacological, stereochemical 

properties, and affinities ranging from 5 to >10,000 nM. Quantitative correlation between 

ligand affinities and components of interaction energies were found, and the underlying 

mechanisms relating to ligand selectivities [4] and allosteric regulation of the receptor [5] 

were further identified. It is demonstrated that ligand/receptor interactions do not follow the 

pattern of "lock-and-key". In agreement with features observed from crystal structures of 

drug/enzyme complexes, different ligands are found to orient differently in the same 

binding region, and to induce different conformational changes in the receptor. Agonists, 

but not antagonists, induced specific conformational changes in intracellular portions of 

TMH5 and 6. These changes are proposed to be the mechanisms of signal transduction 

through the transmembrane portion of the receptor [3]. Conformational changes of the 

receptor are found to be explainable as rigid-body-like movements of TMHs relative to each 

other, propagated like a relay of leverage across the helix bundle of the receptor. Supported 

by the consistent results of mutation experiments and MD simulation, a hydrogen bond 

network involving TMH1, 2, 3 and 7 are proposed to be the instrument for allosteric 

regulation of the receptor [5], These results, for the first time, give rise to the mechanisms 

of signal transduction and allosteric regulation in a GPCR at molecular detail.



A cknow ledgem ents

Many friendly faces emerge in front of me as I recall the experiences on my way 

during the pursuit of the Ph.D. degree at Mount Sinai.

I am grateful to my supervisor Dr. Hard Weinstein for his years of patient, earnest 

and heuristic instructions, for his encouragement, critical judgement, and guidance in my 

research work. 1 am in dept to his friendship and personal concern. For years, in whatever 

forms I filed that had an item of "Emergency Contact", the name was always "Dr. Harel 

Weinstein".

I am grateful to my supervisors Dr. Roman Osman and Dr. Saul Maayani. I 

particularly thank them for giving me the first encouragements in academic achievement in 

my training program. Years have past; yet, the situations that Dr. Maayani showed me how 

to use pipet, and that Dr. Osman helped me to prepare my first student seminar have been 

in my fresh memory.

I would like to thank Dr. Lester Rubenstein for his helpful suggestions and 

discussions of my publications and thesis work.

I would like to express my special thanks to Mr. Janne Ravantti, our computer 

system manager. His responsiveness, knowledge, critical management, and particularly his 

willingness to give help facilitate my calculations and data preparations which gave the 

basic materials of this thesis.



vii

My special thanks are also to Ms. Maureen Milici and Ms. Millie Tolson at the 

Department Office for their years of help and assistance to my study. I cannot forget that 

Ms. Milici was the first person at Mount Sinai I talked with when 1 just arrived USA and 

still at JFK Airport. The assistance of Ms. Tolson is so impressive that one may 

involuntarily think of making a call to her while on the way of a joumey.

My special thanks are also to Ms Joyce Clateman for her voluntary instruction to 

my spoken English for about two years. Her kind help was so important that Dr. Weinstein 

said about my last student seminar that I would not be able to do as that well without her 

help.

I could never forget my supervisor Professor Cai Wenzheng for my M.S. training 

at the Department of Chemistry, South China Normal University in China. Without his 

encouragement and help, I could never have come to the USA for the training.

I cannot help mentioning my family for their continuous inspiration and support.



viii

Table of Contents

Abstract ......................................................................................................................  iv

Acknowledgements .................................................................................................... vi

List of Tables .............................................................................................................  x

List of Figures .............................................................................................................  xii

Chapter I. Introduction ...............................................................................................  1
A. The serotonin 5-HT2 receptor ...................................................................  1
B. The general model of GPCRs ...................................................................  5
C. The objective of this thesis work, strategy, and the main achievements . . .  8

Chapter II. The Concept of Polarity Conserved Positions (PCPs) ..............................  12
A. Conserved residues are not sufficient to define structural similarity  12
B. Finding the PCPs ...................................................................................... 13
C. PCPs in the transmembrane regions of GPCRs and BR ............................  16
D. The statistical significance of P C P s ............................................................  23
E. Concluding remarks .................................................................................... 25

Chapter III. Modeling the 5-HT2 Receptor..............................................................  27
A. Outline of the modeling process ................................................................. 27
B. Definitions of ligand interacting sites and binding region.........................  28
C. The comprehensive model of ligand binding region of 5-HT2 receptor . . .  29
D. Putative residues in the ligand binding region ............................................  31
E. The integrity of the 5HT2R m odel............................................................ 34
F. The proline kinks in TMHs ........................................................................ 37
G. Assembly of the helix bundle ...................................................................  39
H. Helix-helix packing ...................................................................................  44
I. Application of the ICP concept ...................................................................  44
J. Energy minimization, molecular dynamics simulation and the structures

of ligand/receptor model complexes ...................................................  45

Chapter IV. Helix arrangement and activity of chimeric GPCRs ................................  48
A. Study results pertaining to determining the helix arrangement ................... 49
B. An inference scheme for the helix arrangement identification .....................  50
C. Compositions and activities of chimeric receptors......................................... 53
D. Conclusion remarks ...................................................................................  61

Chapter V. The 3D Model of Transmembrane Domains of the 5-HT2 Receptor . . . .  63
A. Thermodynamic behavior of the model and the representative structure of

5-HT2 receptor ...................................................................................  63
Starting structures ............................................................................... 64
Equilibrium state .................................................................................  64



The representative structure of the 5HT2R ..........................................  65
B. Structural features of the 5HT2R m o d e l.................................................... 73

The relative arrangement of TMHs ...................................................... 73
The side chain torsional angles of residues in the model .....................  74
Hie distribution of polar residues ........................................................  77
The distribution of conserved residues............................................... 79

Chapter VI. Interaction Between Ligands and the Receptor Model ............................  83
A. The ligands selected for the study and the dynamic behavior of

ligand/receptor complexes ...................................................................  83
B. Ligand affinities and selectivides: putative role of TMH7 .......................... 87

Direct effects of ligand interactions with T M H 7................................  87
Indirect effects of ligand interactions with TMH7 ..............................  89
A testable hypothesis for the role of TMH7 ........................................ 94
Concluding rem arks............................................................................. 95

C. The ligand binding region of 5H T 2R ........................................................ 97
Limitation in the use of mutation experiments and deficiencies in the

"lockand-key” model ............................................................... 97
The ligand contacting sites of 5HT2R for the 7 ligands studied . . . .  102
The ligand binding region of 5H T 2R ............................................... 104
Orientations of ligands in the binding region -  not "key-like" .........  106
The geometries of ligand binding regions in 5HT2R -  not

"lock-like" ............................................................................. 113
Concluding rem arks..........................................................................  115

D. Mechanistic hypothesis of signal transduction: the activation of the
receptor ............................................................................................. 116
The structural effects of ligand binding and activation of the 5HT2R

model .................................................................................... 117
Rigid body movement of TMHs and leverage-like propagation of

ligand binding signal ............................................................  123
Concluding rem arks..........................................................................  127

E. Allosteric regulation of the receptor: putative role of a hydrogen bond
network .............................................................................................  128
The molecular machinery for allosteric regulation ............................  129
The D120/N mutant receptor of 5HT2R ............................................  132
Concluding rem arks..........................................................................  139

Chapter VII. Conclusions ........................................................................................  141

References ....................................................................... 143



X

List of Tables

Table 2-1. The first, the last and the conserved residues in each transmembrane
helix, selected for the sequence alignment..................................................... 14

Table 2-2. Interactions of polar residues with other polar and/or conserved residues
in the 7 transmembrane helices of bacteriorhodopsin .....................................  20

Table 2-3. Randomization test on polarity conserved positions ................................. 25

Table 3-1. Affinities of 5HT2R ligands with and without a hydrogen bonding group . 30

Table 3-2. Lengths of transmembrane regions used or proposed for modeling
GPCRs as reported in the literature....................................................................  37

Table 4-1. The incompatibility s c a le .........................................................................  58

Table 5-1. Symbols and simulation periods of average structures and energy
minimized average structures.............................................................................  65

Table 5-2 Energies (Kcal/mol) of energy minimized average structures and starting
structures ........................................................................................................  69

Table 5-3. RMS deviations of average structures and energy minimized structures 
resulted from simulations compared to starting structures of 3HT2R and 
BR...................................................................................................................... 69

Table 5-4. RMS among average structures and among energy minimized structures
of 5HT2R........................................................................................................... 71

Table 5-5. Distances between centers of helix cylinders of 5HT2R ........................... 72

Table 5-6. Distances between centers of helix cylinders of BR .................................. 72

Table 5-7. Angles of proline kinks in helices of 5HT2R ...........................................  72

Table 5-8. Angles of proline kinks in helices of BR ..................................................  72

Table 5-9. Torsional angles of residues in the model of 5HT2R.................................  77

Table 5-10. Centers and network of polar residues in the 5HT2R model......................  79

Table 5-11. Interactions between conserved residues and other residues in the
proximity within 4 A of side chains of the conserved residues. (Residues in 
parentheses are within 5 A of the side chains).................................................... 80

Table 6* 1. Ligands used in this study............................................................................  84



Table 6-2. Ligand-helix interaction energies (in Kcal/mol) in the 5-HT2 receptor
model .............................................................................................................  88

Table 6-3. Effect of ligand binding on the interaction energy (in Kcal/mol) between
each TMH and all the other helices of the 5HT2R model ................................ 91

Table 6-4. Effects of single site mutations on ligand affinities .................................. 99

Table 6-5. Ligand contacting sites of 5HT2R for the 7 ligands studied .................... 103



xii

List of Figures

Fig. 2-1. The distributions of polarity conserved positions (PCPs) in the 7 TMHs
of GPCR protein family (solid lines) and BR protein family (broken lines) . . .  18

Fig. 2-2. The angular spread of conserved polar positions in a projection of the
TMHs .............................................................................................................  22

Fig. 3-1. The transmembrane regions of 5HT2R model................................................  37

Fig. 3-2. Constraints on TMH relative positions imposed by ligand template ............ 40

Fig. 3-3. The polarity distributions of residues in the interfaces of TMH2/3,
TMH2/7, and in the surface of TMH 1 ............................................................  43

Fig. 4-1. Identification of helix arrangement in G-protein coupled receptors ..............  52

Fig. 4-2. Incompatible interactions between transmembrane helices of different
receptors in a2/f)2 adrenergic chimeras and the chimeras’ activities..............  56

Fig. 4-3 Incompatible helix-helix interactions when helices are arranged circularly
with TMH1 next to TMH7 as suggested in reference [6] ................................. 57

Fig. 4-4. Relations between percent stimulation of adenylyl cyclase [7] and the 
helix-position-dependent incompatible interactions of a2/f)2 adrenergic 
chim eras..........................................................................................................  60

Fig. 4-5 Comparison of residue polarity distributions in TMH1, TMH2 and TMH7
of a2, p2-adrenergic receptors ...................................................................... 61

Fig. 5-1 Energy and temperature fluctuations during molecular dynamics simulation
of the 5HT2R model..........................................................................................  66

Fig. 5-2. The RMS time series of 5HT2R model during dynamics simulation
compared to the starting structure....................................................................  68

Fig. 5-3 The representative structure of 5HT2R model ..............................................  75

Fig. 5-4. Distribution of conserved residues in 5HT2R model....................................  82

Fig. 6-1. Energy and temperature fluctuations during molecular dynamics
simulation of the S-HT/5-HT2 receptor model com plex................................  85

Fig. 6-2. The RMS time series of 5-HT/5-HT2 receptor model complex during 
dynamics simulation compared to the average structure for the same 
simulation period................................................................................................ 86



xiii

Fig. 6-3. Correlation between ligand affinities experimentally determined and
interaction energy terms calculated from simulated ligand/5-HT2 receptor 
complexes ......................................................................................................  90

Fig. 6-4. The molecular model of the transmembrane helix bundle of the 5HT2R in
the absence and presence of 5 -H T .................................................................... 92

Fig. 6-5. Relative orientations of 5-HT, TRYP and 5-HGR in the binding region of
5HT2R ......................................................................................................... 108

Fig. 6-6. The relative orientations of D-LSD and L-LSD in the binding region of
5HT2R ......................................................................................................... 109

Fig. 6-7. Superimposition of 7 ligands in binding region of ligand/receptor
complexes ....................................................................................................  112

Fig. 6-8 The superimposition of the helix segments including the six contacting
sites common for the seven ligands.................................................................  114

Fig. 6-9. RMS deviations (in angstroms) of the Ca in complexes between the 
5HT2R model and three indoleamine ligands, relative to the structure of 
5HT2R in the absence of ligands .................................................................  119

Fig. 6-10. RMS deviations (in angstroms) of the Ca in complexes between the
5HT2R model and four non-indoleamine ligands, relative to the structure of 
5HT2R in the absence of ligands .................................................................  122

Fig. 6-11. RMS deviations of C a in ligand/receptor complexes when superposition 
by least-square-fitting of the structural domains over the corresponding 
domains of the receptor in absence of ligand .................................................  125

Fig. 6-12. The molecular machinery for allosteric regulation of 5HT2R ................... 131

Fig. 6-13. Comparison of helix arrangements in model structures of
5HT2R(D120N) and 5HT2R ........................................................................  133

Fig. 6-14. Comparison of helix arrangements in model structures of
5HT2R(D 120N) and agonist/5HT2R complexes .......................................... 134

Fig. 6-15. RMS deviation of Ca in complex between the 5HT2R(D120N) mutant 
receptor and 5-HT, compared to the mutant receptor in the absence of the 
ligand ........................................................................................................... 136

Fig. 6-16. Quantitative correlation between ligand affinities and interaction energies 
of ligands with TMH7, including the 5-HT in 5HT2R(D12(VN) mutant 
receptor ........................................................................................................  138



1

Chapter I. Introduction

A. The serotonin 5-HTj receptor

Serotonin is a neurotransmitter. Studies on serotonin can be traced back to more 

than a century ago focusing on an endogenous vasoconstrictor substance in blood (see the 

reviews [8, 9] and reference therein). The endogenous vasoconstrictor was purified in 

1947, and given the name "serotonin” for its function as serum tonic factor. It was 

identified as 5-hydroxytryptamine (5-HT) and synthesized during 1948-1951 [10], which 

was suggested to mark the end of the first period in the saga of serotonin [8]. In early 

1950’s, 5-HT was found in central nervous system [11, 12]. In the following years, it 

became evident that 5-HT has a widespread distribution throughout the body and the brain 

[13, 14]. While the effect of 5-HT on the behavior of animals and man is still far from 

clear [9, 15], the vast accumulated knowledge about the wide range of behavioral 

characteristics that are modulated by 5-HT has led to the publication of a book entitled 

"Behavioural Pharmacology of 5-HT’ [16]. The efforts to identify a link between normal 

brain function, abnormal human brain function, and 5-HT have led to the development of a 

number of pharmacological agents that are currently on the market or in trial phase as 

therapeutic drugs for depression, anxiety, migraine, for various cardiovascular diseases 

such as hypertension, peripheral vascular disease, thrombotic or embolic episodes, to name 

a few [17].

There are many subtypes of receptors for 5-HT [18], It was shown for the first time 

in 1957 that there were at least two distinct 5-HT effects in guinea pig ileum. One effect
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could be blocked by dibenzyline and the sites were designated “D” receptor. The other 

effect could be blocked by morphine and the sites were designated “M” receptor (see [9] for 

review). The first identification of multiple 5-HT receptors in brain membranes was 

reported in 1979 [8, 19] defined by radioligand binding. The sites labeled distinctively by 

[3H]5-HT and [3H [spiroperidol were designated 5-HTi and 5 -HT2 receptors, 

respectively. In relation to the D, M receptors, the D receptor was shown to coincide with 

the 5 -HT2 binding sites, while the M receptor was suggested to be 5 -HT3 receptors (9, 

18]. Since then, more subtypes of the 5-HT receptors were found. In 1988, three subtypes 

of 5-HT receptors were cloned and sequenced, namely, 5-HTu [20], 5-HTjc [21], and 

5 -HT2 [22]. The significant sequence homology of these receptors in transmembrane 

regions, and the homology with other G-protein coupled receptors (GPCRs) facilitate the 

progress in identifying other subtypes of the 5-HT receptors. Now, more than 10 subtypes 

have been discovered [ 18], and quite probably there are still more [23]. Classification and 

nomenclature of these 5-HT receptors are still a confusing matter [18], Nevertheless, these 

receptors have two major classes. One belongs to ligand-gated ion channel receptor 

superfamily (18, 24], currently named of 5-HT3 receptors. The rest of the subtypes are in 

another class belonging to the GPCR superfamily. Among the GPCR subtypes, further 

classification can be made according to the pharmacological profiles of ligands, and the 

second messenger linkages [18, 24, 25]. Subtypes are named by adding one or two, if 

necessary, subscripts, the first one is an arabic number, and the second in letters, for 

instance, 5-HTu, 5-HT2,, etc. [18].

The 5 -HT2 receptor (5HT2R) is one of the subtypes best characterized with its 

functions (see [26, 27] and references therein). (5HT2R and the most similar subtype 

5-HTic were recently suggested to be re-named as 5-HT21 and 5-HT2c respectively (18].
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However, the old established nomenclatures of S-HT2 and 5-HTjc will be used throughout 

this thesis, for the convenience of checking the cited references). It is thought that the 

5HT2R affects migraine, anxiety, depression and various cardiovascular diseases {171. 

Some antagonists of 5HT2R are on the market or in trial phase for diseases, e.g., 

methysergide, ketanserin, ritanserin [17, 28]. The receptor is a member of the GPCRs. 

Upon binding of an agonist, 5HT2R activates the coupled G-proteins which then interact 

with the effector phospholipase C, resulting in phosphoinositidyl hydrolysis that generate 

two second messengers, diacylglycerol and inositol-1,4,5-triphosphate [29]. Numerous 

compounds have been tested for their activities at 5HT2R [30, 31], Unfortunately, as in 

other 5-HT subtypes, compounds thus far tested lack the selectivity for the receptor, 

selectivity for 5-HT sites versus other neurotransmitter binding sites and selectivity among 

various subtypes of 5-HT sites [30-331. There has not been any agonist that is highly 

selective for the receptor. Generally, ligands for 5HT2R also have a similar binding profile 

for 5-HTic receptors [32]. The typical 5-HT2 antagonist Ketanserin, which is commonly 

used for labeling the receptor sites and on the market as anti migraine drug, also has high 

affinity at histamine and adrenergic receptors [34]. At present, the lack of selectivity is the 

first main problem that gives rise to considerable uncertainty about the future therapeutic 

value of drugs that are ligands of various 5-HT receptor subtypes [15],

Mechanisms of interaction between various ligands and a receptor, or a ligand with 

various receptors could be revealed from studies of the related structures. Models are useful 

tools that could provide insight into the interaction mechanisms, particularly when the 

experimentally determined structures of the receptors are not available. Two types of 

models were proposed in attempts to elucidate the nature and the mode of interaction 

between 5HT2R and its ligands. One type focuses on the ligand and involves classical 

comprehensive models based on studies of the structure-activity/afHnity relationship for
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5HT2R ligands. This type of model describes the structural, and physicochemical 

properties either of the ligand binding environment, or of the ligands required to be 

recognized, without referring to the specific structural elements of the receptor, such as 

specific amino acid residues or the three dimensional structure. Two such models were 

reported, one by Glennon's group [31] which emphasized the geometry and properties of 

functional groups of ligands, the other one by our lab [35, 36] that focused on the effects 

of electrostatic properties of aromatic rings of different ligands. There is no doubt that 

models of this type are valuable because they could reveal the features of structural 

elements that confer the experimentally observed pharmacological properties of the ligands. 

The significant shortcomings of these models are that the dynamic response of the receptor 

to ligand binding are difficult to study, and it is difficult to establish the extent to which 

inferences represent direct tests of ligand/receptor interaction modes. The other type of the 

models is the receptor-based, makes use of the recently available amino acid sequences of 

the receptor. Three-dimensional (3D) structural models of the receptor are first constructed, 

and then putative interaction between ligands and the receptor are studied. In addition to 

publications from this work, two other such models were reported, one by Hibert's group 

[37], and the other by Dahl's group [38]. However, both Hibert's and Dahl’s models have 

deficiencies that are not consistent with experiment results. Hibert's model took as template 

the structure of bacteriorhodopsin which have been shown not be similar to that of a GPCR 

rhodopsin [1], nor to have the general structural features of GPCRs [2, 6] (also see below 

and Chapter II). In addition, the specific prediction of a hydrogen bond interaction between 

NH group on indole ring of 5-HT with a serine in TMH4 conflicts with structure-activity 

relationship data for the 5HT2R ligands which are in favor of non-polar, but not polar or 

hydrogen bond pattern of interaction with residues in the ligand binding pocket [31]. These 

models do not consider conformational changes induced by ligands. In Dahl's model, one 

of the most significant shortcomings is the relative positions of TMH2 and TMH3 in the
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helix bundle. The TMH2 is separated from TMH7 by TMH1, in conflict with the result 

revealed from reciprocal double mutation in gonadotropinreleasing hormone receptor [39] 

and in rhodopsin [40]. The TMH3 in Dahl’s model is one of the helices most exposed to 

membrane lipid; this conflicts with inference from sequence analysis [6], and helix-helix 

packing features of GPCRs [2], In addition, the prediction from Dahl’s model of a key 

direct interaction between protonated side chain group and the conserved Asp residue in 

transmembrane helix 2 of the receptor, is not supported by mutation experiments [41-43], 

implying that the key interactions between ligands and the receptor were not properly 

reflected by the model.

In my study, I used the strategy of the receptor-based modeling combined with the 

ligand-based models (see Chapter III) to construct the model of 5HT2R.

B. The general model of GPCRs

GPCRs are transmembrane proteins that transduce external signals into cells [44, 

45]. The signal transduction is initiated by binding of agonist ligands from the extracellular 

environment to a specific GPCR in the membrane of the cell. The binding induces 

conformational changes of the GPCR which stimulate the interaction between the GPCR 

and the coupled guanine nucleotide binding regulatory proteins (G-proteins). G-proteins

have three subunits a , p, and y, presumably located in the inner surface of the membrane.

The interaction between the GPCR and the G-protein causes the release of GDP from the 

G-protein which then binds GTP. The GTP bound G-protein dissociates from the GPCR, 

activates effectors such as adenylyl cyclase or phospholipase C that modulate the 

intracellular levels of specific second messengers [45, 46]. The ligands of GPCRs are
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structurally very diverse, including photons, odorant molecules, neurotransmitters and 

peptides [44, 45,47]. In contrast to this, the primary structures of GPCRs have a common 

pattern: they have seven highly hydrophobic regions with certain extent of sequence 

homology. [45, 48-52].

The 7 hydrophobic regions in the sequences of GPCRs are assumed to form 

antiparallel 7-transmembrane helix bundles, with the N-terminal of the sequences outside 

the cells. Until the recent report of the structural projection map of rhodopsin [1] (see 

below), this general model was derived by analogy to that of bacteriorhodopsin (BR) [44, 

46, 48, 53]. It was established mainly via the comparison between 3R and visual opsin 

(VO). The relationship and the assumptions were later extended to other GPCRs via the 

clue of sequence homology between VO and other GPCRs.

In 1975, Henderson and Unwin [54], by combining electron diffraction and 

low-dose electron microscopy, demonstrated that the structure of the single molecule of BR 

in its native trigonal form consisted of 7 transmembrane rods which were roughly parallel 

to each other and perpendicular to the plane of the membrane bilayer. Based on the shapes

and sizes, the rods were postulated to be transmembrane a-helices (TMHs), consistent

with many other experimental and theoretical studies [46], In 1990, the model was refined 

by applying electron cryo-microscopy to a resolution of 3.5 A in the direction parallel to the 

membrane plane, and 7.0 A in the direction perpendicular to the plane [52]. For VO, before 

the report of the structural projection map of rhodopsin, most experiments were done 

during late 70's and early 80's. Helical content embedded in the membrane, and the helices 

being almost perpendicular to the membrane plane, were revealed by low angle X-ray, 

CD, and linear dichroism (See ref. [46] for review and the references therein). However, 

the whole picture of VO was not obtained until it was predicted by theoretical study on the
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hydrophobicity profile of VO sequence which was shown to have 7 hydrophobic regions 

with defined lengths [55].

In 1982, two groups (Argos: [56], Kyle and Doolittle: [57]) independently 

published methods suitable for structural prediction of membrane proteins based on 

hydrophobicity of amino acid sequences. In 1983, Hargrave [55] applied Argos' prediction 

algorithm, detected 7 hydrophobic segments in the protein sequence of VO. It was noticed 

that numerous topographical studies using both chemical and enzymatic probes had shown 

that the hydrophobic regions were embedded in the membrane lipid bilayer. Therefore, the 

7 hydrophobic regions were assumed to be 7 transmembrane segments, and by analogy to

BR, predicted to be helical. In 1986, the first hormone GPCR P2-adrcncrgic receptor

(fo-AR) was cloned by Dixon and co-workers [58]. It was found that the sequence of the

receptor shares significant homology with that of VO. Also, the hydrophobicity profiles of 

the two proteins have similar pattern. Thus, the authors proposed a model of 7 TMHs for

(52-AR. The assumptions were accepted and have since been applied to all sequenced

GPCRs. It is of interest to note that at the time when the model of p2-AR was proposed,

the locations of the N-, C-terminals were not even known. They were determined about 

one year later [59].

The assumption of the 7-transmembrane helix bundle of GPCRs was proven to be 

correct by the recently reported structure projection map of rhodopsin [ 1J. It was shown by 

electronmicroscopy at 9 A resolution that the structure of rhodopsin projected on a plane 

parallel to the membrane had recognizable patterns for helices similar to that of BR. But, as 

shown by the authors [ 1 ], the molecular shape of rhodopsin is clearly different from that of 

BR. We have proposed that the differences are due to the difference in the intrinsic
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structural organizations caused by the differences in the distribution of polarity conserved 

positions (PCPs) between the two protein families ([2], see Chapter n). The exact topology 

of the rhodopsin on the projection map is yet to be solved, and it is yet to be known from 

which membrane side the map was projected.

Various experiments, particularly molecular biological studies by single site 

mutations and chimeric receptors of GPCRs, have shed much light on the structure- 

function relationships of the proteins. For neurotransmitter GPCRs, it has been 

demonstrated that the ligand binding sites are inside the transmembrane bundles [41, 60- 

63], and the regions interacting with G-proteins are mainly in the third intracellular 

connecting loops [64-67]. But, to interpret the data, to understand the specific interaction 

between ligands and receptors, and to understand the mechanisms of signal transduction, 

structures of GPCRs and their complexes with ligands are required.

Due to the lack of experimentally determined structures of GPCRs, while valuable 

information of pharmacological and molecular biological experiments are available, 

computer modeling studies of GPCRs became of interest, especially in the last two years. 

Indeed, more than 10 models were reported [38,46, 53,68-77], most of them using BR as 

structural template. While these models may suggest hypotheses for further experiments [3, 

37, 68, 78, 79], the lack of similar shapes between BR and GPCR underscores the 

shortcoming of GPCR models with BR structural shapes [1,2, 80].

C, The objective of this thesis work* strategy* and the main achievements

The goal of my thesis research is to further the understanding of the molecular
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mechanisms of ligand binding and activation at the 5HT2R. To achieved these goals, 

computer graphics modeling and computational simulation were applied to construct a 3D 

structural model of the transmembrane portion of the receptor, and to simulate the 

interaction between the receptor and the ligands.

The structure of the receptor is not known, nor arc the specific interactions between 

ligands and the residues of the receptor. In addition, there is no theory available pertaining 

to three dimensional (3D) structural prediction for membrane proteins. Thus, I implemented 

the ligand-based models (see Chapter I, A) of 5HT2R ligand binding region in modeling 

process (see Chapter III) so that the receptor model could provide an environment for 

ligand binding with properties as inferred from the pharmacological experiments. The 

strategy of constructing a receptor-based model is adopted because it could include the 

ligand-based model, and offer a possibility to refer to results of experiments on other 

GPCRs. The study is significant not only to the progress in studies of the 5HT2R itself, 

but also to the general understanding of structure-function relationships and the 

mechanisms of signal transduction of GPCRs, as well as to the exploration of modeling 

transmembrane proteins. In late 1990 when I started to model the 5HT2R with the

sequence, the only reported 3D models of GPCRs were rhodopsin and (32-AR constructed

by fitting the sequences to the low resolution electron density of BR [46, 74]. Some 

fundamental problems were not clear or not noticed at the time. For instance, is the 

helix-helix packing theory derived from soluble proteins applicable to model the 

transmembrane helix bundle? Is it a proper approximation to model only the transmembrane 

domains without the connecting loops? How would the structure of a GPCR look different 

from that of BR?

Significant progresses of my studies have been achieved. The model of 5HT2R I



proposed is the only one among all reported GPCR models to have a shape similar to that 

of rhodopsin [3], and to be consistent with the features of helix packing arrangement of 

GPCRs [2]. New evidence for structural similarity among GPCRs and the dissimilarity 

between GPCR and BR are provided by the finding of different patterns of polarity 

conserved positions in the two protein families [2]. Based on the finding, the new concept 

and method of polarity conserved positions are proposed for practical evaluation of 

structural similarity of transmembrane bundles among members of a protein family and the 

differences between different protein families [2]. Specific conformational changes in the 

regions most relevant to G-protein coupling due to ligand binding emerge for the first time 

from the simulations, and accordingly, a mechanistic hypothesis of signal transduction by 

the 5HT2R is proposed, consistent with molecular biological experiments of GPCRs and 

the pharmacological properties of the ligands [3, 81]. Quantitative correlations between 

experimentally measured ligand affinities and the components of interaction energies are 

obtained which provide insight into the ligand binding, selectivity, and allosteric regulation 

of the receptor [4,5], The modes of specific interactions between ligands and the receptor 

are found to be neither the "lock and key" model, nor the induced fit. Rather, it is the 

accommodation of ligands in a specific region of the helix bundle characterized by a set of 

residues conserved relatively more specifically among neurotransmitter GPCRs (Chapter 

VI, C). Some of the results have been published or reported as the references indicated 

above, of which the proposed signal transduction mechanism [3] was recognized as a 

significant discovery reported by Chemical & Engineering News in the special column of 

Science/Technology Concentrates [82].

In the following, the concept of polarity conserved positions is first discussed, 

since it provides one of specific criteria (matches of polar residues in adjacent helices) for 

the construction of the 3D model of the receptor. The detailed process for modeling the
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5HT2R is presented Chapter III. The identification of the helix arrangement in GPCRs is 

discussed in Chapter IV. This identification was the general consideration that was clarified 

by experimental findings and theoretical considerations after the 5TH2R model was 

constructed. The modeling results of the 5HT2R model and discussion of the inferences 

from computational simulations with this 5HT2R model are then presented in Chapter V 

and VI.
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Chapter II. The Concept of Polarity Conserved Positions (PCPs)

A. Conserved residues are not sufficient to define structural similarity

The structures of GPCRs are assumed to be similar due to sequence homology in 

the transmembrane regions [45,48,53,77, 83,84]. But, when sequences of various types 

of the receptors are aligned [6, 49], only 3 or 4 residues are identical out of 160 - 190 

residues in the regions. If the stringency is reduced to 80% occurrence, only 14 residues 

are shared by the GPCR sequences [6]. Members within one family of receptors, such as 

5-HT receptors, have higher degrees of homology [85]. Nevertheless, the extent of overall 

sequence identity among 25 cationic neurotransmitter receptors [49] is less than 15% in the 

putative transmembrane regions. The percentage identities in transmembrane regions 

between a member of GPCRs and a member of BR protein family (see Fig. 3. of reference 

[77] ) may exceed 15%. It has been shown by electron density projection maps that the 

structure of a member of GPCRs, rhodopsin, is clearly different from that of BR [1]. 

Thus, the extent of conserved residues alone is not sufficient to define the structural 

similarity. There must be other identifiable conserved properties that contribute to specific 

packing of helices into the bundles, which must be shared by the different proteins with 

similar structures.

To identify the properties underlying the structural organization of transmembrane 

membrane proteins, previous investigations have focused on the alignment of sequences 

[48, 86, 87], angular periodicity of residues (50, 51] and tendency of helical faces to orient
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toward the protein interior or lipid membrane [6,50, 51, 56], These methods, however, do 

not provide tools for specific packing of helices into bundles, nor offer clues to evaluate 

structural similarity among members of a protein family.

In the study described below, a new conserved property relating to specific packing 

of helices into bundles is discovered. This conserved property is the polarities of residues 

at certain positions in the transmembrane regions. Accordingly, a new concept of polarity 

conserved position (PCP) is proposed and applied to determine structural similarities 

among members of a transmembrane protein family based on properties that relate to 

specific packing of helices into bundles. The application of this new concept to evaluate the 

structural feature of GPCRs and BRs reveal that in the helix bundle of GPCRs, there are 

two TMHs in relative center positions, whereas, there is only one in the helix bundle of 

BR. The application of the new concept also offers a promising perspective on the relative 

arrangement of helix in the bundle of GPCRs, as shown in the 5HT2R model (see Chapter 

IV).

B. Finding the PCPs

Conserved properties are identified by examining aligned amino acid sequences. 25 

sequences of cationic neurotransmitter receptors (the GPCR set) (sequences 4 - 28 in 

Figure 2 of reference [49]) are used to generate the data. Sequences of 6 members of the 

BR protein family (the BR set) identified in SwissProt data bank [88] include (protein name 

followed by SwissProt file name in parenthesis): bacteriorhodopsin (Bacr_Halha), 

archaerhodopsin 1 precursor (Bacl_Halsl), archaerhodopsin 2 precursor (Bac2_Hals2), 

natronobacterium pharaonis halorhodopsin precursor (Bach_Natph), halobacterium sp
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halorhodopsin precursor (Bach_Halsp), sensory rhodopsin I (Bacs.Halha). The two sets 

of protein sequences examined here have a comparable number of conserved residues, 22 

in the GPCR set, and 24 in the BR set.

Sequence alignment, as well as assignment of transmembrane regions of GPCRs 

are based on reference [49]. Gaps in the original sequence alignment are filled by shifting 

the gaps to the regions of connecting loops, in directions up or down the sequence 

determined by the position of the gaps relative to the conserved residue selected for each 

TMH. Using the sequence of 5HT2R as numbering reference [89], the first and last 

residues of each TMH as well as the conserved residues are listed in Table 2-1. Sequences 

of BR set are aligned by running program Pileup from the GCG sequence analysis 

software package [90]. TMHs are assigned according to reference [52]. Gaps in 

transmembrane regions in the aligned sequences are filled by shifting them to the nearest 

connecting loops.

Table 2-1. The first, the last and the conserved residues in each transmembrane helix, 
selected for the sequence alignment________________________________
Helix First residue Conserved residue Last residue
TMH1 Lys74 Asn92 SerlOO
TMH2 T yrlll Asp120 Leu 133
TMH3 lie 150 Asp155 Leul71
TMH4 Lys191 Trp200 Leu215
TMH5 Asn233 Phe243 Leu256
TMH6 Leu325 Tip336 fle348
TMH7 Leu361 Asn376 Asn384

For simplicity, the 20 natural amino acids are divided into two groups: polar and 

apolar. The polar residues include: Asp, Asn, Glu, Gin, Arg, Lys, His, Cys, Ser, Thr and 

Tyr. An index P is defined to reflect the extent of conservation of residue polarities at a 

given position. P is the fraction of polar residues at a given position in sequences of a
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protein family aligned according to homology. A position in the aligned sequences is 

considered as a polarity conserved position (PCP) if more than 80% of the residues found 

at the position are either all polar, or all apolar. Thus, the position with P £ 0.8 is 

considered as a conserved polar position. Similarly, P £ 0.2 indicates a conserved apolar 

position.

The distribution patterns of PCPs in the compared protein families are examined by 

plotting the P values versus relative residue numbers (Fig. 2-1), and by projecting the 

conserved polar positions on helix wheels viewed from the extracellular side with the 

rotational angle of successive residues taken as 100° (Fig. 2-2). Some of the structural roles 

of polar residues at conserved polar positions and at other positions are examined from the 

proximity table (Table 2-2) that lists residues within 5 A of the side chain atoms of the polar 

residues in structure of BR [52],

The statistical significance of the PCP identifications (Fig. 2-1) and of the observed 

tendency for polar residues at PCPs to cluster with polar residues and conserved residues 

in adjacent TMHs (Table 2-2) are evaluated with a comparative procedure against 

randomized sequences. This approach is analogous to that used in assessing sequence 

similarities [91]. The procedure of identifying PCP (see above) is repeated for sequences 

obtained by randomizing the original set of sequences. The set of random sequences of BR 

or GPCR are then aligned, and the PCPs (polar or apolar) that occur by chance are 

counted. The average number and standard deviation of the PCPs occurring by chance in 

the seven TMHs are calculated from 100, 200, 500, and 1000 randomizations. These 

averages and standard deviations are then used to evaluate the statistical significance of 

PCPs in the authentic sequences aligned according to homology.
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Similarly, the statistical significance of the tendency for polar residues at PCPs to 

interact with polar residues and conserved residues in adjacent TMHs (Table 2-2), 

identified as outlined above, is also evaluated against random rearrangements of the 

sequences and compared to the interaction patterns of polar residues at non-PCPs. The 

fraction of polar and conserved residues in BR (termed f), and the average number of 

residues in adjacent TMHs within 5 A of the side chain of any residues (termed W) are 

calculated from the structure of BR. Taking the W as a window, the number of polar 

residues and conserved residues in this window is considered to follow a binomial 

distribution, with a mean W*f and a standard deviation as the square root of (W+f(l-f)} 

[92]. These average results for a random structure are compared to the average number of 

contacts of polar residues at PCPs (Table 2-2, upper panel), and of those not at PCPs 

(Table 2-2, lower panel) calculated for the authentic structure.

C. PCPs in the transmembrane regions of GPCRs and BR

In Fig. 2-1, the P values are plotted against the relative positions of residues in the 7 

TMHs of GPCRs set (solid lines) and BR set (broken lines). The P plots manifest some 

notable features: 1) Both GPCR and BR sets have P values equal or close to 1, as well as 

0, indicating that sequences of both protein families have PCPs. 2) The distributions of the 

PCPs are different between GPCR and BR sets. The differences pertain to the values of P, 

their locations in TMHs, and intervals between the positions within a given TMH. The 

PCPs of a protein family identified from the positions with P £ 0.8 as well as P £ 0.2 

constitutes a characteristic pattern of polarity distribution over helix surfaces because most 

members of the protein family will have the same polarities at the positions. This pattern 

provides information that is not included simply in the identification of conserved residues,
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because all conserved residues arc at PCPs but, not all PCPs are occupied by conserved 

residues.

The patterns of PCPs identify collective properties of the TMHs and helix bundles. 

They are related to helix-helix specific packing because the patterns of polarity distribution 

on helix surfaces should indicate the specific contacts of the helices that are likely to 

interact. In interfaces, proteins interact by placing hydrophobic centers of one surface 

against hydrophobic centers of the other surfaces, and a similar matching of hydrophilic 

centers [93]. This conclusion is based on observations from the structures of soluble 

proteins, but is applicable to the helix-helix interfaces of GPCR and BR. The connecting 

loops in the helix bundles of GPCR and BR should not significantly interfere the 

interactions in the surfaces of adjacent TMHs. This is because the roles of the connecting 

loops in determining the structures and functions of the helix bundles arc negligible as have 

been demonstrated in adrenergic receptors [7,94-96] and BR [97], as well as cytochrome 

b-562 [98] by experiments specially designed to evaluate their functional and structural 

roles, and to test the hypothesis that individual helices in a polytropic membrane protein can 

act as separate folding domains [97, 99, 100], In addition, significant similarity in some 

critical aspects of the structural organizations of membrane proteins and of soluble proteins 

are noted from atomic packing densities and hydrophobic organizations [51, 101]. 

Therefore, the existence of characteristic patterns of polarity distribution on helix surfaces 

of GPCR and BR indicate that members of each protein family share helix-helix packing 

patterns, and thus similar structures. However, the characteristic patterns are different for 

the GPCR and BR sets, indicating that the TMHs of the two protein families are packed 

into bundles differently.
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Table 2-2 lists the polar residues and conserved apolar residues within 5 A of side 

chain atoms of polar residues in the BR structure [52]. Note that polar residues at PCPs 

(upper panel of table 1) cluster together with polar and/or conserved residues of adjacent 

TMHs, as expected if hydrophilic centers are matched between adjacent helices (Tyrl55 is 

the only exception which faces membrane lipid). In contrast, polar residues not at PCPs 

(lower panel of table 2-2) generally do not cluster with polar residues of adjacent TMHs, 

indicating that they contribute little to the specific packing of the TMHs into the bundle. 

These residues are mostly Ser and Thr which have been shown to form intrahelical 

hydrogen bonds and to be accepted on the helix face exposed to the membrane [ 102]. In 

BR, it is noticed that Thr and Ser distribute nearly equally between PCPs and non-PCPs, 

which is also consistent with the finding from the crystal structure of Photosynthetic 

Reaction Center that in transmembrane regions, there is no preference for the Ser/Thr 

residues to face membrane lipid bilayer or the interior of the protein [ 101 ]. Inspection of the 

BR structure [52] indicates that most of these polar Ser/Thr residues actually do face the 

membrane lipid when they are not at PCPs.
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Table 2-2. Interactions of polar residues with other polar and/or conserved residues in the 
7 transmembrane helices of bacteriorhodopsin (A to G) measured as the proximity of 5 A 
among side chain atoms of the polar residues. Upper panel: polar residues at conserved 
polar positions. Lower panel: polar residues at polarity unconserved positions. Bold: 
conserved polar residues. Bold and italics: conserved apolar residues.______________
TM H# Residue Inter-helix interactions Intra-helix interactions
B Lys40 {Facing membrane)

Thr46 C: Aap96 Tyr43, Thr47
T yr57 A: U u l S ,  Thr 17; C: Asp85; G: A .p212

C A rg82 G: Glu204, Thr205 Tyr83, Trp86
T yr83 D: Glyl22\  F: T rp l89 Arg«2, Try 88
Asp85 B: Tyr57; G: A*p212 Arg82, Trp86, Tbr89
Thr89 (Binding retinal) AipSS, Trp86 ,Thr90
ThrVO D: A . p i t 5; F: Trpl82 Trp86, Thr89, Pro91

D A s p l lS C: TrpSf;  Thr9#, Pro91 M a i l  18
Thrl21 E: S er l4 1 M ail  18,  G l y l 22

E S e r l4 1 D: Mail 18, Thr 121 Thr 142
Thrl42 F: Pro 186 5 « r l4 1
Tyrl50 Tyrl47

F Serl69 G: Arg225 Thrl70
Lys172 (Facing membrane) Seri69, Pk»I71,  Argl75
Argl75 E: U u l $ 2 ,  Thr 157 Lys172, Asnl76
T y r l8 5 C: Trp8t\  G: Leu211 , Asp212 Trpl82, Pro 186

G Glu204 C: A rg82 Thr205
Thr205 A: L 'u l3 \C :  A rg82 Glu204
A«p212 B:Tyr57; C: Asp85,7TpS4; F:Tyr1S5 Leu211,  Lya216
L y s 2 1 6 (Forming Schiff base with retinal) A .p212, A i a l l S
Arg225 F: Seri 69

A Thr 17 B: Tyr57, Ser59 LoulS
Thr24 B: Thr47, Pro SO
Tyr26 Lys30
Lys30 Tyr226

B Lys41 Asp38, Lys40
Tyr43 Lys40. Thf47
Thr47 A: Thr24 Tyr43, Thr46
Thr55 Scr59
Ser59 Thr55

C Asp96 B; Thr46
E Tyrl47 TyrlSO

Thr157 F: Argl75
F Thr170 Ser 169

Asnl76 Lys 172, Argl75
Thr178 Argl75, TrplSO
Serl83

G Sct214

The results of this analysis show that the PCPs of a particular set of proteins (BR)
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reflect the collective properties of helix surfaces relating to helix-helix packing. 

Consequently, the application of the PCP concept to the analysis of sequence alignment of 

protein families suggests a classification of the polar residues in TMHs into two groups. 

One group includes the polar residues at PCPs, which tend to match hydrophilic centers of 

other TMHs or interact with head groups of membrane lipid molecules [ 103], The other 

group of polar residues is not associated with PCPs, tending to face the membrane. This is 

illustrated in Fig. 2-2, which shows the projections of conserved polar positions on helical 

wheels. The key structural information provided by these projections is the central angle of 

the arc over which the conserved polar positions are distributed. The angle represents the 

minimum surface sections of the TMH that is likely to be surrounded by other TMHs. This 

inference about helix packing is based on the consideration that given the hydrophobic 

nature of the membrane interior, the hydrophilic centers composed of polar residues at 

PCPs in a TMH can only match hydrophilic centers of adjacent TMHs, except for end 

regions where polar residues may interact with head groups of membrane lipid molecules. 

As the result, the helix faces that expose polar PCPs will be surrounded by other helices 

rather than by the lipid.



A. BR set

TMH2 TMH3
Y57 T46 o#5

MO*

TMH4

D38

T89

60*

Y83 T90

TMHS

5141

100*

T12

TMHS TMH7
R225*

Y1B5.

K21
TZOS 0212R175*

B. GPCR set
TMH1 TMH2

TMH4
.5207

TMHS

G

D120

S115

TMH3

HI 65

T MHS

Y255

ri

TMH7
Y 3 8 0 S 3 7 3

N3 7 6 ^ ^ H ^ v * 384 
VY370

M335 S3 72 N363

Fig. 2-2. The angular spread of conserved polar positions in a projection of the TMHs. The helix wheels are viewed bom extracellular side. Each 
conserved polar position is represented by (be end point of an arrow originating at the helix axis, pointing to the helix surface. The rotation mgle 
between successive residues is taken as 100°. Tlie spread is measured by the central angle of the are over which the conserved polar positions are 
distributed. (A) Far the 6 members of bacteriarhodopsin protein family, with bacteriorbodopsm [52] as reference. The arrows in light gray point 
to the position of residues marked with the symbol (*) that are at the helix ends and face the membrane according to the known structure [52]. (B) 
Far the set of 25 G-protein coupled receptors, with the amino acid sequence of 5-HT2 receptor [89] as reference.
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Analysis of the projections in Fig. 2-2 suggest several comparative features of the 

GPCR and BR sets. The central angle of 160° in the helical wheel of TMH3 is the largest 

one observed in the BR set, indicating that this helix is buried by other TMHs in a central 

position of the helix bundle of BR. This feature revealed by applying the concept of PCP, 

is consistent with its unique relative center position in the helix bundle of BR 

experimentally determined [52], In the GPCR set, however, both TMH3 (with the arc 

central angle of 220°) and TMH7 (with the arc central angle of 180°) have a large angle for 

the conserved polar positions on helix wheels, suggesting that there are two TMHs in the 

GPCR set that are buried among the other TMHs like TMH3 of BR. Again, this is 

consistent with the feature of structural projection map of rhodopsin 11]. The implication 

that TMH3 and TMH7 of the GPCR set have the smallest surface area exposed to the 

membrane environment is also consistent with the result of analysis on residue variation of 

GPCRs among species [6],

D. The statistical significance of PCPs

The existence of the PCPs identified are statistically significant. As shown in Table

2-3, the number of polar PCPs in the BR set is about 20 standard deviations away from the 

mean of 1.18 identified by chance in the randomized sequence, while none by chance in the 

GPCR set. The number of apolar PCPs are also more than 12 standard deviations away 

from the mean of 23.72. The statistical significance of the PCPs (Table 2-3) thus supports 

the importance of the PCP patterns suggested by these findings. The fractions of polar 

residues in the BR and GPCR sets are about the same, 0.276 and 0.282 respectively. The 

numbers of polar PCPs are also quite close (Table 3). The apparent number of apolar PCPs 

in the BR set is more than that of the GPCR set. However, if the number of mean
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occurrence by chance and 3 standard deviations are subtracted, the numbers of apolar PCPs 

in the BR and GPCR sets are again quite close. Note that while the similarity in the 

number of PCPs in the authentic BR and GPCR sets might be a coincidence, it is more 

likely that it reflects a key architectural feature of the seven TMH bundles. With an average 

length of about 25 amino acids, a TMH incorporates about 7 helical turns. From the data in 

Table 3, each helical turn would have an average of 1.3 PCPs and a distribution of polar 

versus apolar PCPs that is characteristic of a protein family (Fig. 2-2) therefore defining the 

helix-helix packing.

The tendency of clustering of polar residues at PCPs with polar and/or conserved 

residues in adjacent TMHs (Table 2) is also well above random, in contrast to polar 

residues not at PCPs. Explored as described above (page 16), in the BR structure, each 

residue has an average of 2.157 residues within 5 A of the side chain in adjacent TMHs 

(this is the window W). The total number of polar-PCP and conserved residues is 55, and 

the total number of residues defined in TMHs is 159, yielding a value of 0.346 for the 

fraction of polar-PCP and conserved residues (termed 0- The mean W*f of interaction with 

polar-PCP and conserved residues is therefore 0.746, with a standard deviation of 0.699. 

One unit of standard deviation above the mean is 1.445. From Table 2-2, it can be 

calculated that the average number of interactions for a polar residue at a PCP in the 

authentic structure is 1.478, well above the average. For a polar residue not at a PCP, the 

corresponding value is 0.412. These data support the observed tendency of a clustering 

preference for polar residues at PCPs, although the small window does not permit a 

conclusive statistical assessment since residues are considered either to interact or not to 

interact according to the distance criterion.
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Table 2-3. Randomization lest on polarity conserved positions
Data PCP Number Average number in randomized sequences (*)
set inauthentic 100 runs0>) 200 runs(b) 500 runs(b) 1000 runs(t>)

sequences
BR polar 24 1.16 (0.98) 1.23 (1.11) 1.19 (1.04) 1.18 (1.06)

apolar 79 23.08 (4.59) 23.26 (4.42) 23.55 (4.43) 23.72 (4.44)
GPCR polar 21 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)

apolar 42 0.09 (0.29) 0.09 (0.29) 0.07 (0.26) 0.05 (0.23)
<■>. The average number of PCPs calculated from the randomized sequences, and the 
standard deviation - in parentheses. Number of sequence randomization runs for the 
calculation of average PCP numbers.

E. Concluding remarks

The new concept of polarity conserved positions offers a tool to evaluate the extent 

of expected structural similarity among protein families based on explicit physicochemical 

properties, and backed by observations from known structures. Since the requirement for 

matching the hydrophilic centers is positioning the polar surfaces away from the interface 

with the lipid membrane, the PCP also provides information on the orientation of a TMH 

with respect to membrane environment. Thus, prediction from the PCPs regarding the 

preferences for the surface orientation should also include any inferences from the analysis 

of hydrophobic momentum [ 104] and periodicity of conserved residues [50,511. Since the 

match of hydrophilic centers, as well as hydrophobic centers among TMHs determines 

their specific packing, the comparison of PCPs should be useful in evaluating the extent of 

similarity in the structures of comparable transmembrane protein domains. The difference 

in the packing arrangement predicted for the family of GPCRs compared to that of BRs 

further underscores the drawbacks in the use of BR as a template for the construction of 

molecular models of the transmembrane domains of GPCRs [3, 6, 71, 80]. On the other 

hand, de novo modeling efforts should profit from the definition and analysis of the PCPs
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in the particular family of the modelled GPCR. The matches of hydrophilic centers of 

helices as guides for packing in the bundle should be obtainable from such analysis. They 

have to be carried out with special caution if the polar residues are at the end regions of the 

TMHs, in view of the likely interaction with the polar head groups of the phospholipids in 

the membrane [ 103].
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Chapter III. Modeling the 5-HT2 Receptor

When I started to model the structure of 5HT2R, the concept of PCPs was 

proposed (in my proposal of second level examination), but not as systematically 

formulated as in the publication (see [2], or Chapter II above). The suggestion that TMH3 

and TMH4 are close to TMH7 was part of the initial assumptions, but the 7 helix 

arrangement was not defined as described in Chapter IV below. Rather, the modeling 

proceeded according to a modeling scheme depending more on the ligand template and 

SAR data. The modeling scheme proved to be quite successful, as indicated by the results. 

In this Chapter, I document the original modeling process and various considerations. 

Some of the initial ideas have been developed further, such as the concept of PCP (Chapter 

II), the proposed arrangement of helices (Chapter IV), the functional integrity of the 

transmembrane domain. Others parameters in the construction of the model remain as 

hypotheses, such as the specific conformations of proline kink and the basic assumptions 

made in the construction of the helix domains as well as the details of the simulations 

described in a chapter V. Undoubtedly, some of these basic assumptions will need to be 

modified according to subsequent findings, such as the identification of the residues in the 

ligand binding region.

A. Outline of the modeling process

The modeling process includes three major steps:



28

(1) Derivation of a comprehensive model of the ligand binding region. A 

comprehensive model of the ligand binding region of the receptor is first derived by 

combination and refinement of two ligand recognition models proposed in the literature, 

based on structure-affinity relations (SAFIR) and chemical physical features of ligands [31, 

35, 36], Putative residues of the ligand binding region in the receptor sequence are then 

determined according to the requirement of the comprehensive model of ligand binding 

region, and the analysis of the amino acid sequence of the receptor and of results from 

studies of molecular biology of this and other GPCRs.

(21 Assembly of the helical bundle. The relative positions of the putative residues at 

the ligand binding region obtained in step 1 ate used as constraints in determining relative 

positions of the involved TMHs, while the positions of the remaining TMHs are 

determined by the guideline of maximizing possible interactions among conserved residues, 

and among polar residues. Other criteria and guidelines are also applied as detailed below.

(3) Molecular dynamics (MD1 simulation and energy minimizations. A structure of 

the model assembled in step 2 is subjected to MD calculations so that the model acquires 

defined physicochemical properties under the approximation of the MD simulation 

conditions. The energy minimized average structure is used as the starting structure for 

subsequent studies of interaction between the model and ligands in the receptor. Ligands 

are roughly docked into the putative ligand binding region. Molecular dynamics simulations 

are applied again to obtain the structure of ligand/receptor complexes and to study the 

interactions between ligands and the receptor.

B. Definitions of ligand Interacting sites and binding region
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A ligand embedded in the TMH bundle of the receptor interacts with several 

residues, while a specific region of the receptor may accommodate different ligands. For 

clarity, two terms are defined below:

Ligand interacting site: Refers to a specific residue that interact with ligands, within certain

distance from a bound ligand, or a small region in space being part 

of the ligand binding region (see below) that possesses certain 

physicochemical and/or geometric properties.

Ligand binding region: A specific region of space in the receptor, defined by the

assembly of the residues that are the ligand interacting sites, 

where ligands of the receptor are accommodated.

The two terms are used throughout. The popular term of "ligand binding site" can 

be considered as equivalent to the "ligand binding region", but will not be used here so as 

to avoid confusion when discussing the interaction between ligands and residues.

C. The comprehensive model of ligand binding region of 5-HT2 receptor

In Glennon's comprehensive model [31], it was suggested that there is a functional 

site in the receptor interacting with a hydroxyl or alkyoxy group of a ligand corresponding 

to the 5-OH of 5-HT. This may be a site containing a functional group capable of forming a 

hydrogen bond with a ligand, or, it may not have a specific functional group, but possesses 

a positive electrostatic potential. By examining the comparable ligand binding data (Table

3-1), it is found that the affinity change between compounds in a pair, with and without a
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hydrogen bonding group, is consistently within the difference induced by an uncharged 

hydrogen bond interaction, e.g. a factor of 2 - 20 [105]. Therefore, I concluded that the 

region interacting with the ligands must have a hydrogen bonding group.

substituent Ki(l) nM substituent Ki(2)nM Ki(iyKi(2) ref
phenalkylamines H 43000 2-OMe 8100 5.3 c

3,4-(OMe)2 43000 2,4,5-(OMe)3 1700 26 d
indolalkylamine H 1300(11)- 5-OH 750(3) 1.7(3.7) e

5-OMe 300(3) 4.3(3.7)
5-OBzl 360 3.6

DMT H 1200(64) 5-OH 480 2.5
5-OMe 600(15) 2(4.3)

arylpiperazine
l-NPb H 18 7-OMe 1.8 10 f

are for DOB labeled site
b. The structures are shown below.

l - NP
Q

0 6

7-O M e-N P c k j o

c ref. [106]. d. ref. [107]. e. ref. [108]. f. ref. [31]

Glennon's model also suggested that the region interacting with the substituent at 

the C4 position of phenylalkylamine derivatives, or N l, C7 region in the indole ring of 

5-HT is hydrophobic. Since substitution of the methyl group of 1 -(2,5-dimcthoxy-4- 

methylphenyl)-2-aminopropane (DOM) at C4 position with hexyl or octyl groups yields 

ligands with the highest affinity of phenylalkylamines thus far reported [31, 109], the site 

should also have certain extent of bulk tolerance. If the interaction involves specific amino 

acid residues, there should be one or more large, and flexible nonpolar side chains of 

residues in the site.
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Combining the two comprehensive models of Glennon's [31] and our lab's [35, 

36], with the further specifications described above, the geometric and physicochemical 

properties of the ligand binding region emerged as described below:

(1) A negatively charged group interacts with the protonated amine group of a 

ligand. (2) On each side of the aromatic ring plane of a ligand, there is an aromatic side 

chain. (3) Around the D ring of LSD, there is a site of bulk tolerance, e.g., large 

substituents situated in the vicinity of the site can be accommodated by the receptor without 

significant change in the affinities of ligands. (4) There is a hydrophobic and tolerant site 

composed of one or more large and hydrophobic residue side chains, surrounding C7-C7»- 

N region of indole ring of 5-HT or a comparable part in non-indolic agents. (5) An 

uncharged hydrogen bonding site is located in the vicinity of the 5-OH group of 5-HT. (6) 

The distance between the amine group and the center of the aromatic ring of a ligand is 

approximately 5.0 to 5.5 A.

D. Putative residues in the ligand binding region

The choice of putative residues in the ligand binding region is guided by: (1) The 

properties required by the comprehensive model of the ligand binding region as identified 

above must be satisfied. (2) Inferences or implications from experimental studies on other 

GPCRs could be extendable to 5HT2R. (3) Residues corresponding to sites of the 

comprehensive model unique to 5HT2R should also be unique in the sequences when other 

available sequences of 5-HT receptor subtypes are aligned and compared.

Thus, Asp 155 in TMH 3 (TMH3:Aspl55) was assumed to be the negatively
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charged group interacting with the protonated amine group of a ligand. This assumption 

was originally based on observation from mutation of Aspl 13 with Asn in TMH3 of (32-

AR, and the sequence similarity among GPCRs that bind amine ligands [60, 110]. 

Recently, mutation of the Aspl55 in 5HT2R was reported [41], When Asp 155 is mutated 

with Asn, the mutant has reduced affinity for agonists (~ 30 fold) and for antagonists 

(14-75 fold). Asp 155 is conserved among those receptors that bind cationic amine ligands 

[111]. The assumption about the role of this conserved residue in interacting with a ligand 

is widely accepted [35,45, 112-114], and has been adapted in other model studies [35, 37, 

53, 74, 75, 79], although there exists a different point of view [68].

TMH5:Phe240 and TMH5:Phe244 were chosen to be the residues interacting with 

the aromatic portion of a ligand (see, however, the modification of this by the results of 

MD simulation, Chapter VI, C). Such a choice was based on several considerations: (1) 

TMH5 connects the third intracellular loop which has been proposed to be critical for the 

activation of GPCRs [113]. Previous studies [35] suggested that the ligand interacts with 

aromatic side chains, one on each side of the ligand, and that this interaction may induce a 

conformational change in backbone of the peptide. (2) When sequences of 5HT2R and

(3-AR are aligned, Phe 240 and Phe 244 of 5HT2R are in the same region as Ser 204, Ser

207 of (3-AR which were suggested to interact directly with |3-AR ligands [115]. (3) In the

5-HTla receptor sequence, the corresponding residues are Phe and Tyr. If the location of 

the ligand binding region of 5-HT u  receptor were the same, or similar, to that of 5HT2R, 

such a difference in residues might give rise to a same type of aromatic interaction with 

ligands, but with a difference in polarities that may contribute to the selectivities of the 

receptors for their ligands. (4) Phe 244 is within one turn upward from the position of a 

conserved Pro in TMH 5 (separated by an lie residue). Such a motif could be of interest
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because (a) conformational changes may be easily induced due to the effect of proline on 

the peptide bond preceding it, and (b) a similar motif Tyr26-X-Pro28 within TMH 1 in lac 

permease of E. coli has been demonstrated by site-directed mutation to play a role in ligand 

binding [ 116].

TMH6:Met335 was chosen to be at the hydrophobic site (HPT site) of the 

comprehensive model based on the following considerations: (1) Experiments on chimeric

receptors constructed from a-, (3-AR suggested that TMH 6 of the two receptors may

contribute to the selectivities of the receptors for their ligands [7], (2) The hydrophobic site 

is unique for the S-HTj receptor, SAFIR of other 5-HT receptor subtypes do not show the 

similar feature [311. (3) Met 335 is unique for 5 -HT2 and its most similar subtype 5-HT ic 

receptor. In the corresponding position, other neurotransmitter receptors of known 

sequences, including 5-HTu and 5-HTib, have a Cys. The difference of a methyl group 

between Met and Cys makes a difference in hydrophobicity in the vicinity. (4) A conserved 

proline is within one turn.

TMH7:Ser372 was chosen as the hydrogen bonding group of the comprehensive 

model. This choice is encouraged by the mutation experiment results of studies on the

p-AR. In the (3-AR, the residue at the corresponding position is Asn318. It was shown

[60] that substitution of the Asn with a Lys reduced the affinity of [3-AR toward agonist by

1 order of magnitude. Energetically, such a magnitude falls into the range of the affinity 

decrease when an uncharged hydrogen bond between ligand and receptor is deleted. The 

side chain of Lys is larger than that of Asn. It is positively charged, and has to bind to 

somewhere. Breaking the bond involving the charged side chain of the Lys would require 

at least 3.5 to 4.5 Kcal/mol [105]. So, if an agonist is required to form an uncharged
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hydrogen bond with p-AR at the position, and now the hydrogen bond cannot be formed

with the Lys due to geometric and energetic limits, the mutation of the Asn with Lys would 

result in losing an uncharged hydrogen bond.

Methodologically, the above proposal of the putative residues of the ligand 

interacting sites is a way to incorporate pharmacological experimental data of ligand 

structure-activity/affinity relationship into the modeling process, and a way to connect the 

results of pharmacological experiments with those from molecular biological experiments, 

as well as sequence analysis. Practically, using the set of residues facilitates the modeling 

process, which has shown to be successful in the light of the results presented below. 

However, the nature of the selection is speculative, and has risk of mistakes. Identification 

of the residues in ligand binding region should be subjected to modification by the results 

of MD simulations as well as by continuing experimental probing.

E. The integrity of the 5HT2R model

I chose not to model the connecting loops, based on the considerations of 

pharmacology, physical chemistry and computational theory.

Pharmacologically, it has been shown both by genetic deletion analysis [94, 95] 

and proteolytic studies [96] that most of the hydrophilic regions of |J- AR can be truncated 

or removed completely without significantly affecting the ligand binding ability of the 

receptor. Furthermore, the complexes of two noncovalently bound peptides of f)-AR, either 

from genetic engineering [7] or from proteolytic treatment [117], retained the full ability to
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activate Gf in response to agonist binding as did the native receptor, suggesting the 

dominant roles of interactions among TMHs in stabilizing the overall conformation of the 

receptor. These experimental results enable us to derive an assumption: structures of 

transmembrane portion of the GPCRs, or at least the structures and the interaction that are 

important to ligand binding are mainly determined by the interactions among the TMHs. 

This assumption proposed about three years ago when I started to model the 5HT2R has 

been getting supports from more and more experimental discoveries and theoretical 

considerations. It was reported recently that two independently stable transmembrane 

helices that were chemically synthesized, and the complementary five-helix fragment of 

BR, can be reconstituted in nalive-lipid vesicles to regenerate the structure of native BR as 

shown by absorption spectroscopy and X-ray diffraction of two-dimensional crystals, 

demonstrating that loops connecting TMHs of the molecule are not essential for the 

appropriate association of the helix bundle [97]. Brunet and co-workers [98] demonstrated 

that turns connecting helices in a bundle of helices do not affect the structure of the bundle. 

They showed by spectroscopic measurements and functional assays, that in an antiparallel

4-helix bundle structure of cytochrome b-562, with 95% certainty, 91% of 8000 possible 

tripeptides can substitute the turn connecting the helix3-4 without significantly perturbing 

the structure of the protein. From the theoretical viewpoint of the protein folding process, it 

is proposed that individual helices in a polytropic membrane protein can act as separate 

folding domains (97, 99]. All these considerations indicate that there is no need to model 

the connecting loops of 5HT2R to obtain a proper structure of the transmembrane helix 

bundle.

The activation of the receptor transfers signals from ligand binding region to G- 

protein binding region. Since the G-protein binding region of GPCRs is in the intracellular 

side, while ligand binding regions of neurotransmitter GPCRs are within the
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transmembrane portion of the proteins, signal transduction of ligand binding that leads to 

the activation of the receptors may be identified by examining the transmembrane portion. 

This should be particularly true when the activation mechanism is assumed to consist of 

conformational changes. Therefore, the transmembrane portion of GPCRs enables us to 

study the ligand binding and signal transduction through the molecules.

Physicochemically and computationally, including the connecting loops would 

constitute a system with two phases of environment, namely, the aqueous environment of 

the connecting loops and the membrane environment of the helices. It is even more 

complicated by the need for the representation of the interphase between aqueous and 

membrane. Thus, the system would be hardly for studies by current techniques of 

molecular mechanics and dynamics simulation. In addition, the modeling process including 

the connecting loops would require a more precise determination of TMH end regions since 

different effects of environments would be imposed in the calculation. However, present 

prediction methods are not sophisticated enough to precisely predict transmembrane 

regions. Table 3-2 lists the lengths of TMHs used or suggested for modeling GPCRs. The 

differences in lengths of a TMH in different proposals may be as large as more than two 

times in one model versus another. For instance, the length of TMH4 ranges from the 

shortest of 16 residues, to the lcngest of 36 residues (Table 3*2). New criteria for 

determining the end regions were suggested recently [103]. However, uncertainty remains.

So, the present model of 5HT2R is composed of only the 7 TMHs. Putative 

transmembrane regions of the receptor were arbitrarily chosen as the prediction proposed in 

literature [85], which are shown in Fig. 3-1.



Table 3-2. Lengths of transmembrane regions used or proposed for modeling GPCRs as 
reported in the literature.____________________________________________________
receptor HI H2 H3 H4 H5 H6 H7 methods ref.
P2-AR 20 21 22 21 23 21 21 Hyd. S.A. [711
GPCRs 33 29 32 26 33 34 22 OR, Hyd. [501
GPCRs 23 23 21 16 21 22 24 K.D., G.E.S. [771
GPCRs 36 36 36 36 36 36 36 Seq. Anal. [61
5HT2 27 27 27 27 27 27 27 Average [38]
A1 23 23 25 23 22 24 26 K.D. 9 RW [69]
C5a 28 25 23 31 22 25 24 HUSAR prog. [721
mAChRl 24 21 22 23 23 21 20 Var.FT. [761
RHO 23 25 22 23 22 26 21 Hydrpathic pro. [73]
P2-AR 23 25 22 20 22 27 25 BR temp [701
5HTla 30 30 30 30 30 30 30 Average [118]
D2 30 30 30 30 30 30 30 Average [68]
5HT 25 25 27 21 21 22 25 K.D.G. [1191

TMH 1,24 residues: N75 WS A L L T T V  V I I L T I A G N 1 L V 1 M  A98 

TMH2, 25 residues: F 1 1 2 L M S L A I A D M L L G F L V M P V  SMLTI L1 3 6

TMH3, 25 residues: C148 A I W I Y L D V L F S T A S I M H + L C A I S L  D<>172

TMH4 25 residues: A192 FL K°I I A V W T I S V G I S M P I P V F G L  E216

TMH5 24 residues: N233 F V L I G S F V A F F I P L T I M V I T Y F  L256

TMH6 26 residues: V324 L G 1 V F F L F V  V M W C P F F 1 T N I M A V I C 3 4 9

TMH7 25 residues: A360LLN VF V W IG  Y LS S A V N P L V Y T L F N388

Fig. 3-1. The transmembrane regions of 5HT2R model. Residues are listed as one letter 
code. Numbers in the first and the last residues indicate the number of the residues in the 
sequence. Superscript indicates neutralized residue, indicates a protonated residue 
specified in MD simulations.

F. The prollne kinks in TMHs

Proline-induced kinks break the periodicity of 3.6 amino acids/turn, and twist the 

faces before/after the Pro-kink compared to a straight helix (1031. The special difficulties
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are: (1) there is no regular conformation of a Pro-induced kink; (2) there is no method, or 

information presently available to assess the effect of potential difference in two sides of a 

membrane on the conformation of a Pro-induced kink in a transmembrane helix. In the 

modeling process, the incorporation of a Pro is approached by taking the backbone 

conformations of TMH 2 and TMH 3 of BR as the templates for Pro-containing helixes 

with the same running directions through the membrane, and then, relying on dynamics 

simulation and energy minimization to determine the final conformations. Such an approach 

is based on two assumptions. (1) Information about the response of a proline-containing 

helix to the potential difference in two sides of a membrane is somehow stored in the 

sequence of the helix. (2) Conformation of a proline-containing helix is determined by the 

interaction between the helix and its environment. The second assumption is based on the 

reported studies of the structures of proline-containing helices in proteins of known 

structure [ 120-123]. It was revealed that there is no definite pattern associated with a kink. 

It was suggested: the effect of a kink appears likely to allow better access of solvent to the 

CO group of residue i-4 (i refers to the position of the proline), and/or to allow better 

packing of the helix against the core of the protein molecule; the distortion of the helix 

appears influenced by long-range considerations of chain packing as well. According to 

these studies, the conformation of a Pro-containing helix would be uncertain unless its 

environment is defined. Therefore, the only way to know the structure is to provide the 

environment and let the system determine its geometry. In 5HT2R, there are 5 Pro- 

containing helices packing against each other. Conformational change of a Pro-containing 

helix will also induce changes in the environment of all other Pro-containing helices. 

Unless all the 5 helices are determined simultaneously, adjustment in conformations of the 

helices will be necessary to achieve the best helix-helix interactions. In principle, this 

should be the equilibrium state of the system. In practice, we may expect to reach it via MD 

simulation.
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G. Assembly of the helix bundle

One of the most difficult and uncertain elements in modeling the helix bundle is to 

determine the relative positions of each helix. Simply consider a helix as a rigid body, each 

has six degrees of freedom. Although, the assumption that conserved residues and polar 

residues tend to face the interior of the helical bundle may help to reduce the rotational 

degrees of freedom with respect to each other, the translational degrees of freedom in the 

direction perpendicular to the membrane is not constrained. Thus far, none of the published 

studies of modeling a three dimensional structure of GPCR has offered criteria or guide 

lines, or reasoning to limit this translational degree of freedom. This difficulty could be 

overcome with the assistance of a ligand template and the comprehensive model of ligand 

binding region, e.g. by making the residues in putative ligand binding region interact with 

the assumed functional groups or portions of a ligand. This also helps constrain the 

distance between helices involved, as well as the rotational degree of freedom.

As shown in Fig. 3-2, with 5-HT as the template of ligand, the simultaneous 

requirements of interaction between TMH3:Aspl55 and amine group of 5-HT and between 

TMH5:Phe240, Phe244 and the indole ring of 5-HT set certain ranges of constraints on 

relative positions of the two helices in helical axial direction, as well as the helix-helix 

distance. In addition, the position of TMH7 with respect to TMH3 as well as TMH5 is also 

constrained by the required interaction between Ser372 in the helix and the 5-OH of 5-HT; 

the position of TMH4 is also limited by the available space.



Fig. 3-2. Constraints on TMH relative positions imposed by ligand template
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In the modeling process, the stereochemistry of ligands was also considered. This 

was achieved by using D-LSD as a template. In early quantum chemistry studies [124] and 

recent ligand-superposition modeling studies [31], it was suggested that the significant 

difference between biologically active D-LSD and inactive L-LSD was in the directions of 

their lone pair electrons on the nitrogen atom, equivalent to that in the side chain of 5-HT. 

This hypothesis was adopted. As the result, TMH3:Aspl55 should not have the same 

distances from TMH5:Phe240 and Phe244 which were assumed to enclose the aromatic 

ring of LSD between their side chains. Rather, the Asp residue should be close to one of 

the two Phe residues, so that it prefers to interact with the lone pair electrons pointing to 

certain direction with respect to the aromatic ring of the ligand. In the model, the bias was 

chosen toward Phe240, which was based on early studies [125] suggesting that the C9, 

CIO double bond of LSD produced an electrostatic potential corresponding to the one 

generated by 5-OH of 5-HT.

Thus, guided by the ligand SAR represented as the comprehensive model described 

above, the relative positions of TMH 3, 4, 5,6 and 7 were preliminarily determined. In the 

modeling process, special attention was also directed to the position of TMH7 which was 

arranged to be close to TMH3 and TMH4, according to the suggestions of molecular

biological studies [7] and photoaffinity labeling studies [117] on p-AR (This has been

demonstrated to be coherent with other results of experiments pertaining to determine the 

helix arrangement of GPCRs. See Chapter IV). The positions of TMH 1 and 2 were 

defined by possible interactions between conserved residues as well as polar residues. 

Specifically, position of TMH2 was determined by interactions among TMH2:Aspl20, 

TMH3:Serl66, TMH7:Asn376 and TMH7:Tyr380 (all these residues are at polar-PCP, see 

Chapter II, or [2]). This arrangement of TMH2 close to TMH7 was shown recently to be
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correct by the reciprocal mutations in GnRH receptor [39], and the double mutations in 

rhodopsin [40], The position of TMH 1 was determined by the patterns of residues polarity 

distribution on helix surfaces. It was noticed, as shown in Fig. 3-3 that in the interface of 

TMH2 and 3, but not TMH2 and 7, there are two patches of polar residues separated by 

apolar residues. Similarly, there are two patches of polar residues in the surface of TMH 1. 

These patches of polar residues in surfaces match each other very well, and based on the 

concept of FCP, would dictate the position of TMH1 with respect to TMH2 and 3. The 

position of TMH 1 was therefore determined by making the matches of the polar residue 

patches.



Fig. 3-3. The polarity distributions of residues in the interfaces of TMH2/3, TMH2/7, and 
in the surface of TMH 1
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H. Helix-helix packing

Given the relative positions of helices in a bundle, specific packing between helices 

is yet to be determined. Theories of helix-helix packing in soluble proteins exist. However, 

there has not been a theory for helix-helix packing of transmembrane proteins. Therefore, 

the question remains, both theoretically and practically, how two helices of transmembrane 

proteins would pack together. These difficulties were overcome by referring to the results 

of studies on Photosynthetic Reaction Center (PRC). From studies on the crystal structure 

of PRC, Rees and coworkers [SI, 1011 revealed that the volumes of buried atoms of PRC 

are the same as that of small molecules in crystals, which are also the same as that of 

soluble proteins. Further more, the hydrophobic organization of interior residues in PRC is 

similar to that in soluble proteins. The main difference is in the exposed surfaces which are 

more hydrophobic in the membrane proteins, and more hydrophilic in the soluble proteins. 

These findings suggest that interactions among residues of a membrane protein are similar 

to those of soluble proteins. Thus, if two helices of membrane proteins interact with each 

other, the interaction should follow the rules that govern helix-helix interactions of soluble 

proteins. Therefore, it is reasonable to assume that packing theories derived from 

observations on soluble proteins of known structure are also applicable to modeling the 

packing of membrane proteins. Accordingly, the "ridges-into-grooves" theory [126] of 

helix-helix packing was applied in the modeling process to treat the packing patterns of 

adjacent helices.

I. Application of the PCP concept
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As in many of other modeling studies, the polar residues and conserved residues 

were arranged in the interior of the assembled helical bundle when it was possible. 

However, as in the positioning of TMH1 and TMH2, I particularly emphasized the 

possible interactions between conserved residues and, particularly, among polar residues 

involving different TMHs. This principle originally was simply based on Kom and 

Burnett's [93] studies on hydrophobic organization of proteins of known structures. The 

principle has now been systematically formulated as the concept of polarity conserved 

positions (see Chapter II), published in FEBS Letters [2].

J. Energy minimization, molecular dynamics simulation and the structures 

of ligand/receptor model complexes

The Charmm V21.2 program with the V20 set of parameters was used to perform 

energy minimization and molecular dynamics simulations. Before packing, side chain 

conformations of residues in a helix were searched with the SPIN function of the 

QUANTA program which simply eliminates sleric overlaps; each helix was roughly 

optimized by energy minimization. The N terminal of each helix was patched by an 

acetamide group, and the C terminal by an N-methyl amide. Ionizable residues remained 

charged when they were in the middle of a helix, but were neutralized when they appeared 

within one turn of the end regions of a helix [3]. The effect of the membrane environment 

was approximated by taking the dielectric constant as 4 [127]. Two types of computations 

were performed, energy minimization and MD simulation. Energy minimization is applied 

to obtain optimized structure for starting the MD simulation, and to optimize the average 

structure from MD simulations. MD simulation is applied to allow adjustment of helix-helix 

packing and conformational change, so as to obtain the optimal structures of the receptor
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model and its complexes with ligands. A cutoff 8 A for nonbond interactions and a cutoff 4 

A for hydrogen bonds were used in both computations.

The energy minimization procedure consists of two sequential runs of steepest 

descent for 200 steps, two runs of conjugate gradients for 200 steps, followed by another 

run of 1000 steps, and 1000 steps of adapted Newton-Raphson minimization. The purpose 

of these altering runs was simply to achieve faster convergence, and to reach the same 

convergence criterion of gradient of 0.1 kcal/mol.A in adapted Newton-Raphson 

minimization algorithms. The gradient of 0.1 kcal/mol.A was also the convergent criterion 

for each of the intermediate runs. Thus, each of intermediate runs may not go through all 

allowed steps if the gradient is reached. In all the calculations including energy 

minimization of mutant receptor models, ligand/receptor complexes, starting structures, 

average structures, the above procedure always reached the required gradient in the final 

run before using the allowed steps.

In MD simulations, the Verlet algorithm was applied under these conditions: 

constraints on bonds with hydrogens by the SHAKE algorithm [128], nonbonded 

interaction and hydrogen bond pair list update frequency of 5 (steps), step size of 0.5 fs. 

The system is heated from 0 to 300 K in 1.5 ps. Up to 50 ps, the frequency for velocity 

rescaling was set to 40 (or 50 in some early computations) (steps) and was changed to 400 

after the first 50 ps. In the MD simulations of receptor/ligand complexes, a distance 

constraint of 3±0.5 A between the carboxyl oxygen of Asp 155 and the nitrogen of the 

protonated amine group in a ligand was applied in pre-dynamics energy minimization and 

for the first 30 ps, with settings of temperature 300 K, scale 10. The scale was reduced to 1 

for the period of 30-35 ps, and completely released after the first 35 ps.
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The starting structure for MD simulation of the receptor model was from graphic 

modeling followed by energy minimization. The simulation was carried out for 125 ps. 

Four 20-ps-average structures were calculated from the 45-125 ps simulation trajectory, 

and then energy minimized. The energy minimized average structure of the 65-85 ps 

simulation period was used as the representing structure of the receptor both for the 

structural analysis of the receptor and for ligand/receptor interactions. The starting 

structures for MD simulations of receptor/ligand complexes were constructed by roughly 

docking the ligands into the putative ligand binding region of the receptor model. Energy 

minimizations of the complexes were always performed before starting MD simulations. 

Simulations were performed for more than 200 ps. Energy minimized average structures 

were calculated from the last portion of the trajectories starting about 110 ps (see Chapter 

VI, A). These energy minimized structures are used as the representative structures of the 

ligand/receptor complexes. The structures of ligands were generated and energy minimized 

with CHARMm, and atomic partial charges were obtained from a Natural Population 

Analysis [129] of the charge distribution in wave functions resulting from ab initio 

quantum chemical calculations with the 6-31 G basis set.
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Chapter IV. Helix arrangement and activity of chimeric GPCRs

The original process for modeling the 5HT2R was described in Chapter III. The 

identification of the specific helix arrangement in GPCRs described in this chapter is a 

results that makes use of the accumulated latest available experimental data, including 

results that became available after the original model of the 5HT2R was constructed. It is 

gratifying to note that the helix arrangement (Fig 4-1 D.I) identified as described below is 

identical to that obtained from the original modeling process (Chapter ID, V).

Up to the date of writing this thesis, there has not been a single experiment that 

could reveal the identity of the helices in their arrangement in the transmembrane bundle of 

GPCRs. However, various techniques and experiments have been applied to approach the 

domain organization of the proteins from different aspects. Due to the structural similarity 

among members of the protein family, results from various studies must be coherent and 

mutually supportive if they ate to shed light on the domain organization of the proteins. 

Furthermore, if these consistent results cover all basic structural characteristics, it would be 

possible to identify the organization of the receptors by integrating the results into a 

coherent framework. Many such results exist. This Chapter presents the identification of a 

unique helix arrangement in the bundle of GPCRs based on such results. First, the results 

are summarized. Then, an inference scheme applying the results to identify the helix 

arrangement is presented. The identified helix arrangement differs from the currently 

popular TMH 1-contacting-TMH7 arrangement [6], and is demonstrated to provide insight 

into the mechanistic relation between the compositions and activities of a series of chimeric 

constructs of adrenergic GPCRs.
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A. Study results pertaining to determining the helix arrangement

The results that can lead to identification of the arrangement of all helices are

summarized below:

(1) The structural projection map of rhodopsin which indicates the molecular shape 

viewed from a direction perpendicular to the membrane plane [1J. The viewing 

direction with respect to the membrane plane, and the specific helix arrangement arc 

not identified in the report [1}.

(2) TMH2 is adjacent to TMH7, indicated by double reciprocal mutations of conserved 

residues Asp and Asn in TMH2 and TMH7 of GnRH receptor [39], and by the 

double revertant mutant in rhodopsin [40],

(3) TMH3 is close to TMH7, revealed from the identification of the residue Glul 13 in 

TMH3 serving as counterion of the positively charged Schiff base involving 

Lys296 in TMH7 of riiodopsin [130-132].

(4) TMH3 and TMH4 are close to TMH7, suggested by the studies of a 2/02 chimeric 

adrenergic receptors [7], and photoaffinity labeling study of 02-AR [117, 133].

(5) Both TMH3 and TMH7 are buried by other TMHs in relative central positions of 

the helix bundle of a GPCR, revealed from the analysis of polarity conserved 

positions pertaining to specific helix-helix packing patterns [2], as well as from the 

analysis of residue variation among species [6] of GPCRs.
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(6) Each TMH is next in space to the two helices immediately preceding and 

immediately following it in sequence, suggested by the minimum lengths of loops 

connecting putative TMHs [6], and supported by the finding that the putative long

connecting loops of (32-AR can be shortened without significantly affecting ligand 

binding of the receptor [94,95, 111].

The above summarized results are mutually reinforcing and consistent with each 

other. Applying these results, identification of the helix arrangement can proceed as 

descrobed below:

B. An inference scheme for the helix arrangement identification

Step A. Identify the positions of TMH3 and TMH7. Result (5) above, 

obtained from two methods of sequence analysis suggests that the two TMHs are in 

relatively central positions. As shown in Fig. 4-1 A, the two positions can be found in the 

projection map of rhodopsin (Result (1)), one surrounded by 4 TMHs, and the other one 

by 5 TMHs (This feature is not shown in the similar projection map of bacteriorhodopsin. 

See Fig. 1, in ref.[l]). Note that the rhodopsin projection map indicates how TMH3 and 

TMH7 could be close to each other. This is supported by results from three other studies 

(Result (3), (4)). These six study results thus exhibit consistency and mutual support. Fig. 

4-1 A shows two possible ways of arrangements, which will be further resolved by other 

study results (see below).

Step B. Identify the positions of TMH2 and TMH4. Both TMH2 and 

TMH4 must be close to TMH7, as well as close to TMH3, as constrained by results of
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reciprocal mutation experiments (Result (2)), chimera and photoaffinity labeling 

experiments (Result (4)), sequence analysts and deletion mutation experiments (Result (6)). 

Positions satisfying these conditions must exist in the projection map of rhodopsin once the 

positions of TMH3 and TMH7 are assigned. As shown in Fig. 4-1 B, they do exist, again 

exhibiting the overall consistence. There are 4 possible ways to arrange the 4 helices under 

the conditions. Note that these are the all possible ways of arrangement if the study results 

mentioned have to be satisfied.

Step C. Identify the positions of TMH1 and TMH5. After Step B, the 

only clue to position the two TMHs is: TMH1 and TMHS are next to TMH2 and TMH4, 

respectively (Result (6): TMHi is close to TMHill). As shown in Fig. 4-1 C, each of the 

four possible helix arrangements identified in Step B offers one possible way to position 

TMHI and TMH5.

Step D, Identify the position of TMH6. TMH6 must be close to both 

TMHS and TMH7 (Result (6): TMHi is close to TMHi±l). However, as shown in Fig. 4-1 

D.I through D.IV, only one configuration (Fig. 4-1 D.I) can satisfy the criterion. 

Positioning of TMH6 in the remaining position in other configurations would lead to the 

separation of TMH6 from TMHS (Fig. 4-1 D.II), or from TMH7 (Fig. 4-1 D.IV), or from 

both of TMHS and TMH7 (Fig. 4-1 D.III).

The above considerations thus demonstrate that: 1) The study results summarized 

are consistent and mutually supportive, and provide mutual constraints on the possible 

arrangements of TMHs. 2) These results point to a specific helix arrangement (Fig. 4-1 

D.I) in GPCRs.
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Since the shape of the projection is not rotationally symmetric, the view from one 

side of the membrane is the mirror image of the view from the other side. The other results 

summarized above do not discriminate the viewing direction. Urns, the helix arrangement 

in Fig. 4-1 D.I is the view from a certain direction either from the extracellular, or the 

intracellular side.

Two references could provide insight into the problem of the viewing direction, and 

suggest that the projection Fig. 4-1 D.I is viewed from the extracellular side: (1) The 

sequential arrangement of TMHs in Fig. 4-1 D.I is basically counter clockwise (TMH2 

through TMH7), as that of bacteriorhodopsin (BR) viewed from extracellular side [52]. 

This similarity without any assumption about the structural relation between the two protein 

families is more likely due to the possible close genetic relations [46,48, 77]. (2) The helix 

arrangement in Fig. 4-1 D.I is identical to that in the model of 5HT2R when viewed from 

extracellular side [3]. The model has a shape similar to the projection map of rhodopsin. 

Critically, it demonstrates proper functional response to the binding of various types of 

ligands, reveals the signal transduction mechanism consistent with structural inferences 

obtained from experiments and with the pharmacological properties of the ligands [3-5]. As 

pointed out [2], it is unlikely that a proper functional response to ligand binding would be 

obtained if the helix bundle were not properly organized.

C. Compositions and activities of chimeric receptors.

The helix arrangement obtained in Fig. 4-1 D.I provides structural a basis for the 

mechanistic relation between the TMH composition and the behaviors of chimeric 

constructs in response to agonist binding. Conformational changes in the transmembrane
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domains of a GPCR in activation is rigid body movement of the TMHs with respect to each 

other, as revealed from the simulation of interaction between 5HT2R and its ligands 

(Chapter VI, D). These movements depend on helix-helix interactions [81], In a chimera, 

interactions between TMHs of different receptors may not be the same as the wild types, 

due to the differences in helix surface properties compared to the wild types. Thus, 

conformational changes of a chimera upon binding a ligand may not be the same as the wild 

types. While the measurable biological effects of the incompatible helix-helix interactions in 

a chimera may depend on the nature of the composing receptors, the nature of the effects is 

conformational changes that transduce ligand binding signals. The extents of the effects 

will depend on the positions of substituting TMHs, as the positions define the helix-helix 

contact environment, and the ways of conformational changes of the TMHs required in the 

wild types. This relation is illustrated below with examples of chimeric adrenergic 

receptors.

P2-AR stimulates adenylyl cyclase while oc2-AR inhibits adenylyl cyclase. The 

two receptors bind the endogenous agonist epinephrine (EPI) with similar affinities (Ki 

(|iM): P2-AR: 2.9, a2-AR: 1.0 [7]). In a a2/p2  chimera series exchanging complete

TMHs, all receptors are less efficient than the (32-AR in activating adenylyl cyclase, but to 

different extents depending on compositions [7], Shown in Fig. 4-2 are the compositions 

of the selected a2/p2 chimera series projected on the helix arrangement identified (as Fig.

4-1 D.I) and their percentage stimulation of adenylyl cyclase compared to wild type 

P2-AR. The bars between TMHs in the figure indicate incompatible helix-helix

interactions. As can be counted from the Fig. 4-2 (also see Fig. 4-4), the numbers of the 

incompatible helix-helix interactions in the series of 0t2 /p2  chimeras correlate quite well
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with the rank order of percentage stimulation of adenylyl cyclase, except for CR1 and CR8. 

Note that, however, the two incompatible interactions in CR8 involve TMH5 and TMH6 

that are most relevant to G-protein coupling via their connecting loop, whereas none of the 

two TMHs are involved in the three incompatible interactions of CR1. Different TMHs 

have different conformational changes in receptor activation, particularly, TMH 1-3 have 

smallest changes while TMH5 and TMH6 have the largest as revealed from simulations of 

interaction between the endogenous agonist serotonin and 5HT2R (see Ref. [3], and 

Chapter VI, D). This correlation thus demonstrates the helix-position-dependent property 

relating to signal transduction mechanisms of the chimeras. It is noteworthy that such a 

correlation can not be attained if the helices are arranged circularly with TMHI next to 

TMH7 suggested by Baldwin (6], as shown in Fig. 4-3 and Fig. 4-4 C.
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Fig. 4-2. Incompatible interactions between transmembrane helices of different receptors
in a2/p2 adrenergic chimeras and the chimeras’ activities. The codes, compositions and 
activities are cited from reference [7]. Each drawing under the column "Composition of 
chimeras'* indicates the projection of composing helices of the chimera in relative 
positions identified as in Fig. 4-1 D.I. The bar between helices indicates incompatible 
interactions between the two helices of different receptors. The incompatibility index is 
calculated by summing up the incompatibility scales (Table 4-1) of the corresponding 
incompatible helix-helix interactions in the chimera.
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If it is assumed that the activation mechanisms of cation neurotransmitter GPCRs 

are similar, the rank order of conformational changes of individual TMH in a2/f)2

chimeras must be the same as that of 5HT2R in response to agonist binding if the chimeras 

are activated. Due to the rigid body movement of TMHs in activation, the effect of 

incompatible helix-helix interaction on signal transduction in chimeras must be proportional 

to the extent of conformational changes of the involved TMHs as they would be in the wild 

type receptors. Thus, the RMS of TMHs in 5-HT/receptor complex (5-HT/R) compared to 

5HT2R can be used to evaluate the relative extents of effects of different incompatible

helix-helix interactions in a2/^2 chimeras on the activation. Since one incompatible helix-

helix interaction involves two TMHs, a simple way to construct a weighing scheme is to 

sum the RMS of the two TMHs involved (Table 4-1). The effect of the incompatibilities in 

a chimera is evaluated by summing up the related pairwise RMS, instead of the number of 

incompatible helix-helix interactions. For convenience, the sum of the pairwise RMS is 

termed "incompatibility scale ", and the sum over whole chimera is termed "incompatibility 

index" of the chimera.

Table 4-1. The incompatibility scale
TMH# 1 2 3 4 5 6
(RMS) (0.90) (0.97) (1.06) (2.34) (3.54) (3.54)«
2 (0.97)
3 (1.06)
4 (2.34)
5 (3.54)
6 (3.54)
7 (2.06)

1.87
1.96 2.03

3.03

3.4

3.12

5.88

4.40
7.08

5.60

a The RMS used is reduced to the same as that of TMH5 from the original value of 5.32. 
This is due to the consideration that the conformational changes of the helix is too large 
(See ref. [2], or Chapter VI, B)
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As shown in Fig. 4-4 (A, B), the correlation between the incompatibility and the 

activity of the a2/f32 chimeras is apparently improved when using the incompatibility

index. Note, particularly, that the rank order of incompatibility indexes for CR1 and CR8 is 

altered compared to simple count of helix-helix incompatible interactions. These 

correlations thus demonstrate the mechanistic relation among extent of conformational 

changes of TMHs in response to agonist binding, relative positions of TMHs in the helix 

bundles, compositions and the measured agonist-induced responses of the chimeras.

The above relations between the activities and incompatibility index of the chimeras 

are shown as linear. This is simply empirical. They can be fit as well with a second order 

polynomial.

A TMH 1 -contacting-TMH7 sequential arrangement of the TMHs was suggested 

based on the analysis of surface accessibility of TMHs, and the assumption as the above 

Result (6) (6) (TMHi is close to TMHi±l). The arrangement and the approach, however, 

has three shortcomings: (1) Mentioned above, it can not offer an explanation for the

observations from a2/(32 chimeras experiments [7] as the arrangement in Fig. 4-1 D.I

does (Fig. 4-3 and Fig. 4-4 C). (2) The lipid accessible surface area of TMHs and their 

variations were not quantified. Thus the shape of the helix bundle can not be attained from 

the criteria. (3) TMHI is not necessarily next to TMH7 since they are not next to each other 

in sequence. Release of the constraint offers more possible ways of helix arrangement.
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The suggestion of circular helix arrangement in which TMH1 contacts TMH7 was 

also proposed based on the assumption that TMH1 of ot2-AR in a2/[32 chimera would

have the same helix-helix contact points as in a2-AR, and thus would diminish the effect

of a mutation of Asn312 of P2-AR to the Phe of a2-AR [134]. It should be pointed out,

however, this assumption is not appropriate. Sequences of a2-, [32-AR in putative

TMH1, TMH2 and TMH7 are quite different in distribution of polar and charged residues 

(Fig. 4-5). In interfaces of proteins, interactions involve the positioning of hydrophobic 

centers of one surface against hydrophobic centers of another surface, and a similar

matching of hydrophilic centers [2, 93]. Consequently, in 0t2/p2 chimeras, residues in a 

substituting TMH would not be at the same positions in the helix-helix interface as in the

Fig. 4-5 Comparison of residue polarity distributions in TMH1, TMH2 and TMH7 of oc2-
, p2-adrenergic receptors (AR). Bold: identical resides. Italics: polarity altered residues. 
Bold and italics: charge altered residues, but from each other.

wild type.

TMH1
a 2 A R  LTLV CLAGLLMLL 7VFOMVLVII  
(12 A R VGMG JV M SLIV LA IV FO H V ltV IT

TMH2
V8 U S  AO IL V  A TLV I F F  SLANJTV 
T8  U C  ADLVMG L A W FFG A A H  XL

a2AR
p2A R

TMH7
TL FJTF F F W O T C M  SLM FVI 
E V VXL LM f IO T  VK* GFITFLI

D. Conclusion remarks

While topological arrangement of 7 distinct objects may give rise to many options.
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only those indicated by consistent experimental results are meaningful. Under such a 

consideration, the unique arrangement of TMHs in the helix bundle of GPCRs can be 

identified (Fig. 4-1 D.I).

Among the various results summarized in Section A above, the result (4), which 

suggested that TMH3 and TMH4 are close to TMH7, is based on mechanistic hypothesis

of the effects of incompatible helix-helix interactions in a a2/f}2 chimera on the biological

activities, and is based on photoaffinity labeling studies that need to be further refined. 

Despite of this, the development of the incompatibility index, and the ability of the index to

quantitatively correlate the activities of the a2 /^2  chimera series with defined helix

positions as well as the extents of the helix rearrangement for receptor activation add strong 

support to the helix arrangement identified (Fig. 4-1 D.I), and thus providing new source 

of data to support the suggestion of the structural relation between TMH4 and TMH7.
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Chapter V. The 3D Model of Transmembrane Domains of 

the 5-HT2 Receptor

This Chapter presents the results of modeling the receptor. The calculated properties 

of the model are first discussed, followed by the structural description.

A. Thermodynamic behavior of the model and the representative structure 

of S-HTj receptor

The purpose of modeling is to obtain insight into the functional behavior and the 

underlying mechanisms of the system being modeled. This purpose can only be achieved 

by probing the related interactions. For a receptor model, to study the basic behaviors of its 

response to ligand binding via MD simulation, it is necessary to have a structure which is 

stable under MD simulation conditions so as to provide a common physicochemical 

environment for which responses can be compared. Without an experimentally determined 

structure or structures of homologous proteins as template, the stability of the 5HT2R 

model is evaluated by the following considerations: 1). The energy of the helix bundle is 

stable during a dynamics simulation. 2). The structure of the bundle is maintained during 

the simulation, i.e. helices do not move away from each other, even in the obsence of 

covalent connections. 3). The secondary structure of each helix is also maintained. In 

addition to these, the behavior of bacleriorhodopsin (BR) during MD simulation under the 

same conditions is also examined to provide a reference. The structure of BR was 

experimentally determined at a resolution of 7-10 A in the direction perpendicular to 

membrane plane and 3 A in the direction parallel to the membrane plane [52). The
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coordinates of BR are from the Protein Data Bank which includes 7 TMHs without 

connecting loops (file code: lbrd).

The dynamics simulation and analysis arc summarized below.

Starling structures:

5HT2R model -  

BR ~

Constructed as detailed in Chapter IV.

From Henderson's model [52] consisting of 7 

transmembrane helices (PDB, file code: lbrd), without 

retinal.

Total simulation time:

5HT2R model -- 

BR ~

125 ps. 

168 ps.

Equilibrium state:

In dynamics simulation, a large drift in energy always occurs when the time step 

size is 1 fs. The drift is overcome by reducing the time step size to 0.5 fs, and increasing 

the nonbond list update frequency to once every 5 steps. These conditions are suitable both 

for 5HT2R and BR.
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The energy and temperature trajectories of molecular dynamics simulation on the 

receptor model are shown in Fig. 5*1. In the last portion of the simulation, a slight drift of 

the total energy was observed with the total amount about 0.6 Kcal/mol over a period of 80 

ps, which is less than 0.07% of the total energy of the system, or 0.008 (kcal/molVps out 

of 932 kcal/mol. The figure indicates that after about 44 ps of simulation, the system 

reaches an energy equilibrated state. Similar behavior is observed in the simulation of BR. 

The equilibrated state is reached after simulation for about 78 ps. At this stage, the total 

energy of BR is between 863-865 kcal/mol. A slight drift of the total energy was observed 

with the total amount about 1 kcal over 90 ps period of time.

The representative structure of the 5HT2R

From the simulation trajectories, 4 average structures (AS), and the corresponding 

energy minimized average structures (MA) are calculated for each 20 ps in the last portions. 

For convenience, the symbols and specific periods of the average structures and energy 

minimized average structures are listed in Table 5-1.

Table 5-1. Symbols and simulation periods of average structures and energy minimized

Average structure (AS): AS1 AS2 AS3 AS4
E. min. ave. struct.(MA): MAI MA2 MA3 MA4
5HT2R (ps) 45-65 65-85 85-105 105-125
BR (ps) 88-108 108-128 128-148 148-168
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Fig. 5-1 Energy and temperature fluctuations during molecular dynamics simulation of 
the 5HT2R model. A) The total energy; B) the temperature; C) values for the entire 
trajectory, including the potential energy.
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In Table 5-2, the energies of the energy-minimized average structures and starting 

structures are summarized. For 5HT2R, after dynamics simulation, the energies of the 

energy minimized average structures are lowered about 200 Kcal/mol compared to the 

starting structure, suggesting that the structures are more energetically favored under the 

conditions of the force field. Table 5-3 lists the RMS deviations of the energy-minimized 

average structures and the average structures compared to the starting structure. Note that 

the magnitudes of the RMS are independent of time, indicating that the simulation reaches 

the stable states not only in energies but also in conformations. This is further confirmed by 

examining the RMS deviations among the average structures as summarized in Table 5-4. 

The RMS between MA4 and MA2 is larger than that between MA4 and MAI. When the 

RMS time series is examined, a plateau after 45 ps is recognizable as shown in Fig. 5-2. 

The changes in distances between helix centers of structures are listed in Table 5-5. The 

same feature of time independence is observed. This is very important since it indicates that 

the helices do not move apart from each other during the simulation. These results support 

the original assumption that the structure of the receptor’s transmembrane helix bundle is 

mainly determined by the helix-helix interactions (see Chapter 01, E). Hie angles of proline 

kinks are also examined (Table 5-7 for 5HT2R). There are changes as large as about 30° in 

TMH4. This may due to some movement of residues at end regions that affect the 

definition of the helix axis. In addition, TMH4 has two praline residues. Nevertheless, 

there are also large changes calculated in the BR structure (Table 5-8).

For all the data examined, the simulation on BR yields comparable values. Thus, 

from a physicochemical point of view, the structural stability and dynamic behavior of the 

5HT2R model during simulation under the calculation conditions are as good as that of BR 

whose structure was experimentally determined and has the same type of structural 

organization in 7 TMH bundle.
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Fig. 5-2. The RMS time series of 5HT2R model during dynamics simulation compared 
to the starting structure.



It is therefore concluded that the model and the calculation conditions can be applied 

to study the interaction between the model structure and the ligands in dynamics 

simulations. Since the rms between any pair of average structures (Table 5-4) is quite 

small, these structures are equivalent, and any of them can be used equivalently for further 

modeling studies. The energy-minimized average structure (MA2, Fig. 5-3) from 

simulation period 65-85 ps of the 5HT2R model is therefore arbitrarily chosen as the 

representative structure of 5HT2R, and used in further studies on the interaction between 

the receptor and its ligands.

Structure SS* MAI MA2 MA3 MA4
5HT2R -1680.50 -1869.21 -1886.50 -1880.46 -1878.95

BR -1664.51 -1919.80 -1930,66 -1923.65 -1927.46
a S S -  The starting structure. Other symbols, see Table 5-1.

Table 5-3. RMS deviations of average structures and energy minimized structures resulted from simulations 
c o m g a re d to s tg tin ^ tiu c tu re so ^ H T T j^ in d B R ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^
Tune (ps) 45-65 65-85 85-105 105-125

(88-108)* (108-128) (128-148) (148-168)

structure AS1 MAI AS2 MA2 AS3 MA3 AS4 MA4
T ota l 2 .733 2.732 2.932 2.914 2.732 2 .689 2 .675 2 .689
(hr)* 3 .632 3.637 3.439 3.438 3.392 3.681 3 .506 3 .617
BBC 2.269 2.204 2.468 2.405 2.258 2.178 2.184 2.165
(br) 3.133 3.109 2.970 2.945 3.308 3.259 3.166 3.152
SC ' 3.037 3,071 3.238 3.246 3.042 3.018 2.993 3.026
(br) 3.956 3.977 3.743 3.756 3.948 3.960 3.863 3.910
TMH1 2.541 2.527 2.615 2.546 2.619 2.499 2.932 2.884
(br) 5 .056 4.997 4 .594 4.521 4.913 4 .843 4 .845 4.701
EB 2.035 1.920 2.101 1.986 2.164 2.009 2.606 2.517
(br) 4.637 4.561 4.184 4.102 4.682 4.533 4.605 4.415
SC 2.882 2.923 2.963 2.917 2.933 2.830 3.220 3.147
(br) 5.351 5.304 4.881 4.814 5.083 5.065 5.019 4.906
constituted
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Table 5-3. (continue)
TMH2 2.788 2.715 3.041 3.027 2.490 2.306 2.075 2.023
(br) 3.505 3.529 3.377 3.396 3.564 3.539 3.443 3.553
BB 2.560 2.445 2.746 2.704 2.247 2.053 1.726 1.643
(br) 3.225 3.206 3.071 3.043 3.277 3.208 3.074 3.141
SC 2.963 2.919 3.264 3.270 2.675 2.495 2.324 2.290
(br) 3.695 3.745 3.582 3.631 3.759 3.760 3.688 3.824
TMH3 1.503 1.642 1.669 1.717 1.586 1.605 1.672 1.766
(br) 2.801 2.861 2.779 2.870 2.542 2.677 2.637 2.728
BB 1.038 1.104 1.252 1.206 1.125 1.118 1.304 1.342
(br) 1.882 1.932 1.915 1.989 1.570 1.728 1.704 1.824
SC 1.772 1.948 1.922 2.015 1.857 1.888 1.900 2.025
(br) 3.250 3.316 3.207 3.308 2.998 3.131 3.085 3.168
TMH4 2.733 2.688 2.949 2.902 2.966 2.890 2.586 2.597
(br) 3.592 3.576 3.490 3.456 4.794 4.768 4.756 4.751
BB 2.051 1.938 2.408 2.361 2.375 2.270 2.004 2.010
(br) 2.953 2.919 2.908 2.830 4.178 4.138 4.118 4.088
SC 3.169 3.156 3.313 3.266 3.360 3.282 2.964 2.979
(br) 4.184 4.181 4.034 4.034 5.391 5.377 5.371 5.386
TMH5 2.352 2.365 2.973 2.988 2.591 2.686 2.499 2.498
(br) 3.671 3.694 3.516 3.531 3.928 3.867 3.391 3.489
BB 1.872 1.813 2.558 2.510 2.155 2.192 1.922 1.890
(br) 3.179 3.109 3.125 3.090 3.529 3.388 2.852 2.784
SC 2.642 2.690 3.236 3.287 2.861 2.989 2.839 2.582
(br) 3.959 4.030 3.749 3.790 4.167 4.149 3.699 3.080
TMH6 2.695 2.651 3.032 2.964 2.812 2.673 3.124 3.074
(br) 3.391 3.426 3.137 3.150 3.169 3.143 3.112 3.201
BB 2.149 2.030 2.383 2.267 2.067 1.880 2.457 2.332
(br) 2.868 2.920 2.649 2.676 2.735 2.751 2.632 2.776
SC 3.033 3.026 3.431 3.384 3.251 3.128 3.533 3.520
(br) 3.697 3.725 3.423 3.427 3.426 3.379 3.392 3.453
TMH7 3.896 3.945 3.776 3.791 3.600 3.667 3.343 3 .500
(br) 3.128 3.113 3.032 3.010 2.812 2.860 2.786 2.789
BB 3.443 3.447 3.329 3.276 3.186 3.199 2.855 1.985
(br) 2.535 2.502 2.506 2.499 2.341 2.370 2.336 2.329
SC 4.186 4.261 4.061 4.116 3.865 3.963 3.649 3.821
(br) 3.506 3.501 3.372 3.342 3.118 3.177 3.080 3.068
a. periods o f dynamics simulations of BR
b. the data in the row beaded by "br" correspond to the structure element of the preceding line.
c BB, SC: refer to backbone (BB) or side chain (SC) atoms of the structure named in the first row of the 
same panel.
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l^b^^JR M ^m on^vaag^avcbu<^n^m oa^roa2^io|m lze^uuctitfe^^in7R
Tim e (pa) 45-65 65-85 85- 105

itruclure AS1 MAI AS2 MA2 AS3 MA3

65-85
Toul 0 .7 0 9 0 .881
T m hl 0  359 0 .5 2 9
Tm h2 0 .6 5 9 0 .8 7 9
TMH3 0 .6 4 2 0 .7 4 6
TMH4 0 .7 6 4 1.037
TMH5 1.141 1 .229
TMH6 0 .6 2 3 0 .8 5 0
TMH7 0 .5 0 4 0 ,7 1 2
85-105
Toul 0 .8 5 9 1 .030 0 .8 2 2 0 .9 5 6
T m bl 0 .5 7 2 0 .8 0 5 0 .5 0 3 0 .6 5 1
Tm h2 0 .9 3 2 1 .034 1.223 1 .460
TMH3 0 .4 8 6 0 .6 2 2 0 .5 8 0 0 .6 4 0
TMH4 0 .9 3 9 1.181 0 .6 6 1 0 .6 5 6
TMH5 1.294 1.613 1 .133 1 .4 1 0
TMH6 0 .9 0 2 0 .9 3 5 0 .7 9 9 0 .8 0 6
TMH7 0 .6 0 0 0 .6 9 5 0 .5 6 3 0 .6 5 5
105-125
Total 1 .407 1.521 1 .516 1 .634 1 .038 1 140
Tmhl 1 .429 1.491 1 .419 1 .422 1.024 0  991
Tmb2 2 .1 9 9 2 .2 8 2 2 ,4 7 9 2 .6 7 4 1.519 1 .625
TMH3 0 .6 0 9 0 .7 0 7 0 .8 9 8 0 .9 5 8 0 .7 6 9 0 .8 3 6
TMH4 0 ,8 7 7 1 .104 0 .8 7 8 0 .9 7 3 0 .7 7 6 0 .7 7 2
TMHS 1.385 1 629 1.611 1.972 0 .8 8 6 1.099
TMH6 1.637 1 .777 1.672 1.663 1 .279 1.521
TMH7 1.166 1 .160 1.202 1.251 0 .7 8 3 0 .8 0 9



72

Table 5-5. Distance* between center* of betix cylinder* o f  5HT2R

H elicet SS M AI MA2 MA3 MA4

1-2 10.652 12 .475 12.651 12 589 1 3 .370
1-3 9 .9 3 5 10 .564 10.541 10.652 1 0 .470
2-3 12 .358 12 .778 12 .873 12.533 12.522
2-7 9 .3 2 9 1 1 .640 11 .807 12.876 1 0 .690
3-4 1 0 .789 11.081 11.491 11 .396 11 .456
3-7 11 .748 10.611 10 .833 12 .219 10.783
4-5 1 2 .149 13,915 15 .017 14.387 13 .862
4-7 14 .514 12 .905 13 .194 13.835 13.113
5-6 1 1 .810 1 3 .470 13 .243 13 .110 13.001
5-7 13 .740 13 .217 13 .033 12.711 13.895
6-7 10 .664 11 .068 11 .146 9 .2 4 5 12.151

Table 5-6. D iitancci between center* o f  helix cylinder* of BR

He lice* SS MAI MA2 MA3 MA4

1-2 10 .883 11.321 10 .926 11 .069 11. 366
1-7 10 .318 12 .648 12.431 12 .510 12.175
2-3 9 .7 9 0 10.901 10.793 10 .559 10.141
2-7 12 .949 11.676 11 .717 11.424 11 .454
3-4 10.955 14.129 14 .214 15.243 15 ,479
3-5 15.143 16.811 1 6 .8 7 0 18 .246 17.803
3-6 13 .619 11 .029 1 1 .1 0 0 11 .314 13 .442
3-7 9 .5 9 8 11.265 11 .092 10 .729 10 .595
4-5 1 2 .190 13.355 13 .365 13.778 13 .112
5-6 11.503 13.973 14 .187 14 .052 13 .236
6-7 10 .886 1 0 .920 10 773 10 .650 10.741

Table 5-7. Angle* of pro line kink* in belicet o f 5HT2R

p o s it io n SS MAI MA2 MA3 MA4

H2 17/7* 170 8 20  8 23 .8 20.5 2 3 .3
H4 17/5 14 .6 3 4 .4 64 .3 3 1 .9 6 3 .8
H5 13/10 12 .2 2 3 .4 32 .9 25 .5 2 3 .4
H6 14/11 14 .6 2 0 .6 24 .5 21 .2 2 0 .6
H7 17/7 25 .2 3 4 .4 30 .2 3 0 .0 2 8 .2

a H2 17/7 the proline i* in helix 2 at position 18. proceeded by 17 other residue*, and followed by another
segm ent o f 7 residue*.

T*ble^5^^An£k^)fjj>rolLneJunk*^nJ>c)ic«ij3fJJR^

p o s it io n SS MAI MA2 MA3 MA4

H 2 12/12 2 .4 4 8 8 .7 152. 3 2 .0 3 1 1
H3 13/9 16 .0 18.5 19.6 21.1 20 .1
H 6 20/5 5 6 .7 14.5 18.1 20.1 18 .7
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The relative arrangement of TMHs

As a result of simultaneously satisfying ligand binding criteria, positioning TMH7 

close to TMH3 and TMH4, and maximizing the interacting between conserved residues and 

between polar residues, the model finally adjusted through MD simulation has an 

uncommon shape (Fig. 5-2) and a helix arrangement different from that of BR and all other 

published models of GPCRs. However, as mentioned above, the shape of the model is 

similar to that of rhodopsin revealed from electron microscopy study published recently 

[ 1 ], and the helix arrangement is identical to the one that uniquely satisfies constraints by 

various study results (see Chapter IV, compare Fig. 4-1 D.I and Fig. 5-2). I attribute the 

feature of the molecular shape of the 5HT2R model to the use of three criteria that represent 

three independent sources of information and structural elements: 1) The model emphasizes 

the closeness of TMH7 to TMH3, and TMH4, criteria derived from experimental results 

(7, 117, 133] that correlate the structures and functions of GPCRs. 2) TMH2 is adjacent to 

TMH7, derived from the fundamental assumption of the roles of conserved residues in 

maintaining the structure and function of the receptors, which integrate the structural 

features of GPCRs. The assumed interaction between TMH2:Aspl20 and TMH7:Asn376 

has been proved to be correct by the latest report of reciprocal mutation experiments on 

GnRH receptor [39]. 3) The special position of TMH1, guided by the hydropathy 

complementarity of protein structures, a general structural feature observed both in soluble 

proteins and transmembrane proteins (see [2], or Chapter II). These criteria are not for 

5HT2R alone, but, reflect the wide background of GPCR structural features. Therefore, I 

conclude that the similarity in molecular shapes of the 5HT2R model and the structure of 

rhodopsin is not due to chance, and that the features of the molecular shape of the 5HT2R
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model can be generalized to other GPCRs. Nevertheless, the molecular shape and the helix 

arrangement of the model have been demonstrated to be consistent with all available 

experimental data and acceptable explanations of the related experimental observations (See 

Chapter II and IV), particularly with those reported after the modeling. From this point of 

view, the model has been shown to be beyond a simple visualization of ideas, but its main 

features were verified by experimental results thus far reported.

The side chain torsional angles of residues in the model

The first side chain torsional angles ()fl) of all residues in the model are listed in

Table 5-9. These values were mainly determined through MD simulation, since there had 

been no attention directed to specific angles during the graphic modeling process. Table 5-9

also lists the reference % 1 of amino acid side chain (termed rotamer) of a rotamer library

surveyed from helices of soluble proteins of known structures [135, 136]. It is noted that 

most of the side chain angles in the model are in the range of the rotamer library. This may 

reflect the capability of the MD simulation to produce proper covalent and non-bonded 

interactions. Some side chain angles of residues in the end regions of TMHs are not in the 

ranges of the rotamers for helix structures. This may due to the lack of proper helix-helix 

interaction in the regions, and it should not significantly affect the proper interaction 

between helices.



Fig. 5-3 The representative structure of 5HT2R model
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The side chain angle of TMH7:Asn376 (Asn G:17 in Table 5-9) is noteworthy. The 

residue is conserved in almost all GPCRs. It is the residue corresponding to the Asp in the 

GnRH receptor that has been demonstrated to interact with Asn in TMH2 corresponding to 

the conserved Asp among other GPCRs [39]. In the model, Asn376 interacts directly with 

the conserved Asp 120 in TMH2 through hydrogen bonding (see Fig. 6-12). The Asn376 is 

in the middle region of TMH7; its side chain angle, however, is not in the range for the 

rotamer in helix structures. This difference may not indicate that the side chain angle of 

Asn376 is not appropriate, rather, it may indicate the special structural environment of the 

residue. The sequence motif NPXXY in TMH7 is the most distinctive for GPCRs, as it is 

conserved among almost all GPCRs, and the longest sequence motif among all conserved 

elements. This motif cannot be found in any of the soluble proteins of known structures (I 

have searched the PDB for the segment, but failed to find out a single match). Thus, the 

angle value of the rotamer may not be applicable to the specific sequence motif. Practically, 

assigning the angle value of the rotamer to Asn376 in the model was proved unacceptable 

under the MD simulation conditions. Suggested by Mr. Juan Ballesteros, Dr. Carmen 

Villaverde changed the side chain angle of Asn376 in the model to the value of the rotamer, 

and carried out MD simulation. However, through MD simulations, the side chain angle of 

the residue was changed back to the value in the model. It is very interesting to note that in 

the simulated structure of the 5HT2R mutant in which Asp 120 was substituted with Asn,

the side chain conformation of Asn376 was changed to “normal’* with the X 1 of -74

degrees, in the range of rotamer library. The in the mutant complex with 5-HT is also

-80 degrees. But, the mutant receptor just does not work, either simulated or 

experimentally observed (Chapter VI, E). All these indicate that the “abnormal” side chain 

conformation of Asn376 in the model may be the correct value.
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Table 5-9. Torsional angles of residues in the model of 5HT2R.
A.A.Re*.ID Dih. def x» R*f*l A.A. Re*.ID Dih. def. xi Ref-Xl A. A Re*. ID Dili. def. X‘ Ref.yi

A i d A:1 CO a CA N 45 -68 Leu B:15 CO a CA N -171 s U:20 OG CA N
A n A: 1B CG CB CA N 161 -170 D u B J 2 CG CB CA N -65 s C:12 OG CB CA N -56
A n E:1 CG CB CA N 63 LeuB:25 CG CB CA N •62 s C:I5 OG CB CA N -57
A n F:20 CG CB CA N -97 Leu C:7 CG CB CA N 66 s C:23 OO CB CA N -55
Am 0 :4 CG CB CA N 63 Leu C: 10 CG CB CA N -177 s D:12 OG CB CA N -35
A n G:17 CG CB CA N 63 LeuC:l9 CO CB CA N -67 D:16 OG CB CA N -52
A n 0:23 CG CB CA N -170 Leu C:24 CO CB CA N 66 s E:7 OG CB CA N *56
A*p B4 CG CB CA N -77 -68 Leu D:3 CG CB CA N -170 s G:I3 OG CB CA N -36
Aip C:8 CG CB CA N 64 -170 D u  D:24 CG CB CA N -174 s G:I4 OG CB CA N -51
A n C:25 CG CB CA N -161 D uE :4 CG CB CA N -67 A:7 OG1 CB CA N -49 63
Cy* C:l SG CB CA N -62 -65 D u  E:I3 CG CB CA N -88 A:8 OG1 CB CA N -55 -60
Cy* C:20 SG CB CA N -63 -110 D u  E:24 CG CB CA N -171 A: 14 OG1 CB CA N *54
Cyi F:I4 SG CB CA N -59 D u  F:2 CG CB CA N -74 B:23 OG1 CB CA N 52
Cy* F:26 SG CB CA N -59 D uF:8 CG CB CA N -163 C;13 OG1 GB CA N -49
Gin D:23 CG CB CA N -63 D uG :2 CG CB CA N -72 D 10 OG1 CB CA N 48
Hie C IS CG a CA N -74 -63 D uG :3 CG CB CA N -65 E:I6 OG1 CB CA N -55
tie A:11 CGI CB CA N -70 -60 D u  0:12 CG CB CA N -69 E:21 OG1 CB CA N 50
tie A:12 CGI CB CA N 62 -170 D uG :19 CG CB CA N -174 F:19 OG1 CB CA N -177
He A:I5 CGI CB CA N -61 DuG :23 CG CB CA N -179 G:22 OG1 CB CA N -53
He A: 19 CGI CB CA N -61 Lyt D:4 CG CB CA N -67 Trp A:2 CG CB CA N -173 -66
He A:22 CGI CB CA N -5S Met A:23 CG CB CA N -61 -60 Trp C:4 CG CB CA N -75 -ISO
He B.7 CGI CB CA N -171 Met B:3 CO CB CA N -175 -180 Trp D.-9 CG CB CA N -71
tie B24 CGI CB CA N -168 M elBlO CG CB CA N -168 Trp F: 13 CG CB CA N -75
He C:3 CGI CB CA N -35 Mel B:17 CO CB CA N -60 Trp G :S CG CB CA N -78
He C J CGI CB CA N 67 Mel B:2I CG CB CA N -62 Tyr C« CG CB CA N -174 -67
He C: 16 CGI CB CA N -172 Mel C: 17 CG CB CA N -69 Tyr E:22 CG CB CA N -150 -180
He C 2 2 CGI CB CA N -59 MetD:17 CG CB CA N -170 Tyt G:11 CG CB CA N -70
He D:S CGI CB CA N -66 Mel E: 18 CG CB CA N -61 Tyr G:2I CG CB CA N -60
He D:6 CGI CB CA N -168 MeiF:l2 CG CB CA N -65 V*1 A:9 CG2 CB CA N -164 173
He D l l CGI CB CA N -63 Met F:22 CG CB CA N 64 Ve) A.10 CG2 CB CA N •163 -63
He D:I3 CGI CB CA N -61 Phe B :1 CG CB CA N -58 -66 Vml A:21 CG2 CB CA N -159
He 0:19 CGI CB CA N -53 Fhe B:I4 CG CB CA N -70 •180 Vel B:I6 CG2 CB CA N -170
He E:3 CGI CB CA N -164 Phe C:ll CG CB CA N -56 Vel B:I9 C02 CB CA N 163
He E: 13 CGI CB CA N -57 Phe D:2 CG CB CA N 69 Vel C:9 CG2 CB CA N -163
He E:I7 CGI CB CA N -60 Phe D:22 CG CB CA N -74 Vel D:8 CG2 CB CA N -58
He E:20 CGI CB CA N -61 Phe E:2 CG CB CA N -168 Vel D:I3 CG2 CB CA N -60
lie F:4 CGI CB CA N -53 Phe E:S CG CB CA N -82 Vel D:2I CG2 CB CA N -51
He FIS CGI CB CA N -60 Phe E:l 1 CG CB CA N -76 Vel E:3 CG2 CB CA N -167
He F-21 CGI CB CA N -61 Phe E:I2 CG CB CA N -so Vel E:9 CG2 CB CA N -62
He F:25 CGI CB CA N -60 Phe E:23 CG CB CA N -68 Vel E:I9 CG2 CB CA N -56
He G:9 CGI CB CA N -64 Bm F6 CG CB CA N -65 Vel F:1 CG2 CB CA N • 171
Leu A:3 CG CB CA N -63 -65 Phe F:7 CG CB CA N -85 Vel F J CG2 CB CA N •58
Leu A:6 CG CB CA N -65 *170 Phe F9 CG CB CA N -83 Vel F:10 CG2 CB CA N -58
Leu A: 13 CG CB CA N -174 Fhe F:I6 CG CB CA N -137 Vel F: 1 CG2 CB CA N -60
Leu A:20 CG CB CA S 66 Hie F:I7 CG CB CA N -68 Vel F:24 CG2 CB CA N -59
Leu B:2 CG CB CA N 54 Phe 0 6 OG CB CA N -67 Vel G:5 GG2 CB CA N *170
Leu B:5 CG CB CA N -55 Phe G:24 CG CB CA N -67 Vel G:7 CG2 CB CA N -62
Leu B:ll CG CB CA N -175 Ser A:3 OG CB CA N -60 65 Vel G:16 C02 CB CA N -162
Leu B:12 CG CB CA N -84 See B:4 OG CB CA N 51 -70 Vel 0:20 CG2 CB CA N -61

AA — amino acid. Res.ID-- The residue l.D in the 5HT2R model. A: 1 Indicate the first residue of TMH1. 
Dih. def. — atoms defining the torsional angle, x* -  the first torsional angle of the side chain of the 
residue. Ref.xl ■■ The reference first torsional angles of side chains listed are the first and second (if 
available) populations for the amino acid, see references [135,136].

The distribution of polar residues

The model has a supporting network of polar residues, and patches of polar residue 

centers across every TMH. As listed in Table 5-10, a network of polar residues passes
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through 6 TMHs. These residues interact with each other either through side chain or 

backbone atoms. In addition to this network, there are four centers of polar residues 

defined by matches of polar residues on surfaces of a TMH to those on the surface of an 

adjacent TMH. Two of them involve three TMHs, namely, center I (see Table 5-10) across 

TMH 1-3, and center 4 across TMH5-7. Center 2 and 3 are in the interfaces of TMH3-4, 

and TMH4-5, respectively. Surrounded by apolar residues that constitute the majority of 

the helical bundle, these polar centers and networks must be critical in determining the 

specific packing of TMHs, and in stabilizing the whole structure of the receptor which is 

embedded in the hydrophobic membrane environment. Of the 18 polar residues at polar- 

PCP identified for neurotransmitter GPCRs (Fig. 2 of [2]), 16 are found to be in these 

centers and networks (marked bold in Table 5-10). Although, these polar-polar interactions 

were not originally identified or proposed to be the specific matches of polar- PCPs in the 

5HT2R, the extensive involvements of these polar residues may indicate that the model 

basically reflects the characteristics of helix-helix packing of the protein. It is also notable 

that the polar residue network includes all the polar residues conserved among various 

types of GPCRs, namely TMHl:Asn92, TMH2:Aspl20, TMH7:Asn376 and 

TMH7:Tyr380, suggesting that this network may also be functionally important. This will 

be discussed below in Chapter VI, E..
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Table 5-10. Centers and network of polar residues in the 5HT2R model.
center belix polar residues
1 1 Asn75, Ser77, Thr*l, Thr82

2 Seri 31, Thrl34
3 Tyrl53

2 3 Cysl48
4 Gln216

3 4 S«r203, Ser207
5 Ser239

4 5 Asn233
6 Thr342, Asn343
7 A tn 3 « 3

a network 1 ThrSS, A m 92
2 A s p llO
3 A splSS, Scr 159, T h rl60 , S e r i£2, H lal65
4 Thr202
5 Thr253, Tyr254
7 Ser372, Ser373, A in376, Tyr380, Asn384

Bold: Polar residues identified at polar-PCPs (polarity conserved positions)

The distribution of conserved residues

In the 5HT2R model, conserved residues defined by sequence identity among 25 

neurotransmitter GPCR sequences [49] can be classified into two groups (Table 5-11). One 

(Group 1, marked italics in Table 5-11) scatters in the half of the helical bundle close to 

extracellular side, involving TMH 3 ,4 ,5 ,6  and 7. (Fig 5-3, in the upper left portion). The 

other group (Group 2, not italics in Table 5-11) concentrates in the other half of the helical 

bundle close to the intracellular side, involving TMH 1, 2, 3, and 7 (Fig. 5-3, in tower 

right portion). As can be counted from Table 5-11 (last column, residues marked in bold), 

the 12 residues in Group 2 make 32 contacts between conserved residues; but only 11 

contacts of this type are made by the 10 residues in Group 1. (The contact numbers are 

simply counted from the last column of Table 5-11, without taking out the duplicated 

counts)
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Table 5-11. Interactions between conserved residues and other residues in the proximity 
within 4 A of side chains of the conserved residues. (Residues in parentheses are within 5

TMH# Cons. Res. interact with
1 Gly91*

Asn92* TMH1: Thr88, Ile89, Gly91, Ile93, Val95, Ile96.
TMH2: Phe 112. L eu l 16
TMH3: (Met 164), 11 is 165. Ala 168, (lie 169)

VaI95* TMH1: Gly91, A inM . Leu94, Ile96 
TMH2: (Phell2)

2 Leul16* TMH1: A sn 92
TNH2: Phe 112, Seri IS. A lai 17 
TMH3: Hisl65, (Ilel96)
TMH7: T yr38*

Alai 17 TMH2: (Pbell2), Leul 13, M etU4, L eal 16. I ie ll8  
TMH7: Pro377, (T yr380, Thr381)

Aspl20* TMH1: (He85, Thr88)
TMH2: L eu l 16, (A lai 17), Alai 19. M etl21 
TMI13; (Ala 161, S e r ia l) . His 165 
TMH7: A an 376f Tyr3S0

3 AspJSS TMH3: T nilS l. llelS2. Leul54. V ail56. (Serl59) 
TMH4: Met207
TMH7: Pbe365, Ne36K r.lv369. (Seri72)

Seri 62 TMH2: (AspH O )
TMH3: PhelSS. Serl59. (Thrl60). Alal61. Ilel63 
TMH7: A sa37fi. Tvr380

Leu166 TMH3: S e r ia l, lie 163. His 165, Cys)67, (lie 169, Serl70)
TMH4: Leu 194. Ilel97
TMH7: (Val379). Tyr380, (Phe383)

4 Trp200* TMH4: He 196, lle!97. Vall99. Thr201. (Ser203)
TMHS: (Ala242). Phe243. (Phe244. Ile245). Pro246. Leu247

Pro210 TMH4: Gly206, lle207, Ser208. Met209, Ile2U. (Val213, Pbe214)
5 Phe243 TMH4: TnlOQ. Ser203. (Val204)

TMHS: Ser239. Phe24fl AU242. Phe?44 (Ue245)
Pro246 TMH4: He 196, Trp200

TMHS: Als242, Phe243, Phe244 Ile24S, Leu247
Tyr255 TMHS: Met2Sl, Val252. Thr254, Phe256, (Leu257) 

TMH7: Leu382, Pbe383, Asn384
6 Phe332 TMH6: Val328, Pbe329, U u331, Val333, Trp336, (Cys337)

Trp336 TMHS: Val241. (Phe244)
TMh6: leu331 Pke332 Met335. Cys337. Phe340

Pro338 TMH6: tPbe332). Val333. V al334. M et335. Trp336  Cvs337. Phe339.
(Phc340)

TMH7: <Trp367. Leu371)
7 Trn3ti7 TMH6: Pro338, Ile341,Tbr342, Met34S 

TMH7: Asn363. Val366. He368
S*r373 TMH2: Glyl24, Pbel25, Met 128 

TMH3: Phe 158
TMH7: Gly369. Tvr370. (Leu371V Ser372. AU374, (A«n376)

(continued)
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Table 5-11 (continue?
Axn376* TMH2: A i o l l f l  fM e t!2 n

TMH3: (Phe 161), £ seU 2* (Hisl65)
TMH7: S e i3 72. S tr3 7 3 .  (Ala374), V al375. Pro377. (Leu378, V a l3 7 9 ), 

T y r3 M
Pro377* TMH2: A la i 17, Meil21

TMH7: (Ser372). Str373. Ala374, Val375. Aan376. Leu378, fVal379.Thr381) 
Tyr380* TMH2: (P b ell2 , Leul 13), L eul 16, A lai 17, A>pl20  

TMH3: (Alal61), Serl62  His 165, Leu 166 
TMH7: A sn376. Pro377. Ya111± Thr381

Italics -  Conserved residues of group 1, in extracellular half of the belix bundle. The others conserved not 
in italics are of group 2, in intracellular half. Bold -  highlight conserved residues. nntWHne -  Residues 
found to be within 5 A of a ligand in simulated ligand/receptor complexes. * -  Conserved not only in 
neurotransmitter receptors, but also most of other GPCRs.

Functionally, the Group 1 conserved residues are more related to the ligand binding 

region. In the ligand/receptor complexes (see Chapter VI, C and Table 6-5), residues 

within 5 A of ligands are marked by underline in Table 5-11. As can be counted from Table

5-11, 9 of the 10 residues of Group 1 are involved in interactions with residues within 5 A 

proximity of the ligand binding region, making 32 contacts. 5 of the 10 Group 1 residues 

also directly make contacts with ligands. These are compared with residues of Group 2: 

only 6 of 12 Group 2 residues are involved in interaction with ligand contacting residues, 

making 23 contacts, and only 2 of the 12 residues directly interact with ligands. The Group 

1 conserved residues are apparently more specific for neurotransmitter GPCRs. Of the 10 

residues in the group, only one (Trp200, TMH4) is conserved also in other types of 

GPCRs (refer to aligned sequences of 74 different GPCRs [49]). In contrast to this, 9 of 

12 Group 2 residues are also conserved in other types of the GPCRs. The high degree of 

conservation of group 2 residues may suggest that these conserved residues may be more 

related to functions that are more common among GPCRs, such as activation and 

regulation of the receptors. Indeed, specific roles for some of the conserved residues such 

as Asp 120 in activation and regulation of the receptor were demonstrated by single site 

mutation experiments.
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Fig. 5-4. Distribution of conserved residues in 5HT2R model. The conserved residues are 
marked with red color. The residues in green color are those found to interact with the 7 
ligands studied, as revealed from die MD simulation (Chapter VI,C)
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Chapter VI. Interaction Between Ligands and 

the Receptor Model

Practically, key elements in the development of new approaches for the design of 

therapeutic ligands acting on GPCRs are: 1) information on the three dimensional structures 

of the receptors, and 2) a mechanistic understanding of the molecular mechanisms of signal 

transduction in these receptors. A model of a GPCR is an integrated but simplified 

representation of the understanding to certain stage about the receptor. The three 

dimensional structure of the 5HT2R model relating to the available experimental data such 

as the projection map of rhodopsin, and the helix arrangement was evaluated in previous 

Chapters. The most challenging task thus remains the incorporation of the various available 

experimental results connecting structural information to functional data for the receptor. 

Results presented in this Chapter address this challenge. Relations between various types 

of functional data and structural information derived from the model are studied. These data 

include: ligand affinities, mutations, signal transduction, and allosteric regulations. Due to 

the dynamic nature of signal transduction by the receptor, the purpose of understanding the 

mechanisms underlying the biological events can only be achieved by study of the 

interaction between ligands and the receptor.

A. The ligands selected for the study and the dynamic behavior of 

ligand/receptor complexes

Seven ligands were selected in the representative set for study of interaction 

between ligands and 5HT2R. Summarized in Table 6-1, the seven ligands belong to four
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chemical classes, have molecular sizes from 22 to 50 atoms, include full agonists, partial 

agonists, an antagonist, non-5-HT2 ligand, a pair of bio-active and inactive enantiomers. 

Their affinities range from 5 to >10,000 nM.

Xablê fî ĴLĴ arrd^usê m t̂liiŝ stud^
Ligand Cbcmtcal classes Activities Ki(nM) Ref.
5-HT indolealkylamine endogenous full agonist 744.0a {108, 137]
Gramine indolealkylamine antagonist 1500.0b (138]
Tryptamine indolealkylamine partial agonist 2005.0 (137]
D-LSD ergottne partial agonist 5.4c (34, 139]
L-LSD ergoiinc bio-inactive 10000.0 [140]
DOM phenalky tannine partial agonist 60.0 [107]
8-OH-DPAT aminotetralin non-5-HT2 ligand 5350.0 [137]

a). Tbe affinity istaken as average of Ki: 560 and 928 (nM).
b). The affinity is taken from Ibe congener 5-metboxy-gramine as reference.
c). Tbe affinity is taken as average of Ki 2.5 and 8.2 (nM).

A typical trajectory of the simulation is shown in Fig. 6-1 for 5-HT/receptor (5- 

HT/R) complex. As in the simulation of the receptor alone, there is a slight down drift in 

energy, but less than 0.01% total energy/ps in the last part of the trajectory starting at about 

50 ps. The time series of RMS deviation compared to average structure for the same 

simulation period shown in Fig. 6*2 exhibits a plateau after about 100 ps. Thus, the energy 

minimized average structure is calculated from the last part of the trajectory starting at 110 

ps. This applies to other ligand/receptor complexes; and the energy-minimized average 

structures are taken as the equilibrated structures of the complexes.
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Fig. 6-1. Energy and temperature fluctuations during molecular dynamics simulation of 
the 5-HT/5-HT2 receptor model complex. A) the total energy; B) the temperature; C) 
values for the entire trajectory, including the potential energy.
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Fig. 6-2. The RMS lime series of 5-HT/5-HT2 receptor model complex during dynamics 
simulation compared to the average structure for the same simulation period.
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As will be shown below, through MD simulation, positions, conformations of 

ligands in the binding regions and the conformation of the receptor in the complexes are 

changed significantly compared to the starting structures. Understanding these 

conformational changes is the key to understanding the mechanisms of interaction between 

ligands and the receptor, and the mechanism of signal transduction through the receptor.

B. Ligand affinities and select!vities: putative role of TMH7 [4]

In the first analysis of the interaction between the structurally and pharmacologically 

diverse ligands and the receptor, various components of the calculated energies of 

interaction in the ligand/receptor complexes are discussed.

The energies are calculated with the CHARMM program, using the same standard 

values for the nonbonded cutoff and for hydrogen bond cutoff employed for the dynamics 

simulations and energy minimizations (sec Chapter III, J). The effect of ligand binding on 

the various components of the interaction energy are computed from the differences 

between the corresponding terms for the receptor alone and the values for the 

receptor/ligand complex. Note that the energy terms for the reference structure in the 

absence of ligand are equal for all ligands because the same receptor structure was used in 

docking all the ligands, making the starting structure the same for every complex.

Direct effects of ligand interactions with TMH7

Table 6-2 lists the energies of interaction of ligands with each of the helices in the
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5HT2R model, calculated from the structures of the equilibrated ligand/receptor complexes. 

Inspection of the data in Table 6-2 and the affinities in Table 6-1 indicates that only the 

interaction energy of TMH7 (also known as "helix G", from the terminology used for BR) 

with each of the ligands suggests a rank order relationship with the experimentally 

determined affinities of these ligands. As shown in Fig. 6-3 A, a significant correlation 

appears between the energy of interaction of each ligand with TMH7, termed AE(G-H), 

and -log (Ki) of the ligand.

Table 6-2. Ligand-helix interaction energies (in Kcal/mol) in the 5-HT2 receptor model.
Ligand TMH1 TMH2 TM1I3 TMH4 TMH5 TMH6 TMH7
5-HT 0.00 0.00 -32.70 -1.24 -8.28 -0.05 -11.81
Gramine 0.00 0.00 •38.38 -6.90 -1.90 0.02 -1.68
Tryptatnine 0.00 0.00 -33.45 -1.75 -6.36 -1.13 -9.18
D-LSD 0.00 -0.10 -22.07 -6.46 -11.06 -0.17 -18.28
L-LSD 0.00 0.00 -34.02 -4.17 -6.98 -2.99 -5.15
DOM 0.00 -0.18 -25.69 -6.25 -2.64 -0.01 -26.86
8-OH-DPAT 0.00 -0.00 -20.89 -3.23 14.30 -0.05 -5.92

The correlation in Fig. 6-3A suggests that TMH7 may play special role in 

determining interaction between ligands and the receptor. This has been observed earlier 

from experimental explorations of the role of specific TMHs in other receptors. The

specificity studies of a2-, (32-adrenergic chimera [7, 141] revealed a dominant role for

TMH7 in determining the relative affinities of a2-, 02-AR ligands for the corresponding

receptors, suggesting the existence of defining interactions between the ligands and TMH7 

in each of the receptors. Since selectivity of a ligand for two different receptors depends on 

the relative affinities, the special role of TMH7 of 5HT2R in the interaction with ligands 

observed here may also suggest that the helix may play role in determining the ligand 

selectivity for other receptors if the TMH7 play similar roles for ligand interactions. This
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will be discussed further.

Indirect effects of ligand Interactions with TMH7

Clearly, TMH7 is not the single structural element determining the ligand binding in 

GPCRs. In the thermodynamics analysis of the ligand binding for a2- |)2-AR chimera [7],

Catterall demonstrated that each transmembrane segment also contributes to the ligand 

selectivity binding free energies of approximately 0.8 kcal/mol [141], The uniformity of 

this contribution to the ligand binding energy makes it unlikely that it represents the result 

of direct interaction with the ligand. Rather, it reflects the consequences of the presence of a 

ligand in the binding pocket for the structure of the rest of the receptor. This consequence is 

reflected in the changes that ligand binding produces in the energies of helix-helix 

interaction analyzed below.

Significant conformational changes occur in simulated ligand/receptor complexes 

compared to the unoccupied (ligand-free) receptor. A major component of the difference in 

the energy of rearrangement in the receptor structure due to ligand binding is the difference 

in helix-helix interactions compared to the unoccupied receptor. Table 6-3 lists the effects 

of ligand binding on the interaction energies of each TMH with all the other helices in the 

5HT2R model. The interaction energy with TMH6 is excluded from each sum due to the 

limitations of the current simulation model. Thus, the simulations of the system 

representing the 5HT2R did not include a representation of the surrounding membrane 

environment, as discussed (see ref. [3], and more detail in Chapter VI, D). Consequently, 

the structural rearrangements resulting from the simulation of the receptor/ligand complex 

were not subjected to any steric constraints, and the signal transduction representing the
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Fig. 6-3. Correlation between ligand affinities experimentally determined and interaction 
energy terms calculated from simulated ligand/5-HT2 receptor complexes. A) 
Correlation with interaction energies of ligands with TMH7 A (G-H). The resulting 
regression equation is: -log[Ki)=5.029-0.104AE(G-H); R=0.78, n=7, p<0.05. B) Correlation 
with interaction energies of the ligands with TMH7, plus the change in the Interaction energies 
of TMH7 itself with the other TMHs (except TMH6) due to the ligand binding. AE(G/sum). The 
regression equation is -)og[Ki]=5.136-0.113AE(G/sum); R=0.93, n=7, p<0.01
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activation of the receptor by an agonist resulted in an unrealistically large tilt of TMH6 

away from the helical bundle (seen in Fig. 6-4). While the nature of the structural changes 

produced by the agonists, antagonists and partial agonists studied in the simulations with 

the 5HT2R model are fully consistent with the pharmacological properties of the ligands 

and with the available information on the structural effects of receptor activation (cf. 

affected receptor domains in ref. [3], to structural conclusions in refs. [67, 142]), the 

excessive magnitude of the tilt in TMH6 precludes a reliable evaluation of its contribution to 

the energetic consequences of ligand binding. For this reason, the interaction of TMH6 

with TMH7 was not included in the energy sums listed in Table 6-3.

Table 6-3. Effect of ligand binding on the interaction energy (in Kcal/mol) between each 
TMH and all the other helices of the 5HT2R model.
TMH # 5-HT GRAM TRYP D-LSD L-LSD DOM DPAT

1 -2.56 9.78 -2.11 0.52 1.02 2.39 3.24
2 -3.48 -2.56 -0.58 -9.97 -2.36 -1.16 -4.79
3 -6.14 -9.76 -26.08 -20.81 -10.55 12.56 -8.23
4 3.28 7.84 10.46 1.21 13.90 18.24 -1.92
5 -0.19 0.14 1.66 1.40 10.28 -6.50 -5.81
7 1.16 -3.76 1.97 -2.42 7.66 3.62 4.52
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Fig. 6-4. The molecular model of the transmembrane helix bundle of the 5HT2R in the 
absence and presence of 5-HT. Yellow -  in the absence of ligand. Red -  in the presence of 
the endogenous agonist 5-HT. The 5-HT molecules in yellow and red indicate the starting 
and the final positions, respectively, in the MD simulation. Green — residues found from 
MD simulations to interact with all 7 ligands studied (Chapter VI, C, Table 6-5). Two 
arrows indicate the portions of the TMHs changed significantly due to the ligand binding.

V - . . /
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Conformational changes in the helix bundle of the receptor may affect ligand 

binding by modifying geometries and physicochemical properties of ligand binding region. 

Since the correlation shown in Fig. 6-3A suggested the critical role of TMH7 in direct 

interaction with ligands, it is checked whether the addition of the indirect effects of ligand 

binding, expressed in the changes they produce in helix-helix interaction energies with 

TMH7 (or "G"), would improve this correlation. Thus, the sum of the interaction energies 

of TMH7 with the other helices of the ligand/receptor complex was added to the 

ligand/TMH7 interaction energy, yielding the sum of interaction energies with TMH7 

(termed AE(G/sum). As shown in Fig. 6-3B, the correlation with ligand binding affinity (- 

log (Ki)) of this term that combines the two effects of the ligands on TMH, is better than 

that in Fig. 6-3A (R=0.93; significant at p<0.01).

That certain TMHs may have special roles in determining receptor properties was 

also observed in [31/(32 chimeric receptors [143]. Studies of Marullo et.al. on (31/(32

chimeric receptors [144] and of Choudhary et.al. on 5-HTic/5-HT2 chimeric receptors 

[145] further revealed that the contribution of each exchanged region to ligand binding 

varies with each ligand, presumably defined by the individual structural properties of the 

ligands [144], These findings support the idea that different ligands may induce different 

helix-helix interactions in a receptor, as observed also from the correlations shown in Fig.

6-3. In a chimeric receptor, this effect is dependent on the composition. In a native 

receptor, the equivalent effect is that of two different ligands inducing different 

conformational changes in the TMHs with which they interact In each case the TMHs must 

respond to the conformational changes induced by the direct ligand/receptor interactions, 

and different helix-helix interactions ensue in response to binding of different ligands. In 

principle, the energy difference component calculated for the results of the interaction 

between one receptor with different ligands, is equivalent to that resulting from the
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interaction of one ligand with different chimeric receptors. In both cases, a major 

component of the energy difference that determines selectivity is generated by the resulting 

changes in helix-helix interactions.

The implication of the correlation, that ligand binding induces helix-helix 

interactions different from those in a free receptor molecule, is also consistent with the 

analysis of the dynamic behavior of the 5HT2R/ligand complexes. In particular, application 

of a method developed recently for the analysis of MD results [81] to trajectories for signal 

transduction following ligand binding revealed the mechanistic role of TMH7. It was found 

that a primary event in the signal transduction sequence is the development of an angular 

force acting on TMH7 due to the interaction of agonists with the side chain of 

TMH7:Ser372. Ligands binding in the recognition pocket thus induce movements of 

TMH7 that affect the positions of other TMHs in the bundle.

A testable hypothesis for the role of TMH7

Based on the mechanistic insight from both the simulations and the pertinent 

experimental data, the correlations shown in Fig 6-3 suggest the following hypothesis that 

can be experimentally tested: Because TMH7 of 5HT2R plays a dominant role in ligand 

binding - both due to direct interaction with ligand and due to the propagation of binding 

signal by way of helix-helix interaction - and because both 5-HTia selective ligand 8-OH- 

DPAT and 5-HT2 selective ligand DOM are included in the same correlation - chimeric 

receptors composed of TMHs of 5-HTj, and 5-HT2 receptors will exhibit selectivity

characteristics similar to those shown for the a2/02-AR [7, 141], In groups of

5-HTi,/5-HT2 chimeric receptors differing in whether or not they include TMH7 of
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5HT2R, the selectivities of DOM will follow different congelation functions with respect to 

the number of TMHs exchanged from 5HT2R (cf. Fig. 1 in ref. [141]). Moreover, if 

TMH7 of 5-HTu  is also critical for binding of 5-HTi, receptor selective ligands, it is 

possible that there will be two conelation lines for 8-OH-DPAT, but these will show a rank 

order of chimeras opposite to that for DOM.

Although specific residues in TMH7 of 5HT2R that affect ligand binding have not 

yet been reported, residues in TMH7 of other GPCRs, including 5-HTia and 5-HT it, have 

been shown by mutagenesis or photoaffinity labeling to be important for ligand 

bindings ! 146-154]. These results are consonant with the observations of a major role for 

TMH7 in determining the properties of the 5HT2R, and identify the important 

consequences that specific interactions of TMH7 with the ligands as well as with the other 

helices in the transmembrane bundle will have for the structural and functional properties of 

the receptor.

Concluding remarks

The practical importance for drug design of an explicit structural model that makes 

possible the computational exploration of ligand recognition and receptor activation by 

ligand binding, is substantiated by the need for mechanistic explanations for 

phenomenological correlations of the type observed here for compounds belonging to 

different chemical classes of 5HT2R ligands. Together, the empirical observations and the 

results from molecular modeling and computational simulation constitute powerful tools for 

design of ligands with predetermined properties. Cast in a conceptual framework at the 

atomic level of resolution these tools are based on a mechanistic understanding of
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phenomena observed in pharmacological experimentation and in the application of 

molecular biological techniques. Conversely, the close agreement that such molecular 

simulations have achieved with experimental observations adds support to the receptor 

model and the inferences it provides. Sources of discrepancies, such as the limitations 

imposed by the use of the model without a representation of constraints from the membrane 

environment, become evident from direct comparison to experimental results, and indicate 

directions for further refinement of the computational approaches. Other methodological 

limitations may be inherent in the computational methods. Thus, the absolute values of the 

interaction energies calculated for the various receptor/ligand complexes may be dependent 

on the specific method used here, i.e. CHARMM, However, the internal consistency of the 

results from the simulations and energy calculations for a large number of ligands 

belonging to different chemical classes, the ability to explain the trends observed from the 

computations in terms of specific molecular mechanisms that are also consistent with 

experimental results form receptor mutations and chimera, and the surprisingly good 

agreement of the structural changes produced in the various ligand/receptor complexes with 

the known pharmacological properties of the ligands, make it unlikely that the correlation 

and inferences obtain form these calculations are method dependent.

The present results suggest that the detailed analysis of specific interactions between 

ligands and the receptor made possible by computational simulations constitute a productive 

path to elucidating both ligand/receptor recognition mechanism and their functional 

consequences, thus offering essential components of a specific, receptor-based approach to 

ligand design.
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Limitation In the use of mutation experiments and deficiencies in the "lock* 

and*key" model

The use of methods in molecular biology such as single site mutation, deletion, and 

chimeric mutations to modify the structures of GPCRs has provided valuable information 

about the interaction between the receptors and their ligands [155, 156]. Mutation of

Aspl 13 in transmembrane helix 3 (TMH3:Aspl 13) of (32-AR with Asn resulted in loss of

affinities both of agonists and antagonists of the receptor [60], The Asp residue is 

conserved among cationic neurotransmitter receptors, and was suggested to interact directly

with protonated amine group of ligands [60]. In TMH5, Ser204 and Ser207 of (32-AR

were demonstrated to interact directly with meta- and para- hydroxy groups of 

catecholamine respectively [115].

However, many results of single site mutation experiments have clearly indicated 

the limitations of applying the method to elucidate the direct interaction between ligands and 

their receptors. Table 6-4 summarizes the effects of reported mutations in other 

neurotransmitter receptors at residues corresponding to the conserved Aspl 13, and Ser204,

Ser207 of (32-AR, together with mutations at other interesting sites. Note that in contrast to

the effects of reducing ligand binding affinity for p2-AR by about 11.000 times, the

mutation of the conserved charged TMH3:Aspl55 in 5HT2R with Asn only reduces 

affinity for the endogenous agonist serotonin about 35 times, and for antagonists 14-75 

times [41]. In 5-HTia, mutation of the conserved TMH3:Aspl 16 with Asn changed the 

affinity for serotonin from 1.1 nM (wild type) to 198 nM (mutant receptor). But, this
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change is smaller than that induced by mutation of conserved TMH2: Asp82 with Asn (240 

nM), or non-conserved TMH5:Serl98 with Ala (250 nM), or even more significantly, 

TMH5:Thrl99 with Ala (binding was not detected, but GTPase acivity was stimulated at 

concentrations only slightly higher than those observed for the other mutants) [157]. In 

addition, the D116N mutation of the 5-HTu  receptor had almost no effect on binding of 

antagonist pindolol (Ki (nM), for the wild type: 18, for the mutant: 30) [157]. It would be 

of interest to consider whether such data could indicate the loss of an expected direct 

charge-charge interaction between the protonated amine group of the ligand and the side 

chain of Asp 155 in the wild type 5HT2R or Aspl 16 in wild type 5-HTia. In the dopamine 

D2 receptor, individual mutations of Seri94 or Seri97 (corresponding to Ser204, Scr207 

of f)2-AR respectively) with Ala had no effects on affinity of an agonist (N-0437), but

double mutation of the two Ser residues abolished the binding [79], These data thus clearly 

indicate: small effects, or even no effect at all of a single site mutation on a receptor may not 

necessarily suggest that the residue of the wild type does not directly interact with ligands; 

on the other hand, significant changes in ligand affinity due to a single site mutation may 

not necessarily suggest that the residue of the wild type receptor directly interact with 

ligands. It becomes evident that the limit to approaching the question of direct interaction 

between ligand and residues of a receptor by means of single site mutation is inherent due 

to the fact that ligand affinity changes resulting from a single site mutation in a receptor is 

not a "binding" or "no binding", or “certain percentage binding” phenomenon. The changes 

span over a large range; and unfortunately, we do not have a criterion that can tell to what 

extent the effect is due to the loss of a direct ligand/residue interaction in the authentic 

receptor. Mechanistically, due to allosterism of proteins, the limit and caution of using 

affinity measurements to probe ligand/receptor interaction were noted from studies on 

crystal structures of inhibitor/enzyme complexes (see [158] and references therein), and 

from studies of ion channels [159],
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Receptor Mutant Affinity changes of ligands (mutant/wild type) Ref.

P2-AR D113N

D113E

S204A
S207A

epi. 40000, norep. 18200, isop. 7666 
propranolol 1178 
epi. 1500, norep. 1180, isop. 400 
propranolol 1250
isop. 25, C8 . 1, C7. 3.5, Alprenolol 1 
isop. 25, C7. 0.5 C8 . 1, Alp. 1

[HO]

[115]

a2-AR D113N
S200A
S204A

epi. 25000 (EC50)
(-)epi. 13, oxym. 0.15 Yoh. 1, prasozin 3.5 
(-)epi. 6 , oxym. 0,05 Yoh. 2, prasozin 3.5

[160]

5-HT2 D155N 5HT. 37, DOI 28, I-LSD 4.5 Kat.75, spi. 14 [41]

5-HTu D116N
S198A
TI99A

5HT. 180, pindolol 1.7 
5HT. 96. pindolol 1.8 
5HT. NSB

[157]

D1 S199A

S202A

dop. 10, SKF-32958 4.5
cis-F. 9, SCH-23388 5.5, SCH-23390 72
dop. 48, SKF-32958 1.2
cis-F. 1.3, SCH-23388 6 , SCH-23390 0.73

1161]

D2 D114N NSB 
D114G NSB
S194A dop. 3, N-0437 1 (+)butaclumol 1 
S197A dop. 8 , N-0437 1 (+)butaclumol 1 
S194A&S197A NSB

[79]

ml D105N NSB [63]
Reference data:
Deletion of an uncharged hydrogen bond

weakens binding: 2 -2 0  times 
Deletion of an uncharged partner from a charged bond 

weakens binding:: 400-2000 times

[105]

NSB -- no specific binding

There are special difficulties in the interpretation of experimental mutation results. A
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typical phenomenon is that the effect of mutation, either single site or chimeric 

composition, on ligand binding may vary from one ligand to another (for some of 

examples, see [79, 144, 145, 147, 161* 163]. It was noted that the process of ligand

binding is more complicated than previously thought [145]. A study of chimeric pi/(J2-AR

led to the suggestion that the structural properties of each compound (Note: not each 

receptor!) define different sites of interaction within the pocket formed by the 

transmembrane regions [144], Similarly, a study on human dopamine D2 receptor by 

single site mutations led to the suggestion that beyond the critical anchoring at Aspl 14, a

ligand may even have multiple ways to occupy the binding pocket [79]. For (32*AR,

besides the Aspl 13, Ser204 and Ser207 mentioned above [60, 115], residue 76, 78, 80, 

82 [164], 79, 289, 290, 316, 318, 319, 326 [111] were also found to affect ligand

binding. In a2-adrenergic, dopamine D1 and D2 receptors, the two serine residues

analogous to Ser204 and Ser207 of P2-AR were found, by single site mutations, to affect

ligand binding in the manner different from what would be predicted from the model

proposed for P2-AR [79, 160, 161]. These phenomena thus raise the questions:

conceptually, what is a ligand binding site in a receptor? defined by physical contacts, or by 

a specific region as required by the "look-and-key" model, expected to be responsible for 

functional response of the receptor?

Interaction between ligand and a receptor is mechanistically the recognition of the 

ligand by the receptor. The difficulty in understanding the phenomena observed in mutation 

experiments mentioned above is due to the usual consideration of the recognition in the 

manner of, or the conceptual limit of the "lock-and-key" model. This model completely 

ignores the interaction beyond the "lock-like" region in the proteins, does not include the
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possible conformational changes during "key-lock" matching or recognizing process. 

Thus, according to the model, mutation only at the "lock-like" region would affect ligand 

binding, or a mutation affecting ligand affinity must indicate the mutated residue to be at a 

"lock-like" region. In addition, according to the model, ligands should have the same "key" 

and therefore their affinities should all be affected by a mutation at "lock" regions. 

Consequently, it becomes difficult to understand why a mutation may affect affinities of 

some ligands but not others, and why there are many residues for which mutations affect 

ligand affinities although direct interaction with ligands is unlikely.

The simulated interactions between ligands and 5HT2R in the ligand/receptor 

complexes provide insight into the ligand recognition mechanisms of the receptor. As 

discussed in Chapters above and in our publications [3, 4], the 5HT2R model correctly 

reflects the molecular features, helix organizations, and particularly, the interactions critical 

for ligand affinities as expressed in the correlation of interaction energy components with 

measured affinities. Thus, the receptor model is quite qualified for studies of specific 

interactions. As discussed below, the current available data, including crystal structures, 

mutation experiments and modeling simulations, indicate that at the atomic level, the 

"lock-and-key" model can not be applied to the recognitions of ligands by GPCRs and 

other receptors. It is further proposed that the 5HT2R ligand binding at the receptor is the 

accommodation but not rigid-fit or induced-fit of ligands in a region of the helix bundle.

As mentioned earlier, the term "ligand binding region" is used to refer to the region 

in the receptor that accommodates the ligand. The region includes all contacting sites and 

the space enclosed by the contacting sites.
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The ligand contacting sites of 5HT2R for the 7 ligands studied

Residues directly interacting with ligands were defined by selecting those residues 

within 5 A around the ligand in the energy minimized average structures of ligand/receptor 

complexes. Residues interacting with a ligand constitute the set of ligand contacting sites of 

the receptor for the ligand. Thus, the region defined by the set of ligand contacting sites, 

including the residues and the space inclosed, is the ligand binding region of the receptor 

for the ligand.

Table 6-5 summarizes the residues at ligand contacting sites. 34 residues in total 

distributed among 5 TMHs are involved in the interaction with the 7 ligands studied. Note 

that no two ligands have the same set of ligand contacting sites, indicating that different 

ligands may occupy regions that differ in sizes, shapes, and compositions of residues. This 

feature is completely consistent with the observation from molecular biological experiments 

which suggested that the structural properties of each compound define different sites of 

interaction within the pocket formed by the transmembrane regions [144], Clearly, 

mutations of residues at different contacting sites will have different effects on binding 

affinities of different ligands. Thus, the observations and inferences from the simulated 

ligand/receptor complexes are consistent with the phenomena usually observed in GPCR 

mutation experiments [41,79, 144, 145, 147, 160-163].
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Table 6-5. Ligand contacting sites of 5HT2R for tbe 7 ligands studied, defined by the proximities within 5 
A of ligands in the ligand/5-HT2 receptor model complexes. “+” indicates a contact between tbe residue and
the ligand.
TMH Res. Ligands* Conserved residues Affect ligand

binding, fold­
# 1 2 3 4 5 6 7 within 5 A of side cbainb ing, observed in 

mutations^
2 M128 + Y370.S373
3 W151 + D155.Y370
3 D 1 5 5 CS4 5 H T 2  [ 4 1 ] ,  

D 1 1 6 /5H T la  [157],  
D 1 1 3 / p 2 A R  [60],  
D 1 0 5 / m l  [63] ,  
D 1 1 4 / D 2  [79] ,  
D113/o2-AR [160]

3 S156 + + + D155 Y148/m3 [146]
3 FI 58 + + + + + + D155.S162.S373 M1I7/D2 [79], Cl  16 

[95]
3 SI 59 + + + + + + + D155
3 S 162 + + + + + CS. D120.N376,Y380 S12Q/p2ARc [115]
3 1163 + + + SI 62,1.166
4 1197 + + + + + L166.W200
4 W 200 + + + + + CS. F243.P246 W192/m3 [147]
4 T201 + + + + + + W200
4 V204 + + + + + + + W200.F243
4 M208 + + + + + + D155
5 L236 + F339*
5 S239 + T19 9 /5 H T la  [157],  

S 2 0 4 / p 2 A R  [115],  
S197/D2 [79]

5 F240 + + + + + + + M335',F339
5 V241 + + + W336
5 F243 + + + + + + + CS. W200
5 F244 + + + + F243,M335,W336
5 L247 + + + W200.F243.P246
5 M248 +
6 V334 + M335
6 M 3 3 5 + + CS. W336 T502/m3 [146]
6 F339 + + W336.P338 5HT2 [162], Y506/m3 

[146],F289/p2AR [111]
7 W 367 + + CS.P338 W530/m3 [147],W 330 

[149]
7 1368 + + + + + + D155.F339.W367
7 G369 + + + + (no side chain)
7 V 3 7 0 + W367 Y5 33/m 3 [146 ] ,  

Y31fi/p2AR(115]
7 L371 + + + + + M335.P338.W367
7 S372 + + + + + + + D155.S373 N318/p2AR [60]

(continued)
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Tabic 6-5. (continue)
7 S 3 7 3  +
7 V375 +
7 N 3 7 4
7 V379

+ CS. N376 S319/JJ2AR [115}

+
+ + + + + M335.N376

+ + + + CS.,D120,C162,S373,Y380
+ + + L166.N376.Y380__________

Residues are represented by single letter codes, numbered according to tbe rat 5-lIT2 receptor sequence [89] 
Bold letter faces in tbe second column indicate that tbe residues are conserved as identified among 25 
neurotransmitter receptor, sequence 4 * 28 in Fig 2 of reference (49]. a. Tbe ligands are: l.serotonin (5-HT), 
2.(3-(aminometbyl)-5-hydroxyindole (5-HGR), 3. Tryptamine (TRYP), 4. D-lysergic acid diethylamide 
(D-LSD),  5. L-LSD, 6. l -(2,5-dimetfaoxy-4-metbylpbenyl)-2-amino-propane (DOM),  
7.8-hydroxydipropyl-aminotetralin (DPAT). The symbols in parenthesis are tbe same as those in Table 2. 
of reference (4], b. Tbe conserved residues listed are measured from the free receptor model, but not from 
tbe receptor/ligand complexes, c. Numbers in parenthesis indicate the references. S120/BBB2AR affects 
folding, thus no binding data available for tbe mutation, d. CS. indicates tbe residue itself is conserved, e. 
In muscarinic acetylcholine receptors, tbe residue is Asn. f. Tbe residue is Thr in muscarinic acetylcholine 
receptors, Met in 5-HT2 and 5-HT|C receptors, Cys in tbe others.

Inspection of structures of both of ligand-free receptor model and ligand/receptor 

complexes indicates that the structural bases for different ligands to interact with different 

sets of residues are the space limitation and the close packing between TMHs. In the TMH 

bundle of the receptor, TMHs are closely packed, and the space available for the putative 

ligand binding region in the center of the helix bundle is quite limited. In the ligand/receptor 

complexes, ligand interacts with the surrounding residues. This situation is different from 

interaction on surfaces of proteins where part of a ligand may be exposed to the solvent 

environment. Thus, different ligands with different sizes, spaces and functional groups 

generate different sets of contacting sites in the receptor.

The ligand binding region of 5HT2R

Of the 34 residues listed in Table 6-5, 6  residues interact with all the ligands, 

namely: TMH3:Aspl55, TMH3:Serl59, TMH4:Val204. TMH5:Phe240, TMH5:Phe243 

and TMH7:Ser372. The set of the 6  common residues distributed among 4 TMHs, clearly
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identifies a core region shared by the ligands. The feature that different types of ligands 

may share a common region for binding in a GPCR was noted from early mutation

experiments of (3-AR [165], and is consistently found in other GPCRs including serotonin 

receptors [41, 157].

Thus, the analysis of specific interactions between 5HT2R and the 7 ligands 

indicates that the various types of the ligands bind to the receptor at the regions located in 

the same space in the helix bundle, but extend their contact with surrounding residues that 

are determined by the sizes, shapes and functional groups of the ligands. There are no 

recognizable regions specially dedicated to the antagonist 5-hydroxy-gramine, or agonist 5- 

HT. This feature is consistent with the analysis of the mechanism of signal transduction 

through the helix bundle. It was demonstrated that the different pharmacological properties 

of agonists and antagonists are not due to their different contacting sites, but due to their 

different interactions with TMH7, resulting in different movements of other TMHs (ref. 

[81]; see Chapter VI, D).

Many experiments on 5HT2R or other neurotransmitter GPCRs that mutated the 

residues corresponding to those of the ligand contacting sites (Table 6*5) of 5HT2R have 

been reported. These mutations are also summarized in Table 6-5. From the survey of the 

literature, it is noted that among the residues at the ligand contacting sites (Table 6-5), 

mutations of the corresponding residues in neurotransmitter GPCRs all affect the ligand 

binding affinities to some degrees. Citing these observations is to provide reference data for 

further experimental design and working hypothesis to test the simulation results.

Conserved residues interacting with those at ligand contacting sites are also 

summarized in Table 6-5. It is noteworthy that all of the residues at ligand contacting sites
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also directly interact with conserved residues, or themselves are conserved. This supports 

the idea that conserved residues may play significant roles in determining the function of 

the receptors. It is also noted that the conserved residues in Group 1 (defined in Chapter V, 

B), that are more specific for neurolransmitter GPCRs (Table 5-11), are involved more 

than those in Group 2.

Orientations of ligands in the binding region — not "key-like"

Although all the ligands were docked into the receptor model in the same manner 

and at an equivalent position (see Chapter IV), the arrangements of the ligands in the 

binding region changed from their initial positions during the simulations.

Fig. 6-5 shows the superimposition of three very closely related congeners, 5-HT, 

TRYP and 5-HGR, over the initial position of 5-HT as reference. The indole ring in 5-HT 

shifted slightly in orientation which improves the interaction with the binding region as 

indicated by inspecting the ligand/receptor structure. In contrast, the indole ring of TRYP 

flipped during the simulation, resulting in its NH bond occupying a position similar to that 

of the 5-OH in the 5-HT/receptor complex. These dynamic rearrangements of the two 

agonists in the binding region are in agreement with the physicochemical basis of the 

interactions predicted for 5-HT congeners from early calculations of their properties [125]. 

The orientation of the indole ring of 5-HGR was changed unexpectedly to be about 

perpendicular to that of the other two congeners. An apparent consequence of this 

rearrangement is the loss of interaction between the 5-OH and TMH7:372. The 

corresponding interaction of 5-HT with the receptor is identified to be critical for the 

activation of the receptor by 5-HT (see ref. [81], also Chapter VI, D) The rearrangement of
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5-HGR is thus consistent with its pharmacological property of being an antagonist, and the 

activation mechanism of the receptor.

As shown in Fig. 6 -6 , the aromatic portions of biological active D-LSD and inactive 

L-LSD enantiomers were all reoriented to about perpendicular with respect to the initial 

positions during simulations, resulting in a roughly parallel orientation of the ring planes 

with the helix axes of the helix bundle. However, the directions of the planes in the two 

enantiomers are opposite to each other. Consequently, the projections of the two planes 

become the mirror image of each other, but the directions of the protonated H-N bonds of 

the N6  atoms in two molecules are about the same, due to the interaction with 

TMH3:Aspl55. These relative orientations of the enantiomers are consistent with the 

predictions based on the geometric features of the molecules and the critical role of the lone 

pair electrons in the protonable nitrogen atoms of the enantiomers [31, 124]. The affinities 

of the two molecules are the highest (D-LSD: Ki = 5.4 nM) and the lowest (L-LSD: Ki = 

10,000 nM) of the all 7 ligands studied. Yet, the findings of the energetic correlation with 

the affinities correctly reflect these extreme differences (Fig. 6-3). Furthermore, the 

characteristic conformational changes induced by the enantiomers are consistent with 

patterns relevant to the activation of the receptor (Fig. 6-9, Fig. 6-10).
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Fig. 6-5. Relative orientations of 5-HT, TRYP and 5-HGR in the binding region of 
5h T2R Yellow -  5-HT. Red -  TRYP. Blue -  5-HGR.



Fig. 6-6 . The relative orientations of D-LSD and L-LSD in the binding region of 5HT2R 
Yellow — the starting orientation of D-LSD in MD simulation, which was about the same as 
the starting orientation of L-LSD (not shown). Red -  the D-LSD/5HT2R complex after 
MD simulation (energy minimized average structure). Blue -  the L-LSD/5HT2R complex 
after MD simulation (energy minimized average structure). Arrows point to the portions 
that exhibit opposite orientations of the D-LSD and L-LSD in tbe binding region.
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These energy data and specific conformational changes of the receptor model 

depend on specific interactions between ligands and the receptor model. There is full 

agreement between observed pharmacological properties and the qualitative and quantitative 

results from simulation The physicochemical and stereochemical properties of the ligands 

explain the results from simulation and SAR analysis, thus indicating that the orientations 

of the enantiomers in the binding region are the results of specific interactions between the 

ligands and the receptor that are likely to reflect actual situations. The success demonstrates 

the power of the receptor model for providing insight into the mechanisms of 

ligand/receptor interactions.

The relative positions of the enantiomers with respect to the helix bundle may reflect 

the asymmetric feature of the receptor structure. It is noted that the (-)-DOM is also oriented 

with its ring plane roughly parallel to the helix axes of the helix bundle. The affinity of (+)- 

DOM is different from that of (-)-DOM, although to much lesser extent from the difference 

between LSD enantiomers. Nevertheless, the observed orientations of the three compounds 

in the ligand binding region seem to suggest that the asymmetric physicochemical and 

geometric properties of the receptor between two sides of the helix bundle perpendicular to 

the membrane plane, but not between extra- and intra-cellular halves of the helix bundle, 

are responsible for the stereochemistry of ligands.

Fig. 6-7 shows the superimposed orientations of the 7 ligands in the binding region 

in ligand/receptor complexes. Note that the aromatic rings of the ligands are not 

superimposed. The rearrangements of the ligands resulting from the MD simulations are 

not predictable simply from SAR considerations and molecular similarity. In general, 

however, these phenomena are consistent with the observations from the crystal structures 

of drug/hemoglobin complexes proposed as drug receptor model [166]. One of the
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"Small stereochemical changes in the drug (for example, the shift of one chlorine from an 

ortho to a meta position) can open additional binding sites or make the drug move from one 

binding site to another. Such changes are hard to predict" [166]. Although the specific 

orientations of the ligands in the simulated ligand/receptor complexes may not be identical 

to that in the authentic physical systems, the internal consistency of the interaction features 

between the simulated structures of ligand/5HT2R complexes, and the consistency of the 

features with the inferences from crystal structures of drug/hemoglobin complexes, adds 

strong support to the receptor model and the insight it provides.

From the analysis above, it appears that in binding region, the ligands do not show 

as a "key-like" moiety with a defined geometric feature.



Fig. 6-7. Superimposition of 7 ligands in binding region of ligand/receptor complexes.
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The geometries of ligand binding regions In 5HT2R not "lock-llkc"

If the ligand binding region of a receptor have a defined "lock-like" feature for 

various ligands to recognize, the region must be common for different ligands, and should 

be identifiable in the ligand/receptor complexes. Fig. 6-8  shows the superimposition of the 

helix segments from the 7 ligand/receptor complexes. The segments are chosen so that they 

include one turn up and one turn down from one of the 6  common residues (shown in 

different colors) in the helices. It is clear from the figure that a region of space for different 

ligands are defined by the 6  residues. However, since each ligand also contacts other 

different residues, the shapes of spaces and residues involved in ligand binding in the 

receptor change from one ligand to another. Thus, the ligand binding regions for different 

ligands are not the uniformly "lock-like" as it would be required by the "lock-and-key" 

model.

There have not been any other experimental results that can show the entire ligand 

binding region of GPCRs. However, the capabilities of various chimeric receptors to 

stimulate effectors {7, 64, 65, 134, 143-145, 167, 168] clearly indicate that the ligand 

binding regions of the related receptors do not need to be "lock-like" for the functional 

responses because it is very unlikely that various biological active chimeric receptors have 

the ligand binding regions identical to the related wild type receptors, particularly, when 

chimeric receptors are made from receptors of different endogenous ligands such as 

acetylcholine and epinephrine [167]. The observations and the inferences above from the 

simulated ligand/5HT2R complexes thus provide the mechanistic bases for the biological 

activities of chimeric receptors which would become not understandable if "lock-like” 

ligand binding regions are required for the functional response of the receptors.
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Fig. 6-8 The superimposition of the helix segments including the six contacting sites 
common for the seven ligands.
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Concluding remarks

The findings from the simulated ligand/5HT2R complexes that ligand-receptor 

interactions do not follow the mode of "lock-and-key" interplay, and the diversified ligand 

contacting sites for different ligands offer new insights toward understanding the ligand 

recognition mechanisms of 5HT2R and other GPCRs. If the "ligand binding site” of a 

GPCR for a ligand is defined as the assembly of the ligand contacting residues, the 

simulation results clearly demonstrate, and thus support the idea based on molecular 

biological experiments, that the structural properties of each compound define different 

sites of interaction within the pocket formed by the transmembrane regions [144]. An 

alternative, but usual definition of "ligand binding site” associated with biological function 

and geometric characteristics of "lock-like” or induced-fit region, however, can not be 

identified from the simulations, nor can it be inferred from results of molecular biological 

experiments, or from crystal structures of drug/hemoglobin complexes [166]. All these data 

thus point to the conclusion that the "lock-and-key” model proposed about one century ago 

originally for substrate/enzyme recognitions does not apply to the ligand/GPCR recognition 

at atomic details. The term of "ligand contacting site” for part of a ligand, and the term of 

"ligand binding region" for a whole ligand are suggested and used in this study for purpose 

of discussion at atomic detail.

The 5HT2R ligand binding regions revealed from this study is such that they 

occupy the same location inside the helix bundle, but extended to different contacting sites 

according to sizes, shapes and functional groups of ligands. The allosteric nature and 

unpredictable conformational changes of the receptor in response to ligand binding 

complicates the understanding of detailed ligand recognition mechanisms. To that end, 

special experimental designs that combine mutation, MD simulation and special
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compounds may be required.

D. Mechanistic hypothesis of signal transduction: the activation of the 

receptor

The complex element in understanding the function of GPCR is the mechanism of 

signal transduction that connects the ligand binding event to the interaction of the GPCR 

with the effector protein. Thermodynamic models of drug efficacy exist [169], but no 

discrete model for the dynamics of transduction of the binding signal to the effector system 

has been explored at the molecular level before the publication of these results [3], As 

presented below, a dynamic signal transduction model at molecular detail emerges for the 

first time from the simulation and analysis that explore the structural consequences of 

ligand binding to the 5HT2R model. The proposed mechanism is consistent with the 

pharmacological efficacies of the ligands positioned in the binding region, in that a full 

agonist (5-HT), but not an antagonist (S-HGR) produces a specific structural change 

localized in the region that is most relevant to receptor G-protein coupling. The patterns of 

structural changes produced by partial agonists (TRYP, D-LSD, DOM) combine those 

produced by full agonist and antagonist, while the antagonist does not produce the same 

changes in receptor structure as the full agonist. The gradual nature of the transition from 

the pattern of changes induced by the full agonist to that observed from the partial agonist 

and then the antagonist is in agreement with experimental observations from receptors 

bearing specific mutations and deletions designed to study structural correlates of receptor 

activation.



117

The structural effects of ligand binding and activation of the 5HT2R model

The structural effects of ligand binding were analyzed from RMS deviations of the 

C a in the resulting energy minimized average structures of the ligand/receptor complexes,

compared to the same starting structure of the receptor used in all simulations. For clarity, 

the complexes of endogenous agonist 5-HT with receptor, and of other two congeners 

TRYP (partial agonist) and 5-HGR (antagonist) with receptor are first discussed, and then 

extend to other ligands.

As shown in fig. 6-9A, the values of the RMS deviations differ among the TMHs, 

in a pattern that is not the same for the three complexes. This suggests that ligands with 

different pharmacological efficacies induce different types of conformational changes of the 

receptor. In the 5-HT/receptor complex (5HT/R), the RMS values for TMH1-3 are about 

the same and quite small; however, the RMS values for TMH4-7 arc significantly different, 

with the largest changes induced by the ligand in TMH6 and TMHS. The pattern of RMS 

differences produced by the ligand binding in 5-HGR/rcceptor complex (5HGR/R) is 

different from that of 5HT/R in that the changes are roughly comparable in TMH1-3 and 

TMH4-7, and the individual RMS values differ more within the first group of TMHs than 

within the second (the largest is for TMH2). The RMS differences in TMH4-7 are 

generally smaller than for 5-HT or TRYP and smallest for TMHS and TMH6. The 

structural effects of the agonist with lower efficacy, TRYP, as measured by the RMS 

differences for the TRYP/R complex, are clearly intermediate between those of 5-HT and 

the antagonist. Thus, the pattern of RMS in TRYP/R is similar to that of 5HGR/R in 

TMH1-3 and similar to that of 5HT/R in TMH4-7. Furthermore, when magnitudes are 

considered, those of TRYP/R are always smaller than those of 5HT/R in the region most 

relevant to effector coupling (TMH5-6). The differences in the patterns of the changes
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induced by ligand binding make it very unlikely that they are simply artifacts of the 

positioning of the ligands. Thus, the ligand smallest in molecular weight and volume, 

TRYP, produces changes that are intermediate between the other two. In addition, the 

regions of the receptor model most affected by the presence of the ligand are not defined by 

their proximity to the binding region. TMH3 and TMH7 are near to, but much less affected 

than, TMH4 which is farther and TMH5 and TMH6 which are about equidistant. The 

mechanism of these changes is clearly related to rearrangements in helix-helix interactions 

as in the analysis in next section.

Both TMH5 and TMH6 contain proline residues. The importance of the Pro 

residues of a TMH in the structural rearrangements produced by ligand binding has been 

proposed on the basis of structural as well as energetic considerations [103, 120, 121, 

170]. The major changes produced in these two helices as a result of ligand binding are 

most evident in the cytoplasmic end of each helix that follows Pro. Fig. 6-9B shows the 

distribution of RMS differences produced by ligand binding, calculated for just that part of 

TMH5-7.
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Fig. 6-9. RMS deviations (in angstroms) of the C a in complexes between the 5HT2R 
model and three indoleamine ligands, relative to the structure of 5HT2R in the absence of 
ligands. A) the whole helices. B) portions of TMH5, TMH6 and TMH7 that follow the 
proline link in these helices; these helical fragments are termed HX5PPI, HX6PPI, and 
HX7PPI, respectively.
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Results in Fig. 6-9 indicate that the main differences in ligand receptor complexes 

with agonists as compared to those with antagonist are (1) in the intracellular side of TMHS 

and TMH6 where the agonist seems to produce the largest change in the regions that have 

been suggested from a variety of experiments [45 J to be important for the interaction of 

GPCRs with G-proteins [45, 83, 163] and (2) in the group of TMH1-3 where antagonist 

seems to produce more of an effect than the agonist, albeit still quite small. These 

differences in the pattern of RMS values representing the conformational changes induced 

by ligands with efficacies ranging from agonist to antagonist suggest a correlation between 

the structural changes and pharmacological properties. Experiments with receptors activated 

constitutively by a mutation in the region between TMH5-6 (the intracellular loop ID) have 

already demonstrated the gradual nature of the transition from a resting state of the receptor 

to various degrees of activation caused solely by structural changes [67]. It was also shown 

that these structural properties in the putative region connecting TMH5 and TMH6 affect 

ligand affinities [67]. These and other findings [83, 163, 171] point to structural properties 

in the intracellular loop III as key factors in the gradual activation of GPCR. The results 

presented in this section indicate that the simulated effects of agonist binding produce a 

structural signal in the same region, indicating a possible mechanism for signal transduction 

from ligand binding to the region responsible for coupling to the effect. Indeed, the specific 

events that propagate the binding signal from the binding region to the intracellular end of 

TMH5 and TMH6 has been identified based on the analysis of simulation trajectories as 

will be discussed in next section. As for the antagonist studied, it seems to have two 

effects: (1) it occupies the agonist binding space without inducing the same conformational 

changes as the agonist and (2) it disturbs the structure of TMH1-3. It is noteworthy that the 

effect of the agonist with lower efficacy was shown to include the conformational changes 

in the latter group of TMHs, albeit smaller that for the antagonist.
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The mechanistic conclusions reached from the above analysis are further confirmed 

by extending the simulation to include ligands of other chemical classes and 

pharmacological properties (see Table 6-1). Fig. 6-10 shows the similar RMS deviation 

analysis for ligand/receptor complexes of 4 compounds belonging to other chemical classes 

with other pharmacological properties. The general pattern of two peaks in the RMS plot is 

evident, one in TMH2 and the other in TMH5-6. The structural effects of the enantiomer 

pair D-LSD and L-LSD are clearly distinctive. Thus, the biological active partial agonist D- 

LSD induces changes in TMHS and TMH6 significantly larger than that induced by the 

biological inactive enantiomer L-LSD, consistent with the above identified receptor 

activation mechanism and the experimental observed pharmacological properties of the 

ligands [31]. The RMS pattern of DPAT/R with large values for TMHS and TMH6 

indicates that the ligand may be an agonist of 5HT2R. This was not expected at the 

beginning. DP AT is a typical 5-HT{a selective agonist, and is usually considered as non- 

5HT2R ligand, which was the reason for including it in this study. The literature, however, 

does indicate that evidence from functional experimental tests had been reported which 

suggested the agonist property of DP AT at 5HT2R [172]. These data demonstrate that the 

receptor model and the activation mechanism discovered are not only able to explain 

observed typical behaviors of the receptor and its ligands, but are also predictive of the 

pharmacological properties of unusual ligands. These findings, and the quantitative 

correlations between ligand affinities and interaction energy components (see ref. [4], or 

Chapter VI, B) make the 5HT2R model useful in design of new ligands with predetermined 

pharmacological properties.



Cfl

6.0

5.0

4.0

3.0

2.0 

1.0 

0.0

■  D-LSD
■  L-LSD 
g  DOM 
□  DPAT

L

total TMH1 TMH2 TMH3 TMH4 TMHS TMH6 TMH7

Fig. 6-10. RMS deviations (in angstroms) of the C a in complexes between the 5HT2R model and four non-indoleamine 
ligands, relative to the structure of 5HT2R in the absence of ligands

II
II

II
II

II
II

II
II

H
II

II
II

II
II

II
I



123

The noted second effects of antagonist as well as partial agonist in disturbing the 

structure of TMH1-3 are also observed in the complexes of the four ligand/receptor 

complexes shown in Fig. 6-10. The significant conformational changes induced by 

antagonist and partial agonists, but not full agonist, in TMH2 seems to indicate that 

disturbance in the structure of the TMH, and thus the interaction between the TMH and 

those adjacent to it, may have effects opposing the activation of the receptor. This would 

become more clear when the patterns and magnitudes of RMS for 5-HT/R and D-LSD/R 

are compared. Thus, the RMS for TMHS and TMH6 in D-LSD/R are even larger than 

those in 5HT/R; however, very large RMS for TMH2 in D-LSD/R is also notable. 

Observations supporting this idea also come from the single site mutation experiments from 

which a conserved Asp residue in TMH2 was demonstrated to play pivotal role in allosteric 

regulations and activities of GPCRs (41-43]. In addition, as will be demonstrated in 

Chapter VI, E below, the possible role of the conserved Asp (Aspl20 in 5HT2R) in 

affecting the conformations of TMH5 and TMH6, and the possible role in allosteric 

regulation of 5HT2R are identified by further simulation studies and data analysis.

Rigid body movement of TMHs and leverage-like propagation of ligand 

binding signal

The above study led to the identification of specific events in the transmembrane 

domain that are the consequences of ligand binding and related to the activation of the 

receptors, e.g. the activation of the receptor via conformational changes in the intracellular 

halves of TMHS and TMH6 extending to the third intracellular loop. It remains to be 

further identified: what are the features of the conformational changes? and how is the 

binding signal propagated?
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The model include 1617 atoms. During MD simulation, every atom moves away 

from its starting position. Conformational change of the receptor is the consequence of 

interactions that involve movement of every atom of the receptor/ligand complex. The 

change is a collective or integrated behavior involving many residues moving with certain 

trend, and is difficult to be understood by merely examining individual atoms or residues. 

Fortunately, a specific feature of the conformational changes is noticed. The feature enables 

the application of a method developed recently to analyze the simulation trajectories, which 

sheds lights on the way of signal propagation.

Fig. 6-11 shows the RMS deviations of Ca in ligand/receptor complexes when

superposition by least-square-fitting (oriented) of the structural domains over the 

corresponding domains of the receptor in absence of ligand. The orientation eliminates the 

transition and rotation of the structural domains during the dynamics simulations. When the 

whole receptors are examined, the RMS values for the oriented comparison (ori-RMS) are 

the same as those for un-oriented (unori-RMS), indicating that the conformational changes 

of the secondary structures in the complexes measured by unori-RMS are not due to the 

movement of the whole ligand/receptor complexes (These unori-RMSs are the values 

shown in Fig. 6-9 and Fig. 6-10). In contrast to this, when individual TMH or helix 

segments ending at proline residues are compared, the ori-RMS are very small, indicating 

that the secondary structures of the complexes are basically unchanged compared to the 

ligand free receptor structure. Therefore, the conformational changes shown in Fig. 6-9 

and Fig. 6-10 for individual TMH, particularly the proline-ending helix segments, can be 

viewed as the rigid body movements of the TMHs. Consequently, the conformational 

changes of the receptor in response to ligand binding are basically the rigid body 

movements of TMHs relative to each others.
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The above identified feature of conformational changes, together with the feature of 

the simplified model without connecting loops make it very suitable for analysis of the 

dynamic simulation trajectories by the method of rigid body movement analysis. The 

method was developed by Dr. Xincai Luo of this lab. The analysis described in this section 

was also carried out by Dr. Luo; I collaborated by making the decision to apply the method, 

and discussing the results [81]. Briefly: movements of domains in the helix bundle or a 

ligand/receptor complex are described by translation and rotation vectors. Because the 

system is isolated, movements of domains are the results of interactions. Force and torque 

given to a domain A by another domain B can be calculated. The effect of domain B on the 

movement of domain A thus can be examined by tracing the relation of angles between the 

force vector that domain B applies to A, and the motion vector of domain A through the 

simulation trajectories. Applying this to the ligand/5HT2R complexes, structural domains 

are the ligand, helix, or helix segment cut by Pro residue in a TMH. In this way, the 

proline residues are treated as joining points. The force and torque calculated are 

electrostatic only, under the consideration that it generates directional movements, and 

should play the dominant role in a hydrophobic membrane environment.

The analysis showed that a primary event in the signal transduction sequence is the 

development of an torque acting on TMH7 due to the interaction of agonists with the side 

chain of TMH7:Ser372. Ligands interacting in the binding region thus induce movements 

of TMH7 that affect the positions of other TMHs. Binding of different ligands (5-HT, 

TRYP, 5-HGR) induce different movements of TMH7, resulting in different movements of 

TMHS and TMH6.

Thus, the helix bundle of the receptor functions like leverage in which levers (TMH 

without proline, or segments of TMHs joined by proline residue in a TMH) are softly
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bound together by helix-helix interactions. The polar-polar interactions between helices 

serve as action points to transfer force acting on a lever to the next. Binding of a ligand 

generates a triggering force to initiate the movements of the levers from their equilibrated 

configuration to a new balanced state. But, only certain ways of relay can lead to proper 

conformation of the helix bundle to present the intracellular loops, particularly, the loop III, 

with the conformation required for interaction with G-proteins: This is the activation. It is 

noteworthy that in this leverage-like instrument, proline residues are assumed to function as 

joining points. Of particular importance in determining the response of TMH7 to ligand 

binding is TMH7:Pro377 which is conserved among all GPCRs. Without the proline, 

ligand binding to Ser372 at the middle of TMH7 would have little triggering effect to rotate 

the helix, as the Ser372 is nearly at the center of mass of the helix.

Concluding remarks

The inference on signal transduction mechanisms reached from this study are based 

on the agreement between identifiable features of structural changes induced by ligand 

binding observed from the molecular dynamics simulations and extensive experimental 

observations both of structural correlates of receptor activation and pharmacological 

properties of ligands belonging to various structural classes. These mechanisms provide 

essential suggestions for understanding various phenomena such as ligand binding 

affinities and selectivities (Chapter VI. B), allosteric regulation of the receptor (Chapter VI, 

E), mutational effects on ligand binding, ligand recognition mechanisms (Chapter VI, C), 

and activities of chimeric receptors (Chapter III). Conversely, ability of inferences from 

these mechanisms to predict the unusual behaviors of ligands, supports and helps verify the 

receptor model.
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Conformational changes other than those identified and mentioned above also occur 

during simulations. Other structural elements may also contribute to affect the activation of 

the receptor. This remains to be elucidated by further experimental discoveries. Limitations 

imposed by the use of the model without a representation of constraints from the membrane 

environment were noted [4). Thus, specific changes should not be considered as precise 

results in the authentic biological system. But the characteristics of the changes and the rank 

order of the values obtained from this study are likely to be generalizable.

E, Allosteric regulation of the receptor: putative role of a hydrogen bond 

network

Ligand binding of GPCRs is generally subject to allosteric regulation by cations 

[26]. To study the mechanism with the model of 5HT2R, one way may be to simulate the 

interaction between a 5HT2R and its ligands in the presence and absence of a cation at the 

putative cation binding site respectively, and then compare to measured affinities for 

identifiable correlations. Such an approach is not feasible at this moment, however, since 

there are no experimental data available for the set of ligands selected in this study. An 

alternative approach may be to make use of inferences from mutation experiments that 

identified the residue critical for the allosteric regulation and the activation of GPCRs.

Mutations in a2-AR [43] and dopamine D2 [42] receptors have indicated that a conserved

Asp in TMH2 plays pivotal roles in the cation regulation. When the conserved Asp was

substituted with Asn in a2-AR receptor (a2-AR/D79N) [43], or with Ala in dopamine D2

mutant receptor (D2/D80A) [42], ligand binding to the mutants was no longer changed by 

cation (Na+) concentrations. Furthermore, the mutant receptor D2(D80A) became unable to
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mediate inhibition of adenylyl cyclase activity by dopamine. Like other GPCRs, ligand 

binding of 5HT2R is also regulated by cations [173]. The mutation of the conserved 

TMH2:Aspl20 with Asn (5HT2R/D120N) resulted in decrease of 5-HT affinity about 7 

fold, and abolished agonist-stimulated formation of polyphosphonositides [41], The Asp 

residue in TMH2 is conserved not only in cation neurotransmitter GPCRs, but also in most 

other GPCRs cloned and sequenced to date [6]. These data suggest that there might be a 

general structural framework and mechanism conserved among various GPCRs that are 

responsible for the allosteric regulations both of ligand binding and signal transduction. 

Thus, if we start from the assumption based on the mutation experimental results that the 

conserved Asp in TMH2 of GPCRs is essential for cation regulation and signal 

transduction by the receptors, we may ask: how can this residue be related to ligand 

binding? how the mutation of the residue could affect ligand binding, and conformational 

changes of a GPCR and thus the signal transduction through the receptor? To my 

knowledge, a molecular mechanism has never been proposed, nor is any relation 

discovered that could explicitly connect the structural elements of the receptor and ligand 

binding to experimentally measured changes in affinity. This section presents results from 

an exploration of a putative mechanism of allosteric regulation in 5HT2R, based on the 

computational modeling and simulation of the 5HT2R model, ligand/5HT2R receptor 

interactions, and the effect by mutating the conserved Asp residue with Asn. A proposed 

dynamic model of the allosteric regulation is consistent with the generality of allosteric 

regulation, ligand binding affinities and signal transduction, and with mutation effects on 

both ligand affinity and mutant receptor activity.

The molecular machinery for allosteric regulation
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Inspection of the structure of the 5HT2R model indicates that a hydrogen bond 

network may constitute an allosteric regulation network. As shown in Fig. 6-12, the 

network involves all polar residues conserved among almost all GPCRs, namely, 

TMHl:Asn92, TMH2:Aspl20, TMH7:Asn376 and TMH7:Tyr380. Note that Asn376 and 

Tyr380 flank another highly conserved residue, Pro377. They are hydrogen bonded to 

each other, and both are hydrogen bonded to the conserved Asp 120. The exceptional 

structural stability and intrinsic potential for allosteric regulation function of this four- 

conserved-residue motif are evident from its architecture which is characterized by the 

connection to key ligand contacting site TMH7:Ser372 for receptor activation (Chapter VI, 

D), and the potential control over the proline kink of TMH7 which is critical for activation 

of the receptor (Chapter VI, D).

The motif shown in Fig. 6-12 has the intrinsic potential to serve as a molecular 

machinery to regulate efficiently both ligand binding and activation of a GPCR. The high 

conservation of the motif is consistent with the expectation of a general function among the 

members of the protein superfamily. Hie capability of Asp 120 to allosterically affect the 

positions of TMHS and TMH6 is indicated by the simulated structure of mutant receptor 

5HT2R(D 120/N) shown in the next section. The experimentally observed effects on ligand 

affinity by mutation and activity of a GPCR are also consistently demonstrated by the 

simulation results.



Fig. 6*12. The molecular machinery for allosteric regulation of 5HT2R
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The D120/N mutant receptor of 5HT2R
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To explore the structural and pharmacological consequences of mutating the 

conserved Asp 120 with Asn, the mutant receptor model 5HT2(D12C/N) was constructed 

and its interaction with 5-HT was simulated. The 5HT2(D120/N) mutant receptor was 

modeled by substituting Asp 120 with Asn in the model of 5HT2R prior to MD simulation, 

followed by MD simulation with same protocol as for the 5HT2R model (see Chapter III, 

J). Similarly, the 5-HT/mutant receptor (5HT/MR) complex is obtained by the same 

protocol for obtaining the 5-HT/R complex.

Fig. 6-13 shows the superposition of C a  helix ribbon in model structure of

5HT2R(D120N) (dark) over that of 5HT2R (gray). The figure exhibits significant 

differences in helix arrangements between the two structures, particularly, in TMH5 and 

TMH6. These differences indicate that mutation of Asp 120 in TMH2 produces significant 

structural effects distally in TMH5 and TMH6, demonstrating the potential for allosteric 

modulation of the signal transduction, and the importance of the conserved Asp 120 in 

maintaining the receptor structure. The consequence that the D120/N mutation inhibits the 

activation of the receptor is suggested by the comparison of the structure of 

5HT2R(D120/N) to those of the ligand/receptor complexes that exhibit the structural 

features of the activated receptor. As shown in Fig. 6-14, the orientational change of 

TMH5 in 5HT2R(D120/N) (red) compared to that in 5HT2R (white) is just the opposite of 

the changes in agonist/receptor complexes (blue). This suggests that mutation of Asp 120 

with Asn produces significant structural changes in the regions most relevant to G-protein 

coupling, but in a way opposite to that which would be required for receptor activation.
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Fig. 6-13. Comparison of helix arrangements in model structures of 5HT2R(D120N) and
5-HT2R. Dark -- in 5HT2R(D120N). Grey -  in 5HT2R
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Fig. 6-14. Comparison of helix arrangements in model structures of 5HT2R(D120N) and 
agonist/5HT2R complexes
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The results that Asn 120 in 5HT2R(D12Q/N) produces allosteric modulation effects 

opposite to that of Aspl20 in wild type receptor for activation of the receptor is also clearly 

reflected in the pattern of conformational changes induced by 5-HT positioned in the ligand 

binding region of the mutant receptor model (5-HT/MR). Fig. 6-15 shows the RMS

deviation of Ca in the complex 5-HT/MR, compared to the mutant receptor in the absence

of the ligand. In contrast to the RMS pattern of 5-HT/R (Fig. 6-10), the RMS of 5-HT/MR 

for group of TMH 1 -3 exhibit a peak in TMH2, similar to that of antagonist and partial 

agonists in 5HT2R; the RMS for group of TMH4-7 was the largest in TMH4, a pattern 

similar to that of the antagonist but not agonists in 5HT2R. The significant differences in 

RMS for TMHS and TMH6 between 5-HT/R and 5-HT/MR are apparent. In addition, the 

two segments joined by proline in TMH6 of 5-HT/MR change in rank order opposite to all 

those induced by agonists in 5HT2R, with the larger movement in the extracellular, but not 

the intracellular segment. The similarity of the RMS pattern for 5-HT/MR to that for 

antagonist in 5HT2R, and the clear contrast of the pattern to that for 5-HT in 5HT2R thus 

indicate that 5-HT in the 5-HT/MR is simply bound like an antagonist, but not leading to 

the activation of the mutant receptor, consistent with the observation from mutation 

experiments [41]. These characteristic patterns of conformational changes indicate that 

changes of 5HT2R(D12(VN) compared to 5HT2R, and the differences in the response to 

the same ligands 5-HT between the mutant and the wild type receptors, are the specific 

consequences induced by the mutation of Asp 120 with Asn.
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The affinity of 5-HT for 5HT2R(D120/N) was observed to be reduced by about 7 

fold compared to the affinity for the wild type [41] (300 nM versus 2100 nM). This effect 

is reflected in the interaction energy of 5-HT with TMH7 in 5-HT/MR. Previous study of 

ligand affinity revealed a significant correlation between the ligand affinities and the 

interaction energies of ligands with TMH7 in 5HT2R [4] (see Fig. 6-3). If the 5-HT 

affinity (744 nM, Table 6-1) used in the correlation (Fig. 6-3) is reduced 7 fold (5208 nM), 

the value and the interaction between 5-HT and TMH7 in 5-HT/MR (-7.22 Kcal/mol) fits 

into the correlation observed for the ligand/wild type receptor interaction, as shown in Fig.

6-16. The mechanistic basis identified both for the effects of Asp 120 mutation with Asn, 

and the correlations for the ligand/receptor interaction in the wild type receptor make it very 

unlikely that the fit of the affinity/interaction energy for 5-HT/MR into the correlation for 

wild type receptor is coincidental. Rather, the correlation provides further support to the 

finding of key interaction between ligand and TMH7 of the receptor.

The correlation shown in Fig. 6-16 supports the idea that Asp 120 may allosterically 

regulate ligand binding affinities via the conformational changes it modulates. The quantity 

corresponding to dE(G/sum) [41 (see Fig. 6-3) for 5-HT/MR, however, does not fall into 

the ligand affinity correlation for ligand/5HT2R complexes. This is consistent with the 

finding that conformational changes of the D120/N mutant receptor in response to 5-HT 

binding do not follow the pattern similar to that in 5HT2R. As the dE(G/sum) reflects the 

conformational changes associated with the signal transduction leading to G-protein 

coupling of agonist/receptor complexes, the lack of the correlation for 5-HT/MR thus 

suggests the uncoupling of the mutant receptor from G-proteins. These inferences are 

consistent with the experimental observations [41-43].
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In summary, the mutation of Aspl20 with Asn in 5HT2R results in the mutant with 

TMH5 and TMH6 orientated in the way opposite to that required for coupling to G-protein. 

This orientation can not be reversed by binding the endogenous agonist 5-HT. The mutant 

therefore can not activate the effector G-protein. The loss of wild type activity of the mutant 

is thus due to the intrinsic disorder of the helix bundle, but not due to the lack of response 

to agonist binding. The interaction between ligand and TMH7 of the mutant is critical for 

ligand affinity as in the wild type receptor. However, conformational changes relating to 

either TMH7 for activation are no longer similar to those in the wild type receptor. 

Therefore, the ligand affinities for the mutant are not modified by the corresponding 

conformational changes with the same ways as in the wild type receptor relating to G- 

protein coupling.The mechanisms underlying these changes compared to wild type receptor 

are the rigid body movement of TMHs and the levcrage-like mechanics of the movements. 

The core structural elements inducing these changes are not the mutated residue alone, but 

the hydrogen bonding network involving Asn 120, Asn376 and Tyr380, which is 

functionally disorganized compared to the wild type receptor.

Concluding remarks

The identification of the hydrogen bond network in Fig. 6-12 and its effects on 

modulating the conformations and ligand binding affinities of 5HT2R provides insights 

into the mechanisms underlying observed phenomena of mutational effects of the receptor. 

Through the exploration of how the conserved Asp residue in TMH2 could affect ligand 

binding and signal transduction of the receptor, the mechanisms suggested here also

provide an explanation for the observations of mutations of the conserved residue in a2- 

AR [43] and dopamine D2 [42] receptors for which the specific role of the residue in cation
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regulation and activation was identified. Given the general phenomena of the cation 

regulation, the conservation of the Asp residue and the assumed similar mechanisms of 

signal transduction via conformational changes of GPCRs, the identified allosteric effects 

of the conserved Asp residue could provide a clue for understanding the cation allosteric 

regulation of GPCRs.
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Chapter VII. Conclusions

Significant progress toward an understanding of the structure and structure-function 

relations of a GPCR, the serotonin 5 -HT2 receptor, have been achieved from this 

dissertation research on the three-dimensional structural model of the transmembrane 

domain of the receptor, and simulation of the interactions between the receptor model and 

various ligands.

A systematic method or theory for modeling 3D structures of membrane proteins 

has not been proposed. Nor is there a protein of known structure available for homology 

modeling of a GPCR. This study directed much attention toward the theoretical basis and 

practical methods for modeling a membrane protein of the type. New concepts and methods 

have been developed. The successful and productive modeling result itself proves the utility 

of the modeling process. Sources of discrepancies and limitations of the model were 

identified, and indicate the directions for further refinement.

The receptor model is a result that combines inferences from various types of 

experimental data, physicochemical principles of protein structure prediction, computer 

graphic modeling and molecular dynamics simulation. Consistent with all the data and 

research results reported thus far and including — molecular shape, structural features, 

relative helix positions, mutation effects, structure-function relationship of activation and 

allosteric regulation of GPCRs, pharmacological properties of various ligands belonging to 

different chemical classes -  the model has proven to be a powerful tool for providing 

insights into the mechanisms underlying various types of experimental observations. 

Conversely, the close agreement that the current molecular simulations have achieved with
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experimental observations, and the ability to explain the trends observed from the 

computations in terms of specific molecular mechanisms that are also consistent with 

experimental results, add support to the receptor model and the inferences it provides. The 

study was carried out on the specific receptor. But, the structural features of the model 

receptor, the mechanisms of signal transduction and allosteric regulations should be general 

to the GPCR protein superfamily.
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