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Thesis Summary

Adrenoceptors belong to the ‘super-family’ o f  seven transm embrane domain 

receptors known as G protein coupled receptors (GPCRs), which produce their effects 

through coupling with G proteins. Nine different subtypes o f  adrenoceptors (ARs) have 

been identified based on the results o f  pharmacological and m olecular cloning studies, 

o f  which the a i-A R  subtypes are associated with the condition Benign Prostatic 

Hyperplasia (BPH). BPH effects 50 % o f men over the age o f  50 and due to increased 

life expectancy the proportion o f  men suffering from BPH will increase significantly 

over the com ing years. Prostatic smooth muscle contraction occurs predominantly, if  

not exclusively, via the Q!ia-AR  subtype and antagonists selective for this particular 

receptor might be most useful in alleviating the urological symptoms o f  BPH which 

include increased frequency in urination, nocturia, a poor urine stream and hesitancy or 

delay in starting flow.

Rational structure-based drug design (SBDD) requires prior knowledge o f  the 

structure o f  the target receptor and the principal ligand binding site. Currently, there are 

few experimentally solved structures o f  membrane proteins due to the difficulty in 

obtaining sufficient quantities o f  the protein for crystallization trials. In this work, 

homology models o f  the Q!ia-AR were developed based on an available bovine 

Rhodopsin crystal structure (ll9h). The prediction process consisted o f  fold assignment, 

target-template alignment, model building and evaluation. Structural refinement was 

achieved through m olecular dynamics simulations (MD) o f  the receptor in a variety o f  

solvent environments, including a w ater box and two biphasic systems 

(H2O/CHCI3/H2O and H2O/CCI4/H2O) before selecting H2O/CHCI3/H2O as the 

membrane mimic for further studies. Structural analyses o f  the refined Q!ia-AR models 

were pursued to examine the inactive conformation o f  this receptor w hile a control 

simulation was also performed on the template rhodopsin crystal structure.

Adverse side effects limit the use o f  the ai-A R  antagonists available in clinical 

practice. In a search for novel antagonists, our group had previously prepared a series o f  

bis-imino-imidazolidinium and bis-guanidinium diphenyl derivatives as possible 

selective Q!ia-AR  antagonists. These compounds along with others found in the 

literature have been com putationally investigated through proton affinity calculations 

and detailed conformational analyses. W e have also examined the use o f  ai-A R



pharmacophores in a form of in silico screening o f a series o f 0 !i and Q!ia adrenoceptor 

antagonists spanning different structural classes.

Furthermore, by means o f different molecular modelling techniques, such as 

docking and molecular dynamics simulations, we have developed a computational 

protocol to study the interactions o f the agonists, adrenaline and noradrenaline, with the 

developed aiA-AR homology models. MD simulations were pursued to optimise the 

agonist/receptor complexes and the produced ‘agonist-bound’ receptor forms were used 

for subsequent mutating, redocking and crossdocking o f the agonists. Such three 

dimensional (3D) models o f the receptor, allowed us to study the Q!ia-AR  in great detail, 

improving our understanding o f conformational changes that take place upon agonist 

binding to the receptor. An accumulation o f evidence suggests that the activation o f 

GPCRs is connected to the movement o f TM-VI with respect to TM-III and structural 

changes to the helices were examined. The role o f conserved residues, such as the DRY 

and NPxxY motifs, in the activation process have also been examined.

Following a similar computational protocol involving MD simulations of 

antagonist/aiA-AR complexes, three initial ‘antagonist-induced’ receptor conformations 

were optimised. One complex with the non-selective antagonist, doxazosin, one with 

the o;ia-AR selective antagonist, tamsulosin and one with a guanidinium derivative, 

compound 6. The results illustrate how a detailed map o f the binding site pocket o f Q!ia- 

AR obtained through combined experimental mutagenesis and dynamic receptor 

modelling can lead to a fuller understanding o f the molecular basis for the effects o f 

Q!ia-A R  antagonists on the receptor. We examined the use o f the ‘antagonist-induced’ 

receptor forms in an in silico screening of antagonists o f different structural classes. Our 

study highlights the need to develop an ‘antagonist-bound’ receptor form for each 

structural class of antagonist to be studied.

Finally, comparative MD simulations were performed on the uncomplexed 

inactive Q!ia-AR structure, the ‘antagonist-bound’ form and the ‘agonist-bound’ receptor 

forms developed in this work to examine the effect o f various ligands on the receptor 

conformation. Modelling approaches such as those undertaken in this study bridge 

experimental gaps and yield better models and theories that will ultimately aid in the 

design of new drugs.
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Chapter I: Introduction

“Art is the lie that helps tell the truth ” 

Pablo Picasso

1



1.0 Introduction

Commenting on the 1998 Nobel Prize awardees in quantum chemistry -  Walter 

Kohn and John Pople -  ‘The Economist’ wrote “In the real world, this could eventually 

mean that most chemical experiments are conducted inside the silicon of chips instead 

of in the glassware of laboratories.” ' An area in which such “z« silico” experiments have 

been successfully applied is in the field of medicinal chemistry. Until recently, drugs 

that exert a therapeutic effect on the human body were discovered through random 

screening processes with an average design cycle for a drug of 6-12 years.^ A more 

rational approach to drug design is necessary to meet market demand and modelling of 

ligand/protein interactions is now widely considered as a viable approach to accomplish 

this. Studying molecular structure and function through model building and 

computation has been aided in recent years by improvements in instrumental and 

experimental techniques, new models and algorithms for molecular simulations and 

increasing speeds of supercomputers.

In the language of proteins, primary structure refers to the linear sequence of 

amino acids and as a consequence of the concerted effort in genomic research such as 

the Human Genome Project, a large number of human protein sequences have been 

determined. Protein secondary structure refers to the local ordered structure brought 

about via hydrogen bonding (HB) mainly within the peptide backbone structure (e.g. a  

helix or |3 strand). Tertiary structure refers to the global folding of a single polypeptide 

chain and finally quaternary structure involves the clustering of several individual 

peptide or protein chains into a final specific shape. The first reported experimental 3D 

structure of a protein was that of myoglobin, described in 1958 by J.C. Kendrew, 

(Nobel Prize 1962)^ and currently the Protein Data Bank (PDB)'* holds 32,727, 

experimentally, determined structures (20' '̂ September 2005).

Unfortunately, protein structure determination using experimental methods such 

as X-ray crystallography or Nuclear Magnetic Resonance (NMR) spectroscopy is time 

consuming and not possible for many proteins, particularly those embedded in a cell 

membrane. The ongoing challenge in protein crystallisation was highlighted by the 

awarding of the 2003 Nobel Prize to Peter Agre for discovering and characterizing the 

first water charmel protein, aquaporin, and to Roderick MacKinnon who elucidated the 

structural and mechanistic basis for ion charmel function.^ As a consequence the number
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o f known protein sequences grows much faster than the number of 3D structures solved 

thereby increasing the relevance o f meaningful structural information that non

experimentalists can provide.^

Protein receptors form the sensing elements in the system o f chemical 

communications that coordinate the function o f all cells in the body7 The broad 

spectrum o f signals sensed by G protein coupled receptors (GPCRs) makes them one of 

the most intriguing targets for pharmacological interventions. Especially for the 

pharmaceutical industry as approximately 52 % of all existing medicines act on a 

GPCR.* Modelling large biological polymers, such as GPCRs, is a truly 

multidisciplinary enterprise; the elucidation of the relationship between structure and 

function in GPCRs being made possible by the combination o f computational modelling 

and molecular pharmacological experiments.

The aim of this thesis is to apply computational medicinal chemistry techniques 

to the modelling o f a GPCR, the Q!ia adrenoceptor (q:ia-AR) and the study o f the agonist 

and antagonist interactions with this receptor towards improved treatment o f the Benign 

Prostatic Hyperplasia (BPH) condition.
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1.1 Benign Prostatic Hyperplasia

The prostate is a small, walnut sized and shaped gland, comprised mostly o f 

muscle and soft tissues that wrap around the upper part o f the urethra, which carries 

urine from the bladder out through the penis (Figure 1.1). The prostates key role is in 

producing a milky fluid that helps transport and protect sperm during ejaculation.

Bladder

Prostate

Urethra

Figure 1.1: Image of the human bladder, prostrate and urethra.^

Benign prostate conditions, where the prostate has grown larger in size than 

expected normally, are prevalent in the male population. They include hypertrophy 

(growth by virtue o f an increase in the size o f cells) and hyperplasia (grow1;h by virtue 

of an increase in the total number o f cells resulting from mitosis). BPH is a condition 

whose prevalence in mature men occurs approximately linearly with age e.g. 50 % of 

men over the age of 50 and 90 % over 80 years.'°’"  Thus, the number o f patients 

effected is rising worldwide as a result o f the aging population.’^

As the prostate grows, normal prostatic tissue becomes increasingly compressed 

by hyperplastic tissue and the urethra is impinged. This makes urinating difficult and 

leads to a variety o f urological symptoms, that may vary in severity and impact to 

different degrees on a sufferers quality o f  life.’ ’̂’"'’'^ The symptoms are generally 

classified as storage /  irritative (including urinary frequency, nocturia, burning, urgency 

or urge incontinence) or voiding /  obstructive symptoms (including hesitancy, weak 

stream, slow termination/dribbling, sensation of incomplete voiding and urinary 

r e t e n t i o n ) . A l t h o u g h  voiding symptoms occur with greater frequency, storage 

symptoms are considered to be more bothersome i.e. they interfere to a greater extent

4



with daily life activities and have a greater impact on the patient and his partner’s 

quality of Hfe.'*

There are currently three modes o f treatment for BPH, which are, watchful 

waiting, surgery or medication,'^ all o f which have varying degrees o f success and 

different side effects. In the first instance, watchful waiting, no active treatment is 

pursued but the situation is monitored by regular check-ups with a general practitioner. 

In the past, surgical procedures such as transurethral resection o f the prostate (TURP), 

where the obstruction is surgically removed were considered the ‘gold standard’ in BPH 

treatment.'^ Open prostatectomy is a more complicated operation and is only usually 

recommended in the case o f a much enlarged prostate."’’  ̂ The third option, medical 

therapy, became increasingly the preferred option over the early 1990s.'^ Souverin et 

a/.,'^ reflected on this trend by examining the prevalence o f BPH drug use and prostatic 

surgery in the period 1991-2000 among men aged 50 years or older. The prevalence o f 

BPH drug use increased, while there was a statistically significant decrease in prostatic 

surgery in the same period.'’

Clinical trials have shown that two main medical approaches are effective in 

reducing Lower Urinary Tract Symptoms (LUTS) suggestive o f BPH and o f improving 

urinary flow.'^’'^ These are;

1) Inhibitors o f the enzyme steroid 5a-reductase (5 AR).

2) Treatment by high affinity a i adrenoceptor (ai-AR) antagonists.

The growth and development o f the prostate is under the influence o f the male 

hormone testosterone and its more active metabolite dihydrotestosterone (DHT).'^ 5AR 

inhibitors block the conversion o f DHT to testosterone and as a result shrink the 

prostate often up to 20-30 However, BPH symptoms are found to correlate more 

with the extent o f increase in smooth muscle tone rather than increase in gland size, a j-  

AR antagonists act by reducing the smooth muscle tone in the bladder neck and the 

prostate.'^ Also, the onset o f the a i-A R  antagonistic action is developed more rapidly 

(in the order o f weeks) than the steroid 5AR inhibitors (in the order o f months).’  ̂ As 

approximately, 80 % of patients receiving medical therapy for BPH are prescribed an a -  

blocker by their general practitioner,^' this approach shall be our main focus.
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1.2 G Protein Coupled Receptors - Adrenoceptors

Adrenoceptors belong to Class A of the super family o f GPCRs that receive a 

ligand stimulus at the extracellular side, transduce signals across a cell membrane and 

thus initiate a variety o f intracellular biochemical events. In 1948, the adrenoceptors
■yy

(AR) were initially divided into a - and /3- AR forms and subsequently subdivided 

according to sequence homology, drug specificity and mechanism o f signal transduction 

to a final nine subtypes.

a i  ( a i - A R )  - a iA  (Q!ia -A R ) , ( o!ib -A R ) ,  ( a io - A R )

tt2 (Q!2-AR) - tt2A (0!2A-AR), tt2B (Q!2B-AR), U2C (Q!2C-AR)

13 (^ -A R ) - / 3 i ( / 3 , - A R ) , /3 2 ( f t - A R ) ,f t ( /3 3 - A R )

The adrenoceptors are activated upon binding o f the catecholamines (adrenaline 

(AD) or noradrenaline (ND)) to the receptor (Figure 1.2). Both catecholamines contain 

an amino group protonated at physiological pH, separated from the aromatic catechol 

ring by a beta hydroxylethyl chain.

O H  OH
HO

NH
HO3

noradrenaline

HO

HN
CHHO

adrenaline

Figure 1.2: Adrenaline and noradrenaline - the catecholamine agonists for 
adrenoceptors.

Adrenaline is released from the adrenal medulla while noradrenaline is released 

from vesicles contained within the sympathetic nerve terminal. Noradrenaline diffuses 

across the synaptic gap to bind to numerous oii-ARs located on the membrane o f 

prostatic smooth muscle cells, inducing a conformational change in the adrenoceptor 

causing it to be activated. The signals are amplified by a family o f proteins with 

homologous amino acid sequences, guanine nucleotide binding proteins, termed G 

proteins, which ultimately pass the orders to the final executors, enzymes or ion 

channels (Figure 1.3).^^
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^  hormone

receptor

out

ca

Co

GTI
GTP GDP

Figure 1.3: Generic scheme for activation o f  a G protein coupled receptor the G protein 
and the subsequent enzyme or ion channel.^'*

G-proteins consist o f  three subunits a, /3 and 7  units, and activation causes the G 

protein to exchange nucleotide guanosine diphosphate (GDP) for nucleotide guanosine 

triphosphate (GTP). The G protein then dissociates to form an a and a /37 unit, after 

which the GTP-bound o: subunit diffuses along the membrane and binds to an effector, 

activating it. Subsequently, the a subunit converts GTP back to GDP, thereby 

inactivating itself before reassociating with a c o m p l e x . a p A R s  couple 

predominantly through G-protein q (Gq), resulting in hydrolysis o f membrane 

phospholipids to yield the second messengers, inositol triphosphate (IP3) and 

diacylglycerol, leading to muscle contraction through mobilization o f  intracellular Ca^^ 

and activation o f  protein kinase C (PKC).^^ The resultant influx o f  calcium increases the 

prostatic smooth muscle tone.

1.2.1 Adrenoceptors in the prostate

The human prostate (Figure 1.4) contains mainly the q:ia-AR  subtype (70 % o f 

all Q!]-AR present in the p r o s t a t e ) . N o r a d r e n a l i n e  is equally potent with adrenaline at 

most o f  the adrenoceptor subtypes, although at some Q!ia-AR  sites it is considered to be 

more potent.^^ The catecholamine levels increase with age^^ inducing augmented 

contraction o f  human prostate tissue, resulting in an increased closure pressure on the 

urethra. Antagonists improve urinary flow and voiding symptoms by blocking the 

action o f  Q!ia-ARs, reducing contraction, which results in relaxation o f  smooth muscle 

o f  the bladder neck and prostate capsule. Antagonist inhibition at the q;ia-AR  subtype is
7



thought to be most useful in alleviating obstructive symptoms in cases of BPH, while 

the blockade of aio-AR may also be important for patients with irritative symptoms by 

reducing bladder overactivity.

'(U l

^  A*a l

Figure 1.4: Illustration of the prostate with the locations of the ai-AR indicated.^’

Each adrenoceptor differs in structural details at the atomic level, so that the 

more perfectly a ligand fits one target the less well it fits another. In an effort to 

minimise side effects of the drug we are interested in selective binding to the ccia-AR, 

the most abundant receptor in the prostate. We firstly need a structure for this qiia-AR at 

the atomistic level, which unfortunately has eluded X-ray crystallography to date. 

Analysis of genome sequences has revealed that membrane proteins such as the 

adrenoceptors are abundant, comprising between 20-30 % of known proteins.^^’̂ ’̂̂"̂ 

However, knowledge of the 3D structures of membrane proteins is limited, due to 

difficulties linked to their non-degenerative purification and crystallisation.^’̂ ^

1.2.2 G Protein Coupled Rreceptor Structure

On the basis of sequence comparisons, GPCRs have been classified into three 

different families. Class A ‘rhodopsin-like’. Class B ‘secretin-like’ and Class C 

‘glutamate-metabotropic-like’. Apart fi'om their conserved secondary domain structure, 

the GPCR families do not share significant sequence homologies. Family A is by far the 

largest, displaying short amino-terminal tails and having highly conserved amino acid 

residues within each transmembrane helix.^^ At present, the most thoroughly 

documented example of a Class A GPCR is Rhodopsin, which is naturally expressed in 

large amounts in the disk membranes of the rod and cone cells in the retina.^^ 

Significant progress in understanding the structure and function of bovine Rhodopsin 

has been made in recent years"̂  ̂ and the presence of a bundle of seven TM a helices



(TM I-VII) was established by high-resolution electron diffraction and by a crystal 

structure at a 2.8 A resolution in 2000.^^ The ct helical bundle is connected by 

intracellular (IC) and extracellular (EC) loops as illustrated in the generic GPCR model 

in Figure 1.5. An additional short eighth helix (TM-VIII) was determined almost 

parallel to the plane o f the membrane for Rhodopsin.

Figure 1.5: Model o f the seven transmembrane region o f a GPCR embedded in a 
membrane.^*

GPCRs share a common membrane topology they are remarkably diverse in 

sequence and vary especially in the size o f the extracellular amino-terminal tails,

low sequence similarity to other GPCRs, the specific arrangement o f the seven TM 

helices, stabilized by a series o f intramolecular interactions mediated by several 

backbone and side-chain atoms, appears to be conserved among the Class A receptors.

1.2.3 Development of an Adrenoceptor Model

GPCRs make an interesting and relevant challenge for the realm o f protein 

structure prediction. Theoretical protein structure prediction hinges on the Levinthal 

paradox - the observation that there is insufficient time to randomly search the entire 

conformational space available to a polypeptide chain. How then does one move from 

the Levinthal Paradox to protein structure prediction?"*® Due to the enormously complex 

energy landscape of proteins, the number o f local minima must be reduced by 

predicting the structure through an ab initio or homology/comparative modelling 

method in order to obtain a set o f predictions in a reasonable timeframe. To validate the

cytoplasmic loops and carboxy-terminal tails.^^ Although bovine Rhodopsin has only a
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available tools, a series o f benchmarks were developed to measure the performance of 

fold recognition methods, known as Critical Assessment o f Protein Structure 

Predictions (CASP). Experimentalists provide amino acid sequences o f soon-to-be- 

determined protein structures and invite the protein prediction community to test their 

methods on the unknown targets. This format propels the improvement o f methods and 

the progress in the field can also be seen by evaluations o f the biannual prediction 

exercises."*’

As protein structure is more conserved than protein sequences, homology 

modelling methods, which were first reported by Browne et attempt to predict the 

3D structure o f a protein sequence (target) by using information derived fi'om an 

homologous protein o f known structure (template).'*^’'*'* Class A GPCRs for which the 

rhodopsin template is available, share sequence homology and also key structural 

features such as a disulfide bond between TM-III and the extracellular (EC) region and 

a tripeptide Glu/Asp-Arg-Tyr (E/DRY) motif located at the intracellular (IC) end of 

TM-III. There are several other highly conserved residues, such an Asn-Asp pair 

located in TM-I and TM-II, respectively. Pro residues in TM-V and TM-VI, aromatic 

residues in TM-IV and TM-VI and a common Asn-Pro-X-X-Tyr (NPxxY) m otif in TM- 

VII."'

In the modelling procedure, structurally conserved regions (SCRs) such as the 

helical bundle are identified between the template and the target and their sequences are 

aligned."^ A multiple alignment procedure such as that used in clustalW"’ produces 

biologically meaningful alignments o f divergent sequences. Using such an alignment, 

GPCR models can be constructed on a template o f Rhodopsin a  helices, which provide 

guidelines for positioning, tilting and orientating the helices in the adrenoceptor TM 

bundle. The receptor model can be further improved and validated by moving from a 

static to a dynamic picture, through molecular dynamics simulations (MD), a technique 

fi-equently applied since the first simulation o f bovine pancreatic trypsin inhibitor 

(BPTI) was reported in 1977."* MD simulations yield insights into the natural dynamics 

o f biomolecules on different timescales, affording averages o f molecular properties and 

exploring thermally accessible conformations of a receptor or a ligand/receptor 

complex."^

10



A major driving force in determining the tertiary structure o f globular proteins is 

the hydrophobic effect.^*  ̂A receptor, as it goes through a cell membrane is exposed to a 

heterogeneous environment, where the TM regions are embedded in a phospholipid 

bilayer and the extramembrane domains are surrounded by water. The water exposed 

polypeptides (loop regions) can adopt a diverse array o f folds, whereas the physical and 

chemical constraints imposed by the lipid bilayer appear to restrict the structural 

diversity o f the embedded protein. Hence, a MD simulation o f the receptor in its natural 

environment requires the introduction o f hydrophobic interactions to mimic the effect of 

the membrane on the receptor. This can be achieved through using explicit models of 

phospholipids bilayer or a less time consuming membrane-mimetic system.^’ The 

time scale o f lipid motion is slow, with lateral motions within the bilayer requiring 

simulations to the order o f nanoseconds. Starting from a homology model rather than a 

crystal structure, it is possible that the slow time scale o f lipid motion effectively 

restricting receptor mobility could mask large-scale conformational drift that might 

provide evidence for an incorrect fold in the model. As an alternative, a water and 

carbon tetrachloride membrane mimic was used to model the interaction o f the
C O

antagonist Hoe-140 with the bradykinin receptor. A similar approach was applied by 

Pellegrini et al.^^ to study the threonine/bradykinin receptor interaction. Further 

biphasic systems studied include a water/chloroform system by Troxler et and a 

water/hexane system by Wymore et The latter concluded that the same qualitative 

features were achieved in simulations o f the biphasic (hexane/H20) and micellar (SDS 

dodecylsulfate) system to that o f the phospholipid dimyristoylphosphatidyl (DMPC).

1.3 Current antagonists of aj adrenoceptors

As previously mentioned, prostatic and bladder neck smooth muscle tone is 

mediated by a-ARs and many clinical trials have shown that a-AR antagonists can 

significantly improve symptoms of BPH.^' The first a-AR antagonist observed to 

reduce BPH symptoms was the long acting nonselective a\lai AR blocker, 

phenyoxybenzamine.'^ The increase in urinary flow rates observed with 

phenyoxybenzamine provided ‘proof o f concept’ that ai-ARs antagonists could have a 

therapeutic effect on BPH. However, its use was restricted due to significant side effects 

in a large percentage o f patients (10-30 %),^^ which included dizziness, weakness and 

palpitations, decreased blood pressure, nasal congestion and impotence. Many of the 

side effects are due to interactions with Q!2-ARs in the cardiovascular system where they



cause venodilation.'^’̂ * As there is considerable overlap (39.2 between the

populations o f men who suffer from high blood pressure and BPH, this m ay provide 

clinicians with the opportunity to treat two conditions with a single agent. In cases were 

this dual effect is undesirable, a selective ai-A R  over 0 :2-AR agent is required, 

necessitating fixrther research into more selective Q!i-AR agents.

The first selective a i-A R  antagonist determined was prazosin, which is as 

effective as phenyoxybenzamine but with fewer side effects, see Figure 1.6.'^ The 

prim ary advantage o f  prazosin is its cost as it is available generically (Minipress®, 

Hypovase®, Alza). However, its widespread use has been limited by its relatively short 

half-life, which necessitates frequent dosing. Alfuzosin (Xatral®, Sanofi-Synthelabo) is 

also selective for a i-A R s over a 2-ARs and for the lower urinary tract but w ithout 

subtype selectivity.'^ It is as effective as prazosin in the treatment o f  BPH with a lower 

incidence o f  adverse events. Further development in the quinazoline class led to the 

longer acting agents doxazosin (Carduara®, Pfizer) and terazosin (Hytrin®, Abbott 

Laboratories), which are selective, a i-A R  blockers and have once daily dosing.

MeO

MeO

MeO

MeO

NH,

Prazosin, R = 2-furyl 
Terazosin, R = 2-tetrahydrofuryl

Doxazosin

MeO

MeO

H^NOjS

MeO
OEt

Alfuzosin Tamsulosin

Figure 1.6: Current antagonists available in the treatment o f BPH; prazosin, terazosin, 
doxazosin, alfiizosin and tamsulosin.

Selective ai-A R  over 0 :2-AR antagonists are typically effective for treating BPH 

symptoms but side effects o f  dizziness, asthenia and peripheral edema are still present.'^ 

However, Q!ia-AR selective antagonists have the potential benefits o f  ease o f  dosing, 

better compliance, reduced cost, improved efficacy, better drug-drug interaction profile
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and fewer side effects. Tamsulosin (Flomax®, Yamanouchi Pharmaceuticals Co. Ltd.), a 

phenylethylamine type a  blocker, is the only agent currently used for the treatment o f
• 13BPH, which shows substantial subtype selectivity for the qiia-AR  (Figure 1.6).

1.3.1 Towards selective 0!i a-AR Antagonists

The success o f  Tamsulosin has stimulated the quest for even more Q!ia-AR 

selective blockers, but none have been approved to date. As a consequence o f  the 

limited availability o f  structural data on GPCRs the design o f  antagonists heavily relies 

on ligand based drug design techniques. Imidazoline derivatives have traditionally been 

considered as one o f  the major types o f  drugs that interact with a-ARs. Compounds 

such as clonidine (often prescribed for high blood pressure) or naphazoline containing a 

2-iminoimidazolidine or an imidazoline ring respectively, show 0 !i and « 2  AR activities 

and more specifically, phentolamine containing an imidazoline ring, is a known ai-A R  

antagonist (Figure 1.7).

Figure 1.7: Imidazoline derivatives containing a 2-iminoimidazolidine or an 
imidazoline ring, which is known to interact with a-ARs including Clonidine (R=H) on 
left, Naphazoline (in middle) and Phentolamine on right.

Previous studies have led to the preparation o f  two new families o f  biphenyl 

compounds for both imidazolidinium and guanidinium compounds connected by a 

group (X) containing polar atoms, which were pursued as Q!ia-AR antagonists (Figure 

1.8).^*’ The imidazolidinium compounds 1-4, are named denoting the bridging group X 

as, 1 X=NH; 2 X=CO; 3 X=S02 and 4 X=CH2 for a non polar comparison. Similarly for 

the guanidinium compounds, 5-8, where 5 denotes X=NH; 6 X=CO; 7 X=S02 and 8 

X=CH2.

OH
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1-4 5-8

Figure 1.8: Imidazolidinium compounds 1-4 and guanidinium compounds 5-8 where 
for compounds 1 and 5 (X=NH); compounds 2 and 6 (X=CO); compounds 3 and 7 
(X=S02) and compounds 4 and 8 (X=CH2).

Pharmacological studies o f  compounds (1-8) were performed on slices o f  human 

prostatic tissues with BPH, introduced in organ baths with Krebs solution. Cumulative 

concentration response curves to ND (10'^-10"^ M) were constructed and the drug to be 

tested was added and incubated for 10 minutes, before a second ND cumulative curve 

was produced. The capacity o f  the bis-imino-imidazolidinium derivatives 1-4 and bis- 

guanidinium derivatives 5-8 to inhibit the contraction induced by noradrenaline on 

human prostate tissue with BPH was tested (Table 1.1). The clinical antagonist 

doxazosin was used as a reference compound. For the guanidinium compounds 6, 8 and 

5 were most active, with compound 5 having a better dosage dependence. For the 

imidazolidinium compounds, major blockage was achieved for compounds 2 and for 

4 .^’

Table 1.1: Percentage inhibition o f  contraction o f compounds 1-8 on human prostate 
tissue with BPH.

1-4 5-8

X Imidazolidinium Guanidinium Doxazosin

Doxazosin 95

NH 78 90

CO 82 95

SO 2 29 -

CH2 80 92

Considerable industrial and academic effort has been dedicated to identifying 

subtype selective Q!ia-AR antagonists; examples industrially include Johnson & Johnson 

(Kuo et and at Abbott laboratories (M eyer et a l . ^ \  while academic interest,
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amongst others includes Chem et a l.,^  Quaglia et Barbaro et Wong et 

Lopez et a lf’̂  and Corsano et A  selection o f cci-AR antagonists from the literature

in different structural classes shall be further examined.

1.3.2 Computational Study of ai-AR antagonists

Although qii-AR antagonists cover a range o f structural types, all the compounds 

possess a central basic unit flanked on at least one side by aromatic systems. The 

precise profile in terms o f subtype selectivity is heavily dependent on the nature o f the 

basic centre, the substitution o f the aromatic rings and the spatial orientation o f the 

groups. The presence o f a protonated nitrogen at physiological pH would appear to be a 

vital feature for a i-A R  antagonists. The protonated nitrogen can facilitate the formation 

o f weak, attractive HBs with receptor residues. Hence, we are interested in quantifying 

the proton affinity o f the nitrogens in the ligands and in estimating the likelihood of 

these nitrogens to protonate under physiological conditions. This can be estimated by 

following a thermodynamic cycle relating pKa to the gas-phase proton basicity (AG^) 

via the solvation energies (AG s) of the products and the reactants. Similar pKa 

calculations have been successfully performed on a series o f molecules.

A commonly adopted approach to drug design relies on establishing the 

structure-activity relationships o f a number o f known ligands of a receptor in order to 

develop a pharmacophore model. The term pharmacophore is traced to Emil Fischer 

(1894) and Paul Ehrlich (1909) and refers to the molecular framework (phoros) that 

carries the essential features responsible for a drugs biological activity (pharmacon). 

Structural features necessary for the selective affinity o f ligands for ai-ARs were 

previously investigated. Low energy conformations o f a set o f known antagonists 

were used as input for a training set and the models were validated by testing the fit of 

known antagonists not included in the training set to the pharmacophore m o d e l . T h e  

pharmacophore model for the Q!ia-AR required that the distance o f the protonated 

nitrogen from a polar group (polar distance) should be in the range o f 6-8 A and its 

distance from an aromatic group (aromatic distance) should be in the range of 5.2-5.8 A 
(Figure 1.9). For q;ib-AR, a polar distance o f 5-6 A and an aromatic distance o f 6.2-7.8 

A are necessary. Later, Bremner et a l j ‘̂ also published the first pharmacophore model 

for the 0!id-AR where a polar distance o f 4.5 A and an aromatic distance o f 5.4 A are
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required. Recently, an 0 !ia-AR pharmacophore’  ̂ was developed from a larger set o f  

compounds, which also contains the main features o f  that o f  Bremner et al.J^

6-8A 4.5A5-6A
Polar P olarPolar

5.2-5.8A 5.4A6.2-7.8A

Figure 1.9: Pharmacophore details for antagonists o f  Q!ia-AR, Q!ib-AR  and ccid-AR  
indicating the relevant ‘polar distances’ and ‘aromatic distances’.’ ’̂’"*

1.4 Ligand/ai A-AR Complexes

Once the appropriate protonation states o f  the agonists and antagonists have 

been established and homology models for the receptor generated, it would be useful to 

be able to predict (a) in what configuration and how strongly the two will bind to each 

other and (b) the resultant conform.ational changes induced.

1.4.1 Experimental Agonist Binding Studies

Both agonists, adrenaline and noradrenaline, contain a protonated amino group 

separated from the aromatic catechol ring by a /3-hydroxylethyl chain. Mutagenesis 

studies o f  the /32-AR and q:2a-A R  suggest that the amino group o f  the catecholamines 

makes an electrostatic interaction with the carboxylate side chain o f  an Asp residue o f 

TM-III, which is highly conserved in all GPCRs binding with amine ligands. M utation 

o f  this Asp residue in the |32-AR (Asp-113),’  ̂ and in Q!ib-AR (Asp-125)”  resulted in 

lower or nondetectable binding affinity o f  the receptor agonists. There are two Asp 

residues (A sp-106 and A sp-123) in TM-III o f  the ccia-AR; A sp-106 is located at the 

extracellular side and is conserved only in the biogenic amine receptors, while A sp-123 

o f  the conserved DRY m otif is located at the intracellular side, is highly conserved in 

Class A GPCRs and is likely to be involved in interactions with the G protein.’®

Another fundamental interaction in the binding o f  catecholamine agonists is 

hydrogen bond (HB) formation between the catecholic hydroxyl groups and two 

conserved Ser residues located in TM -V.’  ̂ In the Q!ia-AR  it was determined that Ser-

188 may interact with the meta-hydroxyX whereas Ser-192 may interact with the para-
16



sn 81hydroxyl of the catechol ring. Ambrosio et al., also concluded that the equivalent 

Ser-204 and Ser-207 of the ^2 -AR not only provides a docking site for the agonist, but 

also controls the equilibrium of the receptor between the active (R*) and the inactive 

(R) forms. To date the role of the beta hydroxyl in the interactions of the 

catecholamines remains unclear.

1.4.2 Agonist Activation of the otia-A R

Obtaining structural information about agonist/o!iA-AR complexes has been 

hampered by the lack of a GPCR crystal structure in the activated state. Currently, there 

are a number of postulated activation mechanisms for Class A GPCRs, which 

essentially consist of three steps:

1 Admission of the agonist into the binding pocket.

2 Movement of the receptor from the inactive state to the active state.

3 Activation of the G protein.

The concept that agonist induced activation of a receptor, involves a 

conformational change, was originally developed in 1957 by del Castillo and Katz, who 

proposed that binding of acetyl-choline to the nicotinic acetylcholine receptor led to a 

conformational change resulting in channel opening.^^ Agonist binding to GPCRs is 

believed to promote a conformational change that leads to a switch from the inactive 

ground state (R) to the active (R*) conformation of the receptor.*^ A movement of the 

second extracellular loop (EC-II) in response to ligand binding may cause TM-III to 

translate in the cytoplasmic region near the G protein and thus initiate the signal 

transduction pathway.*"  ̂ Agonist induced conformational change of the /32-AR is 

associated with just such a change in the relative orientation of TM-III and TM-VI (with
O -J

a rotation of TM-III and a separation from TM-VI), which could unmask G protein- 

binding sites. The rigid body motions of the two portions of the Pro kinked TM-VI were 

proposed as key dynamic components of the rearrangement of GPCR molecules upon
Q C

activation by agonist binding. Subsequent experimental probing of the structural 

details of molecular rearrangements following activation of Rhodopsin*^ or /32-ARs*’ 

identified the same type of rigid body motions and the probable involvement of the 

conserved Pro in TM-VI.

17



All Class A GPCRs share a set o f highly conserved residues such as the E/DRY 

m otif at the G-protein coupling interface.** The high-resolution Rhodopsin structure 

indicates that Glu and Arg of the ERY motif in TM-III interact and thus a similar 

interaction is predicted amongst all Class A receptors. Whether the conformation and 

the interaction pattern o f the Arg is peculiar to the available Rhodopsin structure, ŵ ill 

await the structural resolution o f other closely related GPCRs. An additional interaction
O Q

between this Arg o f TM-III and a conserved Glu in TM-VI is proposed for the 182-AR 

and the (Xib-AR^® where it was suggested that an interaction between these residues 

would constrain the relative positions o f TM-III and TM-VI and form an ionic switch 

that controls transition o f the receptor from its inactive to active s t a t e . A  study o f the 

5-H TlA  receptor, (another GPCR), strengthens the hypothesis that the receptor portions 

close to the E/DRY motif, with prominence to the cytosolic extensions o f TM-III and 

TM-VI, are particularly susceptible to structural modification in response to agonist 

binding. Both agonists studied exerted a destabilization o f the intrahelical and 

interhelical interactions found in the empty and antagonist bound receptor forms. 

Alternatively, receptor activation for the Q!2a-AR was envisioned as a rotation that 

exposes both TM-V Ser residues to the ligand binding cavity and movement o f TM-V 

toward the ligand, TM-III and T M - V I . T h e i r  results indicate that the catecholic 

hydroxyl groups are not critical for binding, but are very important for receptor 

activation.

In summary, an activation mechanism has only been postulated for a number of 

Class A receptors including the o:2a-A R  and /32-AR (for reviews^'^’̂ )̂. Agonist binding 

may induce specific rearrangements in Pro kink regions or rigid body motion o f TM-V 

and T M - V I . S u c h  studies support a movement o f TM-VI relative to TM-III as a 

consequence o f agonist induced receptor activation, coupled with a change in the 

interactions o f residues in the conserved E/DRY motif.

1.4.3 Experimental Antagonist Binding Studies

Based on molecular modelling and mutagenesis studies performed on several 

GPCRs binding diverse types o f ligands (biogenic amines, peptides, nucleotides and 

small proteins) it is suggested that all Class A GPCRs share a binding pocket in the 7- 

TM region. This pocket can serve as an interaction site, not only for the monoamines, 

but for all agonists or antagonists of this receptor family.^^’̂ * Ishiguro et al.^^ postulated



that the principal interactions of the antagonists, prazosin and tamsulosin were with 

Asp-106 and Ser-188 o f aiA-AR. The other molecular moieties then fit into two binding 

pockets formed by TM-I, TM-II and TM-VII on one side and by TM-IV, TM-V and 

TM-VI on the other one, lying in an almost symmetrical topography with respect to 

Asp-106. Other studies suggest that in contrast to agonist binding, which is localized to 

the interior core o f the receptor, antagonists interact with residues closer to the 

extracellular surface o f ARs. Zhao et determined that residues, Gln-177, Ile-178 

and Asn-179 o f EC-II, are responsible for some selective antagonist binding in «ia-AR 

over Q!ib-AR. Furthermore, attractive interactions between tt systems are one of the 

principal noncovalent forces governing molecular recognition. According to Hamaguchi 

et <3/.,'°’ the Phe-86 residue in TM-II o f the Q!ia-A R , located in the final helical turn 

closest to the extracellular region, is the principal determinant responsible for the 

subtype selectivity o f antagonists for ccia-A R  over q:id-A R . Based on mutagenesis 

studies, the same g ro u p ,d e te rm in ed  that two Phe (Phe-308, Phe-312) residues in TM- 

VII o f the q!ia-AR are involved in nonselective binding for almost all a i-A R  

antagonists.

1.4.4 Theoretical Ligand Binding Studies

Molecular docking such as that implemented in Dock 4.0,'°^ in combination 

with scoring f u n c t i o n s a r e  used to predict ligand orientations in binding sites 

and subsequent binding affinities (BAs).’^̂  All docking methods make limiting 

assumptions to be computationally reasonable, {i.e. generate a large number o f 

conformations quickly) with each method having its own unique advantages and 

disadvantages. Many docking programs often consider the receptor to be rigid and only 

allow flexibility to the ligand. However, as protein flexibility and the dynamics o f inter 

molecular interfaces can regulate binding affinity and specificity in molecular 

recognition, the Flexidock'^* routine attempts to address the issue o f flexibility of 

receptor residues. Subsequent MD simulations on the ligand/receptor complexes can 

provide further information on binding modes and complex stability.
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1.5 Thesis Layout

The Economist’ in 1998 stated, “Turn off the Bunsen burner; it will not be 

wanted these ten years,” and indeed computational approaches including structure based 

drug design methods have had a significant impact on the creation o f high-value 

compounds entering the market as drugs and clinical trials. Seven such compounds are 

now approved and marketed drugs,'®^ including Captopril whose template structure 

used for its design was a homology model (August 2003). The primary objective o f this 

thesis is to computationally investigate the interactions o f agonists and antagonists with 

the Q!ia-AR, towards an improved understanding o f the activation mechanism and 

antagonist blockade in the treatment o f BPH. An introduction to the topic and a brief 

overview o f the issues at hand has been presented in Chapter I.

In Chapter II, the computational techniques employed are discussed. These 

include quantum mechanical, semi-empirical and molecular mechanical techniques. 

Computational methods to evaluate atomic charges and solvation energies are also 

examined.

In Chapter III, a computational pipeline for the work pursued is presented. The 

computational procedures and methods are divided into receptor based (homology 

based protein models), ligand based (quantum mechanical calculations, pharmacophore 

models) and ligand-receptor binding (docking, molecular dynamics) categories. In each 

o f the four experimental chapters (IV-VII) we present the corresponding results and 

discussions.

In Chapter IV, homology models o f the Q!ia-AR are developed using the bovine 

Rhodopsin crystal structure as a template. Receptor refinement is pursued through MD 

simulations in a variety o f phospholipid bilayer mimics to the natural environment o f a 

membrane receptor. A detailed analysis is performed on the resultant trajectories and 

the conformation of the receptor in the inactive state are examined.

In Chapter V, a computational study o f the agonists and antagonists is pursued. A 

proton affinity study is performed followed by conformational analyses and structural 

optimisations o f the ligands. Estimates at ligand pKa values are performed and

limitations in the applied theoretical approach are discussed. Conformations o f the
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ligands fitting the Q!ia-AR pharmacophore model are determined in a form o f  in silico 

ligand screening.

In Chapter VI, we develop a computational strategy, which involves initial 

docking o f  the agonists into homology models o f  the Q!ia-AR followed by a cycle o f 

MD simulations o f  the agonist/aiA-AR complexes in a H2 O/CHCI3 /H 2 O membrane 

mimic to optimise them. Insights into the activation process are also gained through 

examination o f  the conformational changes occurring over the complexed MD 

simulations and changes in the interactions o f  ligands and o f  the conserved receptor 

residues.

In Chapter VII, we perform combined docking and MD simulations o f 

antagonist/o!iA-AR complexes, to produce a series o f ‘antagonist-bound’ receptor forms. 

Furthermore, we perform MD simulations with an adapted force field o f  the 

antagonist/o!iA-AR complexes to yield an analysis o f  binding interactions and 

conformational changes occurring upon binding. Screening o f a further series o f 

antagonists, 9-18, is performed utilising the ligand induced receptor structures. Finally, 

a thorough comparison is made o f  the uncomplexed, ‘agonist-bound’ and ‘antagonist- 

bound’ receptor conformations produced in the study to examine the effect o f  different 

ligands on the receptor structure.

The final Chapter VIII presents the conclusions and insights gained throughout the 

course o f  the work. Attention is drawn to a number o f  key directions for future 

development.
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Chapter II: Computational Techniques

“Anyone who is not shocked by quantum theory has not understood it. ”

Neils Bohr
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2.0 Introduction

In this chapter, we introduce quantum mechanical (QM) and molecular mechanical 

(MM) techniques. The QM techniques shall be discussed in terms o f Hartree Fock (HF) 

Theory and Density Functional Theory (DFT). Further simplifications to the model 

shall then be described including semi-empirical techniques and MM potentials. The 

utilised basis sets, charge determination and solvation techniques shall also be explored. 

The application o f these techniques to the current study will be developed in the 

subsequent chapter.

2.1 Quantum Mechanics

The term ab initio (“from the beginning”) is used to describe rigorous QM 

techniques, which are formulated without experimental data. QM methods attempt to 

solve the Schrodinger equation (1) and are necessary to describe the electron 

distribution o f a molecule in detail.” ® To solve the Schrodinger equation it is necessary 

to find values o f the wavefunction (^ )  which, when operated upon by the Hamiltonian 

(H), returns the wavefunction multiplied by the particle energy (E).

= (1)

Following the Bom Oppenheimer approximation the motion o f electrons can be 

decoupled from the motion of nuclei by assuming the nuclear centres o f mass are fixed 

for a given molecular conformation. This is a reasonable approximation as the nuclei, 

which are much heavier than the electrons, are typically fixed on the timescale o f 

electronic vibration. Once assumed, the problem is reduced to solving the electronic 

Schrodinger equation (2) for a set o f nuclear geometries.

H e ^ e -E e ^ I ^ e  ( 2 )

In an atom that contains a single electron the Hamiltonian can be written as the 

kinetic and potential energies o f the nuclei and the electron (3). The kinetic energy

S  S  5depends upon the mass m, Plancks constant h and the Laplacian, = — -  h   h— - .

The potential energy depends upon the distance r, between the electron and the nucleus
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as given by the Coulomb equation, were Z is the nuclear charge, e is the electronic 

charge and Cq is the dielectric constant in vacuum.

2m ^ns r̂ (3)

The Schrodinger equation can be solved exactly for a one-electron system, as there 

is no electron-electron interaction term. However, no analytical solutions have been 

determined for systems that involve three (or more) interacting particles. Hence, a series 

o f approximations are generally introduced to make the calculations more tractable.

2.1.1 Hartree-Fock Approach

Within the framework o f the approximations used in the HF approach, a 

molecular wavefunction is calculated and various molecular properties are determined. 

The Hartree product (HP) formulates the total electronic wavefunction ( ^ ^ ’’) by 

describing the motion of the electrons as the product o f the individual one electron 

wavefunctions x(xn), (4).

= Z i(x ^ ) Z 2 M Z 3 ( x 3) - Z n M  (4)

In 1930, Fock’” observed that the Hartree wavefiinction is invalid as it does not 

satisfy the Pauli Exclusion Principle"^ - that the wavefunction must be antisymmetric 

with respect to electron interchange. Fock also demonstrated that a Hartree product 

could be made antisymmetric by appropriately adding and subtracting all possible 

permutations. Later, Slater established that the resulting wavefunction is simply the 

determinant o f the system o f N electrons and N spin orbitals, termed a Slater 

determinant (5), which yields the antisymmetric wavefunction for N  indistinguishable 

particles."^’'
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^ 2 ( ^ 1 )  • • •  xA^x)
1 xA^i) Xiixj)  • • •  Xn{x2) (5)

x Axn) Z , ( ^ , )  • • •  x A^n)

Describing the electrons by an antisymmetrized product, the Slater determinant, 

is equivalent to assuming that each electron moves independently of all the others 

except that it feels the Coulomb repulsion due to the average positions of all electrons 

and an exchange interaction due to antisjanmetrization. It is more convenient to write 

the energy expression in a concise form that recognises the three types of interaction 

that contribute to the total electronic energy of the system. The Fock operator, f , (6), is

an effective one-electron Hamiltonian, comprising of a core Hamiltonian term 

a Coulomb operator and an exchange operator (7).

The core Hamiltonian (8) is the average kinetic energy and the potential energy for 

the electrostatic attraction between the nuclei and the electron. The Coulomb integral 

(9) is the potential energy for the electrostatic repulsion between two charge 

distributions. The exchange integral (10) arises from the requirement that ^  be anti

symmetric with respect to the permutation of the coordinates of any two electrons and is 

the additional term acquired by using the Slater determinant.'

(6)

(7)

(1) = —  V f -  V  —  Core Hamiltonian operator
2 ^  r,.
1 (8)

12

(9)

Exchange operator
12

(10)
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The variation theorem states that the best approximation to the true 

wavefunction is the one closest in energy to it. The HF equations are obtained by 

imposing this condition on the energy expression subject to the constraint that the 

molecular orbitals (MO) remain orthonormal. The orthonormal condition is written in 

terms of the overlap integral Sjj (11).

Sij = j  XiXjd T = Sy (6ij =Kronecker delta) (11)

So far we have been discussing abstract molecular orbitals. To implement a self 

consistent field (SCF) method we now introduce a systematic way of varying the MOs 

and hence minimizing the energy. This is achieved by representing the M O’s as a linear 

combination o f basis fiinctions. hi this study, our basis fiinctions are similar to atomic 

orbitals and the method is referred to as a linear combination o f atomic orbitals 

(LCAO). Thus each molecular orbital can be written as a summation, where ipi is a 

(spatial) molecular orbital, 0^ is one o f K basis functions and c î is a coefficient (12).

(12)
f i= \

The HF equations form a set o f pseudo-eigenvalue equations as the Fock operator 

depends on all the occupied MOs. The derivation of the HF equations for a closed shell 

system, was proposed by Roothan'’  ̂ and by Hall,"^ the resulting equations are knov^ 

as the Roothan-Hall equations, which are in matrix form and can be conveniently 

written as a matrix equation (13). C is the matrix o f coefficients c î, E is a matrix o f 

energy eigenvalues, S is the overlap matrix between two atomic orbitals and F is the 

matrix representation o f the Fock operator.

FC = SCE (13)

Elements o f the Fock matrix which appear on the left hand side o f equation 13 

depend on the MO coefficients, ĉ ĵ, which appear on the right hand side o f equation 13. 

Thus an iterative procedure is required to find a solution and the SCF procedure is 

implemented. First, a set o f trial solutions for the HF eigenvalue equations are obtained.
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These are used to calculate the Coulomb and Exchange operators. The HF equations are 

solved, giving a second set o f solutions, which are used in the next iteration. The 

implementation o f the SCF method gradually refines the individual electronic structures 

that correspond to lower total energies until the point is reached at which the results for 

all the electrons are unchanged and they are then said to be self-consistent.

The HF energy is not as low as the true energy of the system as the Fock operator 

treats each electron as though it were moving in a time averaged potential field due to 

other electrons. However, as the motion o f electrons is correlated, they tend to ‘avoid’ 

each other more than the HF theory would suggest. In order to consider correlated 

properties, it is necessary to go beyond the HF method. One way o f handling the 

electron correlation problem with only the computational expense o f HF theory is 

through the density functional theory (DFT), which shall now be explored.

2.2 Density Functional Theory

The basis for density functional theory (DFT) is the proof by Hohenberg and 

Kohn” * that the ground state electronic energy can be determined completely from the 

electronic density p(r).''^ The energy E, is a unique function o f /o(r) and the energy 

functional (a function o f a function) can be written as:

The first term V e x t( r ) ,  arises fi'om the interaction o f the electrons with an external 

potential (typically due to the Coulomb interaction with the nuclei). The second term 

F[p(r)], is the sum of the kinetic energy o f the electrons and the contribution fi'om the 

inter-electron interactions. In 1965, Kohn and Sham,”  ̂ suggested that F[p(r)] could be 

approximated as the sum of EK£[p(r)] the kinetic energy; EH[p(r)], the Hartree 

electrostatic energy, i.e. the electron-electron Columbic energy; and Exc[p(r)], which 

contains contributions fi'om exchange and correlation (15).

E[p(r)] =  |Vext(r)p(r)dr + F[p(r)] (14)

F[p(r)] = EKE[p(r)] + EH[p(r)] + Exc[p(r)] (15)
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The density p(r) o f the system is equated as the sum o f the square o f  a set o f  

one-electron orthonormal orbitals (16).

(16)
1=1

The kinetic energy o f  a system o f  non-interacting electrons (N) with the same 

density p(r) as the real system is then given by equation 17.

In the Hartree approach, the electrostatic energy, EH[p(r)], arises from the classical 

interaction between two charge densities, p(ri) or pirz), which is summed over all 

possible pairw ise interactions (18).

Combining these two terms and adding the electron-nuclear interaction leads to the 

full expression for the energy o f  a N-electron system within the Kohn-Sham scheme

(19). This equation defines the exchange-correlation energy functional E xc[p(r)], which 

thus contains not only contributions due to exchange and correlation but also a 

contribution due to the difference between the true kinetic energy o f  the system and 

EKE[p(r)]- Hence, in practical terms with DFT, the exact exchange (HF) for a single 

determinant is replaced by a more general expression, the exchange-correlation 

functional, which can include terms accounting for both the exchange energy and 

electron correlation omitted from HF. This term shall be discussed in more detail in the 

following section.

(17)

(18)

(19)
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To solve the Kohn-Sham equations a self-consistent approach is taken. A set o f 

orbitals is derived from an initial guess o f the density, leading to an improved value for 

the density, which is then used in the second iteration and so on until convergence is 

achieved.

2.2.1 Exchange Correlation Functional

The exchange-correlation functional E xc[p(r)], is key to the success o f the DFT 

approach. The simplest way to obtain this contribution is through the local density 

approximation (LDA). This is based upon the uniform gas model in which the electron 

density is considered constant throughout all space. The total exchange-correlation 

energy for the system, E xc, is then obtained by integrating over all space. However, the 

LDA approximation has been shown to be inadequate in some cases and for this reason 

extensions have been developed.

In the early 1980s, it was recognised that not only the density but also the gradient 

o f the density should be included in the functional expressions. If the function f(r) thus 

depends in some way on the gradients (or higher derivatives) o f p(r) then the functional 

is referred to as being ‘gradient-corrected’. These gradient corrections are typically 

divided into separate exchange and correlation terms i.e. Ex[p(r)] the exchange 

functional and Ec[p(r)] the correlation fiinctional.'^® The gradient correction to the 

exchange functional proposed by Becke is popular (B88),'^’ while the correlation 

functional o f Lee, Yang and Parr (LYP)’^̂  is widely used.

One potentially attractive option is to add a correlation energy derived from DFT 

(e.g. the LDA approximation) to the HF energy. In 1993, with Becke’s functionals a 

breakthrough in molecular calculations occurred. Functionals for non-interacting 

electrons were combined with those in which the electron-electron interaction is fully 

switched on.'^^’‘ "̂̂ The most popular form was launched under the acronym “B3LYP” '^  ̂

and is an empirical mixture o f exact exchange, Becke’s gradient correction for exchange
1 Of\B88, the Lee-Yang-Parr (LYP) correlation functional (with the gradient term) and the 

standard local correlation functional due to Vosko, Wilk and Nusair (VWN).'^’ The 

constants A, B and C are those determined by Becke who computed the values of 

^=0.20, 5=0.72 and C=0.81."°
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A* E f  + (1 -  A ) E f ^  + 5  * + CE'^J^ + (1 -  C ) £ ^ (19)

2.3 Basis sets

An approximation inherent in all quantum mechanical methods is the choice of 

basis set. Two types o f basis functions are normally used for molecular calculations -  

the Slater type orbital (STO) or the Gaussian type orbital (GTO). Although Slater type 

orbitals are physically more realistic, some o f the integrals can not be solved 

analytically. Hence, Slater orbitals are commonly replaced by functions based upon 

Gaussians. The Gaussian function has the form exp(-or^) where a  is the radial extent or 

spread o f the Gaussian. QM calculations use basis functions comprising integral powers 

o f X, y and z multiplied by the exponent (20).

x ‘‘y'’z" exp(-Qr^) (20)

In practice, a Gaussian function has the wrong behaviour at the nucleus and at 

the large r tail o f the function and so many more Gaussian functions must be used. To 

efficiently improve this, a fixed linear combination o f primitive Gaussian functions is 

used to create a single contracted function  for which a single coefficient is varied.

A minimal basis set is a representation that contains just the number o f functions 

(or contracted functions) that are required to describe the fi*ee atom. A basis set which 

doubles the number o f functions in the minimal basis set is described as a double zeta 

basis (DZ). The core orbitals, unlike the valence orbitals, do not effect chemical 

properties significantly and vary only slightly from one molecule to the next. A 

variation of the DZ type basis only doubles the number o f valence orbitals, producing a 

split valence basis. ‘Pople style’ split valence (SV) basis sets are frequently used, such 

as the 3-2IG basis set were a contracted function o f three Gaussian functions describes 

the core orbitals, while the valence electrons are represented by two contracted 

functions and one diffuse fiinction. Similarly, the basis set, 6-3IG, has six Gaussian 

functions describing the core and four describing the valence electrons, three o f which 

are contracted functions and one diffuse function.
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As atoms are brought closer together their charge distribution causes a 

polarization effect, which distorts the shape o f the atomic orbitals. Introducing orbitals 

that have more flexible shapes is accomplished by adding in basis functions o f higher 

angular momentum than the valence orbitals. For example, one can distort the spherical 

]s orbital o f hydrogen by mixing in an orbital with p  symmetry. Similarly, we can 

polarise p  orbitals if  we mix in an orbital o f d  symmetry. Such polarisation functions are 

introduced to basis sets and are denoted by an asterisk Thus 6-3IG*, refers to a 6- 

31G basis set with polarisation functions on heavy atoms. 6-3IG** indicates the 

additional use o f polarisation functions on hydrogen and helium.

A deficiency o f the basis set arises as Gaussian basis functions fall o ff too 

rapidly with r and are rather low far from the nuclei. This becomes particularly 

important when studying an anionic or excited state, as the loosely bound electrons are 

responsible for the energy in the tail o f wave function. To compensate, highly diffuse 

functions can be added to the basis set, indicated by (+). A single + indicates an 

additional single set o f diffuse s- and p- type Gaussian functions, while ++ indicates that 

the diffuse functions are included for hydrogen as well as for heavy atoms.

2.4 Approximate Molecular Orbital Theories - Semi Empirical Techniques

Addition o f further approximations to the HF model can invoke semi-empirical 

methods. In such calculations, valence electrons are only included while the core 

electrons are subsumed into the nuclear core. Furthermore, the computation o f a large 

number o f the integrals in the HF-SCF calculation are simplified by either neglecting or 

replacing them with parameterised formulae that can be calculated more easily. The 

zero differential overlap approximation (ZDOA), neglects all products o f basis 

functions depending on the same electron coordinates when located on different atoms. 

If the ZDOA is applied to all orbital pairs then the Roothan-Hall equations (13) for a 

closed shell molecule simplify considerably. However, the electron-core interactions 

between pairs o f orbitals and the nuclear cores are not subjected to the ZDOA, as 

chemical bonding is reliant on this overlap character. The core integrals are 

parameterised to experimental results, compensating for the ZDOA to some extent."^

The AMI (Austin Model 1) and PM3 (Parametric Method Number 3) methods 

were developed to improve deficiencies o f earlier semi-empirical methods, which
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included a tendency to overestimate repulsions between atoms separated by distances 

approximately equal to the sum of their van der Waals (vdw) radii. For AM I, the core

core term was modified using Gaussian fiinctions. PM3 has essentially the same 

features as AM I, but the parameters were derived using an automated parameterisation 

procedure whereas chemical knowledge and intuition were used for AMI.

2.5 Molecular Mechanical Potentials

Although quantum mechanical calculations o f molecular electronic structure can 

be highly accurate, they are also costly in computational time. Hence, simulations o f 

large molecules such as biological macromolecules are generally performed using 

classical molecular mechanics. Molecular mechanical (MM) calculations arose naturally 

from the concept o f molecular bonding and vdw forces and are often referred to as 

‘force-field’ (FF) or ‘potential energy’ methods. Many force fields (designated Class I) 

have been derived for DNA and proteins, such as the Assisted Model Building with 

Energy Refinement ( A M B E R ) a n d  the Chemistry at HARvard using Molecular 

Mechanics (CHARMM).’^̂  Furthermore, FFs can be simplified by applying united 

atom parameters, where hydrogens are not explicitly considered, such as the Gromos FF 

(GROningen Molecular S im u la tio n ).C la ss  II force fields concentrate on reproducing 

small to medium size molecules to a high degree of accuracy in terms o f geometry and 

vibrational frequencies e.g. MM2’^‘ and MM3.’^̂

Calculating an electronic energy for a given nuclear configuration is bypassed 

by writing the total energy (Etot) as a function o f the nuclear coordinates. Electrons are 

not explicitly considered and the field they generate is not actually calculated, but rather 

represented by an “effective” potential treated by classical mechanics. We shall examine 

each term of Etot (21), which is the sum o f bond stretching Vr(r), angle bending vefd), 

torsion potentials v</0j, improper torsions v/'x) and non-bonding interactions v„b(rij):

i j  i . j .k i . j .k. l  z  >>j

2.5.1 Bonded Functions

Hookes law can be utilised to represent the potential energy curve for a typical

bond. This potenfial has the form of an harmonic oscillator and is only adequate for
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small deviations in the bond length from a reference value, ro (22). Stronger bonds 

tend to have larger force constants kr, which is a measure o f  the bonds resistance to 

change from the reference or ‘equilibrium ’ value and is related to the harmonic 

vibrational frequency.

2.5.2 Three-body Functions

The deviation o f  an angle (^ijk) between atoms i , j  and k  from its reference value 

{do) is also frequently described using Hookes law (23). The force constants (k^), in the 

harmonic angle potential are proportionately smaller than for the bonded function as 

less energy is required to distort an angle away from equilibrium than to stretch or 

com press a bond.

2.5.3 Four-body Functions

The existence o f  barriers to rotation about chemical bonds is fundamental to 

understanding the structural properties o f  molecules and conformational analysis. 

Torsional potentials are usually expressed as a cosine series expansion and one 

functional form is given in equation 24.

is the torsion angle between atoms i,j,k ,h  V„ is referred to as the ‘barrier’

height and gives a qualitative indication o f  the relative barriers to rotation; n is the 

multiplicity, its value giving the num ber o f  minimum points in the function as the bond 

is rotated through 360°. Finally, the phase factor 7, determines where the torsion angle 

passes through the minimum value.

(22)

(23)

(24)
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Improper torsion terms, also known as ‘out-of-plane bending’ motions, are 

defined by four atoms i ,j ,  k and I (;;̂ jki) for which the central j  atom is bonded to atoms i, 

k and I. A torsional potential o f the following form (25) is then used to maintain the 

improper torsion angle at 0° or 180°.

v,{%ijki) = k, iXi jkt-Xof  (25)

2.5.4 Non bonded interactions

Molecules also interact through non-bonded forces, whose determination 

generally are the most time consuming o f all those discussed. Such non-bonded 

interactions ( v n b )  can be short ranged ( v s r )  or long ranged, electrostatic (v co u io m b ic ) 

interactions (26).

Vnb V s r  +  Vcgulombic (26)

In the Lennard-Jones form the nonbonded potential consists o f a short range
12 6 repulsive (r‘ ) and an attractive (r' ) component due to vdw forces. Together these

terms mimic the tendency o f atoms to repel one another when they are very close and

attract one another as they approach an optimal intemuclear distance. The pairwise

potential energy, Vjj, between two non-bonded atoms can be expressed as a function o f

the intemuclear separation, r\y The two parameters and are fitted fi’om a set o f

atomic radii and hardness parameters (27).

(27)

In principle, the non-bonded interactions are calculated between every pair of 

atoms in the system. However, the Lennard-Jones potential falls off very rapidly with 

distance. Hence, the number o f non-bonded atom pairs can be significantly reduced by 

using a cut-off distance beyond which the atoms are no longer considered to interact.

The electrostatic interaction (Vcouiomb) is calculated as a sum o f interactions 

between pairs o f point charges (q), where qj and qj are the charges on atom i and j
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respectively and eo is the permittivity o f free space. Using Coulombs Law the 

interaction energy between the two charges qi and qj becomes:

^Coulomb j
Vy =     (-28)

4;u£,ry

Due to the long range nature o f the — term one can not simply apply a real
r

space short range cut o ff The use o f periodic boundary conditions allows the use o f the 

Ewald'^^ sum method to treat the long range nature o f the electrostatic interactions. In 

the Ewald method, the sum is split into real and reciprocal space summations (29). For 

the real space part, each point charge is surrounded by a Gaussian charge distribution of 

equal magnitude and opposite sign, which spreads out radially from the charge. The 

parameter a, determines the width o f  the distribution and r is the position relative to the 

centre o f the distribution. This extra distribution acts as an ionic atmosphere to screen 

the interaction between neighbouring charges. The screened interactions are now short- 

ranged and the total screened potential is calculated by summing over all the molecules 

in the central cube and all their images in the real space lattice o f image boxes. Erfc(x) 

is the complementary error function which falls to zero with increasing x. The 

cancelling distribution is summed in reciprocal space, where L is the length o f a side of 

the box and k are reciprocal vectors. The interaction of the cancelling distribution with 

itself, the self-term must be subtracted from the total where N  is the number o f atoms.

g,g, etfc{a\ry+n\)

+ (29)

—  S
*=1

Thus, with the Ewald method the 1/r functional form o f the Coulomb energy is 

split into two functions that are rapidly convergent in real and reciprocal space, 

respectively. The calculation in reciprocal space is very expensive for large systems of
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charged atoms, scaUng at Alternatively, with the smooth particle mesh Ewald 

(SPME) method the cancelling distribution is calculated by means of an interpolation 

procedure involving B-splines, with the sum in reciprocol space being represented on a 

3D rectangular grid. In this form, a Fast Fourier Transform (FFT) may be used to 

perform the primary mathematical operation. The SPME method requires as input 

parameters the order of the spline and the number of grid points in the x-, y- and z- 

directions. Its advantage relies on the NlogN dependence of the computational 

efficiency with the system size.” ^

2.6 Evaluation of Atomic Charges

Given the widespread use of the partial atomic charge model, (charges restricted 

to the nuclear centre) it is important to consider how these theoretical charges are 

obtained. The electrostatic properties of a molecule are a consequence of the 

distribution of the electrons and the nuclei and thus one can obtain a set of partial 

atomic charges using QM techniques. Unfortunately, the partial atomic charge can not 

be unambiguously determined from the wavefiinction. A variety of techniques have 

been proposed to determine partial atomic charges including those of Mulliken, 

Gasteiger-Marsili and a variety of electrostatic potential (ESP) derived charges.

2.6.1 Muliiken Population Analysis

Mulliken population analysis'^"* is an orbital based method in which the 

electrons are divided amongst atoms according to the degree to which the different 

atomic orbital basis functions contribute to the overall wavefunction. Electrons ‘shared’ 

between basis functions are divided evenly between the two atoms. This approach has 

been used extensively as it is conceptually simple and is included in most ab initio and 

semiempirical packages. However, it depends strongly on the basis set used for the 

calculation and problems arise due to its dependence upon the conformation of the 

molecule."^

2.6.2 Gasteiger-Marsili and Gasteiger-Huckel Charges

The G asteiger-M arsilitechnique calculates atomic charges quickly and solely 

from information about the atoms present in the molecule and their connectivity. It uses
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the concept o f the partial equahsation o f orbital electronegativity, which was defined 

by Pauling as ‘the power o f an atom to attract electrons to itse lf. A polynomial 

relationship between the electronegativity (x̂ ii) o f an orbital (4>̂ ) and the charge q\ on the 

atom i is assumed (30). Values for the coefficients and b î were derived for common 

elements in their usual valence states. Electrons flow from the less electronegative 

elements to the more electronegative ones. This flow o f electrons results in a positive 

charge on the less electronegative atoms and a negative charge on the more 

electronegative atoms, and as such the flow acts to equalise the electronegativities. This 

effect is modelled in the Gasteiger and Marsili approach by an iterative procedure where 

less and less charge is transferred between bonded atoms at each step.

A more recent development is the Gasteiger-Huckel technique which uses a 

combination o f two other charge computation methods - the Gasteiger-Marsili method 

to calculate the a component o f the atomic charge and the Huckel method to calculate 

the 7T component o f the atomic charge. The Huckel portion o f the charges is calculated 

first and these charges are used as the basis for the Gasteiger-Marsili charge calculation. 

After having performed a Huckel calculation, the actual number o f electrons associated 

with atom i, , can be calculated by equation 31. The total charge is the sum of the 

charges calculated by the two methods.

2.6,3 Charges derived from Electrostatic Potentials

A considerable effort has been made to develop methods in which charges are 

derived from the electrostatic potential (ESP). The ESP is the force acting on a unit 

positive charge placed at a certain point. The nuclei give rise to a positive {i.e. 

repulsive) force, while the electrons give rise to a negative potential. The objective of 

ESP methods is to derive the set o f partial charges that best reproduces the QM 

electrostatic potential at a series of points surrounding the molecule, subject to the 

constraint that the sum of the charges is equal to the net charge on the molecule. ESP

(30)

MO

(31)
j
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charges are frequently considered superior to Mulliken charges as they depend much 

less on the underlying theoretical method used to compute the wavefunction (and thus 

the ESP).

The points where the potential is fitted are chosen to heavily represent regions 

for which it is more important to model intermolecular interactions correctly, such as 

just beyond the vdw radii o f the atoms involved. Chirlian and Francl’^̂  developed the 

CHELP (Charges from electrostatic potentials) method, which uses spherical shells 

centred on each atom with points symmetrically distributed on the surface. Any points 

within the vdw radius o f any atom in the system are discarded and the shells extend to 3 

A from the vdw surface o f the molecule. This technique uses a Lagrangian multiplier 

method for fitting the atomic charges to electrostatic potentials.

The CHELPG method (Charges from Electrostatic Potentials using a Grid),'^^ is 

a modification o f the CHELP method. A cubic grid o f points (spaced 0.3 - 0.8 A apart) 

is used and all grid points that lie within the vdw radius o f any atom are discarded, 

together with all points that lie further than 2.8 A away from any atom. After evaluating 

the ESP at all valid grid points, atomic charges are derived that reproduce the ESP in the 

optimum way.

Alternatively, the Merz-Singh-Kollman (MK)'^^’’^̂  method produces charges 

fitted to the ESP at sets o f concentric spheres about each atom. The layers are 

constructed as an overlay o f vdw spheres around each atom. The best results are 

achieved by sampling points not too close to the vdw surface and the spheres radii are 

therefore modified through scaling factors. The smallest layer is obtained by scaling all 

radii with a factor of 1.4. The default MK scheme then adds three more layers 

constructed with scaling factors o f 1.6, 1.8 and 2.0. After evaluating the ESP at all valid 

grid points located in all four layers, atomic charges are derived that reproduce the ESP 

as close as possible.

2.7 Solvation Methods

An important consideration in computational calculations o f biological 

molecules is the nature of the solvent environment. The fact that biological processes 

take place in solution has posed significant challenges to the theoretical study o f
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proteins and nucleic ac id s .U n fo rtu n a te ly , water is a deceptively difficult molecule to 

model accurately and much effort has gone into correctly modelling it.''” ’*'̂  ̂ Two 

general approaches are used namely classical ensemble treatments and quantum 

mechanical continuum models.

2.7.1 Explicit Water Models

In the simulation o f macromolecules generally the solute is allowed to have 

flexible bonds and angles, whereas the water models use rigid geometries with fixed 

bond lengths and angles. Examples o f explicit water models include, the three point 

transferable intermolecular potentials (TIP3P) o f Jorgenson et al}^^ and the simple 

point charge (SPC) model o f Berendsen et Both models use a total o f three sites 

for the electrostatic interactions; the partial positive charges on the hydrogen atoms are 

exactly balanced by an appropriate negative charge located on the oxygen atom. The 

vdw interactions between two water molecules are computed using a Lennard-Jones 

function with just a single interaction point per molecule centred on the oxygen atom.'"*  ̂

The TIP3P and SCP models differ slightly in the geometry o f each water molecule, in 

the hydrogen charges and in the Lennard-Jones parameters utilised.

2.7.2 Implicit Water Models

The solvation free energy (AGsoi) is the free energy change to transfer a 

molecule from vacuum to a solvent and can be considered to have three components, 

AGeiec, the electrostatic component, AGvdw, the vdw interaction and AGcav, the free 

energy required to form the solute cavity within the solvent:

A G so l =  A G eiec  +  A G v d w  +  A G cav (32)

AGeiec is the electrostatic component which is particularly important for polar 

and charged solutes due to the polarisation o f the solvent. AGvdw is the vdw interaction 

between the solute and solvent, which is in turn divided into a repulsive term AGrep and 

an attractive dispersion term, AGdisp. AGcav is the free energy required to form the solute 

cavity within the solvent. This comprises o f the entropic penalty associated with the 

reorganisation o f the solvent molecules around the solute together with the work done
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against the solvent pressure in creating the cavity. The cavity and the vdw terms are 

often combined and represented using an equation of the form indicated in equation 33, 

where A is the total solvent accessible area and 7  and b are constants that are usually 

taken from experimentally determined free energies for the transfer of alkanes from 

vacuum to water.

The simplest model of solvation is to treat the solvent as a structureless, 

continuous medium. Generically, a solute molecule is firstly placed in solution. The 

solute displaces the solvent, thereby creating a solvent excluded volume. The boundary 

of this volume is the solute molecular surface, A. The region within the surface is 

assigned a dielectric constant 6 of one. The rest of space is assigned the dielectric 

constant of the solution, 78.39 for aqueous applications. The solute charge density 

imposes an electric field on the surrounding continuum. This induces a solvent 

polarization that achieves equilibrium with the solute electric field. The subsequent 

solute-solvent interaction defines the electrostatic component of the solvation free 

energy, AGeiec-

2.7.3 Onsager Solvation Method

There is a number of approaches to solvation which differ in how the 

electrostatic term, AGeiec, is calculated. Important contributions to the study of solvation 

effects were made by Bom'"̂ '* in 1920 and Onsager''*^ in 1936. Bom derived the 

electrostatic component of the free energy of solvation for placing a charge within a 

spherical cavity and Onsager extended this to a dipole in a spherical cavity. A fixed 

dipole moment of 11 gives rise to an energy stabilization (34) where a is the cavity 

radius."^

To develop the Self Consistent Reaction Field (SCRP) Onsager method, the 

back-polarisation of the medium is taken into account, as the dipole moment changes, 

depending on how polarisable the molecule is. Considering only the first-order effect

AGvdw +  AGcav ~ 7A + b (33)

Onsager
£ - \  f /  

2 s  + \ (34)
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the stabihzation is indicated in equation 35, where a is the molecular polarizability, the 

first-order change in the dipole moment with respect to an electric field.” ^

Onsager
s - \  [1  ̂  ̂ s - \  l a  '

2 ^  +  1 25 ' +  1 (35)

The cavity size in the Onsager model strongly influences the calculated 

stabilization. The procedure requires that a somewhat arbitrary cavity radius, a, be 

assigned to solute molecules. A quantum mechanical recipe, proposed by Frisch and co

workers, is based on computing the 0.001 au electron density envelope of the gas phase 

geometry and applying a scaling factor of 1.33 to obtain an estimate of the molecular 

volume and finally adding a value of 0.5 A to the calculated radius a in order to account 

for the nearest approach of solvent molecules.'"*^ This recipe has been shown to provide 

reasonable estimates of a, and has the advantage that no experimental information is 

required.

The Onsager model has the advantage of simplicity, rapid computation times 

and solute geometry optimisation. The main shortcomings of the Onsager model are:

• The spherical form of the cavity; molecules are rarely exactly spherical in

• The description of the solute as a point dipole moment and its location at the 

centre of the sphere.

• The assumption of a fixed cavity radius, determined only by the nature o f the 

solute and independent o f the solvent.

• The lack of solvent structure in these models means it is not appropriate for 

solvents that have important specific interactions (such as HBs) with the solute.

shape.
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2.7.4 Polarisable Continuum Models

The Polarisable Continuum Model (PCM) method, developed by Tomasi and 

coworkers,'"*^’'''* forms a solute cavity from a union of spheres centred on each atom 

thus generating a more realistic cavity shape than utilised in the Onsager technique. 

PCM also includes a more exact treatment of the electrostatic interaction with the 

surrounding medium. The computational procedure divides this surface into small 

tesserae, on which the charges are evaluated. Typically, the spheres defining the cavity 

are taken to be 1.2 times the vdw radii.

2.8 Summary

When addressing problems in computational chemistry, the choice of 

computational scheme is dominated by the applicability of the method {i.e. the types of 

atoms and/or molecules that can be treated satisfactorily) and the size of the system to 

be investigated.''*^ In this chapter, we have examined HF, DFT, semiempirical 

techniques and molecular mechanical potentials in terms of bond stretching Vr(rjj), angle 

bending v (̂ îjk), torsional v<̂ (<̂ jki), improper torsions v̂ x̂Sjki) non-bonding

interactions Vnb(rjj) terms. The cost of performing a HF calculation scales formally as the 

fourth power of the number of basis functions, M"*. Semi-empirical methods reduce the 

computational cost by reducing the number of integrals, from a formal order o f M"* to 

M while the computational cost of DFT scales as M -M . The issue of cost versus 

accuracy must hence be bom in mind when choosing a level of theory.

Finally, we examined a number of current methods to evaluate atomic charges 

based on ESP fits and include solvation effects in the calculations. One of the main 

concerns of using continuum models is the use of a dielectric constant (c) at a 

microscopic level. The dielectric constant is a macroscopic property and is only 

meaningfiil for large groups of molecules. Also, the cost of simulations including 

correlation effects rapidly becomes prohibitively expensive. The application of 

continuum solvation modelling is, therefore, limited to small systems.
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Chapter III: Computational Methodology

“Computers in the future may weigh no more than 1.5 tons. ”

Popular Mechanics (1939)
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3.0 Introduction

Computational techniques, as explored in the previous chapter, are recognised as 

invaluable tools for revealing details o f molecular conformation, dynamics and 

interactions between ligands and receptors. In this chapter, we will examine a number o f 

computational applications, in the form o f comparative modelling, optimisation 

techniques, conformational analysis, molecular dynamics simulations and docking 

techniques that are utilised in this study.

3.1 Protein Sequence Analysis and Structure Prediction

The experimental difficulties in obtaining protein crystal structures have lead to 

considerable interest in theoretical methods for protein structure prediction. The most 

ambitious approaches to theoretical protein folding  attempt to solve it from first 

principles i.e. to explore the conformational space o f the molecule in order to identify 

the most appropriate structure. A possible way to reduce the search in conformational 

space is to predict the 3D structure o f a protein sequence by using information derived 

from a homologous protein o f known structure. This methodology is known as 

homology or comparative modelling.

3.1.1 Comparative Modelling

Comparative modelling is based on the observation that the secondary structural 

units (such as a  helices) o f related proteins occupy the same relative orientations 

throughout a protein family. Thus, comparative modelling techniques use 

experimentally determined protein structures (templates) to predict the conformation of 

other proteins with similar amino acid sequences (targets). When determining if 

proteins are homologous or related, the target sequence is assigned a score relative to 

the target sequence. The simplest type o f sequence score is the percentage sequence 

identity, which gives the percentage of amino acids that are identical in the two 

sequences. An alternative approach, the percentage sequence similarity, allows for 

‘conservative’ substitutions, which are generally defined as amino acid replacements 

that preserve the structure and functional properties o f proteins. For both approaches, a 

higher homology between the proteins results in a higher score.
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The ttiA-AR modeUing pursued in this work follows a three-step process 

consisting o f sequence alignment, generation of spatial restraints and building of the 

receptor models, followed by subsequent evaluation o f the models quality. Once each 

amino acid has been assigned to one o f three secondary structure classes; a-helices, jS- 

strand or loop region, the sequence alignment is used to determine equivalent residues 

between the target and the template. The objective o f a sequence alignment algorithm is 

to match regions o f amino acids that correspond to common structural or fiinctional 

features. Global alignment algorithms attempt to match two sequences along their entire 

length e.g. Needleman and Wuncsh,'^*^ while local alignment algorithms align sections 

from the sequences e.g. Smith-Waterman.’ '̂ Utilising multiple sequences o f 

homologous proteins in the alignment procedure often improves the performance of 

secondary structure prediction as the algorithm is able to search for a consensus over the 

aligned sequences. Multiple sequence alignments can also suggest whether certain 

residues are conserved more frequently than others.

Once aligned, the template coordinates and a series o f spatial restraints are used 

in conjunction with an optimisation procedure to derive a structure o f  the target protein 

(Scheme 3.1).'*^’'*'* Typical spatial restraints include the distribution o f distances between 

Co; atoms, residue solvent accessibilities or side-chain torsion angles. The restraints are 

expressed as probability density functions (pdf) and are combined to give a molecular 

function, which is then optimised. The procedure uses a combination o f conjugate 

gradient optimisations, molecular dynamics simulations and simulated annealing, as 

shall be discussed in the following sections. In our work, one hundred models were 

generated for each alignment and the Modeller scores were e x a m i n e d . T h e  loop 

regions, restrained by the end positions o f the helices were optimised independently 

using a molecular dynamics/simulated annealing procedure.
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Scheme 3.1: Flowchart for comparative modelling by spatial restraints. 43

The ability to then separate appropriate models o f protein structures from 

incorrect models is o f  great importance for protein structure prediction methods. The 

conformation o f  an amino acid can be classified according to the torsion angles o f  its 

rotatable bonds (see Figure 3.1). There are three backbone torsion angles labelled </> 

(angle about the Ca-N bond), \{ / (angle about the Ca-C bond) and cj (the amide bond). 

The amide bond has a relatively high energy barrier for rotation away from planarity 

and so w rarely deviates from 0° or 180° with a significant preference for the trans (cj = 

180°) conformation (except for Pro residues).

H R Peptide
\  /  ^ torsion
\  /  an g les.

^  alpha

omega '̂ jpha

Figure 3.1: The three, backbone torsion angles labelled 4 >  (angle about the C a-N  bond), 
x p  (angle about the Co!-C bond) and w (the amide bond).'^^

A Ramachandran plot'^^ is a contour map o f energy as the backbone torsions </)

and x p  are rotated. The sterically favourable combinations are the basis for preferred

secondary structures, such as a  helices or /S sheets. Ramachrandran plots also indicate

regions o f  steric conflict, which correspond to conformations where atoms in the

polypeptide come closer than the sum o f  their vdw radii.
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3.2 Structural Optimizations

Further refinement o f  the m odels can be pursued through structural optimizations. 

Such techniques gradually alter the coordinates o f  the atoms as they m ove the system  

closer to a minimum energy point. Alternatively expressed, given a function /  which  

depends on one or more independent variables, x i, X2 . . .Xi, one aims to find the values o f  

those variables where / h a s  a minimum value. The choice o f  minimisation technique is 

dictated by a number o f  factors including memory requirements, computational cost, 

speed and robustness o f  the method and a number o f  such methods shall now  be 

discussed.

3.2.1 Simplex Optimization

A simplex is a geometrical figure with M + 1 interconnected vertices, where M 

is the dimensionality o f  the function. Follow ing a simplex optimisation routine, three 

basic m oves are possible on the potential energy surface, with the most comm on being a 

reflection (R) o f  the vertex with the highest value through the opposite face o f  the 

sim plex, in an attempt to generate a new point that has a lower energy value, see Figure 

3.2. If this new point is lower in energy than any other point in the sim plex then a 

‘reflection and expansion’ (E) m ove may be applied. If a ‘valley floor’ is reached, a 

reflection m ove w ill fail to produce a better point and the simplex contracts (C) along 

one dimension from the highest point. If this fails to reduce the energy another type o f  

m ove is possible, in which the simplex contracts in all directions, pulling around the 

lowest point. Such a sim plex optimization technique is implemented in the Dock 4.0  

program, see section 3.7.2.
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Figure 3.2: Simplex optimization; the position o f the next point to be evaluated is 
indicated by either reflection (R), expansion (E), or contraction (C) operations.

3.22 First Order Optimization Techniques

In general, first-order minimisation algorithms are preferred to the inefficient 

simplex method. The direction o f the first derivative o f the energy (the gradient, g) 

indicates the direction o f maximum reduction in /  and the magnitude o f the gradient 

indicates the steepness o f the local slope. The steepest descent method, over k  iterations, 

moves in the direction parallel to the net force, e.g. in a geographical analogy this 

corresponds to walking downhill. For 3N cartesian coordinates this search direction is 

most conveniently represented by a 3N-dimensional unit vector, Sk.

For the first iteration the starting point is the initial configuration o f the system 

provided by the user, the vector xi. The starting point for each subsequent iteration (k) is 

then the molecular configuration obtained from the previous step. The step size moved 

along the gradient unit vector Sk is given by Hence, the new set o f coordinates after 

step k would then be given by equation 37.

Xk+i = Xk + TkSk (37)

With the steepest descent technique two subsequent line searches are 

perpendicular to each other. If there were a gradient component along the previous



search direction the energy could be further lowered in this direction. There is therefore 

a tendency for each line search to partly spoil the function lowering obtained by the 

previous search. The steepest descent path oscillates about the minimum path and the 

rate of convergence is slow near the energy minimum.''^

With the conjugate gradient technique, each line search is not along the current 

gradient but along a line constructed so that it is conjugate to the previous search 

direction. The gradients at each point are orthogonal but the directions are conjugate. A 

set of conjugate directions has the property that for a quadratic function of M variables, 

the minimum will be reached in M steps. The conjugate gradient method moves in a 

direction (vk) from point Xk where v  ̂is computed from the gradient (gk) at the point and 

the previous search direction (vk-i)

Vk =  -g k  +  'VkVk-l

(38)

7k is a scalar constant and there are several ways of choosing it such as that 

proposed by Polak-Ribiere (39).''° Both optimization algorithms will alter the variables 

of the system until changes in the gradient and the structure on two successive iterations 

are smaller than prefixed values (convergence criteria).

( g k

g k -i  * S k - x

(39)

3.2.3 Second Order Optimization Technique

Further methods use both the first and second derivatives to locate an energy 

minimum as the second derivatives provide information about the curvature of the 

function. The Newton-Raphson method is the simplest example of a second order 

optimisation technique and requires knowledge of a Taylor series expansion about the 

point Xk:

V(x) = V(x , ) + (;c -  )V' (x ,) +  ̂+ ....... (40)
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The first derivative o f F(xJ is:

(41)

If the function is purely quadratic, the second derivative is the same everywhere and so 

V (x) = F (xi^. At the minimum (x = x*) V’(x*) = 0 and so

(42)

For a multidimensional function:

X- = x , - V { x , y - ' { j < , )  (43)

V ( x k )  is the inverse Hessian matrix o f second derivatives. This algorithm uses 

the forces acting on the atoms o f a given structure together with the Hessian matrix to 

predict energetically more favourable structures and thus optimise the molecular 

structure towards the next local minimum on the potential energy surface. The inversion 

o f the Hessian matrix can be computationally demanding for systems o f many atoms 

and can require significant amounts o f storage. In practice, it is common to use a more 

robust method to get near to the minimum before applying the Newton-Raphson 

method.

The Bemy a l g o r i t h m i s  the implementation o f the Newton-Raphson method in 

the Gaussian 98 and Gaussian 03 programs. As explicit calculation o f the second 

derivative matrix is quite costly, the Bemy algorithm constructs an approximate Hessian 

at the beginning o f the optimisation procedure through application o f a simple valence 

force field and then uses the energies and first derivatives calculated along the 

optimisation pathway to update this approximate Hessian matrix. The success o f the 

optimisation procedure therefore depends to some degree on how well the approximate 

Hessian represents the true situation at a given point. The algorithm will vary the
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coordinates o f the system until changes in the gradient and the structure on two 

successive iterations are smaller than prefixed values (convergence criteria).

3.3 Conformational Searches

The physical, chemical and biological properties o f a molecule often critically 

depend upon the 3D structures, or conformations, that it can adopt. Hence, another 

important aspect is the conformational flexibility o f these compounds and its influence 

on their properties. The energetic surface o f a molecule can be rugged, containing 

multiple local minima along with the global minimum. The objective o f a 

conformational search is to sample the energy surface and identify the energetically 

‘preferred’ conformations o f a molecule. Such methods can be conveniently divided 

into two categories: systematic and random search algorithms.

3.3.1 Systematic Conformational Search

In a systematic search, all rotatable bonds are identified and each is 

systematically rotated through 360° using a fixed increment, while the bond lengths and 

angles remain fixed throughout. For each conformation, every atom pair in the molecule 

is examined to determine if they are in steric co n flic t.C o n fo rm a tio n s  are also 

subjected to a structural optimization and higher energy conformations are eliminated. 

A conformational search finishes when all possible combinations o f torsion angles have 

been generated and minimised. However, the number o f conformations required to 

adequately sample the entire conformational space of a molecule becomes extremely 

large. If A is the torsion angle increment and T is the number o f rotatable bonds in the 

molecule, then the total number o f possible conformers to be examined is given by:

\ A J

e.g. a molecule with six rotatable bonds at 30° increments generates 2,985,984 

conformations, a phenomenon known as combinatorial explosion. The number of 

conformations sampled can be reduced by, limiting the range of rotation for a
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symmetric substituent (e.g. 0 to 180° for a phenyl group) and/or increasing the rotation 

step size.

3.3.2 Random Conformational Search

With a random conformational search, a random change is applied to the current 

conformation and the system moves from one region o f the potential energy surface to 

another in a single step. A random search can explore conformational space by 

changing either the atomic cartesian coordinates or the torsion angles o f rotatable bonds. 

Each resulting conformation is optimised using a conjugate gradient m e t h o d . I f  the 

particular conformation has not been found previously, it is stored. The procedure 

continues until a given number o f iterations have been performed or until it is decided 

that no new conformations can be found.

3.4 Molecular Dynamics Simulations

Molecular Dynamics (MD) simulations enable the time-dependent behaviour of 

atomic and molecular systems to be examined.'^* The foundation for MD simulations is 

Newton’s second law o f motion, which states that a body’s’ acceleration equals the net 

force divided by its mass. From the force acting on the atoms, one can determine the 

accelerations o f the particles. A finite difference method such as the velocity verlet 

(VV)'^^ method is utilised to integrate Newtons’ laws o f motion, leading to trajectories 

in space and time. The initial velocity vector is set pseudorandomly so that the total 

kinetic energy of the system corresponds to the expected value at the target temperature. 

Given the positions r(t), velocities v(/) and forces F(t) at time t, the propagation o f the 

trajectory in the VV scheme at time (t+h) is obtained via equation 46

, , ,  . X , . .  h^F(t)r(t + h) = r(t) + h v(t) + -----—
2m

(45)

Calculation o f forces F{t+h)

v(t + h) = v(t) +
h[F(t) + F(t + h)] (46)

2m
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The VV scheme allows for the generation o f  positions and velocities o f  the 

integrated system at the same time. The choice o f time step, h, is important as if  it is set 

too small it would only cover a limited proportion o f  the phase space. Conversely, i f  h is 

too large the system would not sample all vibrations and may miss bond stretching and 

bending which occur on a femtosecond (fs) to picosecond (ps) time scale.

3.4.1 Molecular Ensembles

During a MD simulation an average o f  conformations (an ensemble) is generated. 

Traditionally a constant NVE (constant Number o f  particles, constant Volume and 

constant Energy) microcanonical ensemble is utilised. Simulations in a canonical NVT 

(constant Number o f  particles, constant Volume and constant Temperature) or an 

isobaric-isothermal NPT (constant Number o f  particles, constant Pressure and constant 

Temperature)'^*^ ensemble are needed when controlling temperature and pressure o f 

realistic systems. In such situations equations o f motion that produce the statistical 

behaviour in agreement with the expected distribution function are used.

The most common approach for constant temperature MD simulation is using an 

extended system in which the whole simulation is placed in contact with a heat bath. 

Such a method was originally proposed by Nose, in which the equations o f  motion were 

modified by having a variable length time step. However, this technique was difficult to 

implement and the approach was reformulated by Hoover, who removed the variable 

timestep and introduced a friction factor. This heat bath has its own potential and kinetic 

energy terms and an associated degree o f  freedom, which is introduced into the systems 

Hamiltonian for which the equation o f  motion can be derived.

Many o f  the methods used for pressure control in the constant temperature and 

isobaric ensembles (NPT) are analogous to those used for temperature control. The 

pressure can be maintained at a constant value by simply scaling the volume, hi the 

extended pressure-coupling system methods, an extra degree o f  freedom, corresponding 

to the volume o f the box is added to the system.
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3.4.2 Molecular Dynamics Protocol

In this study, MD simulations with a time step o f 1 fs were performed using the 

standard parameters o f the Amber force field'^’ for the receptor and parameters from the 

General Amber Force Field (GAFF)’^̂  for the ligands. Periodic boundary conditions 

(PBC) were applied in all three dimensions, which ensure that the system does not have 

an abrupt border with vacuum by surrounding each box by images o f itself. The 

“nearest neighbour” convention is employed with PBC, in which an atom is assumed to 

interact only with the nearest images o f any other atom. The direct evaluation o f the 

non-bonded interactions involving all atom pairs has a complexity o f N^, where N is the 

number o f atoms. To ease the computational expense the number o f short range atom 

pairs can be significantly reduced by using a cut-off distance of 9 A beyond which, the 

atoms are no longer considered to interact. Non-bonded neighbour'^^ lists are utilised to 

store all atoms within the cutoff distance and the interaction only calculated between 

these atoms. The array is updated at regular intervals; if  the update frequency is too high 

the procedure is inefficient; if  too low the energies and forces may be calculated 

incorrectly due to atoms moving within the non-bonded cutoff. A distance o f 10 A was 

added from the edge o f the box to the closest solute molecule to ensure a minimum 

distance of 20 A between adjacent proteins in the lattice, with non-bonded interactions 

calculated for 1-4 interactions and higher. The Particle Mesh Ewald (PME) method is 

used to treat the long-range electrostatic interactions.

Each simulation cell, prior to MD, was optimised to remove bad contacts by 

performing 250 steps of steepest descent followed by 750 steps o f conjugate gradient 

energy minimisation. The simulation cell was heated gradually to 300 K over 5 ps. It is 

necessary to run the system holding the protein fixed with positional restraints so that 

the solvent can come to equilibrium. A force is applied to fix heavy atom coordinates on 

predefined positions. Equilibration is performed using backbone restraints for 5 ps at 

each o f 15, 10 and 5 kcal mol ' followed by 65 ps without restraints before commencing 

a production phase. Data was collected at one ps intervals over the production runs.

3.4.3 Molecular Dynamics Trajectory Analysis Tools

MD simulations generate configurations o f the system that are connected in time 

and so can be used to calculate time dependent properties. The most common measure 

o f the fit between two structures is the root mean square deviation (RMSD) between
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pairs o f atoms. RMSDs are frequently calculated for the backbone heavy atoms after 

fitting to the initial reference structure. The RMSD is given by equation 47, where ri(t) 

is the position of atom i at time t and N is the number o f atoms.

RMSD{t,t^) (47)

The radius o f gyration (Rg) yields a measure o f the compactness o f the receptor 

structure. In Equation 48, w, is the mass o f atom i and r, is the position o f atom i with 

respect to the centre o f mass o f the molecule. Rg tends to increase as the protein unfolds, 

i.e. as the protein spreads out from its centre.

Finally, hydrogen bonds (HBs) were defined geometrically; the angle donor- 

acceptor-hydrogen distance has to be less than 60° and the donor-acceptor distance (d 

[donor.. .acceptor]) must be less than 4.0 A.

3.5 Thermodynamic Corrections

The QM or MM energy at a minimum corresponds to a hypothetical, motionless 

state at 0 K. However, experimental measurements are made on molecules at a finite 

temperature where the molecules undergo translational, rotational and vibrational 

motion. To compare theoretical and experimental results it is necessary to make 

corrections to allow for these motions, which are calculated using standard statistical 

mechanical formulae.'^"* The internal energy U(T) at a temperature T is given by:

where Utrans is the translational energy, Urot is the rotational energy and Uvib is the 

vibrational energy, which is broken into two components, Uvib(O) at OK and Uvib(T) at a 

temperature T. If all translational and rotational modes are fully accessible in 

accordance with the equipartition theorem, then Utrans(T) and Urot(T) are both equal to

(48)

U (T ) =  Utrans(T) +  Urot(T) +  Uvib(T)+ Uv,b(0) (49)
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— kgT  per molecule, where ke is Boltzmanns constant. The vibrational contribution

equals the difference in the vibrational enthalpy at the temperature T and at 0 K, and it 

is summed over all vibrational frequencies Vj, equation 50.

1
— +

1
flV: (50)

The vibrational free energy correction is given by equation 51, where the first term 

is the zero-point correction; and the second term corrects for the average thermal 

population o f vibrational levels at the temperature T.

tlV-
^  + kT\n 
2

r -tiv, \
l - e "

V /
(51)

Theoretical frequencies generally overestimate the observed experimental 

fundamentals due to the incomplete treatment o f electron correlation, the neglect o f 

mechanical anharmonicity and basis set truncation effects. The overestimation is 

generally uniform and to improve the agreement between the predicted and observed 

frequencies the computed harmonic frequencies are often scaled for comparison.

3.6 Theoretical pKa Calculations

A computational methodology for pKa predictions o f small molecules can be 

based on an ab initio description o f a generalised thermodynamic cycle (see Scheme 

3.2), relating pKa to the gas-phase proton basicity ( A G °  d e p ro t,g ) via the solvation energies 

(AG® d e p ro t,aq ) of the products and the reactants. Calculation of the pKa o f an acid, HA, 

involves QM calculations to characterise the gas-phase system ( A G ° d e p r o t ,g )  for both the 

associated acid, HA(g) and the dissociated ions, H'^(g) and A'(g) and to characterise the 

solvated system ( A G °  deprot, a q )  for the associated HA(aq) and dissociated H"^(aq) and A' 

(aq) by coupling to continuum solvent using a self-consistent reaction field cycle.
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A deprot, g
HA (g)  ► A-(g) + H"(g)

AG%v(HA) agV (A ') AG%v(H")

▼ r ▼

HA(aq) A '(aq) H" (aq)
A G  deprot, aq

Scheme 3.2: Thermodynamic cycle used in the calculation o f theoretical pKas.

The pKa o f HA(aq) is given by

1
A G l

23Q2RT

where

AG®deprot, aq = AG° (A' (aq)) + AG*’ (H^ (aq)) - AG° (HA (aq))

A G ° d e p r o . ,a q =  { A G °  (A '  (g)) + A G V ( A - ) }  + { AG*" ( H ^  (g)) + A G ° s o lv ( H ^ ) }  

-  { AG"* (HA (g)) + AG ŝoiv (HA)}

(52)

(53)

(54)

A G °  deprot, aq =  A G °  deprot. g +  { A G ^so lv  ( A ' )  +  A G ^ v  ( H " )  -  A G °so lv  ( H A ) }

(55)

In terms of the theoretical calculations, two problematic issues remain, namely 

determining the free energy o f a proton in the gaseous phase, AG°(//"^) and in a

solvated phase, AG°[h *) is given by.

AG“(//"  )= 2.5RT -  TAS = -6.28 kcal mol' (56)

Alternatively, there is no accurate determination experimental or otherwise, for 

in water. Experimental values range from -254 to -262.5 kcal m o f '.’^̂  

Theoretical studies also report a considerable range o f values between -244.9 and -264.0 

kcal m o f'.'^ ’ This limits absolute pKa determinations theoretically while the value o f 

AG°oî [h * ) is not an issue when considering the relative pKa values.
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3.7 Receptor Binding Sites

More than 100 years ago, Emil Fischer wrote that “enzyme and glycoside must 

fit together like a key and a lock in order to initiate a chemical action upon each 

other.” '^* Subsequently, the target protein is often denoted as a lock with one or a few 

cavities in which a ligand or key may fit. Given the preponderance o f cavities that may 

act as binding site locations a series o f computational tools have been developed to 

detect potential binding regions. PASS (Putative Active Sites with Spheres)'^^ is a 

simple tool that uses geometry to characterise regions o f buried volume in proteins and 

to identify positions likely to represent binding sites based upon the size, shape and 

burial extent of these volumes. The PASS algorithm is designed to fill the cavities in a 

protein structure with a set o f spheres and to identify a few of those spheres (called 

“active site points”, ASPs) that most likely represent the centres o f binding pockets. 

Once a receptor structure has been examined for potential binding sites, the interactions 

o f ligands with the protein can be investigated.

3.7.1 Receptor-ligand Complex Study

In molecular docking, one attempts to predict the structure o f the intermolecular 

complex formed between two molecules. The objective o f a docking calculation is to 

score the interaction energies (IE) o f many orientations o f one molecule relative to 

another while searching for the orientations that result in low interaction energies i.e. 

the preferred binding mode of a ligand with a protein.'^® To this end, a number of 

methods have been developed which can be characterised according to the number of 

degrees o f freedom that they ignore. The simplest algorithms treat the two molecules as 

rigid bodies and explore only the six degrees of rotational and translational freedom. 

Development o f further search algorithms has sought to include limited treatment of 

molecular flexibility for the receptor’̂ ’ and the ligand.

3.7.2 Docking Applications

A well-known example o f a docking algorithm is that in the Dock 4.0 program 

of Kuntz and c o w o r k e r s . I t  has been successfully used to generate lead compounds 

for a number o f important biological targets, including the human immunodeficiency 

virus (HIV)-l protease,’’'* dihydrofolate reductase'^^ and hemagglutinin.*^^ Dock 4.0
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was designed to find molecules with a high degree o f shape similarity to the binding site 

and thus it requires a topological ‘map’ o f the active site to be created. A molecular 

surface o f the binding region is obtained using the MSMS'^^ (Michael Sarmers 

Molecular Surface) software and a negative image produced. This negative image 

consists of a collection o f overlapping spheres o f varying radii, each o f which touches 

the molecular surface at two points. A typical incremental construction algorithm then 

identifies one or more ‘base fi'agments’ within the ligand, often chosen as a rigid part of 

the molecule such as a ring system. Based on the location o f rotatable bonds the 

molecule is divided into rigid and overlapping segments. Each docked orientation o f the 

base fi'agment then represents the starting point for the conformational analysis o f the 

rest o f the ligand. Each conformation is optimised using the simplex technique (section 

3.2.1). The ligand orientation is examined to ensure there are no unacceptable steric 

interactions between the ligand and the receptor. If the orientation is acceptable, an 

interaction energy (IE) is computed utilising the Amber forcefield to give the ‘score’ for 

the binding mode. The receptor-ligand intermolecular energy is often pre-computed 

using an underlying 3D grid, (with a grid spacing o f 0.3 A), constructed to enclose all 

site points plus an extra 5 A margin along each axis. For each ligand atom the receptor- 

ligand IE is calculated ft'om the nearest eight surrounding grid points using an 

interpolation method. The top-scoring orientations are retained for subsequent analysis.

Alternatively, the FlexiDock'®* software incorporates flexibility to a number of 

the receptor side chains as well as to the ligands. The FlexiDock routine utilises a 

genetic algorithm to determine the optimum ligand geometry through mimicing 

evolutionary behaviour. A solution to a problem is encoded in a chromosome and a 

fitness score is assigned to it based on the relative merit o f the solution. Each 

chromosome consists o f a number o f ‘genes’ one for each torsional angle. Both the 

orientation and the internal conformation will vary as the populations evolve. A scoring 

function rates each chromosome and competition between chromosomes yields a set of 

results. A population o f chromosomes then goes through a process o f evolution in 

which only the fittest solutions survive. Flexidock takes into account not only the 

position and conformation o f the ligand but also the hydrogen bonding network in the 

binding site.

In this study, charges for the ligands were taken from the electrostatic potential 

obtained during DFT structural optimisations using the B3LYP hybrid functional and
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the 6-31G* basis set in Gaussian 9 8 . For the protein, Kollman charges were added. 

Initial docking was performed with the Dock 4.0 software. The FlexiDock software was 

utilised to perform flexible docking of ligands into receptor binding sites. The default 

docking parameters were used. After docking, MD simulations o f the receptor-ligand 

complexes were performed and the stabilising interactions o f the complexes were 

examined.

3.7.3 Development of Molecular Mechanical Parameters

When performing MD simulations, it is necessary to assign a MM atom type for 

each atom in the system, which contains information about its hybridisation state, e.g. to 

distinguish between ip^-hybridised carbon atoms (which adopt a tetrahedral geometry) 

and 5p^-hybridised carbons (which are trigonal). The reliability o f a force field crucially 

depends on the accuracy o f these parameters. While much effort has focused on the 

parameterisation of force fields for protein or nucleic acid simulations, problems can 

arise when considering small organic ligands that may bind to these proteins. It is often 

necessary to add to the force field parameter set and such an addition necessitates novel 

bond, angle, dihedral and Lennard-Jones parameters. Parameter fitting involves a 

reference data set (training set), a set o f appropriate potential energy functions and a 

method to quantitatively compare the computed with the experimental structural data 

{e.g. through a least-squares fit o f the deviation between computed and experimental 

bond lengths, angles etc.).

In this study, a parameter fitting regime was introduced by comparing the 

additional bond and angular distances in the optimised structures to experimental crystal 

structures and subsequently fitting the force constants to theoretically determined 

frequencies (B3LYP/6-31G*). A uniform overestimation o f QM harmonic vibrational 

frequencies has been found and as a result generic frequency scaling factors are often 

applied. A scale factor o f 0.9614 was recommended by Scott et for the B3LYP/6-

31G* level o f theory and was utilised in this work.

3.7.4 Interaction Energies, Binding Energies and Binding Affinities

In this work, MD simulations were performed on a series o f ligand/receptor 

complexes, which were averaged over the last 200 ps o f simulation and optimised. The 

interaction energies (lEs) and binding energies (BEs) o f the complexes were then
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estimated using the Amber FF. The lEs are evaluated for the receptor and ligand in their 

bound conformations where E(complex) is the energy of the complex, E(o!iA-ARbound) is 

the energy o f the receptor in its bound state and E(ligandbound) is the energy o f the ligand 

in its bound state.

IE = E(complex) -  [E(ai A-ARbound ) + E(ligandbound)] (57)

Alternatively, the BE of the ligand/receptor complexes takes into account the 

energy o f the conformational change o f the ligand and receptor upon complexation and 

is calculated as the difference between the energies o f the bound complex and o f the 

free optimized molecular forms o f the receptor and o f the ligand. The BE is given by 

equation 58, where E(complex) is the energy o f the complex, E(aiA-ARuncompiexed) is the 

energy o f the receptor in its uncomplexed state and E(liganduncompiexed) is the energy of 

the ligand in its uncomplexed state.

BE — E(complex) — [E(0!iA"AR.uncomplexed) E(liganduncomplexed) (58)

Another form of scoring function are empirically based methods such as
180XScore. Empirical scoring ftinctions are directly calibrated with a set o f protein- 

ligand complexes with experimentally determined structures and binding affinities (BA) 

through multivariate regression analysis. This scoring function takes the following 

form;

p K < l ~  K o  +  K-vdw K m eta l K .H B K<Jesolvation IQ leform ation (59)

Ko is the regression constant which attempts to take account o f the translational 

and rotational entropy loss upon binding. Kvdw represents the contribution o f vdw 

interaction between the protein and its ligand, Kmetai is the contribution o f metal-ligand 

bonding, Khb is the contribution o f hydrogen bonding, K<iesoivation is the contribution of 

the desolvation effect and K<jeformation is the contribution due to the deformation effect.

In this chapter, we have outlined all the computational techniques that will be used 

in this study. We now proceed to the development o f the Q!ia-AR models (Chapter IV), 

analysis o f the ligand compounds (Chapter V) and the study o f the receptor-ligand 

complexes (Chapter VI-VII).
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Chapter IV: a ia-Adrenoceptor Models

“Could the search fo r  ultimate truth really have revealed so hideous and

visceral looking an object. ”

Max Perutz, 1964 on protein structure.

62



4.0 Introduction

'i’j

The development o f  homology models o f  the 0!ia-AR, allows for structural 

analysis o f  the receptor at an atomic level. Although a number o f  Q!ia-AR homology 

m odels currently exist,’ they are limited by the suitability and quality o f  the crystal 

structure template used. Early q!ia-AR homology models'*^ were based on the proton 

pum p bacteriorhodopsin, which has a low sequence identity o f  11.9 % with the Q!ia-AR 

and a similarity o f  18.9 %. Although bacteriorhodopsin belongs to a family o f  7-TM 

receptors it is not a member o f  the GPCR family and hence is not an appropriate 

tem plate for homology modelling o f  Class A GPCRs.'*^ In 1993, a low resolution, 

projection density map o f  bovine Rhodopsin, a Class A GPCR, was obtained by 

electron cryo-microscopy.'*"' From this a model o f  the Rhodopsin TM core, consistent 

w ith the results o f  a great number o f  mutagenesis and biochemical studies was 

developed. Bovine Rhodopsin and Q!ia-AR have a 17.4 % identity and a similarity o f  

31.4 %. Furthermore, in 2000, a crystal structure o f  bovine Rhodopsin (denoted IJB8 in 

the Brookhaven Protein Data B ank’* )̂ was elucidated at a 2.8 A resolution and its 

frequent use in hom ology modelling o f  GPCRs has been reviewed elsewhere.^' Ongoing 

crystallographic refinement o f  bovine Rhodopsin generated the Ihzx  structure at a 2.8 A 
resolution,'*^ which was further refined in the ll9h  structure to 2.6 A.'®’ Class A 

GPCRs consist o f  a transmembrane heptahelical bundle (TM I-VII), transversing the 

cell membrane with the helices connected by intracellular (IC) and extracellular (EC) 

loops (see Figure 4.1).

Figure 4.1: Bovine Rhodopsin crystal structure {ll9h) illustrating TM -I (red), TM-II 
(yellow), TM-III (mauve), TM-IV (purple), TM-V (blue), TM -VI (orange), TM -VII 
(green), TM -VIII (cyan) and loop regions (pink).
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The differences between the lf88  and the Ihzx rhodopsin structures are mainly 

located in the cytoplasmic side o f Rhodopsin. The ll9h  structure is quite similar to Ihzx, 

with a RMSD of 0.36 A between C a a t o m s . F u r t h e r  experimental refinement resulted 

in the Igzm  structure in 2 0 0 2  and the l u l9  structure in 2004 at a 2 .2  A resolution.

In this present study, to advance our understanding o f the molecular structure of 

the Q!ia-AR we have built homology models based on the ll9h^^^ crystal structure of 

bovine rhodopsin in the inactive s t a t e . O n c e  developed, Q!ia-AR homology models 

should be further structurally refined, through structural optimizations and/or MD 

simulations. Pedretti et performed MD simulations on an Q!ia-AR model in vacuo, 

which necessitated imposing a series o f harmonic restraints on the TM helix backbone. 

However, a membrane protein is naturally exposed to a heterogeneous environment, 

where the TM regions are embedded in a phospholipid bilayer and the extramembrane 

domains are surrounded by water. The restrictions imposed by the lipid bilayer 

environment on a membrane proteins structure and dynamics are also important for the 

determination o f tertiary structure and should be taken into consideration. Although 

refining the receptor in its natural lipid environment may result in a more realistic 

simulation, as we are starting from a homology model rather than a crystal structure, we 

are sensitive to the possibility that the slow time scale o f lipid motion would restrict the 

receptors mobility. This could mask large-scale conformational drift that might provide 

evidence for an incorrect receptor fold in the model. In order to reduce the overhead in 

simulation time, but maintain the biphasic environment, the dynamics o f the receptor 

models were examined in a phase-separated box acting as a membrane mimic. To 

investigate the effects o f different hydrophobic environments on receptor dynamics, 

simulations in a H2O/CHCI3/H2O and a H2O/CCI4/H2O membrane mimetic were 

compared.

Comparative MD simulations were then performed on the homology models and 

the on the ll9h  rhodopsin structure. As the structural basis for conformational change 

may lie in the orientation and interactions of the TM helices, a number o f features were 

examined for both the initial homology models and for the average structures after the 1 

ns MD simulations.
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4.1 Current « ia adrenoceptor models

There are three homology-derived models o f the ccia-AR currently deposited in 

the GPCR database (GPCRDB).'*' The first model'^^ was based on a bacteriorhodopsin 

structure, the second model'^^ on the Ca  rhodopsin structure o f Baldwin et and

the third model'^'* on the lf88  bovine Rhodopsin structure (see Figure 4.2). All three 

structures are o f the seven TM helices only and do not include loops, tail regions or the 

short helical segment following TM-VII, termed TM-VIII. This latter helix is predicted 

for most GPCRs although it remains unknown if it is necessary for structural or 

functional integrity o f GPCRs. Differences in the three helical bundles can be observed 

specifically in TM-FV where a kink is observed in the Baldwin model, which is absent 

in the other two models. Construction o f structurally variable loop regions is a 

challenging problem and was not attempted by the depositors.

Figure 4.2: The three Q!ia-AR models deposited in the GPCRDB.'*' One model is based
1 0 7on the bacteriorhodopsin structure (on left), another model on the Baldwin rhodopsin 

structure (in centre)'  ̂ and another on the lf88  bovine Rhodopsin structure (on right).'^'* 
In the figure, TM-I is represented in red, TM-II in yellow, TM-III in mauve, TM-IV in 
purple, TM-V in blue, TM-VI in orange and TM-VII in green.

The stereochemical analysis (considering the non Gly and non Pro residues) o f 

all three available structures is satisfactory. The bacteriorhodopsin-based model has a 

total o f 206 residues and of the non Gly and Pro residues, none are in sterically 

disallowed regions, while 154 residues (90.6 %) are in the most favoured regions and 16 

residues (9.4 %) are in the generously allowed regions. The rhodopsin a-carbon based 

model has a total o f 184 residues, o f which 147 (97.4 %) are in most favoured regions, 

two (2.0 %) in allowed regions and one (0.6 %) in a disallowed region. Finally, the 

r h o d o p s i n - b a s e d  model has a total o f 190 residues, with 142 residues (91.6 %) in 

the most favoured regions and 13 (8.4 %) in generously allowed regions.
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As a complete Q!ia-AR structure is necessary for refinement using MD, we 

aimed to develop a novel Q!ia-AR model complete with TM-VIII and loop regions. 

Recently, complete Q!ia-AR homology models were developed based on the lf88  

rhodopsin s t r u c t u r e , b u t  these structures were not available for comparison, hi our 

homology modelling study, the ll9h bovine Rhodopsin structure was utilised as the 

template, as it was the most recent and detailed available at the start o f the work.

4.2 Sequence Alignment of Bovine Rhodopsin to the Human ckia-AR

The pursued receptor modelling routine utilized sequence and structure 

similarities with bovine Rhodopsin for predicting the unknown Q!ia-AR structure. 

Sequences o f Rhodopsin (P02699) and the human 0!ia-AR (P35348) were obtained 

from the GPCRDB that holds data from the Swiss-Protein and the TrEMBL databanks. 

The sequence homology within Class A GPCRs is relatively low (in many cases less 

than 35 % identity with Rhodopsin). Bovine Rhodopsin and cxia-AR have a 17.4 % 

identity and a similarity o f 31.4 %, which is in the ‘twilight zone’ (less than 30 % 

identity and 40 % similarity/^ for homology modelling. When the sequence identity 

between the target and the template falls below 30 %, accurate sequence alignment is 

the main difficulty in the homology modelling procedure. More reassuring is the higher 

identity (18-29 %) observed between the helical regions o f the q!ia-AR with rhodopsin, 

TM-III being slightly lower at 11.1 As related domains are conserved more

strongly than amino acid sequences, the presence o f highly conserved motifs identifies 

evolutionary relationships among the Class A receptors.'^* Class A GPCRs share key 

structural features such as a disulfide bond between TM-III and the extracellular region 

and a tripeptide Glu/Asp-Arg-Tyr (E/DRY) motif located at the intracellular end o f TM- 

III. There are several other highly conserved residues, such as an Asn-Asp pair located 

in TM-I and TM-II, respectively, aromatic residues in TM-IV and TM-VI and a 

common Asn-Pro-X-X-Tyr (NPxxY) motif in TM-VII. In GPCRs, the conservation o f  

Pro residues in TM-V and TM-VI also play key roles in the alignment and modelling o f 

the TM domains.

In this study, two approaches were followed with regards to sequence alignment 

to the bovine Rhodopsin template. In Model I, helical regions were aligned through a 

pairwise alignment algorithm, which matches identical/similar amino acids. In Model II, 

a multiple sequence alignment was performed on 298 sequences o f Class A GPCRs,
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using the algorithm ClustalW /’ Multiple alignments involve aligning sequences o f a 

number o f proteins with each other and thus identifying conserved regions between all 

o f the alignments. As the average sequence identity in Class A GPCRs is low, multiple 

sequence alignment programs may not be ideal in aligning this family and in this study 

models were derived from both approaches. In the alignment process, 365 residues for 

Model I and 369 residues for Model II o f Q!ia-ARs 466 residues were considered, as the 

remaining residues lie in the C terminus tail and could not be aligned suitably (bovine 

Rhodopsins full sequence having only 348 amino acids). In both alignments, the 

conserved residues in the helical regions are aligned equivalently with the bovine 

Rhodopsin sequence (Table 4.1).

The main differences in the two sequence alignments emerge in the loop 

regions, which are more divergent in sequence and probably in 3D structure than the 

helical regions. It is difficult to accurately model loops by homology, as most can not be 

seen in an electron density map and those conformations observed may be induced by 

crystal packing forces. Also, the sequence identity between most GPCRs and bovine 

Rhodopsin is too low to derive any reliable loop alignment. In this work, the protein 

database of structures was searched for regions o f a suitable sequence, length and 

geometry at the interface with the structurally conserved regions (SCRs). Upon 

examination o f the determined structures, none were identified having a sequence 

identity o f 20 % or greater, which formed a loop between antiparallel helices. Hence, no 

loop structures, other than a portion of the rhodopsin structure were utilised in 

modelling.

From the two sequence alignments, 3D models containing all non-hydrogen 

atoms were obtained using Modeller."'^’' O n e  hundred models were generated and the 

‘best’ model was selected by choosing that with the lowest value o f the Modeller 

scoring function.' '̂* The basic goal o f loop modelling is to predict the conformation o f a 

loop that is fixed at both ends o f the receptor helical backbone. The loop regions, 

excluding IC-III at 67 residues, were optimised independently many times using a 

thorough molecular dynamics/simulated annealing procedure. Twenty-five models were 

generated by this method. The resulting molecular models were examined and the 

routine o f realignment, modelling and structure validation was repeated until no further 

improvements to the receptor models were observed.

67



Table 4.1: TM helical sequence alignment (TM-I to TM-VII) between the bovine Rhodopsin template {ll9h) and the human qiia adrenoceptor {alaa). 
Identical residues are indicated in red and similar residues in blue.

TM-I ll9h F S M L A A Y M F L L 1 M L G F P I N F L T L Y V T
Alaa L L G V I L G G L 1 L F G V L G N I L V I L s V

TM-II ll9h Y I L L N L A V A D L F M V F G G F T T T L Y
Alaa I V N L A V A D L L L T S T V L P F S A I F E

TM-III 119h N L E G F F A T L G G E I A L W S L V V L A I E R
Alaa C N I W A A V D V L C C T A S I M G L C I I S I D R

TM-IV ll9h A I M G V A F T W V M A L A C A A P P L V
Alaa L M A L L C V W A L S L V I S I G P L F G W R Q

TM-V ll9h F V 1 Y M F V V H F I I P L I V 1 F F C Y G
Alaa Y V L F S A L G S F Y L P L A I I L V M Y C

TM-VI 119h V T R M V I I M V 1 A F L I C W L P Y A G V A F Y
Alaa L G I V V G C F V L C W L P F F L V M P I G S F

TM-VII ll9h F M T I p A F F A K T S A V Y N P V I Y I M
Alaa V F K I V F W L G Y L N S C I N P 1 I Y P C s
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4.3 Structural Analysis o f the « ia-AR  Homology Models

The differences in the initial structures were measured via the RM SD o f the C a  

atoms o f  the receptors. The two models are structurally quite similar with a RMSD o f 

0.81 A (see Figure 4.3). The short helical segment TM -VIII was experimentally 

determined in the Rhodopsin crystal structure and is present in both models. Analysis o f 

residues within each TM domain, allows for the identification o f  divergent motifs that 

may be responsible for local structural deviations from the Rhodopsin structure. Pro 

residues (20 present in the Q!ia-AR) can have a significant effect in m odulating the 

conformation o f  TM helices. In TM-V and TM-VI there is a Pro residue, which is 

conserved amongst most GPCRs and in both models this residue imposes a distortion. 

Ballesteros et and Sansom et examined the role o f  Pro-kink motifs in

modulating the conformation o f  TM helices and suggested that these motifs can 

function as flexible hinges inducing a significant bend in the helix. These Pro-kinks 

may play a functional role by supporting alternative helical conformations, which could 

be used to signal fi'om one side o f  a bilayer to the other.^”’’̂*’̂  Distortions o f  helices can 

also occur in the absence o f  Pro residues.^®*  ̂ The pronounced kink in TM-II o f  

Rhodopsin is caused by flexibility o f  the Gly-Gly sequence in the middle o f  this helix. 

However, this Gly-Gly m otif is not present in the 0 !ia-AR sequence and no such kink 

was observed in our models.

Figure 4.3: 0!ia - A R  homology Model I and M odel II, illustrating TM-I (red), TM-II 
(yellow), TM-III (mauve), TM-IV (purple), TM-V (blue), TM-VI (orange), TM-VII 
(green), TM-VIII (cyan) and loop regions (pink).

Model I Model II
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There are also differences noted in the tail regions o f the models, where a short 

helix is present for both Rhodopsin and Model I but not for Model II. Some structural 

differences were also noted in the models’ loop regions particularly, in IC-II and EC-II. 

The EC-II loop (14 residues in length) is partially inserted into the TM fra:nework as 

also noted in the recent Q!ia-AR model o f Pedretti et

Procheck^'^^ analysis was utilised to examine the models’ stereochemistry. In the 

resultant Ramachandran plots, the background colour varies according to how

appropriate the 4> and \l/ angles are for the residues. A protein is stereochemically

satisfactory when a high percentage o f residues (over 90 %) are in the core regions

(darker shaded red regions). This is largely observed in the ramachandran plots o f

Figure 4.4.

Rhodopsin ll9h aiA-AR Model I ckia-AR Model II

—H

«

J
Figure 4.4: Ramachandran plots for the Rhodopsin structure. Model I and Model II.

A summary of the stereochemical information for rhodopsin and the two Q!ia-AR 

models is given in Table 4.2. For Rhodopsin, 87.8 % (259 of the non Gly and non Pro 

residues) are in the most favoured regions, with the remaining 12.2 % (36 residues) in 

allowed regions. For Model I, a similar stereochemical quality was observed with 82.5 

% (261 residues) in the most favoured regions and 1.9 % (six residues) in disfavoured 

regions with the remaining 15.6 % in generously allowed regions. Finally, for Model II, 

85.4 % (275 residues) are in the most favoured regions with 1.2 % (four residues) in 

disfavoured regions. As previously mentioned, there is greater uncertainty in modelling 

loop regions, which are greater than 5-6 residues. When the helical structures o f the 

models were considered without the loops or tail regions, residues were not observed in 

disallowed stereochemical regions. The one exception occurred for Model I with Arg- 

166 ofTM-IV.
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Table 4.2: Percentage o f residues in the various stereochemical regions, with the 
corresponding percentage without the loops indicated in brackets.

Rhodopsin aiA-AR Model I «ia-AR Model II

Most favoured 87.8 (98.5) 82.1 (97.4) 85.4 (94.9)

Allowed 10.5 (1.5) 13.5 (2.2) 11.2 (5.1)

Generously Allowed 1.7 (0.0) 2.5 (0.0) 2.2 (0.0)

Disallowed 0.0 (0.0) 1.9 (0.3) 1.2 (0.0)

Hydrogen bonding is a fundamental driving force in the folding o f proteins. 

Analysis using the Definition o f Secondary Structure o f Proteins program (DSSP^®"̂ ) 

indicated a large HB network with 229 for Model I and 230 for Model II compared to 

248 for rhodopsin. All three residues o f the conserved DRY motif are involved in HBs 

in the homology models. For Model I, Asp-123 forms a HB with He-119 and Ile-120; 

Arg-124 with Asp-123, His-256, Ile-120 and Ser-121; and Tyr-125 with Ser-121 and 

Ile-122. Similarly, in Model II, Asp-123 forms a HB with Ile-119; Arg-124 with Glu- 

267, Ile-120 and Ser-121; and Tyr-125 with Ser-121 and Ile-122. Such a bonding 

network may hold the receptor in its inactive state.

Furthermore, the Rhodopsin structure contains a disulfide bond (Cys-110 to 

Cys-187) o f 2.03 A. By analogy, a disulfide bond may form between Cys-99 in TM-III 

and Cys-176 in EC-II of the cxia-AR. In Model I, the S-S distance is 2.02 A, while for 

Model II, due to the differences in alignment o f the loop regions with the template a 

disulfide bond did not form, with a S-S distance o f 10.15 A. No other disulfide bonds 

were formed for either homology model.

The radius o f gyration of the models serves as a measure o f the compactness o f 

the structures and reflects this differing number o f interhelical bonds. For the bovine 

Rhodopsin template the radius o f gyration is 21.96 A, which is comparable to 22.69 A 
for Model I, while Model II is slightly larger at 24.49 A. The packing o f the TM 

fi-amework is further stabilised by a network of hydrophobic interactions, such as an 

aromatic cluster formed by Phe-193 and Tyr-194 in TM-V; Trp-285, Phe-288 and Phe- 

289 in TM-VI; and Phe-308, Phe-312, Trp-313 and Tyr-316 in TM-VII o f the «ia-AR 

models.
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4.4 ckia-AR Model Reflnement - Molecular Dynamics Simulations

The use of the Amber force field'^^ in the study of pure lipid simulations has 

been examined in only a few cases. This includes united atom studies on the 

phospholipid dipalmitoylphosphatidylcholine (DPPC) by Smondyrev et whose

parameters were further developed for the palmitoyoleoylphosphatidylcholine (POPC) 

lipid by Lin et and the dimyristoylphosphatidylcholine (DMPC) lipid by Moore et 

Simpler, all-atom, membrane mimetics also possess the two essential phases to 

approximate the hydrophobic/hydrophilic interface found in lipid bilayers. A 

bewildering variety o f solvent environments, with faster equilibration periods than 

phospholipids, have been used to maintain the integrity o f protein structures, see section 

1.2.3.^°* Indeed, Wymore et concluded that the same qualitative features were 

achieved in simulations o f the biphasic (hexane/H2 0 ) system to that o f phospholipids 

(DMPC).

In the present study, comparisons are made between simulations o f one o f the 

homology models (Model II) in a variety o f solvent environments. Simulations were 

performed in the TIP3P water model (Simulation A), a TIPSP/CHCl.VTIPSP bilayer 

(Simulation B) and finally a TIPSP/CCU/TIPSP bilayer (Simulation C), see Scheme 4.1. 

Simulation A was performed to examine the effect of a non-hydrophobic environment 

on the helical region of the receptor. Simulation B and C were performed to mimic a 

lipid bilayer structure that is hydrophilic on its two outer surfaces and hydrophobic in 

between. Both CCI4  and CHCI3 are organic solvents with low dielectric constants (2.238 

and 4.806) and are immiscible in water.

II-A (H2O) F-A

Modem solvent II-B (H2O/CHCI3) M D (lns) F-B

 ^ II-C (H2O/CCI4)  F-C

Scheme 4.1: Computational scheme for examination o f the role o f  solvent in MD 
simulations in Q!ia-AR structure refinement.

The positioning o f the receptor model into a membrane mimic is an important 

consideration. Aromatic residues such as Trp and Tyr on the surface o f membrane 

proteins tend to be located in bands that correspond to the locations o f the lipid 

headgroup-water interfaces o f the bilayer in which the protein is embedded. The outer

surfaces o f the q:ia-AR model were examined and two rings o f Trp and Tyr residues
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were determined (consisting o f  residues 91 and 92 and residues 63, 165, 204 and 326), 

which marks the presumed interfacial site in the qiia-AR. These arrangements were used 

to define the placement o f  the model in the bilayers and such a cell is shown in Figure 

4.5. Counter-ions were added to neutralise each cell, replacing a H2O molecule o f  high 

electrostatic potential.

Figure 4.5: Initial simulation cell o f  Model II in a H2O/CHCI3/H2O solvent box 
(Simulation B).

4.4.1 Structural Analysis of the « ia-A R  over Simulations A-C

MD simulations were utilised to gain insights into the effect o f  the environment 

on the receptor and to monitor the movement o f  the initial ‘rhodopsin-like’ model 

towards a native ai a-A R  conformation. The analysis has been broken into three stages, 

the optimisation step, the scaling period, which involves heating and equilibrating and 

finally the production run. Little structural change occurs over the optimisation steps 

while larger structural changes occur over the scaling period o f  all three simulations 

generating a rise in RMSD. The time dependent RMSD data were monitored over the 

production runs to examine the stabilisation o f  these structural changes to the helices 

over the simulations. Average trendlines (period o f 50 ps) o f  the RM SD values for each 

helix are plotted for clarity. No helical unravelling was noted over any o f  the 

simulations and the overall RMSD analysis indicates that structural stability is achieved.
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For simulation A, the largest deviation was observed for TM-II, while the 

smallest deviations were observed for the short TM-VIII, which underwent little 

structural change throughout the simulation (see Figure 4.6). In general, the time 

dependent RMSD data o f simulation A indicates a substantial structural change from a 

‘rhodopsin-like’ receptor form occurred over the scaling steps and has largely stabilised 

over the production run. An exception occurs for TM-II over the last 100 ps.

—  TM -I

—  T M -II 

TM -I II

—  T M -IV

—  T M -V

—  T M -V I

—  T M -V II

—  TM -V III

Opt. Scate 0 200 400 600 800 1 000
Time (ps)

Figure 4.6: RMSDs in A for simulation A. Optimisation and scaling steps, followed by 
the moving average trendlines (period o f 50 ps) over the production run (1 ns).

For simulation B (see Figure 4.7), again little structural change occurred over 

the optimisation step followed by significant structural changes over the equilibration 

period, indicating a movement from the initial ‘rhodopsin-like’ homology model. The 

RMSDs have largely stabilised by 300 ps.
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— TM-I
—  TM-II 

TM -III 
— TM-IV 

— TM-V 

—™-vi 
— TIiA-Vll 

— TM-Vlll

Opt. Scale 0 200 400 600 800 1000

Time (ps)

Figure 4.7: RMSDs in A for simulation B. Optimisation and scaling steps, followed by 
the moving average trendlines (period o f 50 ps) over the production run (1 ns).

For simulation C, a rise in RMSD is again observed over the course o f the 

equilibration period, before stabilisation at a RMSD level comparable to that of 

simulation A (see Figure 4.8). Over the production run the largest deviation in RMSD 

occurs with TM-V. Small structural fluctuations occur at ~200 ps for TM-I and TM-VI. 

The receptor structure appears to have stabilised by 400 ps, after which the RMSD 

analysis deviates around the mean values for each helix. An exception is TM-IV, which 

experiences a small rise in RMSD at 900 ps.
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Figure 4.8: RMSDs in A for simulation C. Optimisation and scaling steps, followed by 
the moving average trendlines (period o f 50 ps) over the production run (1 ns).

75



In summary, the largest RM SDs over the production runs w ere observed for 

Simulation A. This is not unexpected as the helices are in water, which is not an 

appropriate membrane mimic to fully maintain helical stability. Structural changes also 

occurred for simulations B and C from the initial ‘rhodopsin-like’ state. Simulations B 

and C are more appropriate mimics for the hydrophilic/hydrophobic nature o f  a 

phospholipid membrane and hence may induce more appropriate side chain 

conformations in the helical regions. For simulation A, there was 20 inter-helical HB 

sampled with an average o f  eight present. However, for simulations B and C, with a 

more suitable membrane mimetic environment a larger number o f  interhelical HB were 

observed as the polar residues were found to be orientated towards the inside o f  the 

helical bundle and to have more HB partners. For simulation B, there were 30 HBs 

sampled with an average o f  15 present and for simulation C, there w ere 44 sampled 

with an average o f  23 present. The resultant receptors are believed to represent inactive 

conformations o f  the 0 !ia-AR.

4.4.2 Refined Structural Analysis of the « ia-AR Models

The average structures over the last 200 ps o f  each simulation were optimised 

and termed F-A, F-B and F-C. The stereochemical quality o f  the structures were 

evaluated through Ramachandran plots, F-A having 250 residues (77.6 %) in most 

favoured regions and four residues (1.2 %) in disallowed regions (Figure 4.9). The 

remaining 115 residues are in additionally and generously allowed regions. Receptor F- 

B has 252 residues (78.3 %) in most favoured regions and five residues (1.6 %) in 

disallowed regions while receptor F-C has 238 residues (73.9 %) in m ost favoured 

regions and only two residues (0.6 %) in disallowed regions. However, for receptors F- 

B and F-C, all the residues in disallowed regions were in loop and tail regions. Given 

the relatively low percentage o f residues having disallowed torsional angles, the 

stereochemical quality is acceptable for all three final models.
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Figure 4.9: Stereochemical analysis o f the average structures after molecular dynamics 
simulations for receptor structures F-A (on left), F-B (in middle) and F-C (on right).

The MD simulations were utilised to gain insights into the effect o f  the 

environment on the receptor and at the end o f simulation B and C (1 ns) a stable bilayer 

remained. The use of biphasic models is sufficient to obtain qualitative structural 

information on the relative stability o f various models. The stability o f the receptor 

model in a bilayer environment was examined under the criteria o f RMSDs, secondary 

structure stability, quantity o f HBs and stereochemical acceptability. As no significant 

difference was observed between the resultant receptor structures in the biphasic 

systems over the 1 ns time period of the study and CHCI3 was the closer o f  the two to a 

lipid having hydrogens present, the H2O/CHCI3/H2O cell was chosen for further studies.

4.5 Molecular Dynamics Simulations on Rhodopsin and the aiA-AR Models

MD simulations (1 ns) were performed on Model I (termed Simulation I) and on 

Model II (termed Simulation II), in a H2 O/CHCI3/H2 O cell (see Scheme 4.2). As a 

validation o f the MD protocol employed in this study a control simulation was also 

performed on the ll9h  Rhodopsin crystal structure. Our MD refined receptor models 

were termed Final I and Final II.

Model I 

Model II 

Rhodopsin

Simulation (Ins) Final I

Final II

( CHCI3/H2O/CHCI3) Final Rhodopsin

Scheme 4.2: Computational scheme for refinement o f the aiA-AR homology models 
and the rhodopsin structure through molecular dynamics simulations.



4.5.1 Structural Analysis for Rhodopsin and the aiA-AR Models over the 

Molecular Dynamics Simulations

A direct comparison was made o f the time dependent RMSD data for the three 

simulations. Over the course o f the Rhodopsin simulation (1 ns), there were helical 

RMSDs (see Figure 4.10), consistent with the small structural rearrangement expected 

from the static crystal structure. An exception was for TM-VII, which experiences a rise 

in RMSD at the optimisation step, which continues over equilibration but starts to 

decrease over the production run. Structural rearrangements also occurred for TM-VIII, 

possibly as a consequence o f the movement o f TM-VII, which have stabilised by 800 

ps.
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Figure 4.10: RMSDs in A for the rhodopsin simulation. Optimisation and scaling steps, 
followed by the moving average trendlines (period o f 50 ps) over the production run (1 
ns).

The time dependent RMSD data was analysed for Simulation I (see Figure 

4.11), where larger RMSDs were observed than for the rhodopsin simulation. Again this 

is not unexpected as a structural change from the ‘rhodopsin-like’ conformation is 

required to achieve a native Q!ia-AR structure. The most notable structural changes 

occur for TM-VI, which rose significantly in RMSD over the scaling step. There was 

also a rise in RMSD for TM-II at 600 ps, while the helices have largely structurally 

stabilised by 800 ps.
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Figure 4.11: RMSDs in A for the simulation o f Model I. Optimisation and scaling 
steps, followed by the moving average trendlines (period o f 50 ps) over the production 
run (1 ns).

As previously noted in the discussion o f the environment effect on Model II, 

over simulation II, the largest structural deviation occurred for TM-VI (see Figure 4.12). 

Monitoring the time dependent RMSD for the helices a structural change for the 

receptor occurs at -300 ps, which stabilises by 400 ps.

TM-IV
TM-V
TM-VI

—Tiyi-v
— TM-VI
—Tiyi-vii
— TW-VIII

Opt. Scale 0 200 400
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Figure 4.12: RMSDs in A for the simulation of Model II. Optimisation and scaling 
steps, followed by the moving average trendlines (period o f 50 ps) over the production 
run (1 ns).
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Coupled with the RMSD analysis, geometrical features were monitored over the 

simulations. One structural template that is potentially shared by most, if not all, GPCRs 

is an inter-helical network of side chain interactions. During the simulation a larger 

number of inter-helical HBs occurred with 33 different interactions observed for 

Simulation I, compared to 30 for Simulation II and 13 for the Rhodopsin simulation. 

Stabilising features included a salt bridge between Arg-96 in TM-III and Asp-172 (EC- 

II) that formed for Simulation II, but not Simulation I. For Rhodopsin the Cys-110 / 

Cys-187 disulfide interaction is at an average distance of 4.13 A. The two Cys residues 

postulated to form a disulfide interaction in Q!ia-AR have drifted apart over the 

production run of Simulation I at an average distance of 7.56 A. For Simulation II the 

corresponding maximum distance is 16.47 A, similar to its initial distance (10.15 A).

For Rhodopsin the HB connecting Glu-134 with Arg-135 of the ERY motif has 

a maximum distance of 3.09 A. This interaction is thought to be important for 

maintaining the receptor in its inactive state. The equivalent interaction is also formed 

for Asp-123 and Arg-124 of the corresponding «ia-AR DRY motif, which was longer 

for Simulation I at a maximum distance of 5.01 A and was maintained with a maximum 

distance of 3.79 A for Simulation II.

4.5.2 Structural Analysis after Molecular Dynamics Simulations

After the MD simulations (1 ns), the final structures of Rhodopsin and the two 

oiia-AR models were averaged over the last 200 ps of the production run and optimised. 

For the final Rhodopsin structure the overall Ca RMSD from the starting structure was 

2.65 A. The helical RMSDs were smaller indicating larger structural changes in the loop 

regions of the receptor . Comparing the initial and final states, the movement 

from Model I to Final I had a Ca RMSD of 4.97 A, while the largest helical movement 

occurred for TM-I at 3.41 A (Table 4.3). The Ca RMSD of Final II with respect to 

Model II was 5.38 A although this structural deviation was primarily in the loop regions 

with the largest helical deviation determined for TM-IV at 2.68 A. TM-VI also 

exhibited large deviations for both final structures. The Ca RMSD of the two final Q!ia- 

AR structures with respect to each other shows a clear deviation of 8.17 A which is 

comparable to that found for the initial structures, 8.44 A. A particularly large RMSD 

occurs again in the case of TM-VI at 4.89 A.
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Table 4.3: RMSD (in A) between Initial and Final structures for Simulation I and II.

Helix Model I vs Final I Model II vs Final II Final I vs Final II

TM-I 3.41 1.77 2.39

TM-II 2.46 2.03 4.15

TM-III 2.30 2.33 2.19

TM -IV 2.38 2.68 2.80

TM -V 2.25 2.25 2.21

TM-VI 3.22 2.53 4.89

TM -VII 3.29 1.97 3.57

TM-VIII 0.96 0.72 1.17

C a (a ll) 4.97 5.38 8.18

The final Rhodopsin structure has a total o f  251 HBs including 17 inter-helical 

interactions. The number o f  HBs has increased for the Q!ia-AR models with a total o f 

252 HBs in Final I (from 229) and 245 for Final II (from 230). This includes a large 

increase in stabilising inter-helical interactions from seven to 24 for Final I and from 

four to 15 for Final II. For Rhodopsin the HB connecting the ERY m otif is maintained 

at 2.71 A as well as the disulfide bond at 2.04 A. For the 0 !ia-AR models, the HB 

network o f  the DRY m otif is also maintained while no disulfide interactions or ion-pairs 

were observed in the final models. The radius o f  gyration for Final I is 24.32 A and for 

Final II is 23.94 A, indicating that the compactness o f  the models while larger are still 

comparable to the Rhodopsin final structure at 21.83 A.

In summary, both q!ia-AR  models have remained structurally stable over the 

course o f  the simulations and have increased favourable interactions m ost notably in the 

form o f  HBs. The final refined structures represent two models o f  the Q!ia-AR  in the 

inactive state. To our knowledge this work represents the first development o f  an 

adrenoceptor in the inactive state, refined through molecular dynamics simulations in an 

appropriate membrane mimetic.'^®
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4.6 Discussion / Conclusions

In this study, homology modelling was used to obtain stnictural inform ation for 

the human Q!ia-AR. The structure prediction process consisted o f  target-template 

alignment, model building and model evaluation. Although prediction methods are far 

from replacing high-resolution structures, homology modelling has become increasingly 

important in prediction o f  the fold o f proteins with homologues o f  known structures. 

The Achilles heel o f  homology modelling is its ultimate dependence on the level and 

quality o f  existing structural knowledge and the similarity to the target protein. Since 

there is only one experimentally known Class A GPCR structure, homology 

applications lead to TM regions that are very similar to the bovine Rhodopsin template 

structure. Such models are considered as low resolution structures due to the low 

sequence identity and the consequent difficulty in aligning templates.

As part o f  this research, structural refinements from the initial ‘rhodopsin-like’ 

conformations o f  the homology models to more native Q!ia-AR conformations were 

pursued. One o f  the most important properties o f the lipid bilayer is a well-defined 

hydrophilic/hydrophobic interface whose essential properties are preserved in a mimetic 

s y s t e m . W e  have selected a simple biphasic system, H2O/CHCI3, to facilitate more 

routine simulations o f  GPCRs in ‘m em brane-like’ surroundings. In a sense, the use o f  a 

CHCI3/H2O interface as a model system for a membrane falls between simulations o f  a 

lipid bilayer in full atomic detail and continuum electrostatics calculations on membrane 

receptors. The main advantages o f  ‘membrane m im etic’ simulations are

(i) The dynamics o f  CHCI3 is orders o f magnitude faster than that o f  

phospholipids.

(ii) They include a reasonable representation o f  water and the hydrophobic 

membrane interior and are expected to be an accurate representation o f  

the membrane.

Limitations to the use o f  CHCI3 in membrane mimics include the lack o f  a 

number o f  features o f real membranes, including phospholipid headgroups, the 

structured long lipid tails and the non-uniform density and pressure profiles o f real lipid 

bilayers. The principal limitation o f  the implemented MD simulations are their
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relatively short duration, a result o f computational limitations for atomistic simulations 

o f relatively large systems (~70,000 atoms).

The MD simulations presented provide the first detailed study o f an Q!ia-AR 

model inserted into a membrane m i m i c . T h e  interaction networks o f the Q!ia-AR 

models were examined for the functionally crucial motifs in GPCRs, such as the E/DRY 

and NPxxY motifs. The refined Q!ia-AR models retained their o! helical conformations 

and the systems remained stable during the MD simulations (1 ns). The final structures 

were satisfactory both sterically and energetically and represented inactive 

conformations o f the receptor.
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Chapter V: Examination of 0!i Adrenoceptor Ligands

“We are reaching the stage where the problems we must solve are going to 

become insoluble without computers. I  do not fear computers. I  fear the

lack o f them. ”

Issac Asimov
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5.0 Introduction

In this chapter, we shall computationally examine the two catecholamine 

agonists, adrenaline and noradrenaline (see Figure 1.2) and a series o f  ai-A R  

antagonists as potential agents in the treatment o f  BPH. In Chapter I, we reviewed a 

num ber o f  antagonists acting on the a-A Rs that are currently used in the treatment o f  

BPH, including prazosin, terazosin, doxazosin, alfuzosin and tamsulosin (see Figure 

5.1). The quinazoline antagonists w ere originally developed as antihypertensives and 

their ameliorative effects in the treatment o f  BPH were not observed until their 

introduction into clinical practice.^''

Figure 5.1: Antagonists used in clinical practice for the treatment o f  BPH (prazosin, 
terazosin, doxazosin, alfuzosin and tamsulosin).

Ongoing research suggests that use o f  selective, 0 !ia-AR antagonists offers an 

advantage over non-selective cci-AR blockers by allowing for the administration o f  

therapeutic doses with fewer systematic side effects. Previous work investigated two 

families o f  compounds with bis-imino-imidazolidinium or bis-guanidinium cations at 

both ends o f  a chain formed by diphenyl derivatives that exhibited Q!ia-AR antagonist 

activity, compounds 1-8, in Figure 5.2.̂ *̂  Pharmacological studies on slices o f  human

O

Terazosin
Prazosin

O

AlfuzosinDoxazosin

OEt
Tamsulosin
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prostate with BPH showed that guanidinium derivatives are able to inhibit between 90- 

95 % o f the contractions induced by noradrenaline. These results are comparable to the 

inhibition observed for doxazosin (95 %) and these agents may be useful in the 

treatment o f BPH.^'

Figure 5.2: a iA -A R  antagonists prepared previously by our group (compounds 1 to 8).

A literature review o f Q!i-AR antagonists yielded, amongst others, the 

compounds described in this section (Figure 5.3). The piperazine pyriminedione 

derivatives 5-methylurapidyl (9)^’  ̂ and RS-100,975 (10)^'^ are antagonists o f the « ia - 

AR and ccid-AR. Screening the R. W. Johnson PRI library o f compounds, Kuo et al. 

found that the piperazine oxazoline derivative RWJ-37914 (11)^^ has very good 

selectivity towards the q!ia-AR. A number o f benzodioxanes were also prepared and 

tested by Barbaro et and in particular, compound 12 was determined to fit the Q!ia- 

AR pharmacophore model previously d e v e l o p e d . C h e m  et a l.,^  prepared tricyclic 

fused quinazolines o f which compound 13 exhibited the largest selectivity for Q!ia-AR 

binding over 0!i b-AR.

A variety o f antagonists contain sole nitrogens in an alkyl chain, including the 

benzodioxan derivatives related to WB4101 (14, a known ai-A R  antagonist). Quaglia 

et developed phendioxan (15) with a marked drop in affinity towards the am-AR 

and q!ib-AR subtypes compared to 14, while not affecting the affinity for the «ia-AR 

subtype. Further work in this group resulted in compound 16 as a potent and selective 

antagonist for the aiA-AR. Finally, Phenoxybenzamine (17) is an a-AR antagonist while 

RS-17053 (18), is an Q!ia-AR subtype selective antagonist, which displays 126- and 50- 

fold selectivity over human aie- and Q!id- ARs respectively.

1 (X=NH), 2 (X=CO),
3 (X=S02), 4 (X=CH2)

5 (X=NH), 6 (X=CO),
7 (X=S02), 8 (X=CH2)
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Figure 5.3: Antagonists o f the « ia-AR developed by different authors (9 to 18).

In order to further investigate the aiA-AR affinity o f these compounds and to 

design new potential drugs, we ultimately aim to model the interaction o f these ligands 

with the Q!ia-AR models, hi this chapter, we will study the conformational freedom and 

calculate the proton affinities (PA), with and without solvation effects, of this selection 

o f Q!ia-AR agonists and antagonists to determine possible interacting states with the Q!ia- 

AR under physiological conditions.
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5.1 Theoretical estimation of Proton affinity

Proton affinity (PA) is defined as the negative o f the enthalpy change on 

reaction o f a proton and the chemical species concerned to give the conjugate acid o f 

that species. Techniques such as electrospray ionization, matrix-assisted laser 

desorption or the extended kinetic method allow for the experimental determination o f 

PA values and several examples o f the application o f these methods can be found in the
• 217 218recent literature. ’ Computational approaches are also valuable tools to determine 

PAs in the gas phase and a number o f recent systematic electronic structure studies on 

PAs have been performed at high theoretical levels.^’ ’̂̂ '̂̂ ’̂ '̂ Furthermore, DFT studies 

using the B3LYP functionals with 6-3IG* and 6-31+G** basis sets have been shown to 

produce PA values within 3-5 kcal m of' o f experimental results.^^^’̂ ^̂  As the protonated 

state o f a ligand will play an essential role in the ligand/receptor interaction, the 

predicted PA values for the protonation were examined.

5.1.1 Proton Affinity Determination for the Catecholamine Agonists

A systematic, conformational analysis was pursued on the unprotonated agonists 

followed by semi-empirical optimisations (AM I) to rank the conformers in order o f 

energy. Optimised molecular structures of the unprotonated and protonated forms were 

then computed using the B3LYP hybrid density functional and the 6-3IG* basis set. 

Electronic structure and vibrational frequency calculations were performed using 

Gaussian98'^* or Gaussian03.^^'^

The PA determined for adrenaline was 243 kcal m of' and for noradrenaline was 

240 kcal mol ’ (see Table 5.1). The QM energy minimum corresponds to a hypothetical, 

motionless state at OK, while experimental measurements are made on molecules at a 

finite temperature. To compare the two, it is necessary to make appropriate corrections 

to allow for translational, rotational and vibrational motions. Hence, the gas phase 

values were thermally corrected to 234 and 231 kcal m o f’ for adrenaline and 

noradrenaline respectively.

Biology effects are dominated by processes, which occur in aqueous or lipid 

environments. Hence, accurate simulation o f solvation is central to the development o f 

reasonable models for biological simulations.^^^ PA values for adrenaline and

noradrenaline were additionally determined utilising the Onsager and the PCM
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solvation techniques.'"** Consideration o f the solvation energy led to a stabilisation from 

the in vacuo energy values (see Table 5.1). Unlike a gas, a liquid is a set o f strongly 

interacting particles and the intra- and inter- molecular interactions can cause substantial 

changes in the geometry and electronic structure o f substrates in comparison with 

isolated gas phase. Including Onsager solvation effects, there was an increase in the PA 

values to 259 kcal mol ’ for adrenaline and 246 kcal mol ' for noradrenaline at 0 K and 

249 and 237 kcal mol’’ at 298 K (Table 5.1). Larger PA values were obtained using the 

PCM solvation technique, with a further increase to 295 kcal mol ' for adrenaline and 

289 kcal mol’' for noradrenaline at 0 K and 286 and 281 kcal mol"' at 298 K. 

Unfortunately, no experimental PA values were available for comparison.

Table 5.1: Proton affinities (PA) in kcal mol ' were estimated as the difference in total 
energy between the protonated and the corresponding neutral species. No scaling was 
applied to the obtained frequencies for the calculation o f the thermodynamic 
parameters, which were temperature corrected to 298.15K.

adrenaline noradrenaline

In Vacuo Onsager PCM
Ligand PA (0 K) PA (298 

K)
PA (0 

K)
PA (298 

K)
PA (0 

K)
PA (298 K)

Adrenaline 243.4 233.9 258.5 248.9 294.5 286.1
Noradrenaline 240.2 231.0 246.2 237.1 289.3 280.6

It is worth noting the computational cost o f including the various solvation 

techniques. For the optimisation o f protonated adrenaline there was little computational 

cost in moving from an in vacuo (71.2 mins) calculation to an Onsager solvated 

calculation (72.3 mins), while a marked increase in computational cost occurred for 

utilising the PCM technique (611.1 niins). Despite its simplicity, the Onsager solvation 

technique has had considerable success^^^’̂ ^̂  and as the method requires little extra 

computational cost compared to in vacuo calculations this solvation technique was 

included in all future studies. The PCM solvation technique was included in a number 

o f cases for comparison although its computational cost and technical difficulties in its 

implementation excluded it from full consideration for the larger antagonists.
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5.1.2 Proton Affinity Determination for the Clinical Antagonists

Compounds within the 2,4-diaminoquinazoUne series, tj^ified by prazosin, 

terazosin, doxazosin and alfiizosin, differ from one another through changes to the 

quinazohne side chain. Detailed conformational analyses (random search) were 

performed on these antagonists followed by semi-empirical (AM I) optimisations on all 

the conformers to energetically rank them. A subsequent structural optimisation 

(B3LYP/6-31G*) was performed on the lowest energy conformer and its protonated 

Nitrogen forms, labelled Na -  Ne in the scheme of Table 5.2.

For the oii-AR antagonist, prazosin the in vacuo calculations (Table 5.2) indicate 

that the nitrogen atom labelled as N6 was the most likely to be protonated at 254.7 kcal 

mol ’. As the amine group o f the compound is electron donating, Nc, is ortho/para 

directing towards N6 and this particular protonated form was previously found to be the 

most stable protonated species o f prazosin.^^ A study by de Benedetti et 

highlighted that Na o f prazosin, which is in the ortho position with respect to the amine 

group, is unlikely to be protonated, which is consistent with our results as the energy 

difference for protonating at Na with respect to NZ> is approximately, 10 kcal mol ' 

(Table 5.2). For terazosin and doxazosin, the results followed the same trend, with the 

Nb nitrogen having the highest PA both at 0 K and 298 K. The second nitrogen to be 

protonated is the second pyrimidine nitrogen, Na, showing an energy difference o f ~10 

kcal mol ' . In the case o f alfiizosin, with a related structure to the previous antagonists, 

the N6 atom appears most likely to be protonated in gas phase, followed by Ne and Na.
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Table 5.2: Proton Affinity (PA) in kcal mol ', in vacuo and with Onsager and PCM 
solvation methods, without and with thermal correction at 298 K calculated at 
B3LYP/6-31G* level for the antagonists prazosin, terazosin, doxazosin and alfiizosin.

Nb

Na

In Vacuo Onsager PCM
Ligand PA (0 K) PA (298 K) PA (0 K) PA (298 K) PA (0 K) PA (298 K)
Prazosin Na 244.4 220.5 247.4 239.1 285.8 279.1

N6 254.7 231.0 258.4 250.0 292.4 284.8
Nc 222.8 198.2 235.2 226.6 270.3 262.2
N J 240.0 215.2 241.0 231.9 277.7 269.9
Ne 233.7 209.7 251.7 243.5 272.2 264.9

Terazosin Na 244.1 235.8 248.7 240.4 286.8 278.4
N^ 254.9 246.4 259.7 251.1 293.5 284.8
Nc 222.8 214.5 235.1 226.3 270.6 261.9
N J 239.4 231.1 241.6 232.5 278.1 270.4
Ne 231.4 223.4 244.9 237.0 261.2, 260.1

Doxazosin Na 242.1 233.9 255.5 247.3 292.3 278.4
Nb 253.0 244.5 264.6 256.3 285.8 280.7
Nc 221.1 212.3 242.2 233.6 270.3 262.3
Ni/ 242.4 233.5 241.6 232.5 277.3 269.1
Ne 214.7 206.6 218.4 210.4 259.5 252.2

Alfuzosin Na 255.8 247.3 255.9 247.4 # #
Nb 261.3 252.8 263.7 255.1 297.2 289.3
Nc 235.8 227.3 236.4 227.9 # #
N J 242.0 232.9 243.9 234.8 # #
Ne 257.0 248.3 271.7 263.0 292.9 284.0

# a number o f the optimisations failed to converge.

With both solvation techniques similar trends in stabilisation were observed, 

although a larger stabilisation o f the protonated forms was again observed with the 

PCM solvation technique. Higher PA values were determined over in vacuo 

calculations, ranging over 47 kcal mol'' (218-265 kcal mol'’) for the Onsager solvation 

method and over 36 kcal mol'* (259 to 297 kcal m ol'') for the PCM technique. When 

thermally corrected the PA values range over 46 kcal mol ' (210-256 kcal mol'*) with 

Onsager solvation and over 28 kcal mol ' (261 to 289 kcal mol ') for the PCM solvation.

For prazosin, terazosin and doxazosin the same order o f PA is detected when

solvation effects are included, 'Nb has the highest affinity for a proton followed by Na.

Curiously, the inclusion o f Onsager solvent effects when calculating the PA o f the
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different N atoms o f alfiizosin produces a change in the protonation order for this 

molecule. Thus, the most likely nitrogen to be protonated in an aqueous environment is 

Ne followed by NZj with a difference in PA of ~8 kcal mol ’ for the Onsager technique 

and Nb followed by Ne with a difference o f 4 kcal mol'* with the PCM technique.

For the antagonist tamsulosin, the lowest energy structure exhibits an 

intramolecular HB, which forces the molecule towards a folded conformation. In the 

gaseous phase the phenethyl amine moiety, Na was most likely to protonate. However, 

the sulphonamide, N6, is most likely to protonate when solvated, although the energy 

difference is quite small at ~3 kcal mol ’. Table 5.3.

Table 5.3: Proton Affinity (PA) in kcal mol ', in gas phase and with the Onsager 
solvation methods without and with thermal correction at 298 K calculated at B3LYP/6- 
31G* level for the 0 !ia-AR antagonist tamsulosin.

H
NH,SO.

O
OEtCH,

MeO

In '•̂ acuo Onsager
Ligand PA (0 K) PA (298 K) PA (0 K) PA (298 K)
Tamsulosin Na

nb
249.7
228.6

240.3
220.1

252.9
256.1

243.5
247.8

5.1.3 Proton Affinity Prediction for the « ia-A R  antagonists (1-8)

For the symmetric bisphenyl derivative compounds, 1-8, there are two unique N 

atoms which can be protonated in the guanidinium moieties. They have been labelled 

Na and N6 as shown in the scheme of Table 5.4. In addition, when the bridge group (X) 

is the NH group an additional protonation site is available, Nc. The gas phase 

protonation energies, o f the Na atoms range from 246 to 263 kcal mol’’, in a 17 kcal 

mol’’ interval (Table 5.4). These differences are due to the various minimum energy 

conformations considered. In the gas phase, compound 1 shows, overall, the greatest 

protonation energy for the Na position, and, generally, the PA values obtained for those 

atoms are in a similar range to those obtained in the previous section. The thermally 

corrected PA values for the Na atom falls in the range between 238 and 254 kcal m ol''. 

The bridging Nc position o f compound 1 and 6 was next likely to protonate. Regarding 

the outer N6 position, lower PAs were observed than for the inner Na position. The PAs
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obtained for NZ? are in intervals of 19 and 18 kcal mol'' without and with thermal 

correction.

Generally, in these compounds, when solvation is considered, a stabilization of 

the PA for the protonations of Na is observed and the range of protonation energies 

slightly increases (Table 5.4). Thus, considering Onsager solvation without thermal 

correction there is a range of 20 kcal m of’ (274 - 294 kcal mol'') and the values 

thermally corrected span a similar range (266 - 285 kcal mol'*). A smaller range was 

observed with the PCM solvation technique of 7 kcal mol ' (294 - 301 kcal mol''), 

which was thermally corrected to 11 kcal mol'' (283 - 294 kcal mol''). However, 

solvation does not seem to affect the protonation of the bridge Nc atoms possibly as 

these atoms are less exposed to the effects of solvent than those in the guanidinium or 2- 

iminoimidazolidinium groups, hi summary, the No position will be the first one to be 

protonated, for compounds 1 and 5 the bridge Nc will be the second position to be 

protonated and N6 will be the last one.

Table 5.4: Proton Affinity (PA) in kcal mol ' in gas phase without and with thermal 
correction at 298 K calculated at B3LYP/6-31G* level for the Q!ia-AR  antagonists 1-8.

In Vacuo Onsager PCM
Ligand PA (0 K) PA (298 K) PA (0 K) PA (298 K) PA (0 K) PA (298 K)

1 Na 262.5 253.8 292.5 284.5 298.5 290.3
Nb 230.6 221.7 274.3 266.4 272.1 263.2
Nc 246.2 236.9 244.0 234.8 275.4 267.4

2 Na 254.1 245.5 284.1 276.4 293.7 283.0
N6 223.5 214.6 264.8 257.0 232.1 216.9

3 Na 251.0 242.5 274.0 266.0 296.0 288.1
Nb 220.0 211.5 252.1 244.5 273.9 265.7

4 Na 258.8 250.1 293.5 285.4 293.8 285.0
NZj 225.5 216.8 265.2 257.3 266.2 257.4

5 Na 262.5 253.8 289.7 281.3 299.7 292.8
NZ> 225.3 217.3 243.5 234.6 278.1 271.5
Nc 242.2 233.6 241.6 233.0 280.6 272.4

6 Na 250.0 242.1 287.6 278.9 294.6 287.8
N6 216.0 207.7 275.4 267.2 269.0 261.7

7 Na 246.0 238.3 283.5 275.1 297.3 293.7
Nb 212.0 204.0 261.6 268.2 272.7 266.4

8 Na 255.1 246.8 292.0 284.1 300.5 293.0
Nb 221.0 212.2 267.6 259.7 300.3 293.6
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However, as these molecules are symmetric a double protonation is feasible. The 

double PA at both Na positions was calculated as the difference between the 

unprotonated species and the doubly protonated form as shown in Scheme 5.1;

additionally the difference from the singly protonated compound, (NaH"^) and the 

doubly protonated compound were determined, labelled (NaH^ +H^) in Table 5.5.

Scheme 5.1: Protonation scheme for doubly protonating compounds 1-8.

Compound 1, again presents the highest PA for double protonation as with 

single protonations. However, differences were observed between the resultant PAs 

derived using the two solvation methods. The results indicate that the positively charged 

derivatives (NaH^) have less affinity towards a second protonation than the neutral 

compounds towards the first protonation when considered with the Onsager solvation 

technique (see Table 5.5).

However, the second PAs are larger when considering the PCM solvation 

technique, which would indicate that the positively charge derivatives have a higher 

affinity towards a second protonation.
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Table 5.5: Proton Affinity (PA) in kcal mol'^ in gas phase and solvated with Onsager 
and PCM techniques, without and with thermal correction at 298 K calculated at 
B3LYP/6-31G* level for the aiA antagonists 1-8 (Scheme 5.1).

In Vacuo PA Onsager PA paMPA
Ligand (OK) (298 K) (OK) (298 K) (OK) (298 K)

1 2H^
NaH^+H^

480.6
218.2

463.1
209.4

479.1
235.1

461.7
226.9

594.7
319.3

576.6
309.2

2 2H^
NaH^+H^

466.9
212.8

449.9
204.3

467.9
199.3

450.8
190.5

584.2
290.6

565.5
286.1

3 2H^
NaH^+H^

461.5
210.5

444.4
201.9

473.9
240.5

456.7
228.1

594.1
298.1

594.6
306.5

4 2H^
NaH^+H^

477.1
218.3

459.7
209.6

478.4
192.9

460.9
183.4

593.1
298.1

576.5
306.6

5 2YC 
NaH^ +

473.9
201.3

457.2
205.1

474.7
175.8

458.1
174.7

600.6
300.9

584.7
291.9

6 2H^
NaH^+H^

459
208.6

442.5
200.4

A ll.l
185.0

455.5
176.8

590.4
295.8

574.8
286.9

7
NaH^+H^

453.0
207.0

436.8
198.5

474.3
185.1

457.1
176.6

594.9
295.8

581.9
286.9

8 2 H '
NaH^+H^

470.7
215.6

453.7
206.9

470.8
178.8

454.3
170.3

#
#

#
#

# a number of the optimisations failed to converge.

5.1.4 Proton Affinity Determination for « ia-AR  antagonists 9 to 18

Compounds 9 to 13 are represented by a generic scheme shown in Table 5.6, in 

which three moieties can be identified. At one end of the molecule a heterocyclic 

moiety containing a Na-CO-NZ? group, at the other end a piperazine ring, labelled Nc 

and N J in Table 5.6 and in between, a heterogeneous bridge including a N atom 

(labelled Ne). In compounds 9, 10 and 13 the N atoms with the largest PA, in the gas 

phase, are those of the piperazine rings (Nc and NJ) with values ranging between 246 

and 257 kcal mol ’ without thermal correction and between 237 and 255 kcal mol ’ at 

298 K. For compounds 11 and 12, the C=Ne group, is most likely to protonate and the 

PA values obtained in the gas phase are similar (254 - 270 kcal mol ' at 0 K and 236 - 

261 kcal mol ’ with thermal corrections, respectively).

When solvation is included a general increase in the PA values are observed 

both at 0 K and 298 K (Table 5.6) indicating stabilisation of the protonated state. 

Similar patterns are detected between the PA of the solvated molecules and those in the 

gas phase. It was determined in the gas and solvated phases, that the N atoms in the 

piperazine ring (Nc and NJ) of compounds 9 to 13 are generally protonated, while those
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of the heterocyclic ring (Na and NZ>) show the lowest PA values both at 0 K and 298 K. 

Exceptions are compounds 11 and 12 which show larger PA values at the Ne atoms than 

at the piperazine N atoms.

Table 5.6: Proton Affinity (PA) in kcal mol ', in gas phase and solvated with Onsager 
and PCM techniques, without and with thermal correction at 298 K calculated at 
B3LYP/6-31G* level for the Q!ia-AR antagonists 9-13.

O 9,10,11,12,13

In Vacuo Onsager
Ligand PA (0 K) PA (298 K) PA (0 K) PA (298 K)

9 Na 207.6 199.4 222.2 214.6
NZ) 207.4 199.6 220.1 212.7
Nc 246.3 236.8 251.0 241.6
N J 246.0 236.3 276.8 267.8
Ne 219.5 211.1 228.5 220.3

10 Na 189.3 181.6 246.9 237.5
NZ) 196.9 189.2 248.1 241.6
Nc 245.2 235.5 251.2 241.6
Ni/ 246.1 236.5 267.9 261.5

11 N6 220.1 211.1 244.1 218.6
Nc 239.9 231.9 241.3 233.3
N J 246.9 236.9 245.9 236.3
Nc 263.8 236.8 262.4 253.3

12 Nc 249.9 240.3 256.0 246.5
N J 245.4 236.1 229.6 224.6
Nc 270.4 261.2 270.1 260.9

13 Na 204.9 196.7 241.5 233.8
NZ) 206.7 198.8 231.1 223.3
Nc 256.9 248.2 265.9 257.4
N J 245.8 235.9 246.0 236.1
Nc 253.8 243.8 258.9 249.2

For compounds 14 to 17 there is only one N atom present and for compound 18 

there are two N atoms, one in an alkyl chain and the other in the indole ring (labelled Ne 

and N/, respectively in the scheme of Table 5.7). The mono amine derivatives (14 to 17) 

follow the same trend when solvated as for the gas phase studies with compound 15 

having the largest PA (Table 5.7), which can be explained by the presence o f  a near 

phenyl ring and the dioxane O atoms. Compound 16, which has a slightly smaller PA 

than that o f compound 15, has a piranone system instead o f the dioxane ring. The PA
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values obtained for the first protonation o f these compounds are in a similar range as the 

previous compounds. For compound 18, under gaseous and solvated conditions the 

alkyl chain Nitrogen was most likely to protonate.

Table 5.7: Proton Affinity (PA) in kcal m ol'', in gas phase and solvated with the 
Onsager technique, without and with thermal correction at 298 K calculated at 
B3LYP/6-31G* level for the q:ia-AR antagonists 14-18.

In Vacuo Onsager
Ligand PA (0 K) PA (298 K) PA (0 K) PA (298 K)

14 N 236.6 227.2 245.4 236.1
15 N 264.7 254.7 265.1 255.1
16 N 246.4 237.1 246.3 243.5
17 N 239.2 229.7 242.3 232.6
18 Ne 241.9 232.5 258.8 249.2

N/ 229.3 220.1 254.9 246.0

5.1.5 Correlations between Proton Afflnities and experimental biological affinity 
towards the otia-AR

A correlation has been found between the experimental affinities (Kj, nM) for 

0!ia-ARs antagonists, prazosin, alfuzosin, doxazosin, terazosin, 9 (5-methylurapidil), 10 

(RS-100,975), 14 (WB4101) and 18 (RS-17053)^^ and the PA at 298 K without solvent 

effects (

Figure 5.4). The high correlation coefficient, = 0.96 (n=8), observed with the 

unsolvated PA values may indicate that the actual interaction between the ligand and the 

active site o f the q:ia-AR occurring in the absence o f water molecules.
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Figure 5.4: Correlation of the (Kj, nM) for ccia-A R s of prazosin, alfuzosin, doxazosin, 
terazosin, 9 (5-methylurapidil) 10 (RS-100,975), 14 (WB4101) and 18 (RS-17053) with 
the thermally corrected PA without solvent effects.

Correlations between the PA values and the activity data for antagonists 1-8 

were also studied. No clear correlation was found perhaps due to the nature o f the 

biological data obtained. As no direct Ki over the Q!ia-AR was measured effects from 

the different tissues could be used in testing the final Ki values.

5.2 Theoretical pKa Calculations

In aqueous solution, the more acidic proton will be lost first with increasing 

solution pH, so that the experimental pKa value corresponds to the preferred ionization 

site o f a compound. A computational methodology for pKa predictions for small 

molecules can be based on an ab initio description o f a generalized thermodynamic 

cycle, relating pKa to the gas-phase proton basicity (AG^gas), via the solvation energies 

(AG°soiv) of the products and the reactants (see section 3.6). pKa predictions hinge on 

both accurate solvated PA values as examined in the previous section and on values for 

the solvation fi'ee energy o f a proton, In water, experimental values o f

) range from -254 to -262.5 kcal mol'V^^ while recent computational works 

report a wider range o f values between, -244.9 to -264.0 kcal mof'.^^^ Theoretical 

studies into pKa prediction have explored the use o f different computational methods, 

basis sets and solvation techniques. In the following sections we shall examine the

values o f required to replicate the available experimental pKa values for
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our chosen hgands, utihsing the B3LYP functional, the 6-3IG* basis set and the 

Onsager and PCM solvation techniques.

5.2.1 Theoretical Determination of

Ligands that bind to catecholamine receptors contain an amino function that has 

a pKa greater than seven so that the ligand will be partly or fully protonated at neutral
230  •pH. The expenmental pKa values for adrenaline and noradrenaline are similar at 

8.59^^' and 8.58^^^ respectively. We examined the required value o f ) to

reproduce the experimental pKa values for the catecholamines utilising the 

thermodynamics cycle (see Table 5.8). At the B3LYP/6-31G* level o f theory, utilising 

both the Onsager and PCM solvation techniques, the obtained values are

outside the experimentally determined range.

Table 5.8: Comparison o f theoretical AG°^,^[h* ) in kcal mol ' ,  obtained from structural 
optimisations using the Onsager and PCM solvation techniques to obtain the 
experimental pKa values for adrenaline and noradrenaline.

a d re n a lin e  n o rad ren a lin e

Ligand Onsager PCM

Adrenaline -220.4 -184.8

Noradrenaline -224.9 -182.9

To further study the prediction of we examined the experimental

data for our antagonist set. The experimental pKas o f the clinical antagonists, terazosin 

(7.1)^^^, prazosin (7.0), doxazosin (6.9)^ '̂* and alfuzosin (8.13)^^^ were obtained from 

the relevant pharmaceutical companies. For tamsulosin the experimental pKa value was 

not obtained, as it is under patent until 2006. The necessary values o f AG° ,̂ [̂h *) to 

replicate these experimental pKa results for the N6 position were within the 

experimental range, from -261.7 kcal mol'' for doxazosin to -254.2 kcal mol'' for 

prazosin, when utilising the Onsager solvation technique (see Table 5.9). However,
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when utihsing the PCM solvation technique, the ) values ranged from -280.0

to -290.1 kcal mol"', which is outside the predicted limits. Hence, our research has 

highlighted that the method by which the solvent (water) was treated is a contributing 

factor for the discrepancy be^A'een the pKa values.

Table 5.9: Comparison o f theoretical in kcal m ol'', obtained from
structural optimisations using the Onsager and PCM solvation techniques to obtain the 
experimental pKa values for the clinical antagonists.

Nb -Nd'AA/'Ne  /.
NcH2

Ligand Onsager PCM

Alfuzosin -257.6 -290.3

Doxazosin -261.7 -280.0

Prazosin -254.2 -285.6

Terazosin -255.0 -286.8

Each determined value for using the Onsager solvation technique

was utilised in the thermodynamic cycle to predict theoretical values for the pKa of 

each clinical antagonist. The predicted pKa values for the Nft position were in the range 

o f 2-12 (see Table 5.10). It is evident that small changes in even within the

accepted experimental range have significant effects on the predicted pKas. 

Furthermore, the theoretical calculations incorrectly predict the relative order o f the 

pKas; with doxazosin having the largest predicted pKa followed by alfuzosin, terazosin 

and prazosin. Alternatively, the determined experimental order is alfuzosin followed by 

terazosin, prazosin and finally doxazosin at 6.9.
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Table 5.10: Experimentally deteirnined pKa values, and those calculated at B3LYP/6- 
31G* level for the Nb position o f the quinazoline a i-A R  antagonists, with the Onsager 
and PCM solvation methods.

Nb

NcH2

Exp. pKa Predicted pKa

Ligand Alfuzosin
(-257.6)

Doxazosin
(-261.7)

Prazosin
(-254.2)

Terazosin
(-255.0)

Alfuzosin 8.13 8.13 9.9 4.5 5.2
Doxazosin 6.9 5.1 6.9 1.5 2.2
Prazosin 7.0 10.6 12.4 7.0 7.7
Terazosin 7.1 10.0 11.8 6.5 7.1

“y i f ,  ,
The experimental pKas for our antagonist set (1-8) were determined followmg 

the procedure outlined in Aggawal et The required values for AG°^iJ h  ̂), covered 

a large range between -232 and -286 kcal mol ' when utilising the Onsager solvation 

technique (see Table 5.11). However, the determined value for ) o f compound

5, at -250.5 kcal m of' was in a theoretically determined range f o r T h e  

required values for using the PCM solvation technique at -277 to -294 kcal

mol ’ were outside the experimental range.

Table 5.11: Comparison o f theoretical in kcal mol ', obtained from
structural optimisations using the Onsager and PCM solvation techniques to obtain the 
experimental pKa values for the antagonists 1-8.

Expt. pKa

Compound Onsager PCM
1 Na 10.80 -283.0 -288.9

Nc 2.80 -233.1 -277.0
2 Na 8.60 -273.1 -285.8
4 Na 9.80 -286.0 -294.0
5 Nfl 10.80 -250.5 -291.3

Nc 2.90 -232.1 -281.1
6 Na 9.40 -277.5 -286.5
8 Na 11.30 -281.4 -292.4
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As a value o f -250.5 kcal mol ' reproduced the pKa o f compound 5

and was within the accepted range of ) values, it was chosen for this class of

compounds. Utilising this value in the thermodynamic cycle we again observed a poor 

agreement with the experimental results for this series o f compounds with both 

solvation techniques (see Table 5.12). The pKas predicted, utilising the Onsager 

solvation technique are in the range o f -2 to 36, while those predicted using the PCM 

solvation technique lie between 22 and 42. Such values are notably larger than the 

experimental pKa range, at 3 to 11.

Table 5.12: Experimentally determined pKa values, (Metrohn 632 pH-meter, Q 
metrohm electrode, pH 0-14 / 0-80 °C, 3M KCl) and those calculated at B3LYP/6-31G* 
level for the Oia-AR antagonists 1-8, with the Onsager and PCM solvation methods.

Predicted pKa
Compound Expt. pKa Onsager PCM

1 Na 10.80 34.7 39.0
Nc 2.80 -1.6 22.3

2 Na 8.60 25.2 34.5
4 Na 9.80 35.9 41.8
5 Na 10.80 10.8 40.8

Nc 2.90 -2.4 26.1
6 Na 9.40 29.3 35.9
8 Na 11.30 34.0 42.1

In summary, there are a number o f limitations to the current implementation of 

theoretical pKa calculations, most notably in the accuracy of theoretical solvation 

techniques and in the lack o f accurate experimental knowledge ofAG°„,^(//"^). The

calculation o f absolute pKa values is a challenging task since a difference o f only 1.361 

kcal mol'' in the aqueous free energy o f reaction results in an error o f one pKa unit.^^* A 

value for AGj”,^(//"^) can not be theoretically reproduced within accepted the 

experimental range for all cases. The approach o f combining DFT and continuum 

solvation theory has been shown to accurately predict pKa in some cases^^^ but to yield 

errors in calculated relative to experimental pKa values for other structural classes. 

Hence, it does not appear possible, at least at this level o f theory and current solvation 

techniques, to extrapolate this technique for predicting pKas to all systems.
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5.3 Conformational Analyses of Ligands

When the exact 3D structure o f the receptor is unknown and a series of 

compounds that show an activity o f interest have been identified, a form o f in silico 

screening can be performed through pharmacophore searching. Determining 

conformations o f antagonists, which selectively fit one receptor subtype but not the 

other subtypes, can be useful in antagonist design for more selective drugs. Bremner et 

al.J^ employed the Apex-3D program and the Catalyst software to treat molecular 

structures as templates consisting o f strategically positioned chemical functions that 

would bind to a receptor. In the oii-AR pharmacophore models o f Bremner et a l, the 

main features involve a polar group, an aromatic group and basic nitrogen (Figure 5.5). 

The critical structural feature for Q!ia-AR selectivity over the other ai-AR subtypes is 

the distance between the basic nitrogen and the centre of an aromatic ring system, 

(aromatic distance o f 5.2-5.8 A for ccia- A R  and 6.2-7.8 A for 0!ib - A R )  and to a polar 

group (polar distance of 6-8 A for Q!ia-AR and 5-6 A for qiib-AR. Later, Bremner et 

published the first pharmacophore model for oiid-AR, polar distance o f 4.5 A and 

an aromatic distance o f 5.4 A is required.

6-8A 4.5A5-6APolar PolarPolar

5.2-5.8A 5.4A6.2-7.8A

Figure 5.5: Pharmacophore requirements for the 0!ia-AR, Q!ib-AR and aio-AR subtypes, 
indicating the necessary polar and aromatic distances for subtype selectivity.

Barbaro et also determined an analogous pharmacophore model for a l-

ARs utilising the Catalyst software, which consisted o f a positive ionisable portion {i.e. 

‘basic N ’), three hydrophobic features {i.e. ‘aromatic ring’) and a HB acceptor group 

{i.e. ‘polar centre’). In addition, Li et has recently generated a pharmacophore 

model for the «ia-AR using a training set o f thirty significant antagonists. This 

pharmacophore consisted of one positive ionizable element {i.e. ‘basic N ’), one 

hydrogen-bond donor, one aromatic element {i.e. ‘aromatic ring’), and one hydrophobic 

group.
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The key issue in pharmacophore screening is conformational flexibility o f  the 

ligands. As solvation effects can have an important influence on the conformation o f  a 

ligand the conformational analysis o f  the protonated form was followed by AMI and 

subsequent B3LYP/6-31G* optimisations with the Onsager solvation technique. As the 

binding conformation o f the ligands can not be assumed to coincide with the global 

minimum conformation, 20-30 o f  the low energy conformations were taken into 

consideration for each molecule.

5.3.1 Pharmacophore Study -  Clinical Antagonists

The four clinical antagonists are experimentally ‘universal’ antagonists (not 0 !i- 

AR subtype selective) and hence it may be expected that the conformations should fulfil 

more than one pharmacophore subtype model. The nitrogens with the highest PA 

determined previously were taken as the protonation centre. Doxazosin, terazosin and 

prazosin have the protonated nitrogen (NZ>) as part o f  the quinazoline ring, while 

tamsulosin has the protonated nitrogen on the linker chain. A variety o f  polar groups 

were considered in the pharmacophoric measurements such as carbonyls, methoxy 

groups, trifluoro carbons and other nitrogens. The aromatic element was taken as the 

centre o f  aromatic rings. Amongst the quinazoline-type ai-AR antagonists (excluding 

doxazosin), the antagonists have the correct ‘polar distance’ for Q!ia-AR requirements in 

agreement with the pharmacophore model (see Table 5.13). Prazosin and terazosin 

exhibit no subtype selectivity according to the pharmacophore requirements while 

doxazosin appears to better fit the ais-AR  and Q!id-AR pharmacophores than the «ia- 

AR. Only alfuzosin and tamsulosin also have the correct range for the ‘aromatic 

distance’ requirement for the Oia-AR. Due to its large conformational range tamsulosin 

appears to fulfil the requirements for all three subtypes, while alfuzosin fulfils that o f  

Q!ia-AR and aie-AR). In no instance, do any o f  these antagonists prefer one subtype 

over the other two subtypes indicating an in silico non-selectivity o f  the compounds in 

agreement with experimental findings. Screening o f further receptor subtypes, e.g. the 

Q!2-AR subtype, was prohibited due to a lack o f pharmacophore models.
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Table 5.13: Range o f  distances for polar and aromatic distance pharmacophore 
requirements for the clinical antagonists with the three ai-A R  subtypes. A Y  denotes a 
successful fit, while N denotes a lack o f  fit for that subtype.

a
N b . N d '^ ' ^ ^ N e  

N cH 2

Polar Range (A) Aromatic Range (A) t t l A 0(lB «1D

Prazosin 6.2 -  6.4 5 .9 -9 .6 N N N
Terazosin 6 .2 -7 .7 2 .9 -3 .8 N N N
Doxazosin 2 .0 -5 .1 2 .9 -1 1 .3 N Y Y
Alfuzosin 5 .7 -1 2 .5 4 .6 -1 1 .7 Y Y N
Tamsulosin 2 .9 -8 .3 4 .5 -7 .9 Y Y Y

5.3.2 Pharmacophore Study - Imidazolidmium/Guanidinium Antagonists (1-8)

For compounds 1 to 8, the N with the highest PA is that connected to the 

aromatic ring (Na). However, i f  this is considered as the ‘basic N ’, some o f  these 

compounds will not fulfil the «i-A R pharmacophores. Thus, both the N a and N6 atoms 

ft'om the guanidine moiety were considered as possible ‘basic N ’. Two possible 

scenarios are outlined in Figure 5.6 both o f  which take the bridging group X as the 

‘polar centre’ and the further phenyl ring as the ‘aromatic elem ent’. Compounds 4 and 

8, having a CH2 bridge were included for a non-polar comparison. Consequently, for 

derivatives 2 to 4 and 6 to 8, the Na atoms were taken as the ‘basic N ’ whereas for 

derivatives 1 and 5, N6 atoms were considered (see Figure 5.6).

Nb Hbm
NaNa, Na

Figure 5.6: Antagonist models (1-8) with pharmacophore distances indicated.

Firstly, it should be noted that all compounds match the 0 !ia-AR pharmacophore 

although compounds 4 and 8, do not fulfil the pharmacophore requirements as the CH2
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bridging group is not a polar centre. Secondly, for compounds 1 and 5 the ‘polar 

distances’ are in the correct range for the 0!ia-AR pharmacophore (see Table 5.14) while 

not matching the aiB-AR or Q!]d-AR pharmacophores which is in agreement with the 

Q!ia-AR affinity observed in the experimental study. Compound 2, which exhibited the 

highest percentage inhibition o f noradrenaline in our pharmacological studies, also 

selectively fulfils the 0!ia-AR pharmacophore model (see Table 5.14). However, for 

compounds 3, 6 and 7 along with fulfilling the Q!ia-A R  pharmacophore the aie-AR 

pharmacophore requirements are fulfilled, which indicates a possible non-selectivity.

Table 5.14: Range of distances for polar distance and aromatic distance pharmacophore 
requirements for possibly 0!ia-AR selective antagonists. A Y denotes a successful fit, 
while N denotes a lack o f fit for that subtype.

Polar Range (A) Aromatic Range (A) «1A «1B «1D
1 6 .4 -7 .9 5 .4 -7 .9 Y N N
2 6 .4 -7 .1 3 .8 -9 .2 Y N N
3 5 .4 -7 .9 5 . 2 - 8.6 Y Y N
4 6 .6 - 8.0 5 .4 -9 .1 Y N N
5 6 .3 -9 .6 5 .4 -1 0 .4 Y N N
6 5 .7 -6 .5 5.1 -  10.3 Y Y N
7 5 .4 -7 .9 5 . 2 - 8.6 Y Y N
8 6 .4 -7 .9 5.1 -8 .7 Y N N

In summary, six o f the bis-imino-imidazolidinium and bis-guanidinium 

antagonists fit the 0!ia-AR pharmacophore and none the Q!id-AR. However, compounds 

1, 2 and 5 appear more selective for the ccia-AR subtype as these antagonist 

conformations fit the q:ia-AR subtype and not the q:ib-AR and ccid-AR subtypes and 

have an appropriate bridging polar group.

5.3.3 Pharmacophore Study -  Antagonists 9-16

For the remaining antagonists, the basic nitrogens were taken as those with the 

largest PA as discussed earlier. The polar groups examined were the remaining 

nitrogens, polar oxygens and the CF3 moiety, if  present. Compounds 9 and 10 are 

thought to be selective for the Q!ia-AR and were used in the initial training set for the 

Q!ia-AR pharmacophore development. Nevertheless, fi-om our pharmacophore screening
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only compound 9 appears to fulfil the Q!ia-AR and Q!id-AR subtype criteria while 

compound 10 fulfils all three pharmacophore models (see Table 5.15). For compound 

11, both the «ia-AR and Q!ib-AR pharmacophore requirements are fulfilled, despite 

experimental Q!ia-AR selectivity. Compounds 12 and 13 fit all three pharmacophores 

and hence interactions at the other AR subtypes are equally likely under these criteria. 

Compounds 14, 16 and 17 do not fulfil any o f the pharmacophore requirements, which 

indicates that these compounds may be non-selective antagonists, although compound 

16 exhibits experimental 0!ia-AR selectivity. Addition o f another phenyl group in 

compound 15 results in q:ib-AR and Q!id-AR selectivity by increasing the range available 

for the aromatic distance. Finally, compound 18 an experimentally 0!ia-AR subtype 

selective antagonist fulfils the ccia-AR and 0 !ib-AR but not the am-AR requirements.

Table 5.15: Statistical information for polar distance and aromatic distance 
pharmacophore requirements for ai-AR antagonists 9-18. A Y denotes a successful fit, 
while N denotes a lack o f fit for that subtype.

' ^ ( N e ) — Nc N d-A r  

O 9 , 1 0 , 1 1 , 1 2 , 1 3  H3C C H 3 t_ |^ V  •»

Compound Polar Range (A) Aromatic Range (A) «1A OflB « 1 D

9 4 .2 -8 .1 2 .9 -5 .7 Y N Y
10 3 .8 -7 .2 4 .3 -1 2 .5 Y Y Y
11 4 .8 -9 .7 3 .5 -1 0 .4 Y Y N
12 3 .2 -6 .7 2 .7 -1 0 .5 Y Y Y
13 2 .9 -8 .8 2 .7 -9 .2 Y Y Y
14 2 .6 -5 .6 2.1 -5 .1 N N N
15 2 .8 -5 .3 1 .4 -6 .5 N Y Y
16 2 .8 -5 .9 2 .0 -5 .1 N N N
17 3.1 - 3 .2 3 .4 -7 .3 N N N
18 4.8 - 7.6 3.1 -6 .6 Y Y N

In summary, the conformational flexibility o f the antagonists was examined 

coupled with their fit to oii-AR pharmacophores, to theoretically examine in silico a\A- 

AR selectivity. The quinazoline antagonists and many of the literature compounds (10 

to 18) were not found to selectively fulfil one o f the different subtype pharmacophores, 

which would explain their non-selectivity in clinical studies. Compounds 1-8 were 

found to be active for the treatment o f BPH in pharmacological tests. For compounds 1, 

2 and 5, the 0!ia-AR pharmacophore was selectively fulfilled, which may explain the 

good activity determined experimentally. Compound 9 exhibited 0!ia-AR and q:id-AR 

selectivity, which may be useful in the treatment o f BPH.
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5.4 Discussion / Conclusions

In this chapter, we presented an in depth study o f  a series o f  non-selective qiia- 

AR and selective o!i-AR antagonists. Our aim was to elucidate the possible protonation 

and conformational states o f  these ligands upon reaching the binding site o f  the Q!ia-AR. 

The PA values obtained for the first protonation o f  the ligands are -2 5 0  kcal m o l ' .  This 

included the 1-nitrogen atom o f the quinazoline ring, the inner nitrogen (Na/Nc) o f  the 

bis-im ino-im idazohdinium and bis-guanidinium compounds, a nitrogen o f  the 

piperazine ring for compounds 9 ,1 0  and 13, at the heterogeneous bridge for compounds 

11 and 12 and at the sole nitrogen for compounds 14-17, and in the indole ring o f  

compound 18. In future chapters the nitrogen with the highest determined PA was 

protonated for all antagonists.^"^^ In addition, a good correlation was found between the 

PA values corresponding to the first protonation in gas phase o f  some o f the compounds 

studied and their corresponding experimental affinity constants Kj, which measure the 

actual affinity o f  the compounds for the 0 !ia-AR.

Accurate, computational, solvation methods are hampered by two 

interconnecting problems, the system size and the complex molecular environment. 

W hile the Onsager solvation technique has the advantage o f  simplicity and rapid 

computation times there are some limitations to its use. The Onsager method can fail for 

compounds were the electron distribution is poorly described by a dipole moment. The 

Onsager method is also only appropriate for relatively compact molecules that might 

reasonably be placed in a spherical cavity. The inclusion o f  solvation by means o f  the 

Onsager and PCM models, yielded stabilization in the PA values obtained. Therefore 

the protonation o f  these compounds in a solvated medium will be energetically favoured 

in all the cases.^"*  ̂ While the PCM solvation technique yields a more satisfactory 

description o f  the solute molecule it is for the larger molecules prohibitively 

com putationally expensive and often associated with technical difficulties.

The theoretical procedure to determine pKas involved DFT calculations to 

characterise the gas-phase system and then solvation by coupling to continuum solvent 

using self-consistent reaction field cycle. The pKa values obtained using the proposed 

thermodynamic cycle for the current clinical antagonists were in agreement with some 

experimental results, but not for other series o f  compounds. pKa calculations required 

reliable and highly accurate gas-phase protonation/deprotonation energy calculations as
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well as solvation energy calculations for both products and reactants. The theoretical 

method employed in the present calculations (B3LYP/6-31G*) is, by necessity, more 

approximate than the most extended methods applied to study smaller systems. 

Furthermore, it is important to mention that there is no solvation model, to the best of 

our knowledge complete enough to ensure the proper description o f pKa for all 

compounds.

Since the global minimum energy conformation o f a ligand does not necessarily 

need to be the pharmacologically active one, the conformational freedom o f the ligands 

under investigation was taken into consideration. The current clinical antagonists were 

not found to selectively fulfil the Q!ia-AR pharmacophore model, which would 

theoretically explain their non-selectivity in clinical studies. Another possibility is that 

the antagonists are interacting in a different site than those o f the training set for the 

pharmacophore and hence a fit to this pharmacophore may not be enough to estimate 

the viability o f the antagonist models. For compounds 1 and 5, once the alternative 

nitrogen site (NZ)) was used the Q!ia-AR pharmacophore model was fulfilled, which may 

explain the good activity determined experimentally. Compounds 2 and 6 exhibited the 

best activity and fitted the q;ia-AR pharmacophore model, although compound 6 also 

fulfilled the aiB*AR pharmacophore. However, compounds 3 and 7 also fulfilled the 

a!]A-AR pharmacophore model while exhibiting poor activity. Compounds 4 and 8 

exhibited high activity even though the Q!ia-AR pharmacophore criteria were not met 

i.e. there was no bridging polar group in these compounds. O f antagonists 9-18, 

compound 9 exhibits selectivity, in terms o f pharmacophore screening for the Q!ia-AR 

and Q!ib-AR subtypes over the q:ib-AR. Compound 9 may prove an interesting agent as 

antagonist inhibition at the oiia-AR subtype is useful in alleviating obstructive 

symptoms in cases o f BPH, while the blockade o f Q!id-AR may also be important for 

patients with irritative symptoms by reducing bladder o v e ra c tiv ity .T h e  remaining 

antagonists were not found to selectively fulfil the Q!ia-AR pharmacophore model.

All this information will be useful for the design and future synthesis o f new and 

more selective ccia-AR antagonists that could find application for the treatment o f BPH.
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Chapter VI: Agonist / Wia-AR Complexes 

-  Towards Receptor Activation

“In theory, there is no difference between theory and practice.;

In practice, there is. ”

Chuck Reid
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6.0 Introduction

Obtaining structural information about the interactions o f agonists with aiA-ARs 

has been hampered by the lack o f a GPCR crystal structure in the activated state.̂ "*'* 

Molecular modelling studies can facilitate the integration o f experimental observations 

and biophysical data into a mechanistic scheme for receptor structure and function and 

shall now be pursued. In this chapter, we will utilise our homology models developed in 

Chapter IV to examine the interactions o f agonists with the Q!ia-AR and the induced 

conformational changes.

The main features o f the catecholamine agonists include a basic nitrogen, a 

meta, para and beta hydroxyl and for Adrenaline a N-methyl group (see Figure 6.1). 

Mutagenesis studies o f the Oik- and ^ 2- ARs suggest that the amino group o f the 

catecholamines forms an electrostatic interaction with the carboxylate side chain o f an 

Asp in TM-III (Asp-106 in ttiA-AR), which is highly conserved in all aminergic 

GPCRs.^'*^’̂ '*̂  More recent studies have focused on the molecular interactions o f the 

catecholamines with the qiia- and Q!ib- AR subtypes,^*^’̂ '*̂ ’̂ '** for which Ser residues in 

TM-V may interact with the catechol hydroxyl groups, Ser-188 with the meta hydroxyl 

group and Ser-192 with the para hydroxyl group.

beta hydroxyl

ProtonstBd

metg hydroxyl N ^ y i

Figure 6.1: Diagram indicating the principal interacting features in Adrenaline.

The detailed activation mechanism for Class A GPCRs is still unknown, but has 

been postulated for a number o f receptors, including the Oia- and ^ 2- ARs (for 

reviews^'^^’̂ ®̂). Agonist binding may induce specific rearrangements in Pro kink regions 

or rigid body motions o f TM-V. Studies also support an important role for TM-VI in the 

network of conformational constraints required to maintain the receptor in the inactive 

state and a movement o f TM-VI relative to TM-III may result from agonist induced 

receptor activation.
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The direct use o f  the inactive bovine Rhodopsin crystal structure { ll9h)  as a 

template for m odelling the active receptor conformation remains questionable.^^’' T o  

circumvent this issue, Bissantz et manually rotated TM-VI by 30° anticlockwise  

around its helical axis to produce an activated form o f  the dopamine D3, the /32-AR and 

the 6  opioid receptors. Recently, an in silico  active form o f  the Rhodopsin structure was 

developed by isomerisation o f  the 1 1 -cis-retinal chromophore, followed by constrained 

dynamics. From this structure a hom ology model o f  the 5 -HT2a receptor was 

d e v e l o p e d . H o w e v e r ,  Carmine et suggested that the agonist-binding pocket o f  

the j82-AR is not rigid but is dynamically formed as the agonist builds an increasing 

number o f  contacts with the receptor. A s the receptor is “en route” to the active form, it 

could induce or change the configuration o f  the agonist-binding cavity. Therefore, the 

key agonist binding interactions and the active receptor conformation may develop in 

parallel, necessitating a dynamical approach.

In this work, w e have developed a stepwise protocol to examine the interactions 

between the catecholamine agonists and our developed Q!ia-AR  m odels. Our 

computational approach to model the Q!ia-A R  conformation induced by the interaction 

with a ligand involves:

1) Docking o f  agonists (A D  and N D ) to examine their interactions with our 

previously developed hom ology-derived models o f  the oiia-AR  in Chapter 

IV.

2) Performing M D simulations (1 ns) in a H2O/CHCI3/H2O membrane m im ic to 

refine the agonist/aiA-AR com plexes. Exploration o f  the structural changes 

that occur during the molecular dynamics simulations.

3) Further docking o f  the agonists into the ‘agonist-induced’ receptor forms 

developed in step 2 .

4) Further M D simulations (2 ns) o f  the agonist/aiA-AR com plexes to 

determine agonist binding m odes and the agonist induced receptor 

structures.

A  repeated cycling o f  steps 3 and 4 can be used to further refine the binding site.
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6.1 Docking of agonists with the aiA-AR Receptor Models

A minimum requirement for agonist activity is that the Hgand sterically fit the 

region o f buried volume inscribing the active site cavity, with some allowance for 

induced fit and conformational changes. From experimental mutagenesis studies the 

catecholamines are predicted to bind in a pocket formed by residues in TM-III through 

TM-VI, anchored by an interaction between the side chain o f Asp-106 in TM-III and the 

protonated nitrogen of the catecholamine. The probes o f the PASS utility represent 

potential binding sites for ligands o f arbitrary shape. As can be observed in Figure 6.2, 

there is a marked difference in the probes o f the two initial ccia-AR models in this site. 

In Model I, the probes form a branched conformation to extend to the three residues 

(Asp-106, Ser-188 and Ser-192), while Model II has a more compact binding site. As 

conformational differences have emerged in the two binding sites both q!ia-ARs (Model 

I and Model II) were used for subsequent docking studies, as the different start 

conformations allowed for greater exploration o f binding possibilities.

Figure 6.2: PASS probes for the binding site o f Model I (upper) and Model II (lower).
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The conformation o f  the cavities in the refined, 0!ia-AR structures (Final I and 

Final II, from Chapter IV), were also examined but were determined to be unsuitable for 

ligand docking. In Final I, the binding site has closed completely with interactions 

forming between A sp-106 and residues Ser-188 and Ser-192. Alternatively, with Final 

II, the site has expanded compared to the homology model and there are probes 

clustered about A sp-106 and Ser-188 (see Figure 6.3).

Figure 6.3: PASS probes for the binding site o f  Final I (upper) and Final II (lower).

To produce ‘agonist-induced’ receptor conformations the following protocol 

was pursued (see Scheme 6.1) utilising the outlined docking procedures (see Chapter 

III). The complexes were further refined through MD simulations (1 ns) to produce four 

‘agonist-bound’ receptor conformations, whose interactions were monitored through the 

formation and breaking o f  HBs and whose structural changes were analysed through 

RM SD analysis.
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Model I Dock I-AD MD FI-AD

> I-ND >  FI-ND

Model II +AD II-AD (Ins) FII-AD

+ND II-ND FIl-ND

Scheme 6.1: Computational pipeline illustrating the development o f agonist-bound 
receptor structures in Chapter VI.

6.1.1 Hydrogen Bond Analysis for the initial Agonist / Q!ia-AR Complexes

For Model I complexed v^ith adrenaline (termed I-AD) a number o f interactions 

consistent with mutagenesis studies were observed. The docked HB distance from the 

protonated nitrogen to the carboxylic group o f Asp-106 is 3.23 A (see Figure 6.4). The 

meta hydroxyl is 4.02 A from the oxygen o f Ser-188, while the para hydroxyl is 2.16 A 
from Ser-188.

Figure 6.4: Adrenaline docked with Model I, termed complex I-AD.

For the alternative Model II complexed with adrenaline (termed II-AD) the HB 

distance from the protonated nitrogen to the carboxylic group o f Asp-106 is 1.14 A (see 

Figure 6.5). The meta hydroxyl is 2.81 A from the oxygen of Ser-188, while the para 

hydroxyl is 3.20 A from the oxygen of Ser-192. However, the para  hydroxyl has a 

closer interaction with Ser-188, at a distance o f 2.07 A while the beta hydroxyl is close 

to Asp-106 (1.99 A) but is not appropriately orientated.
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closer interaction with Ser-188, at a distance o f 2.07 A while the beta hydroxyl is close 

to Asp-106 (1.99 A) but is not appropriately orientated.

Sari

3iOA

mk

m k

Figure 6.5: Adrenaline docked with Model II, termed complex II-AD.

Considering the noradrenaline complexes, for Model I complexed with 

noradrenaline (termed complex I-ND), the docked distance from the protonated nitrogen 

to the carboxylic group o f Asp-106 is long at 6.09 A, as the carboxylic group is 

orientated away from the ligand (see Figure 6.6). The para hydroxyl is 2.93 A from the 

oxygen of Ser-188. For the I-ND complex there is an additional interaction between 

Ser-188 and Ser-192 at 2.09 A.

_ Sbt-1

Ser-1

6i»Am k

Figure 6.6: Noradrenaline docked with Model I, termed complex I-ND.

Finally, for Model II complexed with noradrenaline (termed complex II-ND), 

the HB distance from the protonated nitrogen to the carboxylic group o f Asp-106 is 2.16 

A. The meta hydroxyl is 3.67 A from the oxygen of Ser-188, while the para hydroxyl is
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1.92 A from the oxygen o f Ser-188 and 5.00 A from the oxygen of Ser-192 (see Figure 

6.7).

I82il

W k

Figure 6.7; Noradrenaline docked with Model II, termed complex II-ND.

In summary, for three o f the docked complexes (the exception being complex I- 

ND) interactions occur with Asp-106 o f TM-III and Ser residues in TM-V in agreement 

with the available mutagenesis data. Our docking analysis is also in agreement with 

Pedretti et who recently determined that Asp-106 and the Ser residues in TM-V 

of qiia-AR, formed a network o f HBs with noradrenaline. Furthermore, our model 

complexes indicate that although EC-II is inserted into the TM region towards the active 

site, it does not form interactions with the docked agonists.

6.2 Molecular Dynamics Simulations of agonist/o'iA-AR Complexes

The initial four agonist/o!iA-AR complexes provided starting structures for 

further structural refinement through MD simulations (1 ns). These simulations allow 

for full receptor flexibility and optimisation o f the initial complexes.

6.2.1 Force Field Parameters for Agonists

The MM atom types and parameters concerned with the agonists were obtained 

from the General Amber Force Field (GAFF^^^).' Two additional angular terms, ca-c3-

' GAFF parameters used for adrenaline / noradrenaline included ca - an Sp  ̂C in pure aromatic 
systems, ha - a U bonded to an aromatic carbon, oh - an oxygen in a hydroxyl group, ho - a
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oh and ca-c3-hl, were included by analogy to similar parameters already present in 

GAFF. In addition, two improper dihedral terms, (ca-ca-ca-ha, ca-ca-ca-oh) were 

added to enforce the planarity o f the aromatic rings (1.1 kcal m o f', 180.0°). The two 

equilibrium angles and the corresponding force constants were fitted to best reproduce 

the geometries and IR frequencies obtained from DFT calculations. The fitted values for 

ca-c3-oh were 67.1 kcal m o l'\ 110.7° and for ca-c3-hl were 47.3 kcal mol"', 109.1°. To 

test the validity o f the agonist parameters, a comparison was made between 

experimentally (Expt.) and theoretically (DFT and MM) determined structures and 

f r e q u e n c i e s . T h e  experimental structures o f adrenaline and noradrenaline were 

optimised both at a DFT (B3LYP/6-31G*) and at a MM (Amber FF^^^) level. A high 

structural correlation was exhibited with the GAFF parameters reproducing geometric 

distances to a RMSD of 0.10 A from the crystal structures (see Table 6.1).

Table 6.1: RMSD (in A) o f  the expt. catecholamine structures optimised with DFT 
(B3LYP/6-31G*) calculations and fitted MM calculations.

Ligand Expt. vs DFT Expt. vs MM

Adrenaline 0.08 0.10

Noradrenaline 0.06 0.07

There was also a high correlation between the frequencies derived from the MM 

calculations (Amber FF^^^) and the experimental information available for adrenaline, 

with an RMSD of 23.18 cm ’ from the optimised structure (MM) to experiment. 

Dynamical simulations were used to further assess the quality o f the parameters (150 ps 

for each agonist in a water box) and both systems remained stable throughout. Such an 

examination o f the MM parameters aims to ensure that the MM calculations produce 

appropriate molecular geometries for the compounds.

6.2.2 Hydrogen Bond analysis for Agonist / aiA-AR Complex Simulations

Over the MD simulations (1 ns), HBs forming and breaking between the ligand 

and the receptor were monitored. For simulation I-AD, Figure 6.8 indicates the trends in 

HB occurrence between adrenaline and selected residues in the receptor. Despite a 

lengthening o f the donor-acceptor distance (d[D...A]) in the equilibration period the

Hydroxyl group, c3 - a Sp̂  C, hS - a K bonded to aliphatic carbon, n4 -  a Sp  ̂ N with four 
connected atoms and hn -a \{  bonded to nitrogen atoms.
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protonated nitrogen interacts steadily with Asp-106, throughout the simulation and 

sporadically with Cys-176. The meta hydroxyl o f AD forms an interaction with Ser- 

188, over the equilibration period which breaks and reforms by 300 ps. The para and 

beta hydroxyls do not form lasting interactions. The presence o f the N-methyl group in 

adrenaline may improve the binding affinity compared with noradrenaline by making 

additional correlated contacts after 300 ps with Thr-174 of EC-II and Trp-102 o f TM- 

III.
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Figure 6.8: Hydrogen Bond analysis in A for simulation I-AD. Optimisation and 
scaling steps, followed by the moving average trendlines (period o f 50 ps) over the 
production run (1 ns). The indicated distance for Trp-102 is d[C...O], for Asp-106 is 
d[N .. .0 ], for Thr-174 is d[C .. .0 ], for Cys-176 is d[N .. .0 ] and for Ser-188 is d [ 0 . . .0],

For simulation II-AD, HB interactions occur between the protonated nitrogen 

and Asp-106, which shortens after 400 ps (see Figure 6.9). The protonated nitrogen also 

forms an interaction with Glu-180 o f EC-II over the equilibration period. This is 

coupled with a lengthening o f the interaction involving Ser-192 o f TM-V. The RMSDs 

o f TM-V lengthened in the region o f 300-500 ps, and correspondingly an interaction 

between Ser-188 and the meta hydroxyl, lengthens after 300 ps, while the para 

hydroxyl interacts with Ser-192, after this point. Subsequently, for simulation II-AD, 

most HB interactions have stabilised by 500 ps.

— Trp-102 
-A sp -1 0 6

Thr-174
-C y s-1 7 6
— Ser-188
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Figure 6.9: Hydrogen Bond analysis in A for simulation II-AD. Optimisation and 
scaling steps, followed by the moving average trendlines (period o f 50 ps) over the 
production run (1 ns). The indicated distance for Asp-106 is d[N...O], for Glu-180 is 
d[N...O], for Ser-188 is d [0 .. .0 ]  and for Ser-192 is d [0 ...0 ] .

For simulation I-ND, the protonated nitrogen of Noradrenaline interacts steadily 

with both carboxylate oxygens o f Asp-106, (termed Asp-106a and Asp-106b in Figure 

6.10). The protonated nitrogen also forms interactions with Cys-176 and Gln-177 

(labelled Gln-177a, in the figure), o f EC-II indicating their close involvement in the 

binding site. The meta and para  hydroxyls form no substantial interactions over the 

simulations. However, the interaction between the beta hydroxyl and Gln-177 (labelled 

Gin-177b), lengthens at -400  ps, while interactions o f the beta hydroxyl with Asp-106 

gradually increase at this point. This interaction is in agreement with the study of 

Nyronen et al.,'^  ̂ where the j8-0H group is positioned to form an equivalent HB with 

Asp-113 of the 0 !2a-AR.
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Figure 6.10: Hydrogen Bond analysis in A for simulation I-ND. Optimisation and 
scaling steps, followed by the moving average trendlines (period o f 50 ps) over the 
production run (1 ns). The indicated distance for Asp-106 is d[N...O], for Cys-176 is 
d[N...O] and for Gln-177 is d [0 ...0 ] .

Similarly, for simulation II-ND, an interaction involving the protonated nitrogen 

and Asp-106, forms over the equilibration period and interacts over the production run, 

see Figure 6.11. The protonated nitrogen also interacts with Ser-188, which gradually 

lengthens after 400 ps. The meta and para hydroxyl do not form any lasting 

interactions, while the beta hydroxyl interacts with Cys-176.
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Figure 6.11: Hydrogen Bond analysis in A for simulation II-ND. Optimisation and 
scaling steps, followed by the moving average trendlines (period o f 50 ps) over the 
production run (1 ns). The indicated distance for Asp-106 is d[N ...O], for Cys-176 is 
d [0 .. .0 ]  and for Ser-188 is d[N...O].
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To summarise, there are interesting time dependent changes to the HB distances 

as the complexes restructure to accommodate the ligand. The main receptor regions 

involved in interactions include TM-III, TM-V and EC-II residues. The most consistent 

interaction occurs between the positively charged amine group of the agonists and the 

negatively charged side chain carboxyl of Asp-106 in TM-III of the Q!ia-AR. In general, 

this interaction is strong and anchors the amine group close to Asp-106. Interactions are 

developed with Ser-188 for simulations I-AD and II-ND, while that with Ser-192 is lost. 

At least one interaction with an EC-II residue, Cys-176, Gin-177 or He-178 is formed 

over each of the simulations, which again highlights the importance of this loop in the 

binding site.

6.2.3 Structural Analysis over the Molecular Dynamics Simulations of agonist / 

« ia-AR  complexes

The time dependent RMSD data of the TM helices were considered to examine 

structural changes induced by the agonists on the receptor. Little structural change 

occurred over the optimisation step, although this is often the only procedure used in 

computational binding studies.^^^ A marked increase in the RMSD was observed for all 

simulations over the heating step of the equilibration runs, as the receptor structures 

moves from a ‘rhodopsin-like’ conformation to a ligand induced conformation. In the 

following analysis, the trendlines for each helix are considered over the production runs. 

No marked structural changes from their original inactive states occurred for TM-VIII 

over the production runs of the four simulations, with greater deviations observed in the 

transmembrane helical regions (see Figure 6.12 - Figure 6.15).

For simulation I-AD, the initial structural changes through optimisation and 

heating begin to stabilise over the equilibration periods. However, a number of helices 

experience ongoing drifts in RMSD over the production run, for example, TM-I 

underwent a decrease in RMSD between 100-300 ps, TM-FV underwent an increase in 

RMSD between 600 -  800 ps, while TM-VII drifted between 300 -  400 ps (see Figure 

6.12). As noted in the previous section a HB interaction forms between Ser-188 and the 

meta hydroxyl at -100 ps, which corresponds to a slight movement of TM-V at this 

time. The overall RMSD analysis indicates that a structural rearrangement has occurred 

due to the presence of an agonist, which has stabilised by 800 ps of simulation.
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Figure 6.12: RMSDs in A for simulation I-AD. Optimisation and scaling steps, 
followed by the moving average trendlines (period of 50 ps) over the production run.

The structural deviations were not as marked over the equilibration period for 

simulation II-AD. An exception is TM-IV which rises sharply in RMSD over 

equilibration, exhibits a small decrease over the first 200 ps o f the production run, 

before stabilising after 600 ps (see Figure 6.13). Helical structural fluctuations were 

observed for simulation II-AD, with TM-I, and TM-V also structurally changing 

between 300-600 ps, which coincides with the changes in the HB patterns as observed 

in Figure 6.9. The remaining helices fluctuate around mean RMSD values throughout 

and have structurally stabilised by 800 ps.
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Figure 6.13: RMSDs in A for simulation II-AD. Optimisation and scaling steps, 
followed by the moving average trendlines (period o f 50 ps) over the production run.
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For simulation I-ND, after equilibration, most of the structural rearrangements occur 

in the region of 200 -  500 ps (see Figure 6.14). Small rises in RMSD were observed for 

TM-IV and TM-V in this region. TM-III undergoes a gradual RMSD drift over the first 

500 ps of the simulation, corresponding to an increase in interactions of Asp-106 with 

the beta hydroxyl of noradrenaline at this time. The RMSD changes for most helices 

have structurally stabilised by 800 ps, at which time a stable ligand-induced 

conformation has developed.
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Figure 6.14; RMSDs in A for simulation I-ND. Optimisation and scaling steps, 
followed by the moving average trendlines (period of 50 ps) over the production run.

Finally, for simulation II-ND, the largest structural deviations were observed for 

TM-VI over the equilibration period (Figure 6.15). TM-III and TM-V exhibit gradual 

structural changes over the first 400 ps of the production run, which corresponds to the 

lengthening of the interaction between noradrenaline and Ser-188. All the remaining 

RMSDs for the helices deviated around their mean values and have stabilised by 800 ps.
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Figure 6.15: RMSDs in A for simulation II-ND. Optimisation and scaling steps, 
followed by the moving average trendlines (period o f 50 ps) over the production run.

In summary, over the course o f the four production runs the deviations from the 

initial uncomplexed structures were measured via the RMSD. In general, for all four 

simulations structural changes have occurred and stabilised over the 1 ns production runs 

corresponding to a stabilised induced fit effect o f the ligand on the receptor structure.

6.2.4 Structural Analysis after Molecular Dynamics Simulations of agonist / aiA- 

AR complexes

After 1 ns o f MD simulations, the final structures o f the four complexes were 

averaged over the last 200 ps of the production runs, optimised and termed FI-AD, FI

ND, FII-AD and FII-ND. Both final adrenaline complexes contain interactions 

involving the protonated nitrogen; complex FI-AD contains a HB to Asp-106 and Cys- 

176, while complex FII-AD interacts with Asp-106 and He-178. Hence, both final 

complexes generated novel interactions with EC-II residues but have lost Ser 

interactions with TM-V. For the final noradrenaline complexes FI-ND, the agonist 

interacts with Asp-106, Cys-176 and Gin-177, while for complex FII-ND interactions 

involve Asp-106 and the only remaining TM-V interaction with Ser-188. As with the 

adrenaline complexes, the novel interactions involve EC-II residues. Hence, a major 

change in the final binding sites lies in the role o f the EC-II loop, which further inserts 

into the TM framework and is involved in binding interactions.
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The final structures of the two uncomplexed systems, Final I and Final II, as 

reported in Chapter IV, were compared with those of the agonist complexed structures 

developed in this study. The radius o f gyration of FI-AD (23.3 A) and for FI-ND (22.8 

A) is comparable to that o f Rhodopsin (21.96 A) and more compact than Final I (24.32 

A). Alternatively, the radius of gyration o f FII-AD (24.51 A) and FII-ND (25.03 A), 
have increased from the 23.94 A of Final II. The structural movement from the final 

uncomplexed to the final complexed receptor forms was again monitored through the 

RMSDs. A large overall RMSD is observed for the Ca  atoms, in the range o f 8.03 - 

8.56 A (see Table 6.2). Hence, structural changes have occurred for the agonist-bound 

receptor structures relative to the uncomplexed receptor forms. When focusing on the 

helices, for both FI-AD and FI-ND the maximum deviations are for TM-VI at 4.34 A 
and 4.39 A respectively, while for FII-AD it is TM-IV at 5.29 A and TM-II at 5.39 A 
for FII-ND, that exhibit the largest RMSD values.

Table 6.2: RMS differences (in A) for helices o f the final agonist complexes against the 
uncomplexed receptors Final I and Final II.

Helix FI-AD FI-ND FII-AD FII-ND

TM-I 2.17 3.21 3.83 3.67

TM-II 4.02 3.64 4.79 5.39

TM-III 2.33 2.03 3.68 4.31

TM-IV 2.68 3.65 5.29 4.86

TM-V 2.33 2.03 4.87 4.16

TM-VI 4.34 4.39 4.93 4.77

TM-VII 2.28 2.67 4.84 4.31

TM-VIII 1.13 0.95 4.63 3.38

C a  (all) 8.22 8.03 8.56 8.06

In the following sections we consider the « ia-AR models, FI-AD and FI-ND as 

‘agonist-induced’ structures. These receptor structures were chosen as there was a loss 

o f inter-helical interactions and HBs relative to the uncomplexed structure, coupled with 

a large movement o f TM-VI and a lengthening o f the donor-acceptor distance for the 

HB interaction o f the DRY motif.
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6.3 Utilisation of developed agonist-induced receptors to produce further 
agonist / « ia-AR complexes

Further MD simulations (2 ns) were performed on a series o f additional agonist / 

Q!ia-AR complexes (see Scheme 6.2). Firstly, the adrenaline in the FI-AD complex was 

mutated to noradrenaline and termed MI-ND. The original complex simulation (FI-AD) 

was also extended and termed El-AD. The extended and mutated complexes (El-AD 

and MI-ND) will illustrate the developed differences between the two agonist 

complexes commencing from the same starting mode. Next, adrenaline was redocked 

into the I-AD receptor structure, while noradrenaline was redocked into the I-ND 

receptor structure. The redocked complex simulations (RI-AD and RI-ND), were 

performed to further analyse the agonist-induced receptor structures. Finally, adrenaline 

was crossdocked into the I-ND receptor structure while noradrenaline was crossdocked 

into the I-AD receptor structure. The cross-docked complex simulations (CI-AD and 

CI-ND), examined the use o f the receptor structures in virtual screening.

Extension FI-AD EI-AD MD FEI-AD
 ►  ►  ►

Mutate FI-AD + ND MI-ND (2ns) FMI-ND

Redock

FI-AD FI-AD + AD RI-AD MD FRI-AD
 ►  ►  ►  ►

FI-ND FI-ND + ND RI-ND (2 ns) FRI-ND

\ Crossdock

FI-ND + AD CI-AD MD FCI-AD
 ►  ►  ►

FI-AD + ND CI-ND (2 ns) FCI-ND

Scheme 6.2: Computational pipeline illustrating the flow of ‘agonist-bound’ receptor 
structures through extension, mutation, redocking and cross-docking o f agonists in 
Chapter VI. Subsequent MD simulations (2 ns) were performed on each complex in a 
H2O/CHCI3/H2O membrane mimetic environment.
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6.3.1 Molecular Dynamics simulations of the extended adrenaline / Q!ia-AR 
complex and the mutated noradrenaline / aiA-AR complex

The comparison o f the extended and mutated complex simulations (EI-AD and 

MI-ND) will illustrate any developed differences between the two agonist complexes 

commencing from the same starting mode. For simulation EI-AD, the protonated 

nitrogen interacted in a correlated manner with Trp-102 and Asp-106 (labelled Asp- 

106a) over the first 1 ns o f the simulation (see Figure 6.16). However, as can be 

observed, the Trp-102 interaction lengthens after 1.2 ns, which corresponds to a 

lengthening of the Asp-106 interaction. The N-methyl group o f adrenaline interacts with 

residues Asp-106 (labelled Asp-106b) and Cys-176.
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Figure 6.16: Hydrogen Bond analysis in A for simulation EI-AD. Optimisation and 
scaling steps, followed by the moving average trendlines (period o f 50 ps) over the 
production run (2 ns). The indicated distance for Trp-102 is d[N ...O], for Asp-106 is 
d[N...O] and for Cys-176 is d[C...O].

Similarly, over simulation MI-ND, the protonated nitrogen interacts in a 

correlated way with Trp-102, Asp-106 and additionally Cys-176, see Figure 6.17. An 

interesting movement occurs at 1600 ps when there is a marked decrease in the HB 

distance for Asp-106, Trp-102 and Cys-176 corresponding to a decrease in the HB 

distance between the protonated nitrogen and Thr-174. By 1650 ps, there is a 

stabilisation of the HB interactions with the formation o f a HB with Thr-174, which 

remains for the rest o f the simulation.

Trp-102 
Asp-106a 
Asp-106b 
Cvs-176
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Figure 6.17: Hydrogen Bond Analysis in A for simulation MI-ND. Optimisation and 
scaling steps, followed by the moving average trendlines (period o f 50 ps) over the 
production run (2 ns). The indicated distance for Trp-102 is d[N...O], for Asp-106 is 
d [N .. .0 ] for Thr-174 is d[N .. .0 ] and for Cys-176 is d[N .. .0].

In many ‘Rhodopsin-like’ GPCRs, agonist binding to a cluster o f  aromatic 

residues in TM-VI may promote receptor activation by altering the configuration of 

TM-VI.^^^ In both simulations, there are three aromatic residues (Trp-285, Phe-288 and 

Phe-289) in TM-VI clustered around the binding mode. This aromatic cluster is 

hypothesised to further induce or stabilize an altered configuration o f the side chains 

within this cluster that could promote receptor activation.^^*^

6.3.2 Helical Movement over the extended adrenaline / « ia-AR complex and the

mutated noradrenaline / (Kia-AR  complex

Over the MD production runs (2 ns), the maximum Ca  RMSD was 4.09 A for 

the adrenaline complex (El-AD), while the noradrenaline complex (MI-ND) was lower 

at 3.68 A. The minimum helical deviation occurred for TM-II in MI-ND at 0.86 A and 

the maximum helical deviation occurred for TM-VI of EI-AD at 2.23 A. This 

movement is significantly smaller than for the simulations o f the initial docked agonist / 

0!ia-AR structures.

The time dependent RMSDs for simulation EI-AD were examined (Figure 6.18). 

The largest structural change occurs for TM-VI at 800 ps before structurally stabilizing 

at -1 .2  ns. TM-V gradually decreases in RMSD through the production run until -1300
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ps. There is almost no drift o f the helical RMSD after -1300 ps, by which time 

adrenaline has perturbed the receptor and optimised its interactions.
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Figure 6.18: RMSDs in A for simulation EI-AD. Optimisation and scaling steps, 
followed by the moving average trendlines (period of 50 ps) over the production run.

For simulation MI-ND, TM-IV and TM-VI experience the largest rise in RMSD 

over the equilibration period but are structurally stable over the production run. Little 

helical movement is observed until 400 ps o f the production run when larger RMSD 

changes are observed for TM-I and TM-VII than for simulation EI-AD (Figure 6.19). 

The remaining helices fluctuate about mean RMSDs and the helical RMSD have 

stabilized by 1600 ps, which corresponds with a stabilisation o f the HB interactions at 

this time.
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Figure 6.19: RMSDs in A for simulation MI-ND. Optimisation and scaling steps, 
followed by moving average trendlines (period o f 50 ps) over the production run (2 ns).
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As the two agonist complexes commenced from the same initial binding mode 

any structural differences can be considered to be a consequence of differences induced 

by the agonists. The main differences in the time dependent RMSD over the two 

simulations involved TM-I and TM-VII, which deviated more over simulation MI-ND 

than for simulation EI-AD, while TM-VI and TM-II in simulation EI-AD deviated more 

than in simulation MI-ND.

6.3.3 Structural analysis after the extended adrenaline / ckia-AR  complex and the

mutated noradrenaline / ckia-AR  complex Simulations

The averaged structures over the last 200 ps of the simulations were optimised 

and termed, FEI-AD and FMI-ND for the complexes. Two different structural 

conformations of the receptor emerge, with the overall average Ca RMSD of the final 

receptors being 3.94 A and with the largest helical RMS differences occurring for TM-I 

(1.79 A), TM-V (1.34 A) and TM-VII (1.99 A). As described earlier, the mobility of the 

EC-II loop, which includes residues Thr-174 and Cys-176, also has a strong effect on 

the shape of the binding site as it inserts more into the helical bundle over the 

simulation.

The overall analysis of the agonist extended and mutation studies indicates that 

the two agonists (adrenaline and noradrenaline) result in different final binding modes. 

For FEI-AD the final binding mode interactions involved the protonated nitrogen with 

Trp-102 (3.42 A) and the methyl linker with Cys-176 (3.99 A). For FMI-ND a larger 

number of principal interactions involved the protonated nitrogen with Trp-102 (3.31 

A), Asp-106 (3.37 A), Thr-174 (3.63 A) and Cys-176 (3.71 A), while the beta hydroxyl 

interacted with Thr-174 (3.80 A) and Tyr-316 (3.61 A). The superimposed final binding 

modes of the mutated complexes indicate that although they started from the same 

binding mode a different conformation was adopted for noradrenaline with the beta 

hydroxyl group orientated towards the TM-III (Figure 6.20).
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Figure 6.20: Superpositioning of the final binding modes, for FEI-AD (in red) and 
FMI-ND (in blue).

6.3.4 Molecular Dynamics simulations of redocked agonist/ajA-AR Complexes

The redocked complex simulations (RI-AD and RI-ND) were performed to 

further analyse the agonist-induced receptor structures. For simulation RI-AD, the 

hydrogens of the protonated nitrogen formed interactions with Asp-106, and Cys-176 of 

EC-II, which were the strongest interactions over the course o f the simulation (2 ns), 

Figure 6.21. The meta hydroxyl interacted initially with Ser-188, but switched to 

interact with Ser-192, after ~850 ps. The N-methyl group formed occasional correlated 

interactions with Trp-102 and Thr-174.
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Figure 6.21: Hydrogen Bond distances in A (donor-acceptor) for simulation RI-AD. 
Optimisation and scaling steps, followed by the moving average trendlines (period of 50 
ps) over the production run (2 ns). The indicated distance for Trp-102 is d[C...O], for 
Asp-106 is d[N...O], for Thr-174 is d[C...O], for Cys-176 is d[N ...O], for Ser-188 is 
d [0 .. .0 ] , for Ser-192 is d [0 ...0 ] .
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Noradrenaline was redocked into the FI-ND receptor structure and termed (RI

ND). The HB interactions optimise over the equilibration period and interactions largely 

occur between the protonated nitrogen and Asp-106, and with Gin-177, throughout the 

simulation, see Figure 6.22. Occasional interactions occurred between Ser-188, and the 

beta hydroxyl.
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Figure 6.22: Hydrogen Bond distances in A (donor—acceptor) for simulation RI-ND. 
Optimisation and scaling steps, followed by the moving average trendlines (period of 50 
ps) over the production run (2 ns). The indicated distance for Asp-106 is d[N...O], for 
Gln-177 is d[N...O] and for Ser-188 is d [0 ...0 ].

6.3.5 Helical Movement over the redocked agonist / « ia-AR Complexes

For simulation RI-AD, the RMSD analysis indicated an initial rise in RMSD for 

the helices over the equilibration period followed by stable RMSDs over the production 

run. Two exceptions included a gradual structural drift for TM-I over the simulation 

(see Figure 6.23) and two slight rises in RMSD at 0.9 ns and 1.7 ns for TM-VI.
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Figure 6.23: RMSDs in A for simulation RI-AD. Optimisation and scaling steps, 
followed by moving average trendlines (period of 50 ps) over the production run (2 ns).

In general, for simulation RI-ND, the helices undergo little structural change and 

have structurally stabilised by the end o f the production run (Figure 6.24). For this 

simulation, TM-VII exhibited the largest RMSD, which rose sharply over the course o f 

the equilibration period but was largely stabilised over the production run, while TM-I 

underwent a dip in RMSD between 200-1200 ps before rising in RMSD again.
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Figure 6.24: RMSDs in A for simulation RI-ND. Optimisation and scaling steps, 
followed by the moving average trendlines (period o f 50 ps) over the production run.
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6.3.6 Final Redocked agonist / aiA-AR Complex Binding Modes

The final binding mode o f simulation RI-AD, has both the beta hydroxyl (1.61 

A) and the protonated nitrogen (1.78 A) orientated towards the carboxylate group of 

Asp-106, while the N-methyl group is close to Thr-174 (2.62 A). A movement o f TM-V 

over the simulation facilitates the formation o f two Ser interactions in the final bound 

mode where the meta hydroxyl is close to Ser-188 (1.80 A) and the para hydroxyl is 

1.94 A from Ser-192 (see Figure 6.25).

Asp* J 06Ser-192
Adrenaline

Trp-102

Ala* 103

Cys-176
Thr-174

Figure 6.25: Final binding mode for RI-AD after 2ns MD simulations.

A marked difference is observed in the conformation o f the agonist after 

simulation RI-ND as the final binding site is quite closed, with a HB formed between 

Asp-106 and Ser-188 (1.6 A). In the final binding mode, the protonated nitrogen was 

involved in two interactions again with Asp-106 (3.59 A) and an EC-II residue, in this 

instance Gin-177 (3.23 A), see Figure 6.26. However, unlike the RI-AD simulation, the 

catechol hydroxyl groups are orientated away from the Ser residues o f TM-V.
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Ser-192
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Figure 6.26: Final binding mode for RI-ND after 2ns MD simulations.

6.3.7 Molecular Dynamics Simulations of the crossdocked agonist/ttiA-AR 

Complexes

The cross-docked complex simulations examined the use o f the receptor 

structures in virtual screening. Adrenaline was crossdocked into the FI-ND receptor 

structure and termed CI-AD. Over the course o f the production run, there where steady 

interaction distances involving the protonated nitrogen with Asp-106 and occasionally 

Thr-174, Figure 6.27. Further interactions developed with residues in EC-II, including 

Cys-176, with the N-methyl group and temporarily Thr-174 with the beta hydroxyl.
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Figure 6.27: Hydrogen Bond distances in A for simulation CI-AD. Optimisation and 
scaling steps, followed by the moving average trendlines (period o f 50 ps) over the 
production run (2 ns). The indicated distance for Asp-106 is d[N ...O], for Cys-176 is 
d[C...O] and for Thr-174 is d[O...N].
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Noradrenaline was cross-docked into the FI-AD receptor structure and termed 

CI-ND. For complex CI-ND, over the 2 ns production run, the protonated nitrogen 

interacted steadily and in a correlated motion with Asp-106 (labelled Asp-106a) and 

Trp-102. After 400 ps, the protonated nitrogen also interacted occasionally in a 

correlated manner with Cys-176 and Ala-103, Figure 6.28. Steady interaction distances 

were observed between the methyl linker and Asp-106 (labelled Asp-106b) and the 

nearby beta hydroxyl with Thr-174.
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Figure 6,28: Hydrogen Bond distances in A for simulation CI-ND. Optimisation and 
scaling steps, followed by the moving average trendlines (period o f 50 ps) over the 
production run (2 ns). The indicated distance for Trp-102 is d[N...O], for Ala-103 is 
d[N...O], for Asp-106 is d[N...O], for Thr-174 is d [0 .. .0 ]  and for Cys-176 is d[N...O].

6.3.8 Helical Movement over the crossdocked agonist/aiA-AR Complexes

Over simulation CI-AD, all the structural movement is in the equilibration 

period, although the movement is quite small (see Figure 6.29). There was little effect 

exerted by the crossdocked agonist on the receptor, other than on TM-I, which has the 

largest RMSD at 2.8 A. Similarly, a large RMSD of TM-I was observed over simulation 

I-ND.

— Trp-102 
-Ala-103

Asp-106a 
-Asp-106b

— Thr-174 
-Cys-176
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Figure 6.29: RMSDs in A for simulation CI-AD. Optimisation and scaling steps, 
followed by the moving average trendlines (period o f 50 ps) over the production run.

No major structural changes occur over the time-dependent RMSD data for 

simulation CI-ND (see Figure 6.30). The helical RMSDs experience only thermal 

fluctuations although TM-VIII has an interesting structural profile for this simulation 

with a marked decrease in the region o f 900-1100 ps.
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Figure 6.30: RMSDs in A for simulation CI-ND. Optimisation and scaling steps, 
followed by the moving average trendlines (period o f 50 ps) over the production run.

6.3.9 Final Cross-docked agonist / « ia-AR Complex Binding Modes

In the final binding mode of complex CI-AD, an interaction occurred between 

the protonated nitrogen and Asp-106 at a distance o f 3.30 A. The orientation o f the 

agonist in the binding site is indicated in Figure 6.31.
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Ser-192 Asp-106

Adrenaline

Ser-188
Cys-176

Figure 6.31: Final crossdocked binding mode of Cl-AD with Asp-106, Cys-176, Ser- 
188 and Ser-192 after MD simulation (2 ns).

For complex, CI-ND, the main interaction formed was between the protonated 

nitrogen and Asp-106 at 1.80 A and the beta hydroxyl with Asp-106 at 1.9 A (Figure 

6.32). It appears that noradrenaline has twisted in the active site so that the para 

hydroxyl is orientated away from the Ser residues in the final binding mode. No other 

close hydroxyl interactions were determined see Figure 6.32.

Ser-192

Alo-103

Ser-188

JSr
Cys-175

I hr-174

Figure 6.32: Final crossdocked binding mode o f CI-ND with Asp-106, Thr-175, Gln- 
177, Ser-188 and Ser-192 after MD simulation (2 ns).
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6.4 Comparison of Final agonist/aiA-AR Binding Modes

The three final bound conformations o f adrenaline were compared, namely FEI- 

AD, FRI-AD and FCI-AD, see Figure 6.33. The extended and crossdocked 

conformations o f adrenaline were conformationally the closest, as can be observed in 

Figure 6.33 there is a great deal o f overlay between these two conformations. The 

marked difference lies in the positioning of the beta hydroxyl group o f the redocked 

adrenaline which is orientated for an interaction with TM-III coupled with the 

positioning o f the meta and para hydroxyls for interactions with Ser residues in TM-V. 

As a consequence the RMSD from the redocked to the extended structure is 1.62 A and 

to the crossdocked structure is 1.74 A.

Figure 6.33: Superpositioning o f the FEI-AD (red), FRI-AD (blue) and FCI-AD 
(yellow) binding modes.

The three final bound conformations o f noradrenaline, namely FMI-ND, FRI- 

ND and FCI-ND, were also compared in Figure 6.34. The RMSDs o f the three 

conformations revealed that the mutated and crossdocked conformations o f 

noradrenaline were also the closest at 0.68 A. However, the binding site o f the redocked 

noradrenaline was relatively closed as a HB formed between Asp-106 and Ser-188 (1.6 

A). As a consequence the RMSD from the redocked to the mutated structure is 1.74 A, 
and to the crossdocked structure is 1.76 A.

Figure 6.34: Superpositioning o f the FMI-ND (red), FRI-ND (blue) and FCI-ND 
(yellow) binding modes.
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From our analysis the most representative agonist complexes that have good 

binding interactions, are complexes RI-AD and CI-ND. The HB analysis suggested a 

larger conformational fluctuation for noradrenaline (CI-ND) than adrenaline (RI-AD) 

over the course o f the simulations. There is also a notable difference in the 

conformation of the chain in the final binding modes o f adrenaline and noradrenaline 

(Figure 6.35). It is possible that adrenaline is doubly anchored by the additional 

interactions o f the N-methyl group.

Figure 6.35: Superpositioning o f the FRI-AD (red) and FCI-ND (blue) binding modes.

Both FRI-AD and FCI-ND, ‘agonist-induced’ structures proved to be 

stereochemically satisfactory after 2 ns, with 316 residues (99.3 %) in allowed regions 

with a further two loop residues (0.7 %) in disallowed regions for FRI-AD; while for 

FCI-ND, four residues were in disallowed regions (three o f which were loop residues) 

as shown in Figure 6.36.
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Figure 6.36: Stereochemical analysis for the final complexed structures; (a) FRI-AD 
receptor and (b) FCI-ND receptor.

141



6.5 Comparison between the Uncomplexed and Agonist Induced Receptor 
Conformations

So far, comparisons have been made with respect to our homology model with 

which we obtained the initial binding modes through docking. This has allowed us to 

examine the degree o f rearrangement during the dynamics and hence determine when 

structural change has occurred. However, determination o f the differences between the 

inactive and active forms of the receptor requires comparisons with an inactive form 

which has been equilibrated under the same conditions, see Chapter IV. In this study, 

two components o f receptor activation deduced from prior experimental and 

computational studies o f GPCRs were investigated for the Q!ia-AR, namely, (1) 

conformational changes in the ‘agonist-bound’ receptor form compared to the inactive 

form and (2) changes in the interactions of the conserved DRY and NPxxY motifs.

6.5.1 Conformational changes in the ‘agonist-bound’ receptor form

A comparative structural analysis was performed between the uncomplexed 

receptor form produced in Chapter FV (Final I) and the two representative ‘agonist- 

bound’ receptor forms. The two overall Ca  RMSD differences, between the 

uncomplexed and complexed forms, are quite similar at 5.68 A for FRI-AD and 5.25 A 
for FCI-ND (Table 6.3). In the helical regions, TM-I has the highest RMSD difference 

for the FRI-AD structure to the uncomplexed at 4.42 A, while for FCI-ND it is TM-VII 

at 3.99 A.

Table 6.3: Comparison o f uncomplexed (Final I) and agonist complexed receptor 
structures via RMSD (in A)._ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Helix FRI-AD FCI-ND

TM-I 4.42 3.28

TM-II 2.79 2.93

TM-III 2.64 2.58

TM-IV 2.55 2.76

TM-V 2.19 2.55

TM-VI 4.09 3.70

TM-VII 3.97 3.99

TM-VIII 0.86 0.89

C a (a ll) 5.68 5.25
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In the uncomplexed Final I, the active site is closed with interactions forming 

between Ser-192 and residues Asp-106 and Ser-188 (see Figure 6.3). Hence, the binding 

site is closed in the inactive receptor form and can not accommodate an agonist, 

highlighting the need for our protocol to develop an ‘agonist-induced’ receptor 

structure. The close interactions in the uncomplexed binding site between TM-III and 

TM-V are lost for both the ‘agonist-bound’ receptors as the active site opens to 

accommodate the ligand. Hence, with the adrenaline complex (FRI-AD), Ser-188 

interacts with Tyr-184 (3.02 A) and Val-185 (2.65 A) o f TM-V and Ser-192 interacts 

with Ala-189 (3.74 A) of TM-V but not with a TM-III residue. Similarly, for the 

noradrenaline complex (FCI-ND), Ser-188 interacts with Tyr-184 (3.21 A) and Val-185 

(3.05 A) of TM-V while Ser-192 does not form any interactions.

Agonist binding results in a movement o f TM-V away from TM-III on the 

intracellular side, with a subsequent repositioning o f the Ser residues o f TM-V, see 

Figure 6.37, the residues o f the uncomplexed Final I are indicated in grey, while the 

residues o f the complexed receptor are in colour.^^'’̂ ^̂  This movement was monitored 

by measuring the distances between the alpha carbons o f internal facing residues on 

each turn o f these helices. The intracellular opening between TM-III and TM-V is most 

marked for the helical turn on the intracellular side o f Pro-196 in TM-V. For the 

uncomplexed receptor the reference separation distance between the C a of He-199 in 

TM-V and of Leu-117 in TM-III is 6.96 A, while in the complexes it is notably larger at 

11.42 A for the AD complex and 10.55 A for the ND complex. Such an intracellular 

separation may be important for receptor activation as a change in the intracellular 

position o f TM-V may cause a change in the IC-III loop connecting TM-V to TM-VI. It 

is generally understood that IC-III plays an important role in receptor activation^^^’̂ '̂' 

and a change in IC-III may possibly facilitate G-protein interaction.
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a) b)

Figure 6.37: The original uncomplexed structure (Final I) is in grey, while after 2 ns 
TM-lII is in mauve and TM-V is in blue for the FRI-AD complex (a) and the FCI-ND 
complex (b). TM-III and TM-V were superimposed using the fitting protocol of 
Swissprot.

In rhodopsin and in the inactive Q!ia-AR, TM-VI exists in a kinked 

configuration, with its cytoplasmic end near to the cytoplasmic end o f TM-III. In our 

complexed receptor, flexibility about a Pro residue (Pro-287) in TM-VI results in a 

movement o f the cytoplasmic end o f TM-VI away from TM-III although different 

motions are observed for the two agonist complexes. We observe a marked lengthening 

o f the distance separating Leu-117 in TM-III from Val-278 in TM-VI fi-om 9.48 A in 

the uncomplexed receptor to 12.84 A for the ND complex, while the AD complex 

remains at 10.02 A. Conversely, for the distance separating He-120 in TM-III fi'om Gly- 

275 in TM-VI, the uncomplexed distance is 13.24 A while the AD complex distance is 

longer at 15.19 A and the ND complex distance is similar at 13.45 A. Furthermore, the 

extracellular separation distances have shortened as illustrated by the distance between 

the C a o f  Asp-106 in TM-III and o f Phe-288 in TM-VI, at 15.85 A for the uncomplexed 

receptor, to 13.62 A for the AD complex and 14.55 A for the ND complex. Hence, our 

Q!ia-AR results are consistent with a movement o f TM-VI away from TM-III, which 

was identified for Rhodopsin^^^’̂ ^̂  and in the /32-AR indicating similar activation
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6.5.2 Role of the conserved motifs DRY and NPxxY in Receptor Activation

As a change in the interaction o f conserved motifs such as the DRY or NPxxY 

motifs may facihtate activation o f the receptor such interactions were monitored over 

the uncomplexed and complexed simulations. In the uncomplexed receptor structure 

(Final I), Asp-123 o f the DRY m otif donates to both neighbouring Arg-124 and Tyr- 

125. However, for the complexed receptors, novel interactions are formed with Asp-123 

donating to Ile-119. Arg-124, a residue entirely conserved in all ‘Rhodopsin-like’ 

GPCRs, also interacts with residues in TM-I, TM-III and IC-III for the uncomplexed 

structure and for the adrenaline induced structure while in the noradrenaline induced 

structure, interactions between Arg-124 and TM-I and IC-III are lost, with interactions 

only occurring with other TM-III residues. Noradrenaline is hence hypothesised to 

promote conformational changes releasing Arg-124 o f the DRY motif so that it can 

reach a position suitable for G protein binding.

In the uncomplexed receptor, Asn-322 of the NPxxY motif^^'’̂ ^̂  forms various 

interactions with Asp-72 of TM-II, Ser-113 of TM-III and Ser-319 and Cys-320 of TM- 

VII. Again in the complexed simulations novel interactions are formed. For the AD 

complex, Asn-322 only interacts with its neighbouring Ile-321, while for the ND 

complex this residue interacts with Asp-72 of TM-II, forms a novel interaction with 

Val-277 of TM-VI and with Asn-318 of TM-VII.

Furthermore, in our analysis, a Ser-113/Asn-322 interaction is formed in the 

uncomplexed receptor and broken in the complexed forms, possibly freeing Asn-322 for 

other interactions such as with other TM-VII residues. This is consistent with the 

postulate o f Bruysters et that a Ser residue o f TM-III acted as a molecular switch 

in the activation o f the Histamine Hi receptor. Such a movement may change the 

orientation o f residues in IC-II and IC-III that allows for increased affinity o f coupling 

to the G-protein.

6.6 Discussion / Conclusions

The only available structural template, bovine Rhodopsin, has been crystallized in 

its inactive state that is conformationally different from an activated state. As a result, it 

is questionable if  the inactive Rhodopsin crystal structure is appropriate to use in 

modelling agonist/GPCR complexes.^^"* We have developed a protocol to produce

145



agonist induced receptor conformations and have examined the four initial complexes 

by docking and through MD refinement. MD simulations were conducted to induce 

different conformational states, and over 1 ns the main structural change involved a 

closing o f EC-II down over the helical barrel, perhaps by recognising the exposed side 

o f the agonist.

A further series o f MD simulations were performed utilising the agonist induced 

receptor structures to investigate the conformation and binding modes o f the complexes. 

The extended and mutation study (EI-AD and MI-ND) indicated that the two agonists, 

although structurally similar, adopted different binding modes over the course o f the 

simulations. The redocked and crossdocked simulations model the reorganisation o f the 

native receptor structure induced by an agonist. The analysis o f the interactions o f the 

catecholamine complexes confirms the mutagenesis experiments and suggests new 

residues involved in the agonist-binding site as the active form o f the receptor. In the 

model complexes the most critical interactions for the binding o f the agonists exist 

between the ligands and residues in TM-III, TM-V, TM-VI and TM-VII, which is 

consistent with many earlier reports. The molecular modelling results indicate that the 

contact residues for the protonated amine is Asp-106 in TM-III, for the catechol 

hydroxy groups are Ser residues in TM-V, while for the /3-OH it is Thr-174 for 

noradrenaline or Asp-106 in TM-III for adrenaline. The contact site for the extra methyl 

group of adrenaline is less clear but may involve TM-III or EC-II.

A comparison of the final bound conformations revealed marked differences in 

the positioning o f the beta hydroxyl group o f the redocked adrenaline when compared 

to the extended and crossdocked conformations. The beta hydroxyl in FRI-AD is 

orientated towards TM-III, were it can form an interaction with Asp-106. For the 

noradrenaline conformations the RMSD analysis revealed that the mutated and 

crossdocked conformations o f noradrenaline were also quite close in conformation. The 

marked difference lies in the positioning of the redocked noradrenaline, which had a 

relatively closed binding site as a HB formed between Asp-106 and Ser-188 (1.6 A).

A number o f steps may be envisaged when moving from agonist binding to G 

protein activation, including the movement o f TM-V away from TM-III. The observed 

changes in the intracellular end o f TM-V and TM-VI are consistent with conformational
275 276 277changes in activation that have been detected by computational ’ ’ and
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0 /a  '778 ’?7Q 7 8 1experimental studies. • - • - Upon examining the conserved residues in GPCRs, a

change to the environment o f Asp-123 of the DRY motif may cause Arg-124 to move 

out o f the TM helical bundle and change the orientation o f residues in IC-II and IC-III 

that allows for increased affinity o f coupling to the G-protein. However, 3 ns 

simulations performed in this study is a small fraction o f the ~ fis time believed for 

receptor activation, although the initial time period would be expected to be quite 

significant. Interpretation of motions is also complicated by the use o f homology 

models, as imperfectly placed side chains may not have enough time to relax to their 

desired positions. Nevertheless, this problem would cancel out to some extent between 

the various (complexed and uncomplexed) simulations and some information may still 

be extracted about how the motions differ in TM regions and depend on the bound 

ligand. Finally, the recent realization that GPCRs form homo-oligomeric and hetero- 

oligomeric complexes has added a new dimension to rational drug design. However, 

this important aspect o f GPCR biology remains largely unincorporated into schemes to 

search for new therapeutics.^®^

Despite these limitations, we have gained insights into the binding mode o f 

agonists to the q:ia-A R  and the subsequent conformational changes to the receptor 

structure in the production o f an ‘agonist-bound’ receptor form. Receptor binding and 

activation tests, combined with a 3D model o f the receptor, allow us to study the 

receptor in great detail, which improves our understanding of conformational changes 

that take place upon receptor activation. Our models agree with the mutagenesis data 

available to date, however, we await the production of an experimental crystal structure 

of an adrenoceptor in the inactive or active state for a thorough comparison.
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Chapter VII: Antagonist / qiia-AR Complex Study

“The outcome o f any serious research can only be to make two questions 

grow where only one grew before. ”

Thorstein Veblen
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7.0 Introduction

Rational development o f  novel antagonists requires an understanding o f  the 

interactions involved in antagonist binding to the 0 !ia-AR and the structural change 

induced. Antagonist binding is effected by A sp-106 mutations and so a number o f  

antagonist docking studies have been performed in the ligand binding site (see Chapter 

V I ) . M u t a g e n e s i s  studies have also identified that three consecutive residues (Gln- 

177, Ile-178 and Asn-179) o f  EC-II, are involved in Q!ia-AR subtype selectivity o f  the 

antagonist WB4101 (14).’^  A similar importance was placed on EC-II residues for the 

serotonin S-HTioreceptor^*^ and the 5-opioid receptor.^*"^ Perez et also postulated 

that Phe-308 and Phe-312 o f  TM-VII were important sites for o;i-AR antagonism. The 

principal residues involved in ligand binding are indicated in Figure 7.1.

Figure 7.1: Residues o f qiia-AR  which m ay be important for antagonist binding include 
the residues Asp-106, Ser-188 and Ser-192 in blue, the EC-II residues 177-179 in 
orange and Phe-308 and Phe-312 in green. The location o f  Asp-123 o f  the DRY m otif is 
also indicated in yellow.

Bissantz et performed docking simulations on minimised Rhodopsin-

derived GPCR structures, including the dopamine D 3, muscarinic M] and vasopressin 

Via receptors. Alternatively, Ishiguro et manually expanded the binding site o f  a i-
' ) Q ’1

ARs to facilitate binding o f  antagonists. Recently, Evers et al., developed an aiA-AR 

model utilising a docked antagonist as an additional restraint in the modelling 

procedure. Evers et al., subsequently performed virtual screening o f  a library o f  

ligands and concluded that rhodopsin based homology models m ay be used as the
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structural basis for GPCR lead finding and compound optimization. However, we 

believe that the inactive crystal structure template is not directly suitable for docking 

purposes, as the modelled binding sites are often too narrow to accommodate larger 

antagonists. While, the study o f Evers et addressed this point, it did not address 

the issue o f  conformational change, which is the basis o f  receptor activation or 

inhibition.

Through our molecular modelling studies we aim to facilitate the integration o f  

the available experimental observations and biophysical data into a scheme to examine 

receptor structure and functional blockade, hi this work, we examined the use o f  

homology models developed from the bovine Rhodopsin crystal structure in direct 

antagonist binding. We have developed a computational strategy to produce ligand 

induced receptor structures, which were further examined through redocking, 

crossdocking, virtual screening and subsequent MD simulations. We examined the 

binding modes for a variety o f  antagonist structural classes, both selective and non- 

selective for the Q!ia-AR. Our computational approach involved the following four 

steps:

1) Docking studies o f  antagonists with the Q!ia-AR  homology models, which 

facilitate an examination o f  the initial interactions. The antagonist complexes 

were optimised through short MD simulations (200 ps).

2) Extended MD simulations (1 ns) o f  antagonists/oiiA-AR complexes, involving, 

the ligands doxazosin, tamsulosin and compound 6, were performed in a 

H2O/CHCI3/H2O membrane mimic to simulate induced structural changes to the 

Q!ia-AR upon antagonist binding.

3) A series o f  23 antagonists were then docked with the ‘antagonist-bound’ 

receptor forms developed in step 2.

4) Further MD simulations (500 ps) were performed on the antagonist/receptor 

complexes to determine the interacting residues and the various binding modes 

adopted by the antagonists in the ‘antagonist-induced’ receptor forms.
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7.1 Analysis of Antagonists in the aiA-AR models

In this section, the two q:ia-AR homology models (developed in Chapter IV) 

were used for docking o f all antagonists (reviewed in Chapter V). The binding site was 

taken as all residues within 10 A o f Asp-106, Ser-188 and Ser-192 and the EC-II 

residues 177-179 as suggested by site directed mutagenesis studies. The antagonist / 

Q!ia-AR complexes were then refined through MD simulations (200 ps).

7.1.1 Interactions of the Clinical Antagonists with the Q!ia-AR  homology models

For the quinazoline series o f antagonists, prazosin, doxazosin, terazosin and 

alfuzosin, the MM atom types were assigned from GAFF.^** The quinazoline moiety 

requires two additional angular parameters, c3-os-ca and nh-ca-na" (with corresponding 

force constants o f 62.7 and 71.9 kcal mol ’, respectively), which were obtained by 

analogy to similar GAFF parameters. The two angular force constants were fitted to 

best reproduce the DFT (B3LYP/6-31G*) determined vibrational data with little 

resultant change to the force constants at 63.9 and 74.3 kcal mol ’. As a further 

validation o f the parameters used, MD simulations (200 ps) were performed on the four 

antagonists in water boxes from which stable structures emerged.

When the quinazoline antagonists were complexed with Model I, no interactions 

occurred with the postulated binding site residues over the course of the MD 

simulations (200 ps). For the Model II complexes. Asp-106 interactions were 

maintained with doxazosin, alfuzosin and terazosin, while interactions with Ser-188 

occurred only for alfuzosin and terazosin over the MD simulation (200 ps). Upon 

docking tamsulosin with both receptor models no initial interactions were formed with 

Asp-106. Hence, neither receptor model appears suitable for direct docking of this 

series o f ligands.

7.1.2 Interactions of Antagonists 1-8 with the « ia-A R  homology models

In the refinement process o f the MM parameters for the bis-imidazolidinium and 

bis-guanidinium class o f compounds (1-8), we first considered the simplified imidazole

" GAFF parameter assignment; the atom type cJ -  represents an sp3 Carbon; os - an ether or ester oxygen; ca - an 
sp2 aromatic carbon; nh - an amine N connected one or more aromatic rings and na - an sp2 N with three connected 
atoms.
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and guanidine structures. The C-N (c2-«2)"' bonded parameter was refined by fitting to 

DFT optimised structures (to 420.6 kcal mol"', 1.38 A ). The force constants o f the 

angular terms were also fitted to best reproduce the theoretical fi"equencies obtained 

fi’om DFT calculations at the B3LYP/6-31G* level scaled by 0.9614.'^^ This included 

c2-n2-hti (at 48.2 kcal mol’’, 120.0 °) and n2-c2-n2 (at 46.1 kcal m ol'’, 120.0°). In 

addition to structural and energetic properties, it is important to test the force fields 

ability to account for dynamical properties. This was accomplished by comparing the 

MM determined vibrational fi'equencies for imidazole (1634, 1691 and 1736 cm ') with 

experiment (1621, 1681 and 1767 cm‘').̂ ®̂

For the compounds of interest (1-8), the MM parameters were further validated by 

comparing the experimental^^® and theoretical vibrational fi'equencies o f the bis-2- 

imino-imidazolidinium compound 3 and the bis-guanidinium compound 7 (Table 7.1). 

291,292 ^  small RMSD of 20.3 cm ’ for compound 3 and of 32.7 cm’’ for compound 7 

were observed between the available experimental and MM determined frequencies 

with a RMSD. The similarity between the MM and QM derived ER. fi'equencies was also 

quite high (RMSD was 20.5 cm ’ for compound 3 and 39.9 cm’’ for compound 7). After 

the MD simulations (150 ps) o f antagonists 1-8 in a water box all compounds 

maintained an appropriate average planar structure.

Table 7.1: Comparison of experimental, DFT and MM, IR fi’equencies for compounds 
3 and 7in cm’’.

Com pound Assignment Expt. QM MM

3 C-H aromatic 3100 3109 3099

3 C=N 1630 1642 1632

3 1567 1569 1538

3 (H2)C-N(secondary) 1280 1284 1267

3 o = s = o 1135 1165 1148

3 C-H aromatic substituted in 1,4 positions 1083 1091 1119

7 C-H aromatic 3080 3085 3076

7 C=N 1655 1662 1669

7 NH'^ 1550 1543 1520

7 o = s = o 1130 1105 1121

7 C-H aromatic substituted in 1,4 positions 1085 1092 1093

G A FF param eter assignm ent; the atom  type c 2  -  represents an sp2 Carbon; n2 -  an aliphatic sp2 N w ith tw o  
con n ected  atom s and hn -  a H bonded to a nitrogen atom.
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Over the course o f the 200 ps MD simulations o f the bis-imino-imidazolidinium 

compounds (1-4) complexed with either Model I or Model II, no long-term interactions 

occurred with Asp-106, while some temporary interactions occurred with residues o f 

EC-II. For the bis-guanidinium compounds (5-8), a large range o f interactions occurred 

with different residues. A lasting Asp-106 interaction was maintained for compounds 6 

and 7 and occasionally for compound 8. Strong interactions were developed amongst 

the residues o f EC-II (residues 177-180) over the four guanidinium / Model II 

complexes. There were also a number o f interactions with TM-V, involving Ser-188 for 

compound 7 and Ser-192 for compounds 5, 6 and 8.

In summary, the guanidinium class o f antagonists (5-8) interacted better than the 

imidazolidinium class (1-4), particularly with Model II. This analysis corresponds with 

the experimental activities, which were in general higher for the guanidinium 

compounds. However, these receptor structures still do not appear appropriate for direct 

screening of all antagonists. Hence, we aimed to develop antagonist-induced receptor 

structures to be utilised in subsequent structure based drug design (SBDD) studies.

7.2 Extended Molecular Dynamics simulations for aiA-AR complexes

The Model II -  doxazosin complex (II-Dox), Model II -  tamsulosin complex (II- 

Tam) and Model II-6 complex (II-6) were chosen for further MD simulations (1 ns) 

performed in a H2O/CHCI3/H2O cell. Model II was chosen for the receptor as better 

interactions were observed with the ligands in its binding site. For the ligands, 

doxazosin is an example o f a non-selective Ofi-AR antagonist, while tamsulosin is a 

selective «ia-AR antagonist. Finally, compound 6 was chosen as this antagonist 

exhibited the best activity in pharmacological tests on our novel compounds.^’

7.2.1 Hydrogen Bond Analysis of the three antagonist / o;ia-AR  complexes

The initial docking o f doxazosin with the Q!ia-AR (complex II-Dox) resulted in 

the 4-amino group and the 6-methoxy group interact with Asp-106 (2.88 A / 2.50 A), 
while the 7-methoxy group is the closest to Ser-188 (4.28 A). The EC-II residues are in 

close proximity to the binding site allowing for interactions with Gin-177, similar to 

that recently observed by Pedretti et al. for their Q!ia-AR model
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Over the course o f the MD simulation (1 ns), a long lasting interaction was 

maintained between the protonated nitrogen and Asp-106, while there were sporadic 

interactions o f the neighbouring methoxy group also with Asp-106. No other HBs 

formed over the course o f the simulation.

For the initial Model II -  tamsulosin complex (II-Tam), the protonated 

phenethyl amine moiety is nearest to Ser-188, while the sulphonamide is close to 

residues 177-179 o f EC-II. Monitoring the percentage o f HB occurrence over the MD 

simulation (1 ns) it is evident that dynamics are essential to allow for reorientation of 

the ligand and optimisation o f interactions. Indeed, interactions with the two 

carboxylate oxygens o f Asp-106 formed with the sulphonamide moiety o f tamsulosin 

over the equilibration period (see Asp-106a and Asp-106b in Figure 7.2). Regarding the 

EC-II residues, an interaction between the sulphonamide and He-178 occasionally 

occurs. Furthermore, there are interactions involving Glu-180 with the protonated 

nitrogen (Glu-180a) and the adjacent methyl linker (Glu-180b) over the simulation.

8 0

<  5.0
— Asp-106a 

Asp-106b 
lle-178

— Glu-180a 
-G lu -180b

3.0

2.0

0.0
Scale 0 200 800400 eoo 1000Opt

Time (ps)

Figure 7.2: Hydrogen Bond analysis in A for simulation II-Tam. Optimisation and 
scaling steps, followed by moving average trendlines (period o f 50 ps) over the 
production run (1 ns). The indicated distance for Asp-106 is d[N ...O], for He-178 is 
d[N...O] and for Glu-180 is d[N...O].

For the docked complex II-6, a number o f interacting nitrogens are present (see 

Figure 7.3). One guanidinium moiety forms a HB with Asp-106 and He-178. The other 

guanidinium moiety is close to Ser-192 of TM-V. Over the MD simulation (1 ns), a 

steady interaction remains with Asp-106, while the EC-II residues, He-178 and Glu-180 

interact with an outer guanidinium nitrogen. The Glu-180 interaction involves both
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oxygens (Glu-180a until 500 ps and with Glu-180b throughout). At the other 

guanidinium moiety there are steady interactions with Ser-192 and Trp-285.

7.0

6.0

— Asp-106
— lle-178 

Glu-180a 
Glu-1B0b

— Ser-192
— Trp-265

<
O
C
(Q
to
O

2.0

0.0
Scale 0 200 400 600 800 1000Opt.

Time (ps)

Figure 7.3: Hydrogen Bond analysis in A for simulation II-6. Optimisation and scaling 
steps, followed by the moving average trendlines (period o f 50 ps) over the production 
run (1 ns). The indicated distance for Asp-106 is d[N...O], for lle-178 is d[N...O], for 
Glu-180 is d[N...O], for Ser-192 is d[N...O] and for Trp-285 is d[N...O].

In summary, the most notable changes in the HB occurrence for the three 

antagonist/ttiA-AR complexes were the development of an interaction between 

tamsulosin and Asp-106; and between compound 6 and Glu-180 and Trp-285 over the 

equilibration phase. Over the three production simulations, strong Asp-106 interactions 

were maintained with compound 6 and tamsulosin while it was less frequent for 

doxazosin. Simulations II-Tam and II-6 exhibited strong interactions with lle-178 and 

Glu-180, while only simulation II-6 forms interactions with both Ser-192 and Trp-285.

7.2.2 Structural analysis over the three antagonist/o'] a-AR complex simulations

The effects o f the interaction o f the three antagonists, doxazosin, tamsulosin and 

compound 6, on the conformation o f aiA-AR, were compared by monitoring the time 

dependent helical RMSDs over the MD simulations (see Figure 7.4). Again structural 

changes were observed over the equilibration periods, which stabilised over the 

production runs. Analysing the time dependent RMSD data for simulation II-Dox, TM- 

IV exhibited a rise in RMSD between 150 -  650 ps before undergoing a decrease in 

RMSD. The remaining helices exhibit structural stability throughout the production run.
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Figure 7.4: RMSDs in A for simulation II-Dox. Optimisation and scaling steps, 
followed by moving average trendlines (period o f 50 ps) over the production run (1 ns).

For simulation II-Tam, TM-II and TM-IV undergo a rise in RMSD over the 

equilibration period, which is followed by a gradual rise in RMSD, indicating a variety 

o f structural rearrangements over the course o f the simulation as it is perturbed by the 

antagonist (see Figure 7.5). Finally, considering the helical regions o f simulation II-6, 

for TM-I, there is a gradual decrease in RMSD before structural stabilisation at ~700 ps. 

A small rise in RMSD is observed for TM-II and TM-VII at ~300 ps before structurally 

stabilising, while TM-VI experienced a rise in RMSD until -800  ps. Finally, for TM- 

IV, a series o f dips and rises are observed.
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Figure 7.5: RMSDs in A for simulations II-Tam and II-6. Optimisation and scaling 
steps, followed by moving average trendlines (period o f 50 ps) over the production run 
(1 ns).

In summary, marked structural changes occurred for simulation II-Dox, with a non- 

selective antagonist and simulations II-Tam and II-6 with selective antagonists over the 

equilibration period with smaller movements over the production runs. For all three 

simulations the largest structural change over the production run occurs for TM-IV. The 

complex structures were averaged over the last 200 ps o f the MD simulations, optimised 

and termed FII-Dox, FII-Tam and FII-6.
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7.2.3 Binding modes after antagonist/ajA-AR Molecular Dynamics Simulations

An analysis was performed on the final binding modes o f the complexes for 

which different interactions were observed. For the final binding mode of FII-Dox, the 

only interaction present between the protonated nitrogen with Asp-106 (3.14 A), Figure 

7.6.

a)
Ser-192 Trp-285

Doxazosin

Asp-106

lie-178

Glu-180

Trp-285

b)

Asp-106lamsu bsin

Ser-192
e-178

Glu-!80

C) Asp-106

Ala-103

Compound 6

lie-178

Glu-180

Figure 7.6: Final binding modes o f (a) the FII-Dox complex, (b) the FII-Tam complex 
and (c) the FII-6 complex.
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The final optimised complex FII-Tam, again exhibits interactions with Asp-106 

(3.45 A) and Glu-180 (3.23 A) coupled with a reorientation o f the aromatic group of 

tamsulosin. The final binding mode o f FII-6 contains four HBs - with Asp-106 (3.26 A); 
Ser-192 (3.45 A); Glu-180 (3.23 A); and Ala-103 (3.76 A).

The final receptor structures with the ligands removed were termed II[Dox], 

II[Tam] and II[6]. The stereochemical analysis indicates that all three receptors are 

stereochemically acceptable, receptor II[Dox] having 312 residues (99.7 %) in allowed 

regions and only one tail residue in disallowed regions, while II[Tam] has three loop 

residues and II[6] has four loop residues in disallowed regions (see Figure 7.7).

IlfD oxl IIITatnl II161

-1 8 0  - 1 3 5  -9 0  -4 5  0 4S 90 13S 1 0 -1 8 0  -1 3 S  -9 0  -4 5  0 45  90 135  180  -1 8 0  -1 3 5  -9 0  -4 5  0 45  90  135  180

Figure 7.7: Stereochemical analysis o f final antagonist complexed structures after Ins 
o f simulation, lI[Dox], lI[Tam] and 1I[6] complexes.

In summary, three ‘antagonist-bound’ receptor structures were produced, which 

after initial structural changes exhibited largely stable helical RMSDs over the last 200 

ps o f simulation. Furthermore, the final receptor structures were stereochemically 

satisfactory and interactions were formed between the ligands and residues in TM-III, 

EC-II and TM-V.

7.3 Comparison of the various Wia-AR Models

By comparing the antagonist-induced receptor structures with the uncomplexed 

receptor (Final II from Chapter IV), we gain insights into the structural displacements o f 

receptor domains induced upon antagonist binding (Section 7.3.1). A comparison was 

also made between the effect o f functionally different ligands on the receptor structures, 

i.e. between an agonist-induced receptor conformation (FI-AD) and the three 

antagonist-induced receptor conformations produced in this chapter (section 7.3.2).
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7.3.1 Structural Comparison of Uncomplexed and Antagonist Bound OfiA-AR

The structural movement from the uncomplexed to the antagonist induced 

receptor forms was monitored through a RMSD analysis. A large overall RMSD was 

observed for the Ca  atoms in the range o f 5.93 A to 6.60 A, which indicates structural 

differences between the two states (see Table 7.2). The helical regions deviate to a 

maximum of 3.84 A in TM-VI for receptor II[6], indicating a structural difference 

between the uncomplexed and antagonist complexed receptor forms in the TM regions. 

For receptor structures II[Dox] and II[6], TM-VI exhibits the largest RMSD changes 

while for receptor structure II[Tam] it was TM-V at 2.88 A. The RMSDs for TM-I (3.30 

A), TM-II (3.29 A) and TM-IV (3.14 A) for receptor structure II[6] are also notably 

larger than for the other two receptor models. Hence, the three antagonists exert 

different effects on the various helical regions o f the receptor structure relative to the 

uncomplexed receptor form.

Table 7.2: RMSD differences in A, for helices o f final ‘antagonist-bound’ receptor 
structures from the uncomplexed receptor Final II.

Helix II[Dox] II|Tam] II[6]

TM-I 1.42 2.55 3.30

TM-II 2.67 2.74 3.29

TM-III 2.07 1.75 1.69

TM-IV 2.21 1.78 3.14

TM-V 2.65 2.88 2.09

TM-VI 3.63 2.41 3.84

TM-VII 2.06 2.51 2.66

TM-VIII 1.01 1.86 1.78

C a  (all) 6.60 5.93 6.44

Focusing on the helices involved in binding interactions, namely TM-III and 

TM-V, we observe noticeable differences between the uncomplexed receptor structure 

and the different final complexed structures (see Figure 7.8).
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a)

b)

c)

Figure 7.8: TM-III (mauve) and TM-V (blue) on left; TM-III (mauve) and TM-VI 
(orange) on right, for complex FII-Dox (a), for complex FII-Tam (b) and for complex 
FII-6 (c). The corresponding uncomplexed helical structures are indicated in grey.
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For the FII-Dox structure, the methoxy groups of the quinazoHne portion o f 

doxazosin are orientated towards the middle o f TM-III and the Pro kink region o f TM- 

V. The benzopyrane moiety o f doxazosin is also orientated towards both the 

extracellular side o f TM-V and TM-VI. For the FII-Tam and FII-6 complexes, the 

antagonists contact with the extracellular end of TM-III. For the tamsulosin complex, 

there is a different ligand orientation in the binding site with no interactions occurring 

with the extracellular end o f TM-V, which undergoes a helical straightening. Again, for 

the tamsulosin and compound 6 optimized complexes, additional space is created due to 

movement o f the Pro kink region TM-V, allowing for an additional interaction.

The variations in stabilizing features over the course o f the simulations were 

also monitored. The HB analysis indicated a large total number o f 238 HBs for receptor 

structure II[Dox], o f 231 for structure II[Tam] and of 227 for structure II[6], which is a 

decrease from the 245 HBs present in Final II. In terms o f interhelical HBs there are 24 

for structure II[Dox], 17 for structure II[Tam], while structure II[6] is equivalent to 

Final II with 15 interhelical HBs.

The Asp-123 residue o f the DRY motif donates to nearby Ile-119 for the 

uncomplexed and three final antagonist structures, while an additional interaction has 

formed with He-120 in all three final antagonist structures. The fully conserved Arg- 

124, interacts with He-120, Ser-121 for the uncomplexed and antagonist induced 

structures, and additionally with Asp-123 and Glu-267 for all three antagonist structures 

and also with Ser-59 o f IC-I for structure II[Dox]. Finally, Tyr-125 of DRY has a 

variety o f interactions which vary over the three final antagonist complex structures and 

interacts with Tyr-130 and Ser-121 for structure II[Dox]; to Ser-121, He-122 and Val- 

202 for structure II[Tam] and to none for structure II[6], while in the uncomplexed 

receptor Tyr-125 only has an interaction with He-122.

Regarding the conserved Asn-322 residue o f TM-VII, interactions are formed 

with Cys-280 and Asn-318 for the uncomplexed receptor structure, which has changed 

to interactions with Asp-72, Ser-113 and Asn-318 for receptor structure II[Dox]; Asn- 

67, Asn-318 and Ser-319 for receptor structure II[Tam]; and finally with Asn-67, Ser- 

113 and Ser-319 for receptor structure II[6]. The interactions o f the DRY and NPxxY 

motifs have changed during the conformational change induced by the antagonist.
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7.3.2 Structural Analysis between ‘Agonist-bound’ and ‘Antagonist-bound’ 
Receptor forms

In order to further investigate the structural component of activation of the 

human ccia-AR, an analysis of the differences between the ‘antagonist-bound’ and the 

‘agonist-bound’ receptor structures was performed. Taking the adrenaline-bound 

receptor structure (FI-AD) as a reference structure, the RMSD for the II[Dox], II[Tam] 

and II[6] receptor structures from it were determined (see Table 7.3). Across the 

receptor structures different helices exhibited the largest RMSD, with TM-II (3.32 A) 
for II[Dox], TM-VI (3.09 A) for II[Tam] and TM-IV (3.18 A) for II[6]. The differences 

in the RMSDs for the various antagonists again indicate that the ligands induce different 

changes to the receptor conformation.

Table 7.3: RMSD differences in A, for helices of selected antagonist complexes over 
Ins MD from the agonist-bound structure FI-AD.

II[Dox] II[Tam] II[6]

TM-I 2.56 2.83 3.08

TM-II 3.32 2.56 2.85

TM-III 1.66 1.61 1.30

TM-IV 3.37 2.47 3.18

TM-V 2.97 2.73 2.88

TM-VI 2.29 3.09 3.14

TM-VII 2.01 1.69 2.64

TM-VIII 0.89 1.87 1.84

C a (all) 6.46 5.41 5.65

There are a number of differences in the interactions of the DRY and NPxxY 

motifs as a consequence of agonist and antagonist binding. For the DRY motif in the 

agonist-complexed receptor, interactions were formed with Asp-123 donating to Ile-119 

while all three antagonists additionally interacted with He-120. For Arg-124 in the 

agonist-complexed receptor, a series of donations to residues occur in TM-I, TM-III and 

IC-III. For all three antagonist complexes, Arg-124, loses interactions with TM-I and 

donates to Ile-120, Ser-121, Asp-123 and Glu-267 and additionally with Ser-59 for 

structure II[Dox].
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Regarding the NPxxY motif for the AD complex, Asn-322 interacts solely with 

its neighbouring Ile-321. For the antagonist complexes, differing interactions from the 

agonist-bound receptor are formed. Interactions are formed with Asp-72, Ser-113 and 

Asn-318 for structure II[Dox]; Asn-67, Asn-318 and Ser-319 for receptor II[Tam]; and 

finally with Asn-67, Ser-113 and Ser-319 for receptor II[6]. Hence, all three antagonists 

form an interaction with a TM-II and TM-VII residue, while doxazosin and compound 6 

form an additional interaction with a TM-III residue.

This analysis indicates that the uncomplexed, ‘agonist-bound’ and ‘antagonist- 

bound’ receptor models are structurally different and experience different interactions 

for the conserved motifs. These results suggest that binding of agonists and antagonists 

induces different types of conformational changes in the Q!ia-AR, which is in agreement 

with the different responses of the receptor when interacting with each.

7.3.3 Comparative study of uncomplexed, agonist-bound and antagonist-bound 

receptors

Figure 7.9 indicates the RMSDs calculated for each helix of the AD complex 

and compound 6 complex compared with the ligand-free state, which for clarity were 

taken as reference agonist and antagonist compounds. Specifically, the agonist 

adrenaline, produces a larger effect on helices TM-I, TM-VI and TM-VII, whereas the 

antagonist, compound 6, induces larger changes in TM-II and TM-IV. The previous 

finding of the importance of structural changes in TM-III and TM-VI for the activation 

of the receptor is consistent with deductions made from experimental spin labeling 

studies of light activation of rhodopsin and with results previously found for the 132-  

AR.®̂ ’̂ '
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Figure 7.9: RMSD values o f each hehx in the adrenahne complex and the compound 6 
complex compared with the corresponding helix in the ligand-free receptor.

By examining the differences in the inactive ligand-free, the inactive antagonist- 

bound and the active agonist-bound complexes obtained, a number o f sites can be 

proposed for future mutagenesis studies. Among the residues common to both agonists 

and antagonists, are Asp-106, Ser-188 and Ser-192. As shown, ligands that bind in the 

same binding pocket can nevertheless have both common and distinct receptor-residue 

interactions. The main variations occur in interactions with contact residues o f EC-II. 

Specifically, Thr-174 is recommended for a mutation that could affect agonist 

activation, as it is involved in four o f the agonist-bound simulations and none o f the 

antagonist bound simulations. Among the residues involved in the interaction with our 

tested antagonists that are not present in the interactions o f the agonists are He-178, 

Asn-179 and Glu-180 of EC-II. Two o f these (Ile-178 and Asn-179), were previously 

identified by mutagenesis studies as being involved in subtype selectivity o f the 

antagonist WB4101.''^® The additional residue, Glu-180, to our knowledge has not been 

considered in mutagenesis studies. Mutations at these sites would be particularly useful 

in providing additional insights into the validity o f the models and the ligand binding 

pocket.

In summary, the different effects on receptor conformation o f agonist and 

antagonist binding were examined by comparison o f the ligand-receptor complexes with 

each other and with the ligand free receptor model. These complexes were used to probe 

the mechanism of receptor activation by identifying differences in receptor
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conformation between the agonist and the antagonist complexes during unconstrained 

dynamics. They also allowed the selection o f candidate sites for future mutagenesis 

experiments. The overall analysis indicates that the ‘antagonist-bound’ receptor is in a 

different conformation than the uncomplexed inactive state.

7.4 Redocking and Crossdocking of Antagonist Structural Classes with the 
‘antagonist-induced’ OfiA-AR models

In the following sections we utilized the developed ‘antagonist-bound’ receptor 

conformations, II[Dox], II[Tam] and II[6] for redocking antagonists o f the same 

structural class. The receptor structure II[Dox] was utilized for redocking the 

quinazoline class, receptor structure II[Tam] for redocking tamsulosin and receptor 

structure II[6] for redocking the bis-guanidinium and bis-imidazolidinium compounds 

(1-8), see Scheme 7.1. A series o f crossdocking experiments were also performed to 

examine the use o f the different ‘antagonist-bound’ receptor forms in general ligand 

screening. The quinazoline based antagonists were crossdocked with the II[Tam] 

receptor structure. For the selective antagonist tamsulosin we crossdocked with the 

II[Dox] receptor structure. Finally, for the bis-guanidinium and bis-imidazolidinium 

compounds (1-8) we crossdocked with the II[Dox] receptor structure.

FII[Dox] X = Qin 

FII[Tam] + Y = Tam 

FII[6] Z = Comp. 1-8

Redock

X,Y,Z

Crossdock-

X,Y,Z

II[Dox]-X

-►lI[Tam]-Y

II[6]-Z

II[Tam]-X

->II[Dox]-Y-

II[Dox]-Z

MD 

-*(500 ps)

MD 

-► (500 ps)

FII[Dox]-X

-►FII[Tam]-Y

FII[6]-Z

FII[Tam]-X

-►FII[Dox]-Y

FII[Dox]-Z

Scheme 7.1: Computational pipeline for use o f ‘antagonist-bound’ receptor structures in 
Chapter VII, where X, Y and Z indicate the various antagonists, Qin. for the 
quinazolines and Tam for Tamsulosin.

166



7.4.1 Binding Interactions of Current Clinical Antagonists -  Quinazoline Class - 

with the ligand-induced ^ia-ARs

The receptor structure II[Dox] was redocked with the current clinical antagonists 

alfuzosin, terazosin, prazosin and doxazosin for which a large variety o f interactions 

emerged over the MD simulations (500 ps). For the II[Dox]-dox complex, the 4-amino 

group interacts with both Asp-106 and Tyr-316, while an oxygen o f the pyrane ring 

interacts occasionally with Met-292 over the simulation (Figure 7.10). For the alfuzosin 

complex, while the 4-amino group is close to Asp-106 it is not correctly orientated for 

binding. However, Glu-180 of EC-II interacts with the furan ring o f alfuzosin and Ser- 

188 interacts with a methylene linker. For the terazosin complex, the 4-amino group 

interacts with He-157, Ser-158 and Ser-188; while Ser-192 interacts with one o f the 

methylene linkers. For the structurally similar antagonist prazosin no interactions were 

observed.

Asp-106
Doxazosin

Figure 7.10: Binding mode o f doxazosin in the FII[Dox]-dox complex.

When cross-docked with receptor structure II[Tam], the protonated nitrogen of 

doxazosin interacts with Asp-106, while a methoxy group interacts with He-178. For the 

prazosin and terazosin complexes, similar binding interactions were observed with the 

4-amino group interacting with Asp-106. Secondary interactions involved a methoxy 

group and He-178 for terazosin and Gin-166 for prazosin. Ser-296 is also in close 

proximity to the carbonyl group connected to the piperazine ring o f the three 

antagonists. For the crossdocked alfuzosin complex, the protonated 1-nitrogen o f the
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quinazoline ring interacts with Asp-106 while a neighbouring methylene linker interacts 

with Glu-180.

The analysis indicates that the two ligands have induced slightly different effects 

on the binding site and upon redocking into II[Dox] and crossdocking into II[Tam] 

different binding modes emerge for the quinazoline ligands. With receptor structure 

lI[Dox], only doxazosin forms an interaction with Asp-106, while terazosin forms a 

series o f interactions with Ser residues including Ser-158, Ser-188 and Ser-192. 

Stronger anchors are formed between the 4-amino group of the quinazoline antagonists 

and Asp-106 with receptor structure II[Tam], while secondary interactions involved the 

extracellular end of TM-IV and the neighbouring EC-II. For the antagonist alfuzosin, an 

interaction occurs with Glu-180 of EC-II and Ser-188 of TM-V for both receptors 

II[Dox] and II[Tam],

7.4.2 Examination of Interaction Energies, Binding Energies and Binding
Affinities for the quinazoline antagonists with the iigand-induced ckia-ARs

Through examining the interaction and binding energies, coupled with the 

predicted binding affinities an estimate o f the fitness score o f a ligand molecule to its 

target protein can be obtained for that given complex structure. Ligand interaction and 

binding energies are highly dependent on the correct prediction o f the bound structure of 

a ligand and on an accurate prediction o f all interactions involved. As the solvation 

contribution to the binding free energy is determined as the difference between 

solvation fi"ee energies o f the complex, the receptor and the ligand (the first two usually 

being on the order o f 10  ̂ -  10"* kcal mol'*), small absolute errors in these solvation fi-ee 

energies lead to large (relative) error in the predicted binding free energy. Hence, 

estimating reliable ligand binding energetics is a challenging task. In this study, the 

complexes were averaged over the last 200 ps o f simulation, were optimised under 

solvated conditions and the IE and BE values were obtained as static Amber MM 

calculations. Examining the IE and BE, doxazosin, which was utilized in developing the 

lI[Dox] receptor structure had the strongest interaction when redocked with receptor 

structure II[Dox], followed by alfiazosin, terazosin and prazosin (see Table 7.4). For the 

lI[Tam] structure, which was not developed utilising a quinazoline ligand, different 

orders were observed for IE and BE. In terms o f IE, terazosin had the strongest 

interaction, followed by alfuzosin, doxazosin and prazosin. In terms of BE, doxazosin
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followed by alfuzosin, prazosin and terazosin had the strongest interactions with 

receptor II[Tam], see Table 7.4.

An essential element in the Hgand design process is to predict binding affinities 

(BAs) for candidate ligands. It provides a means to score compounds and screen virtual 

compound libraries in an attempt to enhance selection o f  those members, which are 

most likely to be active against the target o f interest. The BAs o f the final complexes 

were estimated using the XScore scoring function. In terms o f BA, doxazosin scored 

best and alfuzosin lowest for both receptor structures. However, the predicted antagonist 

affinities range from 5.84 - 7.38 can be assigned as medium affinity drugs (5.0 < -logK<j 

<  8.0).^^^

Table 7.4: Interactions Energies (lEs) and binding energies (BEs) (in kcal m ol'')  for the 
quinazoline antagonists with receptor structures II[Dox] and II[Tam]. Binding Affinities 
(BAs) v/ere determined w'ith Xscore.

Compounds IE EIE BA
II[Dox] II[Tam] II[Dox] II[Taml II[Dox] II[Tam]

Alfuzosin -224.4 -251.2 -320.4 -206.1 5.84 5.87

Doxazosin -246.3 -246.1 -310.6 -336.9 7.27 7.38

Terazosin -169.3 -262.8 -669.8 -179.3 6.58 6.25

Prazosin -72.9 -271.2 -286.8 -238.8 6.47 6.4

The predicted binding affinity scores and the experimental binding constants (Ki, 

nM)^^ for the cci-ARs antagonists, prazosin, alfuzosin, doxazosin and terazosin follow a 

similar trend but a low correlation was found for receptor II[Dox] with an o f  0.36 

and an even smaller correlation for II[Tam] with an o f  0.32. As prazosin appeared is 

an outlier the R^ values were recalculated for the other three quinazoline antagonists, 

which resulted in a higher R o f 0.99 for receptor structure II[Dox] and an R o f 0.89 for 

receptor structure II[Tam]. This analysis indicates a high correlation between the 

predicted binding affinity scores and the experimental binding constants o f  the three 

quinazoline ligands with both receptor structures.
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7.4.3 Binding Interactions of the Current Clinical Antagonist -  Tamsulosin - with 

the ligand-induced Uia-ARs

When tamsulosin was redocked with the II[Tam] receptor structure, over the 

production run the protonated phenethyl amine moiety interacts with Glu-180, while the 

sulphonamide group interacts with Asp-106 and lie-178, see Figure 7.11.

TittiLsntosm

Figure 7.11: Binding mode o f tamsulosin in the FII[Tam]-tam complex.

When tamsulosin was crossdocked with the ll[Dox] receptor structure a 

different binding mode is observed, Figure 7.12. The ethanyl amine chain o f 

tamsulosin, interacts with Asp-106 and Ser-188 while the Glu-180 interacts with the 

methoxy group. This is in agreement with the postulate o f Ishiguro et that the 

phenethyl amine moiety interacts with the carboxylic acid o f Asp-106 in TM-III and the 

methoxy group with the hydroxyl group o f Ser-188 in TM-V.
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Tamsulosin

Asp-106
Ser-188

Glu-180

Figure 7.12: Binding mode o f tamsulosin in the FII[Dox]-tam complex.

Lower lEs were determined for tamsulosin redocked into receptor structure 

II[Tam] at -255.1 kcal mol"' than with receptor structure II[Dox] at -236.4 kcal mol''. 

Similarly, the BEs were -356.3 and -239.0 kcal mol ' respectively, indicating that 

tamsulosin redocked better into the receptor structure induced by tamsulosin than into 

the quinazoline induced receptor structure. The computed BA results at 6.95 and 6.08 

respectively, again correspond with a medium range affinity for tamsulosin with the 

ttiA-AR. In summary, it is the receptor structure developed with the ligand which gives 

rise to stronger ligand-receptor interactions, as determined by the IE, BE and BA.

7.4.4 Binding Modes of Antagonists 1-8 with the ligand-induced aiA-ARs

The series o f antagonists (1-8), were redocked into receptor structure II[6] for

which poor interactions with the receptor were observed for all the complexed

imidazolidinium derivatives (1-4). A better series o f interactions were observed for the

guanidinium compounds. For the II[6]-5 complex the outer guanidinium nitrogens

interact with Asp-106, He-178 and Glu-180 at one end and with Cys-110, Thr-111 and

Ser-192 at the other guanidinium moiety. For the complexes of compounds 6-8 all three

interact with Asp-106, He-178 and Glu-180 at one guanidinium end and only differ in

their interactions at the other end of the molecule. All three interact with Cys-110 and
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Ser-192, while the II[6]-6 and II[6]-8 complexes also interacts with Trp-285 (see Figure 

7.13). The II[6]-7 complex additionally interacts with Ser-188. Hence, the main 

interactions for compounds 5-8, involve TM-III residue Asp-106, EC-II residues He-178 

and Glu-180 at one guanidinium end and TM-III residue Cys-110, TM-V residues Ser- 

188 and Ser-192 and TM-VI residue Trp-285 at the other.

1-188

Figure 7.13: Binding mode o f compound 6 in the II[6] receptor structure.

To further investigate the different behaviour o f the imidazolidinium derivatives 

with respect to the guanidinium derivative, compound 6 was mutated to all the 

compounds 1-8 and further MD simulations (500 ps) were performed. For compounds 

1-4, interactions appear to again be sterically prohibited due to clashes with A la-103 

and no favorable interactions occurred. Similar interactions occurred with the 

guanidinium compounds as in the previous redocked analysis.

When antagonists 1-8 were crossdocked in receptor structure II[Dox], again 

there were no interactions formed for the imidazolidinium compounds 1-4, as they 

appear too large for the site and are sterically hindered. The smaller bis-guanidinium 

compounds form a number o f interactions. Compound 5, only utilized one half o f the 

molecule to form two interactions involving the outer guanidinium nitrogens with Asp- 

106 and Ser-188. For the remaining compounds, 6-8, both guanidinium ends o f the 

molecule were involved in forming interactions but they differed from the binding
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modes observed in II[6]. For compound 6, six interactions are observed involving Asp- 

106, Glu-180 and Met-292 orientated around one guanidinium end and Thr-111, Ser- 

188 and Ser-192 around the alternative guanidinium moiety (Figure 7.14). For the 

II[Dox]-7 complex, a different orientation was observed, with one guanidinium moiety 

interacting with Asp-106 and Gly-315, while the alternative end interacts with He-178, 

Glu-180 and Met-292. For the II[Dox]-8 complex, interactions occur with Asp-106, 

Ser-188 and Ser-192 at one end and Asn-179 and Met-292 at the other guanidinium end.

Figure 7.14: Binding mode o f compound 6 in the II[Dox] receptor structure.

In summary, when the series o f antagonists (1-8) were redocked into receptor 

structure II[6] and crossdocked into receptor structure II[Dox] poor interactions were 

observed for all the complexed imidazolidinium derivatives (1-4) while better 

interactions were observed for the guanidinium compounds (5-8). This finding 

correlates with the observed experimental data, for which the guanidinium compounds 

exhibited a higher percentage inhibition o f the contraction of noradrenaline in tissue 

with BPH.^’ Again differences were observed in the binding modes o f the various 

guanidinium compounds for the two ligand induced receptor models. The main 

interactions, occurring at both ends o f the guanidinium derivatives, involved Asp-106, 

Cys-110 and Thr-111 in TM-III, a variety o f EC-II residues including Ile-178, Asn-179 

and Glu-180 and Ser-118 and Ser-192 in TM-V. Additionally, there was an interaction

173

Compound 6

Met-292



formed with Trp-285 for complex II[6]-6 and with Met-292 and Gly-315 for a number 

o f crossdocked complexes. In this study, residues in EC-II appear particularly important 

in the binding of the guanidinium antagonists, including Ile-178, Asn-179 and Glu-180.

7.4.5 Examination of Interaction Energies, Binding Energies and Binding 

Affinities for antagonists 1-8 with the ligand-induced aiA-ARs

A comparison o f the IE, BE and BA values was performed for antagonists 1-8 

with receptor structures II[Dox] and II[6], see Table 7.5. In general, for the II[Dox] 

receptor structure the guanidinium compounds have lower lEs than the imidazolidinium 

compounds. Compound 6 scores the lowest, which is in agreement with the available 

experimental data.^' Furthermore, all the lEs are lower for receptor II[6], which was 

induced by an antagonist o f this structural class, than with the II[Dox] receptor 

structure. In terms o f BEs, compound 5 was ranked the lowest, followed by compound 2 

and then compound 6. Alternatively, compound 1, 8 and then 6 exhibited the lowest 

BEs with receptor structure II[6]. Hence, in both instances, compound 6, which 

performed best in biological studies^' was ranked third lowest by BE. However, the BE 

are very poor for receptor II[6] even though the structure was generated with compound 

6 bound.

As expected the predicted binding affinities o f the guanidinium compounds 

with receptor II[6] are notably higher than with receptor structure II[Dox]. However, the 

imidazolidinium compounds have a higher predicted affinity than the guanidinium 

compounds in contrast with the experimental data^’ (see Table 7.5). This analysis calls 

into question the general applicability o f this scoring function to accurately predict 

binding affinities particularly for this class o f ligands.
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Table 7.5: Binding Interactions (in kcal mol ') for the antagonists (1-8) with the 
receptor structures II[Dox] and II[6]. Binding Affinities were determined with Xscore.

Interaction Energy Binding Energy Binding Affinity
Compound II[Dox] IIf61 II[Doxl IIf6] IlfDox] II[6]

1 -386.5 -389.2 -194.2 -144.9 7.19 7.45

2 -386.1 -452.2 -497.4 33.1 7.57 7.41

3 -401.0 -430.7 -805.7 256.5 6.97 7.09

4 -397.6 -409.0 -647.9 -35.4 7.33 6.8

5 -328.3 -470.6 -460.1 222.8 6.11 7.04

6 -445.3 -445.8 -335.7 -38.2 6.64 7.18

7 -425.6 -437.5 -478.6 -39.8 6.94 7.09

8 -402.9 -442.2 -620.7 -128.5 6.84 7.32

In summary, in section 7.4, we have successfully utilised ligand induced 

receptor structures to redock ligands o f a similar structural class, namely the 

quinazolines and the guanidinium ligands. We have also examined crossdocking of 

ligands with receptor structures developed utilising a ligand o f a different structural 

class, which yielded slightly different binding interactions to the redocked studies. Our 

analysis highlights that different ligands exert different effects on the binding site, 

which influences the resultant binding modes in subsequent docking studies.

7.5 Examination of interactions of antagonists 9-18 with ligand induced aiA-AR

‘Antagonist-bound’ receptor structures are of use in the design o f novel drugs, 

if  they can successfully be used for screening o f possible antagonists and hence have an 

application in future SBDD or virtual high throughput screening (vHTS). Our three 

optimised ‘antagonist-induced’ receptor structures, with the ligands removed (II[Dox], 

II[Tam] and II[6]), were utilised in a virtual screening procedure. The optimised 

receptors were docked with a series o f ai-AR (14 and 17) and Q!ia - A R  (9-13,15-16 and 

18) ligands and MD simulations (500 ps) were performed, see Scheme 7.2.
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II[Dox] Dock II[Dox]-X MD FII[Dox]-X

II[Tam] Compounds (9- II[Tam]-X (500 ps) FII[Tam]-X

II[6] 18) II[6]-X ^  FII[6]-X

Scheme 7.2: Computational Pipeline for screening o f  antagonists with the ‘antagonist- 
induced’ receptor structures. The antagonists, X, were labelled 9-18 as before.

7.5.1 Examination o f interactions o f antagonists 9-18 with receptor II[Dox]

The subsequent analysis focuses on those antagonists that form stable HB 

anchors over the 500 ps simulations with A sp-106 o f  II[Dox]. This occurs for 

antagonists 1 0 ,1 1 ,14 and 17 with receptor structure II[Dox]. In complex II[Dox]-10, an 

interaction between A sp-106 and the ether oxygen is formed, while the piperazine 

m oiety interacts with He-178, Glu-180 and Ser-188. For compound 11, interactions 

formed with Asp-106 and Glu-180. In the case o f  complex II[Dox]-14, the protonated 

nitrogen o f  14 interacts with A sp-106 and Met-292, while Glu-180 interacts with a 

methylene group neighbouring the amino group. Finally, for complex II[Dox]-17, 

interactions are formed between the protonated nitrogen o f  17 and A sp-106 and Ser-188 

o f the receptor. For the remaining complexes, compound 9 formed interactions with 

Asn-179 and Ser-188, while compound 12 interacted with Asn-179, Glu-180 and Ser- 

188. Compound 13 formed interactions with Glu-180 and Met-292. Compound 15 

formed no favorable interactions while compound 16 interacted solely with Ser-188 and 

compound 18 solely with Glu-180.

Receptor structure II[Dox], does not appear suitable for successful screening o f  

our test set o f  active 0 !ia-AR ligands as only four o f  the ten test compounds formed a 

favorable interaction with A sp-106. O f those ligands which formed favorable 

interactions the main residues involved included Asp-106 o f TM-III, Ile-178, Asn-179 

and Glu-180 o f EC-II, Ser-188 o f  TM-V and Met-292 o f  TM-VI.

7.5.2 Examination o f interactions o f antagonists 9-18 with receptor II[Tam]

For the II[Tam] receptor structure, interactions with A sp-106 occur with 

antagonists 14, 16, 17. For the II[Tam]-14 complex, Asp-106 interacts with an oxygen 

o f  the dioxane ring, while Glu-180 interacts with the methoxy group. In the case o f  

II[Tam]-16, a methylene group o f  16 interacts with Asp-106, Glu-180 and Ser-188,

while Ile-178 interacts with the dimethoxy phenyl ring. Finally, in the complex
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the remaining antagonist compounds, compounds 9 and 11 interacted with Glu-180 and 

Ser-188, while compound 9 formed an additional interaction with Ser-192. The 

remaining compounds interacted solely with either Glu-180 (compounds 12 and 13) or 

with Ser-188 (compound 10,15 and 18).

For receptor structure II[Tam], only three o f the antagonists formed a favorable 

interaction with Asp-106 and this ligand-induced receptor again does not appear 

suitable for successful screening o f our test set of Oia-AR ligands. The main interacting 

residues included Asp-106 of TM-III, Ile-178 and Glu-180 of EC-II and Ser-188 of TM- 

V, while no interactions were formed with Met-292 o f TM-VI unlike for the II[Dox] 

receptor structure.

7.5.3 Examination of interactions of antagonists 9-18 with receptor II[6]

For the II[6] receptor, five o f the ten test compounds formed a favorable 

interaction with Asp-106, compounds, 10-12 and 15-16. Compound 10 interacts with 

Asp-106 through the methyl group (on the pyrimidinedione ring). Compound 11 

interacts with Asp-106 and Glu-180 through two carbons o f the piperazine ring. 

Compound 12 interacts through the protonated nitrogen with Asp-106 and Glu-180 and 

through a piperazine nitrogen with Ser-188. Compound 15 has an interaction between 

the protonated nitrogen and Asp-106, while a secondary interaction occurred between 

the methyl linker and Asp-106. Finally, compound 16 interacts with Asp-106 through a 

methoxy group and with Glu-180 through a methylene linker.

O f the remaining complexes, compound 9 interacts solely with Glu-180, 

compound 14 with Asn-179, compound 18 with Ser-188 while compounds 13 and 17 

form no interactions with the receptor model.

In summary, for receptor structure II[6], similar to II[Dox] and lI[Tam] the main 

interacting residues included residues in TM-III, EC-II and TM-V. Only receptor 

structure II[Dox] formed an additional interaction with a residue o f TM-VI. The various 

ligands exert differing conformations on the binding site and none o f the ligand induced 

receptor structures appear to be suitable for successful screening of the structurally 

different, Q!ia-AR ligands o f our test set.
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7.5.4 Examination o f Interaction Energies, Binding Energies and Binding 

Afflnities for antagonists 9-18 with the ligand-induced ckia-AR s

The interaction energies, binding energies and binding affinities were again 

calculated and the resultant ranking o f  the ligands (9-18) determined for each receptor 

structure. In Table 7.6, the complexes are listed in order o f  decreasing stability, with the 

lowest ranks assigned to complexes with the lowest IE, BE and highest BA. The 

complex with the lowest interaction energy varied over the three receptor structures, 

ranging from compound 9 for II[Dox], compound 14 for receptor structure II[Tam] and 

compound 11 for receptor structure II[6]. All three o f  the top ranked antagonists are 

selective « ia-AR  antagonists. The non-consistency in the ranking when ordered by IE 

indicates that the results are heavily dependent on the utilized receptor structure.

Our analysis also indicates that the ranking o f  ligands varies both across receptor 

structure and across scoring method. The antagonists with the lowest BEs again differed 

across the three receptor structures, from compound 10 for II[Dox], compound 13 for 

II[Tam] and compound 17 for II[6]. O f these, compound 10 is a known selective 

antagonists, compound 13 is thought to be qiia-AR selective while compound 17 is a 

known non-selective oti-AR antagonist. Similarly, the antagonists with the highest 

binding affinities again differed across the three receptor structures, fi'om compound 9 

for II[Dox], compound 12 for II[Tam] and compound 11 for II[6]. O f these, compounds 

9 and 11 are known selective antagonists while compound 12 is also though to be 

selective for the 0!ia-AR.

Our analysis raises two important issues. Firstly, the same scoring function ranks 

the antagonists differently for the three ligand induced receptor structures. This 

discrepancy may be a consequence o f  not inducing an appropriate receptor structure for 

that class o f  ligand. This is consistent with our postulate that it is necessary to induce a 

receptor structure by a ligand o f  the structural class being studied. Secondly, the 

different methods (IE, BE and BA) give different results for the same ligand-induced 

receptor structure. This highlights problems w ith the quality o f  the available methods o f 

evaluating ligand-receptor complexes and that our dataset m ay not be large enough to 

be able to distinguish clearly between ligands o f  high and low activity.
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Table 7.6: Ranking o f antagonists (9-18) for the various receptor structures, according to the interaction energies (IE) and binding energies (BE) 
determined using the Amber force field. Binding affinities (BA) were determined using the Xscore scoring function. Compounds are ranked in order of 
decreasing stabiHty o f the complex.

Compound No. ranked by IE. Compound No. ranked by BE. Compound No. ranked by BA.

Rank II[Dox] II[Taml 11(61 II[Dox] II[Tam] 11(61 II[Dox] II[Tam] III6)
is t 9 14 11 10 13 17 9 12 11

2nd 14 9 12 13 18 14 15 18 18
3rd 12 16 18 9 16 15 11 16 15
4th 10 17 10 12 15 18 17 11 12

16 10 16 18 11 12 12 17 10

6‘' 11 12 9 17 12 9 16 13 9
•y th 18 13 15 14 9 11 10 10 16
g t h 15 11 14 15 10 13 18 9 17
g t h 17 18 13 16 14 16 14 14 14

10“' 13 15 17 11 17 10 13 15 13
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7.6 Discussion / Conclusions

To obtain antagonist induced Q!ia-AR conformations, antagonists were docked 

into the initial Wia-AR models and the resulting complexes were optimised through MD 

simulations in a membrane mimic. The structural movement o f the antagonist-induced 

complexes were monitored by comparison to the inactive receptor forms after 1 ns MD 

simulations. Different conformations emerged for TM-V with receptor structures 

FII[Dox] and FII[6], having a marked kink at the Pro residue, while for structure 

FII[Tam] the helix has straightened relative to the uncomplexed form. This movement 

allows for a change in the interactions o f the antagonists with the Q!ia-AR and this is 

consistent with the idea that GPCRs undergo facile transitions between conformational 

states under normal conditions and that ligands stabilize different receptor 

conformations.^^'*’̂ ^̂  Our RMSD results also suggest that, in agreement with different 

functional responses observed that binding o f agonists and antagonists induces different 

helical changes in the q!ia-AR.

Subsequent MD simulations o f the antagonist induced Q!ia-ARs redocked with 

antagonists o f the same structural class and crossdocked with antagonists o f different 

structural classes were pursued. For the current clinical antagonists doxazosin and 

tamsulosin have induced slightly different effects on the binding site. Upon redocking 

into II[Dox] and crossdocking into II[Tam] different binding modes emerge for the 

quinazoline ligands. Similarly, a different orientation arises for the Q!ia-AR selective 

antagonist tamsulosin in the receptor structures II[Dox] and II[Tam], with different 

nitrogens interacting with Asp-106. The bis-imidazolidinium (1-4) compounds did not 

interact as strongly as the guanidinium compounds when redocked or crossdocked. For 

compounds 5-8 interactions occurred at both bis-guanidinium moieties involving Asp- 

106 in TM-III, Ser-188 and Ser-192 in TM-V and residues Ile-178 and Glu-180 of the 

EC-II o f the « ia-AR. Unlike the TM regions, the extracellular loops, including EC-II, 

are highly divergent among Rhodopsin-like GPCRs and may provide more ligand 

contact variety among the receptor subtypes than the TMs. Again there were subtle 

differences in the binding modes in the two receptor structures as the various ligands 

perturbed the binding site in slightly different ways when producing the ligand-induced 

receptor models.
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Our initial results, together with earlier s tu d ie s ,s tro n g ly  support the idea that 

the current rhodopsin crystal structure is not an optimal structural template for direct 

homology modeling of GPCR antagonist complexes. Furthermore, our study indicates 

that energy minimizations are not sufficient for structural refinement o f receptors and 

MD simulations are necessary to induce ‘antagonist-bound’ receptor forms. Our three 

ligand-induced receptor models (II[Dox], II[Tam] and II[6]) were used to test binding of 

a range o f known a i-A R  antagonists, 9-18, where favorable interactions were found 

with the EC-II residues, Ile-178, Asn-179 and Glu-180 and also with Ser-188 in TM-V, 

which is consistent with the available body o f experimental work. Our binding site 

analysis also indicates that receptor structures induced by the interaction with one class 

o f antagonist are not directly suitable for screening o f another structural class. It appears 

necessary to produce an ‘antagonist-bound’ receptor form for each class o f antagonist 

compound if  we wish to evaluate their detailed interactions with the «ia-AR and 

establish possible binding modes.

The work o f Evers et on antagonist/aiA-AR complexes concluded that

rhodopsin based homology models may be used as the structural basis for GPCR lead 

finding and compound optimization. Such studies can provide valuable information for 

antagonist binding sites; however our study would indicate that this approach will 

favour antagonists of a similar structure to that used in developing the homology model. 

Indeed, those antagonist identified by Evers et using virtual screening have

similar chemical structures to the antagonist used in developing there receptor model. 

To obtain novel antagonists a greater degree o f flexibility within the receptor model will 

be required, which could be generated through the use o f  multiple ligand induced 

receptor structures obtained for related classes either through a dynamic approach, as 

used here, or possibly through homology modeling utilizing ligand r e s t r a i n t s . T h e  

advantage o f our approach is that the binding site and conformational changes occur as 

part o f the iterative cycle o f docking and dynamics allowing new interactions to form 

and small but possibly vital conformational change to occur as the ligand is 

accommodated in the binding site. Such a procedure is a more rational approach than 

direct docking into a rigid rhodopsin based homology model as it allows increased 

flexibility o f the receptor. Our approach can in principle be applied to any member o f 

the GPCR family with known ligand information and site-directed mutagenesis data. 

The predicted 3D structures and antagonist binding modes could also be used in
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designing mutagenesis experiments to validate the structure o f the binding sites o f the 

computational models.

A ranking of the complexes involving antagonists 9-18 and the three 

‘antagonist-induced’ receptor structures was pursued using the Amber FF and the 

Xscore scoring function. Our analysis also indicates that the ranking o f ligands varies 

both across receptor structure and across the employed scoring methods (IE, BE and 

BA) which further highlights the need to develop an ‘antagonist-bound’ receptor form 

for each class o f antagonist compound to be studied and that current scoring functions 

do not appear developed enough to distinguish between compounds o f similar affinity.
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Chapter VIII: Discussion / Conclusions 
& Further Studies

“Experience is what you get when you don't get what you want. ”

Dan Stanford
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8.0 Discussion

A detailed SBDD study of the aiA-AR has been hampered due to the lack of a 

crystal structure of Class A GPCRs in the inactive (other than bovine rhodopsin) or 

active state. The aim of this work was to determine the binding interactions and 

conformational changes induced by structurally diverse ligands using computational 

biophysical approaches. A computational protocol was developed, which integrated Q!ia- 

AR structure prediction, MD simulations and automated docking to investigate the Q!ia- 

AR and its complexes

Comparative modelling was performed to predict the 3D structure of the Q!ia-AR 

based on both a pairwise and a multiple aligimient to the bovine Rhodopsin sequence. 

One particularly complex issue is modelling the effect on the GPCR structure of the 

multi-phase environment in which these receptors are naturally embedded. An explicit 

representation of the phospholipid environment is computationally expensive and in this 

work a biphasic bilayer was introduced to model the membrane. The use of a membrane 

mimetic has the additional advantage of significantly reducing the computational 

expense of equilibration when compared to simulations in a lipid bilayer media. 

Comparisons were made between simulations performed in a TIP3P water model, as 

well as H2O/CHCI3/H2O and H2O/CCI4/H2O bilayers. The analysis indicated that the 

backbone conformation and the dynamical stability of the receptor are within the limits 

established for reliable structures. After the MD simulations (1 ns), the final structures 

were both sterically and energetically satisfactory and represent inactive forms of the 

«ia-AR. Stabilising structural features were examined including disulfide bridges, ion 

pairs and inter-helical HBs. Our developed homology based Q!ia-AR models represent

the first published study of the inactive form of the Q!ia-AR, refined in an appropriate
1 00solvent environment.

A series of ligands (agonists and antagonists), which act on oii-ARs were studied 

to gain insights into their chemical state under physiological conditions {i.e. protonation 

states and conformations). The agonists, adrenaline and noradrenaline, have only one 

nitrogen, which can be protonated and participate in the receptor/ligand interactions, 

while the antagonists tend to be larger molecules and have four or five nitrogens 

present. Trends were observed in the PAs obtained for the different nitrogens of each of 

the families studied. The PA values determined for the first protonation of all the
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compounds studied are similar energetically (~250 kcal mol '). The first protonated 

nitrogens determined included, the 1-nitrogen o f  the quinazoline ring for the current 

clinical antagonists, the inner nitrogens at both ends o f  the bis-imino-imidazolidinium 

and bis-guanidinium compounds (1-8), a nitrogen o f  the piperazine ring for compounds 

9, 10 and 13 at the heterogeneous bridge for compounds 11 and 12, at the sole nitrogen 

for compounds 14-17 and at the indole ring for compound 18. In addition, a good 

correlation was found between the PA values corresponding to the first protonation in 

the gas phase o f  some o f  the compounds studied and their corresponding affinity 

constants Kj, which measures the affinity o f  the compounds for the 0!ia-AR. T o replicate 

physiological conditions it is necessary to include solvation effects, which were 

examined utilising the Onsager and PCM solvation techniques. Our studies showed that 

the inclusion o f  solvation effects yielded stabilization in the PA values obtained, which 

were more marked when utilising the PCM solvation technique.

Proton transfer is a vital part o f  many chemical processes and is determined by 

the acid dissociation constants (pKa) o f  the compounds involved. A fiirther goal o f  this 

thesis was to utilise existing quantum chemical methods to predict pKa values o f  the 

series o f  antagonists. The technique reproduced the experimental pKas o f  the clinical 

antagonists utilising the Onsager technique and a AG° ,̂ [̂h * ) value o f -255  kcal mol '.

However, the theoretical technique failed to reproduce the experimental pKas o f  the 

catecholamines and the antagonists 1-8, indicating that the technique is not universally 

applicable. The loss or gain o f  a proton inherently involves ionic species, so that 

accurate solvation effects must be included to cancel the very high gas-phase 

protonation and deprotonation energies. In addition, the use o f  a finite basis set 

introduces errors in the relative gas-phase energies o f  charged and uncharged 

molecules. Absolute pKa calculations are fiirther hindered as there is no accurate 

determination, experimental or otherwise for the solvation fi*ee energy o f  the proton, 

( / /* ) .  These limitations make it difficult to accurately predict pKa values 

theoretically.

The global minimum energy conformation o f  a ligand does not necessarily 

correspond to the pharmacologically active one; therefore the conformational freedom 

o f the ligands also needs to be considered. Pharmacophore models can be employed as a 

preliminary in silico virtual screening, as a theoretical test o f  the selectivity o f  different

185



antagonists for the various receptor subtypes. Over a selection o f  conformers, the fit o f 

the ligands to the pharmacophore models o f  the cci-AR subtypes were analysed. The 

current clinical antagonists were found not to selectively fulfil the q:ia-AR 

pharmacophore model, which is consistent with their non-selectivity observed in 

clinical studies. For compounds 1, 2, 5 and 6 the Oia-AR pharmacophore requirements 

were fulfilled, which is in agreement with the 0!ia-AR activity determined for these 

compounds. However, compounds 4 and 8 exhibited reasonable activity despite failing 

to meet the pharmacophore criteria as they lacked an appropriately positioned polar 

bridge. Alternatively, compounds 3 and 7 fiilfilled the q:ia-AR pharmacophore criteria, 

w hile having poor activity. These results indicated that a fit to this pharmacophore is not 

sufficient to estimate the viability o f  the antagonist models (1-8), with 4 and 8 being 

false negatives and 3 and 7 being false positives under these criteria. O f the remaining 

antagonists (9-18), compound 9 may prove an interesting agent as antagonist inhibition 

at the Q!ia-AR subtype is useful in alleviating obstructive symptoms in cases o f  BPH.

Binding o f  an agonist, adrenaline or noradrenaline, to the adrenoceptor causes 

conformational changes that act as a switch transferring the signal to the trimeric G 

protein thus stimulating the production o f  intracellular secondary messengers (e.g. 

Ca^" )̂. Experimental knowledge o f  the mechanisms controlling ligand binding, 

activation, signal transduction and regulation o f  GPCRs is limited, hi this work, we 

have developed a stepwise protocol to examine the interactions between the 

catecholamine agonists and our developed « ia-AR  models. The homology models were 

perturbed toward different functional states by placing appropriate ligands in the 

binding site and running separate MD simulations to relax the structure towards the 

appropriate state for the bound molecule. Further docking and MD studies o f  the ligands 

with ‘ligand-induced’ receptor forms were pursued. One such study involved mutating 

adrenaline to noradrenaline in one complex (FI-AD) and running MD simulations over 

the two structures. Such a study illustrates the developed differences over MD 

simulations for the two agonists commencing from the same binding mode. A larger 

structural movement was observed over the noradrenaline mutated simulation as it 

rearranged to accommodate a different ligand. Further redocked and crossdocked 

agonist simulations modelled the reorganisation o f  the native receptor structure induced 

by an agonist.
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The analysis o f the interactions o f the catecholamine complexes is consistent with 

the results o f mutagenesis experiments and suggests new residues involved in the 

agonist-binding site. The most critical interactions for the binding o f the agonists exist 

between the ligands and residues in TM-III, TM-V, TM-VI and TM-VII, which is 

consistent with many earlier reports. The molecular modelling results show that the 

contact residues for the protonated amine is Asp-106 in TM-III, for the catechol 

hydroxy groups are Ser residues in TM-V, while for the /3-OH it is Thr-174 in TM-III. 

The contact site for the extra methyl group o f adrenaline is less clear but may involve 

Asp-106 in TM-III or Thr-174 in EC-II.

Some progress has been made toward an understanding o f the conformational 

changes that are associated with GPCR activation. Our observed separation in the 

intracellular end of TM-V and TM-VI from TM-III is consistent with conformational 

changes in activation that have been detected by other computational and experimental 

studies. The role o f conserved residues, such as the DRY and NPxxY motifs, in 

activation, were also examined. Upon examining the interactions o f the conserved 

residues in GPCRs, activation may occur due to a change in the environment o f Asp- 

123 of the DRY motif that causes Arg-124 to move out o f the TM helical bundle and 

change the orientation o f residues in IC-II and IC-III that allows for increased affinity o f 

coupling to the G-protein. A combination o f theory and experiment will remain the 

approach o f choice, not only to discover the basis for receptor function but also to 

successfully design therapeutic agents to treat human disease.^^^ We await the 

production o f an experimental crystal structure of an adrenoceptor in the active state for 

a thorough comparison o f our simulated results with experiment.

As the development o f Q!ia-AR selective antagonists should alleviate the 

symptoms of BPH with fewer side effects than non-selective agents, we undertook a 

detailed study o f a large series o f antagonists complexed with our Q!ia-AR models. Our 

analysis illustrated the difficulties of using homology models for antagonist docking 

studies and the importance o f a suitable ligand-induced receptor structure. Three initial 

antagonist/Q!iA-AR complexes were used as starting structures for MD simulations, 

allowing for receptor flexibility and optimisation o f the binding pocket for that ligand. 

After 1 ns MD simulations, different conformations emerged for TM-V with receptor 

structures II[Dox] and II[6], having a marked kink at the Pro residue, while for structure 

II[Tam], TM-V has straightened relative to the uncomplex ed form. This movement
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allowed for a change in the interactions o f the antagonists with the Q!ia -AR  and may 

play an important role in antagonist binding.

Through redocking with our ligand-induced receptor forms, we have succeeded 

in obtaining binding modes that are consistent w ith the available mutagenesis data for 

Q!i-AR antagonists and largely involving interactions with Asp-106, the Ser residues o f 

TM -V  and residues o f EC-II. For the quinazoline-based antagonists, different binding 

modes occurred with receptor structures II[Dox] and II[Tam]. Similarly, a different 

orientation o f the Q!ia-AR selective antagonist tamsulosin occurred in the two receptor 

structures II[Dox] and II[Tam], with differing nitrogens interacting with Asp-106. The 

bis-imino-imidazohdinium compounds 1-4, did not interact as well as the bis- 

guanidinium compounds 5-8 with either receptor model, II[Dox] or II[6 ]. The main 

interactions for the bis-guanidinium compounds 5-8 involved Asp-106, He-178 and Glu- 

180 at one guanidinium end and Cys-110, Ser-188, Ser-192 and Trp-285 at the other. 

Diverse binding modes were observed when utilizing different ‘ ligand-induced’ 

receptor structures, which highlights that the various ligands perturb the binding site o f 

the receptor in different ways. An appropriate choice o f ‘ ligand-induced’ receptor 

structure appears necessary to determine accurate binding modes.

For the screening o f the remaining antagonists, 9-18, only a number o f 

interactions occurred with Asp-106 o f TM -III. Further interactions involved the EC-II 

residues, Ile-178, Asn-179 and Glu-180 and also with Ser-188. We therefore propose a 

critical role o f the EC-II loop in forming the binding site for small molecules. However, 

a number o f qiia-AR selective antagonists did not form favorable interactions with the 

three ‘antagonist-induced’ receptors. Hence, our binding site analysis indicates that 

receptor structures induced by the interaction with one class o f antagonist are not 

directly suitable for screening o f another structural class. It appears necessary to 

produce an ‘antagonist-bound’ receptor form for each class o f antagonist compound i f  

we wish to evaluate their detailed interactions with the q:ia-AR and establish possible 

binding modes. We have also examined the use o f scoring methods (IE, BE and BA) to 

rarJc the bound complexes. Our analysis indicated that the same scoring function ranks 

the antagonists differently for the three induced receptor structures, which would further 

highlight the need for appropriate ‘ ligand-induced’ receptor structures for each 

structural class o f ligand to be studied. In addition the different methods o f evaluation o f 

ligand binding (IE, BE and BA) yield different results for the same ligand-induced
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receptor structure, which indicates outstanding issues with the quahty o f the available 

scoring functions.

Finally, by examining the differences in the inactive ligand-free, the inactive 

antagonist-bound and the active agonist-bound complexes obtained, a number o f sites 

can be proposed for future mutagenesis studies. Residues common to both agonist and 

antagonist interactions include Asp-106, Ser-188 and Ser-192. The main variations 

occur in interactions with contact residues o f EC-II. Specifically, Thr-174 is 

recommended for a mutation that could affect agonist activation, as it is involved in four 

o f the agonist-bound simulations and none o f the antagonist bound simulations. Among 

the residues involved in the interaction with our tested antagonists that are not present in 

the interactions o f the agonists are Ile-178, Asn-179 and Glu-180 o f EC-II. Mutations at 

these sites would be particularly useful in providing additional insight into the validity 

o f the models and the ligand binding pocket.

In conclusion, a structure-based approach to GPCR drug discovery in the 

absence o f the real structures requires a multi-disciplinary approach, where molecular 

models represent a structural context to efficiently integrate experimental data.^^* In this 

work, a variety o f in silico modelling approaches have been applied to Q!ia-AR, thereby 

adding to the understanding o f the ccja-AR structure and function in a way that is 

complementary to experimental studies. Model structures for the Q!ia-AR were 

developed through homology modelling on which MD studies were performed to 

examine the inactive receptor and the ligand induced receptor structures. Ultimately, it 

may require structures o f multiple receptors bound to multiple ligands, including 

agonists and antagonists to determine the details o f the conformational changes 

associated with receptor activation.
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8.1 Further Studies

Knowledge o f the 3D structure o f GPCRs is essential for the understanding of 

their function, for the docking o f existing ligands into their binding sites and for the 

rational design and/or optimisation o f drugs. Over the course o f this work a number o f 

further areas arose that could be pursued in future studies.

8.1.1 Further adrenoceptor reflnement

Most drugs targeting GPCRs act on multiple receptors simultaneously, requiring 

a multi-receptor approach to lead optimization. A further potential application o f our 

generated ccia-AR homology model would be to serve as a structural template for 

homology modelling o f further members o f the biogenic amine receptor family. 

Considering the high sequence (and probably structural) similarity o f the ligand binding 

site o f the biogenic amine binding receptors, this family represents a challenge for 

ligand design with respect to the problem of selectivity. Studies in our group are 

currently being undertaken to model the ccib and ccid adrenoceptor subtypes.^^^

To accurately model a GPCR one must take into consideration the 

environmental influence on the structure. The use o f further membrane mimics could be 

examined, such as utilising hexane or octane as the hydrophobic moiety. Such studies 

could be coupled with the development o f Amber parameters for phospholipids. A 

direct comparison of MD simulations o f an adrenoceptor in a membrane mimic and a 

phospholipid environment could then be performed.

Different mechanisms o f GPCR dimer formation have been observed for various 

receptors including the /32-AR, '̂ ‘̂’ the 6-opioid receptor^®’ and the metabotropic 

glutamate receptor suggesting that receptor dimerization is not essential for G protein 

activation but may play a role in other receptor functions such as subtype-specific 

receptor regulation. The relevance o f GPCR dimerization is currently one o f the most 

actively studies areas o f GPCR structure and function.^®^ Studies could include MD 

simulations on receptor dimers in the absence o f ligand, in the presence o f an agonist 

and in the presence o f an antagonist.
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The absence o f fine resolution structural data on any GPCR makes it especially 

difficult to propose molecular mechanisms to explain the effects o f mutations on 

receptor function. Computational and theoretical methods could provide a molecular 

view o f the structural and energetic consequences of mutations. With a working model 

for some o f the receptor-antagonist complexes, it should be possible to design 

mutational studies to test the interactions proposed and to design other molecules that 

may fit in the binding pocket and act as agonists and antagonists. Mutation studies could 

be performed on those residues found important in agonist and antagonist binding.

8.1.2 Ligand Approach and Interaction at the Binding Site

There are two options for the approach o f a ligand to the binding site; Firstly, to 

squeeze through the space between TM-VII, TM-I and TM-II. Alternatively, the motion 

o f the rV-V hairpin may leave the entry to the binding cavity open long enough for a 

ligand to enter in a flip-flop action. Although it is currently difficult to envisage the 

entrance route o f ligands into the binding site crevice and the potential associated 

conformational rearrangement o f EC-II, there may be a direct role o f residues in EC-II 

in ligand binding (Figure 8.1). Steered Molecular Dynamics (SMD) involves the 

acceleration o f conformational changes in biomolecular systems through the application 

o f external forces and can speed up the approach o f the ligand to the binding site.^ '̂  ̂The 

force applied in SMD simulations was initially inspired by Atomic force microscopy 

(AFM) experiments. Further examination o f ligand approach to the Q!ia-AR could be 

pursued using the SMD technique.

Figure 8.1: The approach path that a ligand would take to the Q!ia-AR binding site. The 
relevant residues from experimental information include the residues 106, 188 and 192 
in blue, the residues 177, 178 and 179 in orange, Phe 308 and 312 in green and Asp-123 
o f the DRY motif in yellow.
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An investigation o f large molecular systems is limited by the computational effort 

required. Quantum Mechanics/Molecular Mechanics (QM/MM) is a combination o f 

methods that treat different parts o f the system at different levels o f theory; QM 

methods, being able to treat chemical reactions while MM methods can provide the 

biochemical environment for these processes. QM/MM structural optimisations could 

be performed on the bound complexes, thus allowing for a detailed study of the 

receptor-binding site.
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