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Abstract

The overall aim of this work has been to furnish a model of the dopamine (DA) 

receptor D2. There are currently two sub-groups within the DA family of G protein 

coupled receptors (GPCRs): Di sub-group (includes Di and D5) and the D2 sub-group 

(includes D2, D3 and D4). Organon (UK) Ltd. supplied a disk containing the PDB atomic 

co-ordinates of the integral membrane protein bacteriorhodopsin (bRh; Henderson et al., 

1975 and 1990) to use as a template to model D2 - the aim being to generate a model of D2 

by simply mutating the side-residues of bRh. The assumption being that bRh had homology 

with members of the supergene class of GPCRs. However, using the GCG Wisconsin GAP 

algorithm (Devereux et al., 1984) no significant homology was detected between the 

primary structures of any member of the DA family of GPCRs and bRh. However, given 

the original brief to carry out homology modelling using bRh as a template (see appendix 1) 

I felt obliged to carry out further alignments using a shuffling technique and a standard 

statistical test to check for significant structural homology. The results clearly showed that 

there is no significant structural homology, on the basis of sequence similarity, between 

bRh and any member of the DA family of GPCRs. Indeed, the statistical analysis clearly 

demonstrated that while there is significant structural homology between every 

catecholamine binding GPCR, there is no structural homology what so ever between any 

catecholamine binding GPCR and bRh.

Hydropathy analysis is frequently used to identify the location of putative transmembrane 

segments. However, is difficult to predict the end positions of each ptms. To this end a 

novel alignment algorithm (DH Scan) was coded to exploit transparallel supercomputer 

technology to provide a basis for identifying likely helix end points and to pinpoint areas of 

local homology between GPCRs. DH Scan clearly demonstrated characteristic 

transmembrane homology between different subtype DA GPCRs. Two further homology 

algorithms were coded (IH Scan and RH Scan) which provided evidence of internal 

homology. In particular IH Scan independently revealed a repeat region in the 3rd 

intracellular loop (im) of D4  and RH Scan revealed palindromic like short stretches of 

amino acids which were found to be particularly well represented in predicted a-helices in 

each DA receptor subtype. In addition, the profile network prediction algorithm (PHD;



Rost et al., 1994) predicted a short a-helix at greater than 80% probablility at each end of 

the third intracellular loop and between the carboxy terminal end of transmembrane VII and 

a conserved Cys residue in the forth intracellular loop.

Fourier analysis of catecholamine binding GPCR primary structures in the form of a 

multiple-sequence file suggested that the consensus view that only those residues facing the 

protein interior are conserved is not entirely correct. In particular, transmembrane helices 

II and HI do not exhibit residue conservancy characteristic of an amphipathic helix. It is 

proposed that these two helices undergo a form of helix interface shear to assist agonist 

binding to a Asp residue on helix H. This data in combination with information from a 

number of papers concerning helix shear interface mechanism and molecular dynamic 

studies of proline containing a-helices suggested a physically plausible binding mechanism 

for agonists.

While it was evident that homology modelling could not be scientifically justified, the 

combinatorial approach to protein modelling might be successfully applied to the 

transmembrane region of the D2 receptor. The probable arrangement of helices in the 

transmembrane region of GPCRs (Baldwin, 1993) which was based on a careful analysis of 

a low resolution projection map of rhodopsin (Gebhard et al., 1993) was used as a guide 

to model the transmembrane region of D2. The backbone torsion angles of a helix with a 

middle Pro residue (Sankararamakrishnan et al., 1991) was used to model transmembrane 

helix V. Dopamine was successfully docked to the putative binding pocket of D2. Using 

this model as a template, models of D3 and D4 were produced. A separate model of Di was 

then produced and this in turn was used as a template to model D5.

xix



1. The Dopamine Receptors And Their Medical Significance

1.1 Background

Neurological conditions involving psychomotor disorders and some psychoses are 

influenced by the activity of dopaminergic neurones and by drugs that interact with 

neuronal dopamine (DA) receptors (Niznik et al., 1992). In particular, rigidity in 

Parkinson's disease, hallucinations in schizophrenia and Alzheimer's disease, dyskinesia in 

Huntingtons's chorea, and spontaneous oral dysinesia in the elderly (Seeman, 1987; Seeman 

et al., 1987; Seeman and Niznik, 1990). These receptors may also play a crucial role in 

drug addiction and alcoholism (Blum et al., 1990), opiate-withdrawal syndrome (Schulteis 

and Koob, 1994; Harris and Aston-Jones, 1994) and Tourette’s syndrome (Civelli et al., 

1992). In the case of Parkinson's disease, too little dopamine causes rigidity, so clinical 

treatments use agonists as drugs. In contrast, schizophrenia is caused by too much 

dopamine and so treatments largely rely on prescribing neuroleptics (i.e. antagonists or 

partial agonists) to block the receptors to prevent hallucinations. The ultimate aim of this 

work is to provide a template (or series of templates) in the form of a theoretical receptor 

model with defined pharmacophoric points in space. Such a template could prove to be of 

immense value in aiding Medicinal Chemists to model new drugs particularly for the 

treatment of psychomotor disorders and psychoses.

1.2 The Classification/Nomenclature of the Dopamine Receptors

On the basis of pharmacological, biochemical, and physiological criteria, receptors 

for dopamine have been classified into two types, termed DAe and DAi on the basis of the 

excitatory or inhibitory properties of DA (reviewed by Horn, 1990). Various 

nomenclatures have caused a considerable amount of confusion, but DA receptor 

classification has been clarified by the gene cloning of the DA receptors subtypes: Di, D2, 

D3, D4 and D5 (Dearry, et al., 1990; Dal-Toso et al., 1989; Sokoloff et al., 1990; Van Tol 

et al., 1991 and Sunahara et al., 1991 respectively). It is quite possible that new members
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will be cloned. Though the classification of the dopamine family of receptors is subject to 

some controversy, it is universally agreed that Di, D2, D3, D4 and Ds are all members of a 

large gene family of hormone/neurotransmitter receptors that exert their biological actions 

via signal transduction pathways that involve guanine nucleotide-binding proteins. Hence, 

the term G-protein coupled receptors (GPCRs) is frequently used to describe them. While 

D2 (together with D3 and D4) dopamine receptors inhibit the activation of adenyl cyclase 

and appear to couple to numerous other effector systems, Dj (together with D5) dopamine 

receptors, stimulate adenyl cyclase and subsequently activate cAMP-dependent protein 

kinases (Niznik, 1987).

Up until the close of the 1960s, there was no need to postulate the existence of more than 

one type of DA receptor. However, the picture became quite complicated onwards from 

the 1970s. Several groups suggested the existence of several types of DA receptors on the 

basis of various pharmaceutical findings. The classical DA receptors (i.e. those that can be 

selectively stimulated with apomorphine and inhibited with haloperidol) was challenged by 

Cools and van Rossum (1976). They noted that mammalian DA receptors could be 

selectively stimulated by 3,4-dihydroxyphenylimino-2-imidazolidine (DPI) and inhibited by 

ergometrine. Consequently, they postulated two principle types of mammalian DA 

receptors which can be divided into excitation-mediating (DAe or D-l activity) and 

inhibition-mediating (DAj or D-2 activity) receptors1. The situation became more 

complicated with the dominance of ligand binding as an important tool for research. 

Examination of the binding of various radioactive ligands of the DA receptor led to a 

nomenclature involving four possible binding sites, i.e. Di, D2, D3 and D4 (Seeman, 1980). 

This classification was clarified by the finding that the D3 and D4 receptors were high 

affinity states of Di and D2 respectively (Urwyler and Markstein, 1986).

The cloning of five distinct genes has helped to further clarify the nomenclature (Niznik and 

Van Tol, 1992). Sibley and Monsma (1992) proposed that a hierarchical system of 

nomenclature be applied to the dopamine receptor family. They put forward the proposal

1This classification scheme fell on rocky ground since the key compound 3,4-dihydroxyphenylimino-2- 
imidazolidine (DPI), which they claimed was a selective DAi agonist (i.e. bound only to DAO turned out to 
be a mixed ai/ai-adrenoceptor agonist (van Oene and Horn, 1985).
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that this nomenclature should be based on both structural and pharmacological criteria. 

Where the transmembrane (TM) sequence homology is greater than 50% compared with a 

previously cloned subtype, then it should be designated as a member of that subfamily using 

an A, B, C etc. nomenclature - all things being equal on the pharmacological front. Hence, 

Di and D5 would be called Dia and Dib respectively; D2, D3 and D4 would be called D ^ , 

D 2b and D2c respectively. They noted that Di sub-family has nanomolar affinity for the 

antagonist compound SCH23390 while the D2 sub-family has picomolar to nanomolar 

affinity for the antagonist spiperone. They proposed that if a new DA receptor is cloned it 

could be called D3A only if binding affinity to SCH23390 or spiperone did not match that 

characteristic of the Di or D2 sub-families.

However, the author perceives several potential problems with this classification 

method as it takes no account of the overall topology of any newly cloned DA receptor. 

For example, the Di sub-family has a characteristic hydropathy plot which easily 

distinguishes it from that of the D2 sub-family2. What if the next newly cloned DA receptor 

has nanomolar affinity for SCH23390, a TM homology with the Di sub-family of 51% but 

has a hydropathy plot which is clearly different from Dia or Dm? According to Sibley and 

Monsma’s proposed classification scheme, this newly cloned DA receptor would be called 

Die when clearly it would represent a completely new DA receptor sub-family. To make 

matters more confused, the current version of the popular SWISSPROT data-base (release

26.0 7/93) has opted for a compromise: Di and D5 are referred to as DADR and DBDR 

(hence some similarity here to Sibley and Monsma’s preferred names: Dai and DA2 

respectively). However, the remainder of the DA receptors are called: D2DR, D3DR and 

D4DR. The author has adopted the following scheme: dopamine receptors are simply 

referred to in the order in which they were cloned: Di, D2, D3, D4 and D5. Members of the 

Di subfamily of dopamine GPCRs are: Di and D5; members of the D2 subfamily are: D2, 

D3 and D4 ; by default, D2 signifies the long isoform and D ^ the short isoform of D2.

There are two isoforms of the D2 receptor: short and long - both are identical except for an 

insertion of 29 amino acids in the third intracytoplasmic loop which arises from two

2 Hydropathy analysis suggests that the D: sub-family clearly has a shorter hydrophilic 3rd intracellular 
loop and a longer hydrophilic carboxy tail than members of the D2 sub-family.
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mRNAs produced from the same gene by alternative splicing. Fujiwara et al. (1991) refer 

to the “short” and “long” forms as: D2(415) and D2(444). Malmberg et al. (1993) 

observed that several antipsychotic compounds (including clozapine and substituted 

benzamides) bound with 2 to 3 fold higher affinity to the D2B (short) than the D2A (long) 

isoforms of D2. Malmberg’s use of “D2A” and “D2B” terms completely clashes with Sibley 

and Monsma’s (1992) proposed classification scheme. Hayes et al. (1992) also use the 

same terms as Malmberg’s: D2A and D2B for the long and short isoforms of D2 and so is 

also in complete disagreement with Monsma’s hierarchical scheme. Adding to the 

confusion in the nomenclature, numerous authors (e.g. Flitz, et al., 1993; Montmayeur et 

al., 1993; Leysen et al., 1994) use the terms D2L and D2S to refer to the long and short 

isoforms of D2. Jose et al. (1992) use the terms: D2short and D21ong. Andersen et. al. 

(1990) did suggest that where two forms of the same receptor arise by alternative splicing 

of an exon in the same gene, then the two forms should be referred to as isoreceptors of 

that particular type. Using Monsma’s hierarchical scheme in combination with Andersen’s 

suggestion the short and long isoforms of D2 could be named: D2A(415) and D2A(444) 

respectively - though D2A(short) or D2A(long) would also be satisfactory.

DA receptors located only in the CNS are referred to as centrally acting DA receptors3. 

Peripheral DA receptors (which were thought to be identical to the centrally acting DA 

receptors) are also found. As Jose et al. (1992) point out, these are generally referred to 

as: DAI or DA2 subtypes. The DAI receptors approximate the pharmacological profiles 

of the DI and D5 receptors, whereas those of the D2A subtype, roughly approximate those 

of the D2 receptors. However, Jose et al. (1992) have identified a receptor with unique 

characteristics and have named it the DA2k receptor (discussed in more detail in the next 

section). The ad hoc way in which these GPCRs are named merely adds even more weight 

to the growing consensus that a clear scheme of nomenclature/classification is long overdue 

- a scheme which should allow for possible cloning of new dopamine receptor subtypes.

De-Keyser (1993) noted that all subtypes of dopamine receptors that have been identified 

so far still fit in the traditional D1/D2 dopamine receptor classification scheme. However,

3 The classification of the dopamine receptors with particular reference to their neuroanatomical 
distribution is reviewed by Brucke et al., 1991.
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De-Keyser then goes onto propose a hierarchical system of nomenclature ignoring Sibley 

and Monsma’s (1992) proposals for a hierarchical system of nomenclature for the DA 

family of receptors. As if to underline the basic premise that confusion is the norm in 

classifying the DA receptors, De-Keyser comments that “the current status of the different 

subtypes of the D1 and D2 receptor families in human brain remains unclear.”

Gene cloning has a very important role in clarifying the classification of the dopamine 

family of GPCRs (and GPCRs in general) and improving our understanding of the role 

played by these receptors (briefly reviewed by Andersen et al., 1990). For example, in 

1991 there was a growing feeling that classical neuroleptics (neuroleptics that induce 

extrapyramidal side effects) and atypical neuroleptics (neuroleptics that do not induce these 

side effects) may work at least partially through the dopamine Di receptors whereas 

classical neuroleptics are generally considered to work via the dopamine D2 receptors. 

Indeed, Ellenbroeck et al. (1991) has produced data that suggests haloperidol brings about 

its therapeutic (and extrapyramidal side effects) via blockade of the dopamine D2 receptors, 

whereas clozapine produces its therapeutic effects (with minimum extrapyramidal side 

effects) via blockade of the Di receptors. However, the cloning and characterisation of D4 

(Van Tol et a l, 1991; also see: Van Tol et al. 1992 and Shaikh et a l,  1993) reveals it has a 

higher affinity for clozapine than any other dopamine receptor. Since D4 is classified as a 

D2 type receptor (D2c - using Monsma’s hierarchical classification scheme) this obviously 

suggests that the conclusions of Ellenbroeck et al. (1991) are wrong simply because they 

were not aware of the existence of the D4 receptor subtype.

Recent sequence analysis work by Donnelly et al. (1994) has concluded that the 

classification of GPCRs into subclasses based upon the nature of their ligands is over­

simplified. Sequence similarity dendograms indicated that the evolution of GPCRs occurs 

at two sites: the G protein-coupling regions and the ligand binding site and this results in 

convergent as well as divergent evolution. Hence, D4 is an example of a D2 type dopamine 

with a ligand binding site that is close to the Di binding site. Also, the findings of Donnelly 

et al. (1994) suggest that it is also important not to classify GPCRs on the basis of TM 

homology and ligand binding as proposed by Sibley and Monsma (1992). In chapter five 

(table 5.3.5) random shuffling of whole sequences to calculate Z scores clearly
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differentiates between the members of Di and D2 dopamine GPCRs. In addition, the 

length of the third intracellular loop and carboxy tail are important (reviewed in chapter 3). 

Members of the Di sub-family have a short third intracellular loop and a long carboxy tail; 

in contrast, Members of the D2 sub-family have a longer third intracellular loop and a much 

shorter carboxy tail.

To sum up, there are two distinct sub-families within the dopamine family of GPCRs. The 

Di sub-family includes two dopamine receptor sub-types: Di and D5 . The D2 sub-family 

includes three dopamine receptor sub-types: D2, D3 and D4. D2 sub-type dopamine 

receptors inhibit the activation of adenyl cyclase and appear to couple to numerous other 

effector systems, have a long third intracellular loop and a short carboxy tail. Di sub-type 

dopamine receptors, stimulate adenyl cyclase and subsequently activate cAMP-dependent 

protein kinases, have a short third intracellular loop and a much longer carboxy tail. 

Calculation of Z scores using whole sequences can be used to differentiate between Di and 

D2 sub-type dopamine receptors.

1.3 Brain Disorders -  Financial Costs to Nations

Given the role of the dopamine receptors in disorders of a neurobiological nature it 

is important to consider the tremendous costs involved, both economic and social costs. A 

recent report produced for the National Foundation (discussed in a Nature editorial, 4th 

June, 1992) for Brain Research in Washington, DC, suggests that brain disorders cost the 

US $401,000 million per year:

$
(millions)

Psychiatric disease: 13 6, 000
Alcohol abuse: 90, 000
Drug abuse: 71,000
Neurological disorders: 104, 000
Total: 401, 000
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This figure represents 7.3% of US gross domestic product (GDP), though the validity of 

these cost estimates have been challenged (Coyle, 1992).

1.3.1 Personal Costs of Parkinson’s Disease and Schizophrenia

There is a huge cost (social as well as financial in terms of lost earnings) to the 

sufferer and immediate members of their family. Frequently, close relatives have to give up 

work to look after a loved one or are forced to perform double duties with consequent 

risks to their health (West, 1991). To illustrate this point here are two extracts:

• Manifestations of Parkinson’s Disease (West, 1991): cardinal

manifestations: tremor, rigidity, bradykinesia (slowness of movement) and postural 

instability (chasing one’s own centre of gravity). Secondary manifestations: incoordination, 

micrographia (writing difficulties), blurred vision, impaired upgaze, blepharospasm (spasm 

of the eyelids), dysarthia (slurring of the speech), dysphagia reflex (difficulty in swallowing), 

sialorrhea (drooling), masked faces (expressionless face), monotone voice, hand and foot 

deformities, festinating gait (short, quick, tottering steps; appearing to be constantly falling 

forwards), cogwheel rigidity (muscle relaxes and stiffens intermittendy giving a jerky 

movement), dystonia (muscle spasm), edema (swelling of the extremities), kyphosis 

(curvature of the spine), pain and sensory symptoms, constipation, urinary urgency, 

hesitancy and frequency, loss of libido, impotence, freezing, dementia, depression.

• Schizophrenia - as experienced by a past student of the author: “I see things 

and hear voices. The voices are not invited and I have nothing to do with them. They 

come out of the blue and are very disturbing. They have told me to put my head in a box. 

The medicines make me sick and flatten my mind. I deny that I am sick. Sometimes I 

don’t take them (the drugs) but this causes me to hear more things and I upset my family. 

If I miss them I can be very sick. No one knows if I will get better - I was fine up until 

after I graduated with a science degree from Kingston Poly - went to South Africa and got 

involved in the politics there. Probably a big mistake, my mind just seemed to go away and 

I returned to Cardiff. I do silly things - physically shake friends or people I don’t really
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know very well. The illness makes me want to walk a lot and I walk around the same 

places constantly. I walk around the training centre opening doors and closing them again 

for no reason at all. I guess it is something to do with coping with the illness and possibly 

my reaction to the drugs.”

Hence, there is a clear need to develop accurate 3D models of these receptors to aid the 

medicinal chemists in the rational drug design approach.

1.3.2 Epidemiology of Parkinson’s disease

The diagnosis of Parkinson’s disease is difficult because there is no objective test 

(e.g. diagnostic test based on the existence of a genetic marker). Consequently, diagnosis 

depends on clinical judgement. Parkinson’s disease is estimated to affect approximately

100,000 people in the UK (West, 1991). It is the second most common neurological 

condition (dementia is the first) to affect the elderly British population. But the condition is 

found all around the world and affects white and black peoples, though there is some 

disagreement about whether white peoples are more prone to the disease. It ranks equally 

with stroke in causing disability. Studies have shown that the rate of new cases varies 

between 16 to 21 per 100,000 per year. The incidence of the disease increases until it 

peaks at 75 years of age and then declines. The US Bureau of the Census estimates that 

the 65 and onwards age group in the USA will rise from 25 million (1980) to 32 million by 

the year 2000. Similarly, UK population projections bases on mid-1987 population data, 

predicts the 65-74 age group will grow from 5.0 million (1988) to 6.8 million by the year 

2013. Hence, the rate of clinical diagnosis for this disease is expected to grow together 

with the increasing age of the population. In addition, 10% of new cases occur in the under 

40s age group.

There is currently no research indicating a genetic basis for acquiring the disease. Whether 

environmental factors play a decisive role is also not clear. The chance discovery that 1- 

methyl-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP, Coleman et al., 1988) is a neurotoxin 

which destroys the dopamine producing cells of the primate brain, reinforced the hypothesis
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that Parkinson’s disease is due to contact with neurotoxic agent(s) in the environment. 

However, the evidence overall neither favours the protagonists for the environmental 

theory or the genetic theory.

1.3.3 Epidemiology of Schizophrenia

Schizophrenia is a devastating affliction with bizarre symptoms. Half a million 

people in the UK, and two million in the US, will suffer from the disease at some point in 

their lives (Understanding the inner voices; New Scientist, 9th July, 1994). Schizophrenia 

has positive and negative aspects. Early on in the disease the hearing of inner voices and 

high frequency of hallucinations (positive aspects of schizophrenia) tend to give way to 

withdrawal and difficulty with holding even simple conversations with others (the negative 

aspects of the disease).

Crow and Harrington (1994) point out that psychotic illnesses (schizophrenia and 

schizoaffective and affective psychosis) have a lifetime prevalence of 2-3% and probably 

occur at a similar rate in all human societies. This suggests a genetic disease independent of 

environmental triggers such as viruses (e.g. prenatal exposure to influenza - Crow, 1994). 

Indeed, Crow points out in the New Scientist article that no etiologically significant 

environmental precipitants have been identified, and this suggests that these diseases are 

primarily genetic. Given that schizophrenics are less likely to have children than the general 

population Crow argues that the gene responsible for schizophrenia must carry advantages 

to help conserve it in the gene pool. Also, that episodes of illness can be ameliorated by 

dopamine neuroleptics (i.e. antagonists) targeted particularly at D2.
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2. Dopamine

2.1 Dopamine

Dopamine (DA; figure 2.1) was first synthesised in 1910, but its pharmacological 

properties were not realised due to the fact that its sympathomimetic actions are weaker 

than those of adrenaline and noradrenalin (Horn, 1990) - figure 2.1. Nearly four decades 

later (1938), it was shown that DA occurred in human urine and in 1939 Blaschko first 

proposed that L-DOPA (figure 2.1) and DA were intermediates in the biosynthesis of 

noradrenalin and adrenaline from L-tyrosine (Horn et al., 1979). The first direct evidence 

that DA played a vital role in the functioning of the mammalian brain came in the late 

1950s. For example, Carlson et al. (1957) demonstrated that L-DOPA was able to reverse 

the action of a sedative (reserpine) in mammals. DA was found in significant 

concentrations in the neostriatum and patients afflicted with Parkinson’s disease were found 

to have little if any DA in their corpus striatum. This finding led to the administration of L- 

DOPA to successfully treat rigidity in Parkinson’s disease - L-DOPA is able to cross the 

blood-brain barrier and is decarboxylated in the brain tissue to DA.

2.2 Molecular Properties.

Since DA is the natural ligand we must ask the basic question: what information 

can we gleam from simply looking at the molecular structure o f the DA molecule? 

Knowledge of the DA structure and its properties would help us determine the likely 

structure and properties of the binding pocket. Combined with a multiple sequence 

alignment (Feng and Doolittle, 1987) of the catecholamine binding GPCRs (DA, a  and (3 

adrenergic receptors) would help identify key amino acid residues in the receptor binding 

site.
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Figure 2.2.1 Schematic representation of the dopamine (DA) agonist

2.2.1 Crystallographic Studies

The Cambridge Structural Database or its popular title: CSD (Allen and Kennard, 

1983), contains 114,924 organic and organo-metallic compounds (version 2.3.6 as at 

March, 1994). Three structures of DA are stored in the CSD. The data set supplied by 

Bergin and Carlstrdm (1968) did not include hydrogen atom positions as at that time 

detectors were poor. Since no H atoms were found in the previous dopamine study, 

Giesecke (1980) used difference synthesis based on Bergin and Carlstrdm’s (1968) co­

ordinates and seven out of the twelve H atoms were located. After three refinement cycles 

the remaining five H atoms were located from a new difference map. Giesecke’s (1980) 

co-ordinates are therefore suitable for energy minimisation (equivalent to optimisation of 

atomic positions) using an all-atom force field without any need to generate hydrogens. In 

Giesecke’s structure, the torsion angles xi, C(l)-C(6)-C(7)-C(8), and x2, C(6)-C(7)-C(8)- 

N(l), are -100.4 (3) and 173.2 (2)° respectively (see figure 2.2.1 for guidance), which 

means the aliphatic chain is almost fully extended and essentially in the trans (a) 

conformation, forming a plane that is nearly orthogonal to the plane of the ring.

The third and most recent crystal structure determination (Klein, 1991) used a least-squares 

refinement procedure in which multipole parameters were added to describe distortions of
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the atomic electron distributions from spherical symmetry. In fact great emphasis was 

placed on studying the dopamine structure (dopamine hydrochloride) from the viewpoint of 

charge distribution with the belief that this plays an important role in receptor recognition 

and binding. The most electron-rich regions of the molecule were the two hydroxyl groups 

especially at the position of the nonbonded lone pairs. Significantly from the viewpoint of 

the stated objectives of this Ph.D. study: Klein concluded that any model for the DA 

receptor must accommodate the distribution of charge and hydrogen bond donors and 

acceptors in the DA molecule. Klein’s crystal structure was also the trans-a form of DA.

2.2.2 Which Conformation of Dopamine Is Important At The Receptor Site?

It was thought that the Di and D2 receptors preferred different conformations of the 

DA molecule (reviewed by Horn, 1990). This seemed a reasonable proposition at the time 

given that DA can theoretically adopt several distinct conformations: (i) DA can exist in a 

trans or two gauche forms (figure 2 .2 .2 ); (ii) there are two possible extremes for the trans 

form, i.e. with the catechol ring perpendicular to the -CH2CH2NH2 bond (trans-a) or 

coplanar to it (trans-P); (iii) when the catechol ring is coplanar to the side chain (trans-P), 

there are two further possibilities depending on the orientation of the ring, i.e. the a  and p 

rotamers.

With regard to (i), there are theoretical studies which indicate a preference for trans and 

others which suggest the gauche form is preferred. Quantum-chemical calculations and 

NMR studies by Bustard and Egan (1971) have shown that in aqueous solution at room 

temperature the trans conformation (t 2 = 180°) is of lowest energy, but that appreciable 

amounts of the gauche conformation (t 2 = ±60°) are also present1. Pharmacological 

evidence using rigid and semi-rigid DA analogues shows convincingly that the receptor- 

preferred conformation is a trans species (Horn, 1990). But it is quite ridiculous to believe 

that DA exists only in the trans form. Given that the energy difference between the two 

forms is only 4-8 kJ mol’1 (Horn, 1990; Park, et al., (1992), it seems quite possible from a 

molecular dynamics viewpoint that the DA ligand might oscillate between the two species.

1 Various groups have used these findings to design compound sets that match each of the three low-energy 
conformations of dopamine, for example: Van Drie et al., 1989.
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Indeed, Dahl et a l (1991a, 1991b) have clearly demonstrated in a molecular dynamics 

simulation that DA in solution is oscillating on a femtosecond (10‘15 s) time scale. The 

aliphatic side chain of the DA molecule moved several times (during a 80-psec molecular 

dynamics simulation) from one side of the catechol ring plane to the other side and 

fluctuated rapidly between various anti and gauche conformations. This is particularly 

pertinent given that molecular dynamic simulations of transmembrane (TM) helices (e.g. 

Sankararamakrishnan et al., 1991) with a middle proline indicate that the DA receptor is 

itself undergoing significant conformational change on a picosecond time scale due to 

middle prolines located in TM5, TM6  and TM7 in the DA family of receptors; see chapters 

8  and 9.

With regard to the possibilities suggested by (ii), Horn points out that it is difficult to 

answer the question whether the catechol ring is perpendicular (trans-a) or coplanar 

(trans-ft) to the -CH2NH2 bond at the receptor site. All three crystal structure 

determinations of DA are clearly the trans-a form. The pharmacologically active 

analogues 6,7-di-OHATN and apomorphine are both planar molecules and so are related to 

the trans-P instead of the trans-a conformer. The potential energy difference between the 

two species is quite small and so it is quite possible that DA oscillates between both forms 

and only with regard to rigid analogues of DA is the question of the existence of the trans- 

a. or trans-\3 species significant.

With regard to whether the preferred conformation of the catechol ring is a  or P rotamer 

types, the experimental evidence is also not clear. Catechol (5,6- and 6,7-diOH) semi-rigid 

derivatives of 2-aminotetralin (ATN; figure 2.2.2) are analogues of trans-p form of DA. 

The p rotamer (i.e. 6,7-diOHATN) derivative is far more potent as a DA receptor agonist 

than the a  rotamer analogue (i.e. 5,6-diOHATN). However, as Horn (1991) also points 

out: some workers are of the view that the a  rotamer analogues are more potent DA 

receptor agonists using different test methods. Again, it is possible that rapid changes in 

the conformation of the binding pocket within the hydrophobic core of the dopamine family 

of GPCRs is spinning confusion amongst the legions of pharmacologists working in this 

area.
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2.2.3 Electronic Properties of Dopamine

Charge distribution and molecular electrostatic potential fields are of central 

importance in understanding drug-receptor interactions, particularly if the interactions are 

largely electrostatic in origin (Waters et al., 1988; Wess et al., 1990). DA has a catechol 

ring with two hydroxyl groups at meta and para positions relative to a short aliphatic side 

chain with a terminal N* atom. Hence, three distinct types of electrostatic interactions are 

likely: hydrogen bonding, ionic bonding and 7 1 - 6  electrostatic interactions. The binding of 

ligands to the GPCRs do not involve covalent bonding accept for one notable exception: 

rhodopsin (Rh), the 11-ds-retinal forms a Schiff base with a lysine on helix VII (Smith et 

al., 1987)2. Though the covalent bond can be broken and the retinal released, it 

spontaneously re-binds to the native protein.

2.2.3.1 Quaternary Positive Charge -  potential for cation-anion interaction

The N* atom at the terminus of the aliphatic side-chain of DA is liberally quoted as 

being essential for both agonist and antagonist activity. However, using the Geister-Huckel 

method (see methods) for calculating charges in molecules it is clear that the N* description 

applied to the quaternary nitrogen is not quite true. The formal positive charge associated 

with the quaternary nitrogen in the principal valence structure is distributed among the 

adjacent hydrogen atoms - see figure 2.2.3.1.

Thus the three hydrogen atoms form a larger ball of spread-out positive charge with a 

smaller positive charge on the nitrogen atom3. This phenomenon is also found in 

acetylcholine. In this molecule, which is the natural agonist of the muscarinic GPCRs, the 

N* atom is nearly neutral. The positive charge associated with the quaternary nitrogen is 

delocalised over the entire cationic head group, and the nitrogen atom due to its intrinsic

2 Lysine on helix VII of bRh also forms a Schiff base with a 1 l-cw-retinal molecule - however, this does not 
constitute significant homology between Rh and bRh.
3 Experimental evidence that the charge for the ammonium group is not consistent with the conventional 
formal charge of +1.0 comes from Klein (1991). Klein calculated that the net charge of the ammonium 
group was +0 .2 .
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electronegativity is in fact the least positive (Beveridge and Radna, 1971). Obvious 

candidates for providing a “nitrogen-binding site” include the acidic side-chains of aspartate 

and glutamate.

Figure 2.2.3. i Charge distribution around dopamine calculated using the Geister-Huckel method. 

2.2.3.3 n - ct interactions

Seeman’s (1980) topographical model for the 

DA receptors refers to a “hydrophobic site” - which is 

presumed to be important for hydrophobic 

interactions with the aromatic ring of the natural 

agonist. However, this view is rather simplistic.

Contrary to the general perception that aromatic 

interactions are largely hydrophobic in nature, recent 

studies (for review see Burley and Petsko, 1989) 

suggest that the aromatic moiety incorporated into the 

catechol ring are involved in electrostatic interactions 

with the side-chains lining the binding pocket of DA 

receptors.

(+q) r 2(U (+5)

+

+

Figure 2 .2 .3 .3  Schematic drawing of a 
quadruple mom ents in aromatic ring
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Figure 2.2.3.3 clearly shows that aromatic rings have substantial electronic quadruple 

moments. The simplest aromatic ring can be thought of as consisting of three electronic 

quadrupoles with common centres and offset from one another by 120°. This leads to 

several important interactions:

• edge-to-face interactions between aromatic amino acid side chains, which 

bring a 5(+) hydrogen atom of one aromatic ring near to the 5(-) 71- 

electron cloud of the other aromatic ring;

• oxygen-aromatic interactions (e.g. with Asp, Glu), which bring 5(-) oxygen 

atom near to the S(+) hydrogen atoms of an aromatic side chain;

• sulphur-aromatic interactions (e.g. Cys - Phe), which bring the 5(-) sulphur 

atoms of cysteine and methionine near to the S(+) hydrogen atoms of an 

aromatic ring (Reid et al., 1985);

• amino-aromatic interactions (e.g. Lys, Asn, Arg), which bring a positively- 

charged or S(+) group near to the 5(-) 7i-electron cloud of an aromatic 

moiety. Evidence for amino-aromatic interactions came from a 

crystallographic study of the interactions of drugs with human 

haemoglobin which showed the amino group of an Asn residue pointing to 

the centre of the benzene ring of one of the drugs, suggestive of a 

hydrogen bond (Perutz et al., 1986; Levitt and Perutz, 1988).

•  aromatic-quaternary ammonium ion interactions. For example, the 3D 

structure of acetylcholinesterase form Torpedo califormica electric organ 

has been determined by x-ray analysis to 2 . 8  A resolution (Sussman et al.,

1991). Subsequent modelling of acetylcholine binding to the enzyme 

suggested that the quaternary ammonium ion is bound to some of the 14 

aromatic residues which line a gorge. A preferential interaction between
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the positively charged quaternary nitrogen with the jr-electrons of the 

aromatic side-chains clearly exists. Similar observations were made by 

Dougherty and Stauffer (1990) who noted that the neurotransmitter 

acetylcholine binds to a completely synthetic receptor (host) comprising 

primarily of aromatic rings. Again, the stabilising interaction clearly 

appeared to be between the quaternary ammonium ion and the electron-rich 

7i systems of the aromatic rings (cation-71 interactions).

These interactions are both ubiquitous and numerous and together with hydrogen bonding 

and charge-charge interaction, play a major role in molecular recognition mechanisms with 

regard to ligand-receptor binding (Verdonk et al., 1993). In particular, they are likely to 

play an important role in the binding of selective agonists and antagonists to the DA 

receptors. For example, a recent study of the contribution of the 1-phenyl substituent to 

the molecular electrostatic potentials of some benzazepines in relation to selective DA Di 

receptor activity (Pettersson et al., 1992) clearly demonstrated that an important part of the 

interaction between the phenyl ring in the benzazepines and the receptor is due to 

electrostatic forces.

2.2.3.4 Potential For Hydrogen bonding

It is clear that the two hydroxyl groups which characterise the catechol moiety of 

the natural ligand are available for donor/acceptor hydrogen bonding and at least one 

hydroxyl group is required for successful agonist induced conformational change in the 

catechol amine binding GPCR4. Indeed, if both of the hydroxyl groups are removed from 

the aromatic ring - this converts the natural agonist into a potent antagonist (Civelli et al.,

1992). Hence, hydrogen bonding is essential for agonist activity. The importance of

4 Extensive structure-activity relationship (SAR; Cannon, 1985) studies have shown that only the meta- 
hydroxyl group is essential for “bioactivity” (i.e. binding). Cannon’s findings have prompted Van Drie et 
al. (1989) to design D2 agonist phenols rather than catechols. It has transpired that the meta-hydroxyl 
interacts with Ser-204 while the para-hydroxyl hydrogen bonds with Ser-207 (re: p2 receptor (a catechol 
amine binding GPCR; Strader et al., 1989a,b). However, Strader concluded that either hydroxyl groups of 
the phenyl ring hydroxyls ensured efficacy. [^-receptors (Pi, p2 and p3) have significant homology with 
DA receptors.]
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hydrogen bonding is amply demonstrated by the fact that all the topographical models of 

the DA receptors include sites for hydrogen bonding; for example, Seeman’s (1980) model 

- see figure 2.2.3.4. Residues such as Ser, Thr, Asn or Gin are obvious candidates as 

“sites” for hydrogen bonding in the binding pocket of DA receptors; the polar oxygen 

atoms of tyrosine and even accessible carbonyl backbone oxygen atoms may also provide 

opportunities for hydrogen bonding with DA. That hydrogen bonding does play an 

important part in the binding of the agonists to DA receptors is not surprising given the 

nature of the hydrogen bond. Because of its small bond energy and small activation energy 

involved in its formation and rupture, the hydrogen bond is especially suited to play a part 

in reversible receptor binding mechanisms.

OH

(OH)

Accessory H 
bond site

,6.5-7.3 A
Primary H 
bond site

Nitrogen-binding site
Hydrophobic
Site

Figure 2.2.3.4 Model for DA receptors - adapted from Seeman’s (1980) 
topographical model for the DA receptors. It is clear that hydrogen 
bonding plays a big part in the agonist activity of the natural ligand 
dopamine.
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3. The Dopamine G Protein Coupled Receptors (GPCRs)

3.1 Role Of The Dopamine Receptors In Signal Transduction

The dopamine (DA) receptor (like all other GPCRs) forms part of a critical message 

transduction pathway across the cell membrane of the host cell. In the classic agonist- 

receptor interaction model (reviewed in Neal, 1989; see figure 3.1) the agonist binds to the 

receptor and the agonist/receptor complex can bind to the transducer molecule to form the 

agonist/transducer complex to initiate the desired response. If the DA GPCR follows the 

classic agonist-receptor interaction model then the agonist should bind to the DA GPCR 

and in response to agonist binding conformational changes would occur in the receptor 

molecule to allow a second molecule (an appropriate G protein) to bind to the intracellular 

side of the receptor protein.

transducer

agonist receptor

+ T

v

RESPONSE

agonist/receptor 
transducer complex

Figure 3.1 Classic model of agonist-receptor interactions 
adapted from Neal, 1989.

21



However, the findings of Urwyler and Markstein (1986) showed experimentally that the 

DA receptors do not follow the classic drug-receptor interaction model. They showed, 

prior to the actual cloning of D 3 and D4, that “D 3 ” and “D4” binding sites are high agonist 

affinity states of the Di and D2 receptors respectively. These workers even went so far as 

to suggest that: “It may well be that the multiplicity of dopaminergic recognition sites 

reflects simply the fact that dopamine receptors can exist in different states, with different 

affinities especially for agonists.” Earlier other workers had suggested that the “D 3 ” 

binding site was actually a high agonist affinity state of the Di receptor (e.g. Seeman, et al., 

1985).

This deviation from the classic drug-receptor model is better explained in terms of the 

“ternary complex model” (figure 3.1.1) which was originally proposed for the (3-adrenergic 

receptor (De Lean et al., 1980). This model was applied to the dopamine receptors (Sibley 

et al., 1982; Wreggett and De Lean, 1984). In this model, the receptor (R in figure 3.1.1) 

can not only interact with the ligand (an agonist or an antagonist), but also with an 

additional membrane component, the guanyl nucleotide binding protein G. The coupled 

form RG has a high affinity for agonists, whereas the free receptor R, would correspond to 

the low agonist affinity state. Agonists tend to stabilise the interaction between R and G in 

the form of the ternary complex LRG; however, in this form the G-protein has a high 

affinity for GTP and on binding of this nucleotide the complex dissociates and agonist 

affinity is reduced.

G 
+ — 

L .+ R  <r 
A

L + RG

G
+

L.R

LRG

Figure 3.1.1 The ternary complex model for drug-receptor-G protein 
interaction (adapted from Wreggett and De Lean, 1984). 

Abbreviations: R, receptor; L, ligand; G, G-protein.
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Di receptors couple to Gs proteins which stimulate adenylate cyclase activity. In contrast, 

D2 receptors couple to Gc (which have no effect on or inhibit adenylate cyclase activity) or 

Gi proteins (which inhibit adenylate cyclase activity). However, this description of events 

is a simplification - Niznik and Van-Tol (1992) instead explain the role of the five distinct 

genes recently cloned in terms of their use as “tools for molecular psychiatry”. While the 

role of the dopamine receptors in some psychoses (and Parkinson’s disease) is generally 

accepted, though not well understood, there is a growing body of experimental evidence 

which suggests the dopamine receptors play a far more diverse and interactive roles in the 

functioning of higher organisms.

In their review of the functional implications of the Di/D2 classification scheme Clark and 

White (1987) looked at the pharmacological effects of compounds exhibiting putative 

selective agonist or antagonist activity at DA receptor sites. Their study supported the 

view that Di and D2 receptors interact in both an opposing and synergistic fashion in the 

control of behavioural expression. Experimental work by Benkirane et al. (1987) showed 

that in rat substantia nigra, exogenous and endogenous dopamine causes inhibition of 

serotonin release by activation of Di subtype receptors. The inhibition of serotonin release 

was antagonised by SCH 23390 (a Di selective antagonist), but was unaffected by S- 

sulpiride (a D2 selective antagonist).

Jose et al. (1992) have identified a D2-like receptor, which they have named: D2Ak. It is a 

renal dopamine receptor with some pharmacological features of the D2 receptor but not 

linked to adenylate cyclase. Found in the inner medulla, D2Ak is linked to the stimulation 

of prostaglandin E2 production, apparently due to stimulation of phospholipase A2. The 

DAI receptor in the kidney is associated with renal vasodilatation and an increase in 

electrolyte excretion. The role of the DA2 receptors in the kidney requires clarification.

Of particular concern, are the recent experimental findings of Johnston et al. (1993). These 

workers noted that abnormalities in D2 receptors my be implicated in the development of 

some pituitary tumours. This finding ties up nicely with the completely independent work 

of Wong et al. (1993a; also: 1992, 1993b,c) who have in vitro and in vivo evidence that
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DA, by acting through Di receptors in the pituitary, functions as a growth-hormone 

releasing factor in goldfish. Finally, somewhat mirroring the work of Clark and White 

(1987), Wong et al. (1991) has reported that the dopamine receptors DI and D2 (also 

GABA(A) receptors) play a major role in modulating the control of motor function by the 

nucleus-accumbens of rat brains.

Elucidating in more detail the manner in which the functioning of the dopamine receptors 

interact with other potent agonists and their receptors and parts of the endocrine system 

will hopefully lead to potent drug treatments which lack side-effects. This confusion 

simply arises due to our lack of understanding of the interactive role played by the 

dopamine receptors, both with other dopamine receptor subtypes, receptors of other GPCR 

families and even parts of the endocrine system.

3.2 Overall Topology

Integral membrane proteins contain one or more membrane-spanning segments. 

Excluding the porins (membrane channel proteins, for example see Weis and Schulz, 1993) 

which contain intramembrous p-sheet as their major structural component, TM segments 

are stretches of hydrophobic amino acids of sufficient length to span the lipid bilayer as a- 

helices. Bacteriorhodospin from Halobacterium halobium is composed of seven such 

stretches (though the seventh is amphiphilic) aligned to a hepta-helical motif of anti-parallel 

helices essentially normal to the lipid bilayer (Henderson and Unwin, 1975; Henderson et 

al., 1993). Given that the hydropathy plots such as the Kyte Doolittle plot (1982) of 

GPCRs show clear similarities to the hydropathy plot of bRh (see chapter 5) it is generally 

concluded that GPCRs include a similar heptahelical motif (see figure 3.2)1. Indeed, the

1 The D2 family (i.e. D2, D3 and D4) differs from the Di family (i.e. Di and D5) in two clear ways: 1) 

members of the D2 family have a long intracellular loop (ilQ) between TM helices V and VI whereas 

members of the Di family have a shorter version of ilH; 2) D2 sub-type receptors have a short carboxy tail 

whereas Di sub-type receptors have a long carboxy tail. In both families, hydrophobic TM helices are 

connected by short stretches of hydrophilic amino-acids.
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identification, by protein sequencing, of a large number of sites on rhodopsin (a GPCR) 

which were subjected to chemical or biochemical modification or to proteolytic cleavage, 

confirmed that rhodopsin traversed the lipid bilayer seven times (reviewed: Findlay and 

Pappin, 1986; Findlay et al., 1988). Fujiwara et al. (1991) have pointed out in their paper 

(“The Molecular Biology of Dopamine Receptors”); the English translation reads: 

“Analysis of their (the dopamine receptors) amino acid sequences has shown that these 

subtypes belong to the G protein-coupled receptor family, with seven TM domains, a C- 

terminus within the cell and a N-terminus outside the cell.” This seems a reasonable 

statement given that rhodopsin has significant homology with each member of the 

dopamine family of GPCRs (chapter 5).

However, the question remained: are the helices arranged in a anti-parallel fashion. 

Indeed, Findlay has asked this question (Ryba et al., 1992) and noted that 7! permutations 

are possible (i.e. 5,040 possible arrangements). However, precisely the same question was 

considered over a decade ago by Engleman et al. (1980) who looked at the path of the 

polypeptide in bRh. They likewise concluded that 7! permutations are possible. They used 

a simple algorithm to rule out physically implausible arrangements (e.g. by looking at 

lengths of hydrophilic stretches of amino-acids between the then putative TM a-helices) to 

produce only one physically plausible arrangement: the anti-parallel heptahelical motif. 

This basic motif was confirmed by Henderson et al., 1990 by modelling the structure of 

bRh based on high resolution electron cryo-microscopy - a technique developed by 

Henderson. It is generally agreed that the TM component of GPCRs consist of seven TM 

alpha helices arranged in an antiparallel fashion essentially like that demonstrated for bRh. 

The question of the exact location of the GPCR helices and their relative tilts still remains 

to be resolved.

Gebhard et al. (1993) provided a projection map of Rh showing the configuration of the 

TM helices. A projection of Rh (9A resolution) and for comparison a projection of bRh at 

7 A resolution was also obtained using the same method (see figure 3.2.1). The projection 

density map for Rh shows a drawn out arc-shaped feature and four resolved peaks of 

density. They interpreted the four peaks to be four TM helices orientated nearly 

perpendicular to the lipid bilayer. The arc is thought to represent three tilted helices
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(making seven TM helices in all). Significantly, they noted that: “the projection structure of 

rhodopsin is less elongated and slightly wider and the helices are tilted differently from 

bRh”. In her paper on the probable arrangement of the helices in GPCRs, Joyce Baldwin 

(1993) also noted that: “the structure of rhodopsin seen in this map is clearly different from 

the structure of bacteriorhodospin”. However, a full 3D structure is still required. Only 

with a 3D structure can details be accurately evaluated concerning tilts and orientations of 

the helices relative to one another, the retinal moiety and the surrounding lipid. It is 

generally agreed that helices are orientated so that conserved and highly conserved residues 

face inwards and away from the lipid bilayer2 - this topic is considered in detail in chapter 

8 . Also that charged residues such as aspartate or glutamate would never be exposed to 

the surrounding lipid bilayer. However, Maloney-Huss and Lybrand (1992) found that a 

glutamic acid side chain (E l22) in helix IQ in their model of P2 adrenergic receptor protein 

is exposed to the surrounding lipid. Likewise, Fourier analysis (chapter 8 ) suggests that 

some conserved residues do not always face inwards or towards other helices. This 

suggests that helix shear re-orientates specific helices to allow these residues to play their 

role during the binding and release of the agonist ligand - more details in section 3.4.3 and 

chapter 8 .

2 This might be expected from biostructure analysis work carried out by Bordo and Argos (1990) who 

concluded that a residue buried in a protein core would have different mutational constraints than one lying 

at or near the protein surface (in the case of the TM components of integral membrane proteins the protein 

surface are the sides of the helices facing the lipid).
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amino tail

EXTRACELLULAR DOMAIN

(NWS)

short carboxy tail 

c

Long third intracellular loop

INTRACELLULAR DOMAIN

Figure 3.2; Schematic drawing of the overall topology of the dopamine (DA) receptor. 
Single letter amino acid code is used. NLS, NWS and NGS are tripeptide glycosylation 
sequences in D2; 5, 17 and 23 are the positions of N in each of the tripeptide sequences. 
Residues in clear circles are conserved throughout the dopamine family. Those in shaded 
circles are conserved throughout a representative set of cationic amine G protein coupled 
receptors: dopamine (Di through to D5), p-adrenergic (Pi, p2 and P3), a-adrenergic (0 C2A, 
a 2B and a 2c) and the serotonin 5HTiA receptor (see appendix 1 ). The residue 
assignments follow Baldwin’s scheme, e.g. there is an aspartate residue in transmembrane 
helix 2 (TM2) at position 14 (Asp2 i4) and in TM3 at position 7 (Asp307) - see figure 
3.4.1. The cylinder outlines at the amino and carboxy termini of im  signify short 
intracellular a-helices - these have been predicted using the secondary prediction 
algorithm PHD (Rost and Sander, 1993 -see chapter 5) and are in agreement with the 
findings of Maloney-Huss and Lybrand (1992). A a-helix (3 turns) is also predicted 
using PHD between carboxy-end of TM7 and a conserved Cys residue as shown.
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Figure 3.2.1; Projection density of a single molecule of rhodopsin at 9 A resolution 

(top) and bRh at 7 A resolution (bottom) viewed from the intracellular side of the

membrane - Gebhard et al. (1993).
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3.3 Tripeptide Giycosyiation Sequences in GPCRs

It had been noted some years ago that in N-linked glycoproteins the Asn bearing the 

carbohydrate chain was part of the tripeptide sequence -Asn-X-Ser or -Asn-X-Thr (i.e. - 

Asn-X-Ser/Thr; NXS/T using single letter code), where X represents one of the 20 amino 

acids (Eylar, 1965; Marshall, 1974). However, two caveats soon emerged: 1) not all 

proteins containing this sequence are glycosylated; 2) X can be any of the 20 amino acid 

except perhaps Asp (Marshall, 1974). With regard to the first caveat, the factor 

determining whether a protein with the -Asn-X-Ser/Thr is glycosylated depends on where 

this tripeptide sequence is situated. If the sequence is accessible to the oligosaccharide 

transferase (i.e. on exposed coils or (3 -tums) the protein is glycosylated.

In addition, the polar hydrophilic sugar moieties of these proteins (termed glycoproteins) 

invariably are found exposed to the exterior medium and are thus available for interaction 

with external factors (Cotmore et al., 1977). In fact, thermodynamic considerations had 

suggested that the hydrophilic carbohydrates should be found in the hydrophilic medium 

(Singer, 1971; Singer and Nicolson, 1972) rather than the hydrophobic bilayer. However, 

the fact that glycosylated sites are found in the exterior medium was demonstrated in the 

case of the red cell major glycoprotein (PAS-1, glycophorin) where the sialic acid 

containing moieties were experimentally shown to be located in the N terminus of the 

protein external to the cell (Tomita and Marchesi, 1975; Cotmore, 1977). The C terminus 

being located on the cytoplasmic side of the cell. Indeed, Nicolson and Singer (1974) 

noted that for a number of systems the carbohydrate chain is located on the external side 

of the membrane. Every member of the DA family of GPCRs has potential sites available 

for giycosyiation (see table 3.3 below). For example, the D2 human receptor has three 

potential sites for giycosyiation (at positions 5, 17 and 23). Hence, the DA receptor family 

belong to the general class of glycoproteins.
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Receptor m m sm m m m

(of Asn residue)

Tripeptide Sequence 

(Single letter code)

| | | | | | | | | i q i l l : | | Extracellular?;

D1 5 NTS AMINO TAIL YES
D2 5 NLS AMINO TAIL YES
D2 17 NWS AMINO TAIL YES
D2 23 N6 S AMINO TAIL YES
D3 1 2 NST AMINO TAIL YES
D3 19 NST AMINO TAIL YES
D3 173 NTT en YES
D4 3 NRS AMINO TAIL YES
D5 7 NGT AMINO TAIL YES

Table 3.3 Position o f possible glycosylation sites in the dopamine (DA) receptors.

3.3.1 Genetic Analysis

Strader and Dixon (1992) pointed out that genetic analysis studies of the p- 

adrenergic receptor (and therefore by implication any GPCR) are directly applicable to the 

entire family of GPCRs - including the DA family of receptors. In their review of genetic 

analysis of the p-adrenergic receptor they identified three approaches: site-directed 

mutagenesis, deletion mutagenesis and construction of chimeric proteins. A fourth 

approach is implicitly suggested by Patrick Argos (Bordo and Argos, 1990) who noted 

that point mutations of structural equivalent residues in families of known structures are 

equivalent to in vivo site-directed mutagenesis. A similar study of natural protein 

engineering and design of the DA receptor family must wait until a collection of high 

resolution 3D structures are available.

However, using cloning technology it is possible to study allelic polymorphism in any DA 

receptor. Van Tol et al. (1992) did just that in their study of D4 variants in the human 

population and suggested that the occurrence of variable repeat regions in the third
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intracellular loop3 4  (illl) might account for observed phenotypic variability in psychotic 

patients on clozapine treatment. In a more limited study (Nishimot and Okamoto, 1992; 

Ikezu et al., 1992) analysis of primary structure of the muscarinic and a 2-adrenergic 

receptors noted that only certain regions of ill and iHt are responsible for binding to the G- 

proteins. These regions did not correspond to the general location of any of the repeat 

regions observed by Van ToTs group. In addition, iin of D4 (or any of the DA receptors) 

is not directly involved in the binding of the antagonist clozapine since it is an intracellular 

loop. Also, numerous workers (e.g. Dixon et al., 1987a and 1987b) have noted that 

residues directly involved in binding of ligands are found in the hydrophobic (i.e. TM 

component) part of GPCRs. Shaikh et al. (1993) also looked at the frequency of 

occurrence of dopamine D4 receptor subtypes (D4.2, D4.3, D4.4, D4.5, D4.6 and D4.7) in 

clozapine-treated patients and their response to clozapine. They found no significant 

differences in allele frequencies between responders and non-responders5. It is therefore 

very doubtful that variation in simple repeat homology in the middle of im  of D4  could 

have such dramatic effects.

Genetic analysis as envisaged by Strader and Dixon (1992) cannot be contemplated unless 

the genes of interest have been cloned. Unfortunately classical methods of amino acid 

sequencing are generally difficult for membrane proteins, particularly for the hydrophobic 

regions. Classical methods require the purification to homogeneity of the gene protein 

product, which has not been achieved for e.g. the Di receptor (Niznik et al., 1992). 

However, use of the polymerase chain reaction (PCR) has proved very successful, to the 

extent that Watson and Arkinstall (1994) were able to compile a book containing nearly 

300 pages listing GPCR primary structures.

Cloning gives the first opportunity to characterise the receptors. For example, Selbie et al. 

(1989) performed a molecular analysis of the human D2 receptor and Sokoloff et al. (1990)

3 Van Tol’s group discovered that a 48-base-pair sequence in the third intracellular loop of D4 exists either 
as a direct-repeat (D4.2), as a fourfold repeat (D4.4) or as a sevenfold repeat (D4.7).

4 The author had previously noted the existence of a direct-repeat (i.e. D4.2) using a simple algorithm 
designed to detect internal homology within GPCRs - see chapter 6 .
5 They did add the caveat that the relationship between particular alleles or genotypes and more subtle 
differences in clozapine response require a larger sample of patients to perform the necessary statistical 
evaluation.
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used molecular-cloning as a vehicle to characterise the D3 receptor. Applying hydropathy 

analysis to the primary structures allowed these workers to make one important distinction 

which distinguishes the Di family from the D2 family. Di receptors have a long intracellular 

carboxy tail and a short loop im  whereas im  in D2 receptors is much longer and the 

carboxy tail much shorter. In addition, once the first DA receptor had been cloned (D2 - 

Selbie et a l, 1989) the subsequent cloning of the other members of the DA receptor family 

helped focus attention on what were perceived to be key residues. In particular, newly 

cloned DA receptors were checked to see if they had equivalents to the two Ser residues 

(Ser-194 and Ser-197) of D2 which were believed to be involved in hydrogen bonding to 

the natural agonist DA. Once several cationic amine binding GPCRs had been cloned and 

consequently sequenced, this allowed a multiple sequence format file to be compiled and 

conserved Ser residues identified along with other residues suitable as candidates for site- 

directed mutagenesis experiments.

In analysing the results of mutagenesis experiments, it is vital to be certain to differentiate 

between functional mutations and those that effect structural integrity of the protein. 

Otherwise residues which actually play an important structural role may appear to play an 

important role in binding when in fact the binding would tend to be disrupted anyway as a 

result of miss-folding of the receptor protein. It is also important to locate those regions of 

the receptor protein responsible for certain functions which can be determined by using 

chimeric receptors. Of particular interest are those regions of the DA receptor which play a 

decisive role in binding agonists and antagonists. Unfortunately, because of the enormous 

commercial interest in the DA receptors, there are very few papers on the genetic analysis 

of binding of DA GPCR agonists and antagonists. This mirrors the problem with regard to 

protein modelling of the DA receptor, where 3D models (particularly their x, y, z atom co­

ordinates) do not find their way into the public domain (Humbler & Mizadegan, 1992).

However, with regard to the natural agonist (DA) as discussed in earlier sections, the 

binding pocket of the DA receptor should contain a counter-ion to the cationic amine 

group (present in all DA agonists and antagonists), side-chains capable of hydrogen 

bonding to the hydroxyl groups of the catochol (particularly the meta hydroxyl group) 

plus side-chain capable of n-o  or n-n interactions with the aromatic ring of DA, i.e. Met,
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Cys, Arg and Asn (ti-ct interactions); Tyr, Phe and Trp (n-n interactions). Antagonists 

differ from agonists in one fundamental respect: they lack the ability to interact with the 

hydrogen bonding sites in the binding pocket. Of enormous interest are chimeric studies 

involving the DA receptors. Of particular value would be the construction of chimeric 

dopamine receptors, in which various regions from two dopamine receptor subtypes are 

combined and the pharmacological phenotype of the resulting hybrid protein analysed. 

For example, the experiments performed by Frielle et al. (1988) who constructed chimeric 

Pi/P2-adrenergic receptors to determine the structural basis of P-adrenergic receptor 

subtype specificity. Such experiments could be repeated on the DA receptors to locate 

regions of the hydrophobic core of each receptor that distinguish it from other DA receptor 

subtypes. Such information would be of enormous value as it would aid medicinal chemists 

in developing drugs which bind to e.g. Di in preference to D2. But as explained above, this 

information is not in the public domain.

3.4 The Binding Mechanism of the Dopamine Receptor

The likely role of various side residues and non-covalent forces in binding agonists 

(and antagonists) has already been outlined. Here three important aspects which are likely 

to play a decisive role in binding agonist ligands is described: the location of the binding 

pocket and binding equilibria, a-helix kinking and helix interface shear mechanism. Of 

course, these important aspects are taken up in the results and discussion section where 

they are discussed in detail in the context of the 3D models of the DA receptors created by 

the author.

3.4.1 Location Of Binding Pocket And Binding Equilibria

Saunders and Findlay (1990) carefully analysed the findings of Strader et al. 

(1989b) who carried out a detailed genetic analysis of the structure function relationships of 

catechol amine binding GPCRs. Saunders and Findlay were particularly interested in the 

finding that while Asp-113 (|32 adrenergic receptor) on helix E l (10A from the surface) is
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vital for agonist and antagonist binding, the Asn-113 mutant is still fully coupled to cyclase 

at very high concentrations of agonist. This suggested the possibility that a second acidic 

residue may function to bind agonist ligands. Asp-79 on helix II some 15A from the 

receptor surface is therefore likely to also be involved in agonist as opposed to antagonist 

binding. They extrapolated these findings to propose a sequence of equilibria that 

underscore muscarinic receptor activation following agonist binding. Essentially, the 

agonist first binds to Asp(105) on TM helix IE of the muscarinic receptor Mi and then 

moves into a position which enables it to interact with the deeper Asp(71) on TM helix II 

and then mainly with Asp(71). This proposal has been extrapolated to describe a similar set 

of putative equilibria for agonist binding to the D2 receptor - see figure 3.4.1.

Dahl et al., (1991b) constructed a 3D model of D2 from its amino acid sequence and used it 

to simulate the MD of DA-receptor interactions using a Cray X/MP-28 supercomputer. 

Their model consisted of seven a-helical TM segments that formed a central core with a 

putative ligand-binding site. Space between helices II and VI was occupied by low energy 

conformations of the ligand i.e. gauche (±60°). Also, the MD simulation clearly 

demonstrated that the protonated amino group of DA became orientated toward negatively 

charged aspartate residues in helix II and helix III in much the same manner as proposed by 

Saunders and Findlay (1990). In fact, Dahl (Dahl et al., 199la,b) favours the so called 

“zipper” mechanism (Burgen et al., 1975) whereby the ligand changes in conformation 

during the binding process which takes place in several successive steps.

On the basis of earlier work (Strader et al., 1989c) Strader and Dixon (1992) suggested 

that there are overlapping binding sites for agonists and antagonists. It seems reasonable 

therefore to also suggest that different agonists also have overlapping binding sites. Sylte 

et al. (1993) have performed MD studies on a model of the serotonin (5HTia) receptor 

(which has high homology with the DA receptors) and ligands. The ligands used in the MD 

study were: serotonin (5HT - the natural agonist), buspirone (partial agonist), S(+)- 

methiothepin and S(-)-methiothepin (both isomers are antagonists), ipsapirone (IPS - high 

affinity for 5-HTia receptor). By calculating interaction energies between ligands and 

specific residues, Sylte showed that up to 22 different amino acid residues may form a 

ligand binding pocket, and contribute to the specificity of ligand recognition and binding.
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For example, the binding pocket clearly differs between 5HT and IPS. The use of 

supercomputers and appropriate software to characterise binding domains offers 

spectacular insight and will be of great use to medicinal chemists who seek to design 

ligands with specific binding profiles.
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Figure 3 .4 .1  Simple model of antagonist (An) and agonist (Ag) binding to dopamine receptor (DAR) sub- 

type D2. (i) antagonist binds to the dopamine receptor. The principle non-covalent interaction being a

reinforced ionic bond between the positively charged group on the cationic ligand and the negatively charged 

Asp residue on helix 3, position 7. This is termed MODE 0. (ii) agonist binding to the dopamine receptor 

(D2); hydrogen bonding between the agonist and side chains of Ser residues on helix 5 at positions 7 and 10 

together with ionic bonding with Asp on helix 3 - this is termed MODE 1. MODE 1 differs from MODE 0 

in one important aspect: there is no hydrogen bonding involving the Ser residues on helix 5 in MODE 0. 

The agonist moves deeper into the receptor and at some point (MODE 2) lies close to Asp residue on helix 2. 

Electrostatic interaction between Asp residue on helix 2 characterises MODE 3. However, hydrogen 

bonding is likely between the catechol moiety and conserved Ser residues e.g. Ser(7.14) which is conserved 

in the dopamine family of GPCRs. The climax of MODE 3 is the exposure of the DRY (single letter code) 

motif on C-flank of helix 3 which is rendered available for coupling to G-protein in the intracellular medium 

thus completing the message transduction process. Adapted from Saunders and Findlay (1990).
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3.4.2 a-Helix Kinking

Kinking of TM a-helices caused by middle prolines has been noted by Henderson et 

al. (1990). However, the relevance of detailed conformational structure and molecular 

dynamics studies of TM helices with a middle proline (Sankararamakrishnan and 

Vishveshwara, 1990; Sankararamakrishnan et al., 1991) to the binding of agonists by 

catechol amine binding GPCRs has not been fully appreciated.

For example, Saunders and Findlay (1990) mention the importance of the two 

conserved serine residues on TM helix V. The fact that helix V also has a middle proline 

was not considered. Presumably the positively charged quartinary group of the agonist 

(and antagonists) is electrostatically attracted to the acidic side chain of Asp-113 ((32 

adrenergic receptor). This seems a reasonable conjecture, but it begs the question why only 

the agonist can approach and then interact with the deeper Asp-79 residue. Only the 

agonist interacts with the two conserved hydrogen bonding sites (e.g. Ser-204 and Ser-207 

in (32) on helix V. However, this fact by itself does not adequately explain why only the 

agonist is able to interact with the deeper Asp-79 residue6. Interestingly, Dahl (Dahl et al., 

1991b) observed during the MD simulation of the docking of the fluctuating DA molecule 

that “the electrostatic forces were not sufficient to attract the dopamine molecule to the 

postulated binding site during the simulation” and introduced a slight distance constraint. 

Hence, something else must be driving the agonist deeper into the binding pocket.

A clear explanation comes from detailed molecular dynamic studies of TM helices with a 

Pro residue in the middle position. A TM helix with a middle proline oscillated every 2-4 

ps between a largely straight structure and a highly bent structure (Sankararamakrishnan et 

al., 1991). The omega (p -1) torsion angle was also found to vary in sympathy with the 

conformation of the proline residue which fluctuated between a puckered-up (where %i is 

negative) and puckered-down (where %i is positive) conformation - see figure 3.4.2 for

6 MaloneyHuss and Lybrand (1992), however, suggest that interaction of agonists with the two conserved 
serines on helix V would alone be sufficient to induce the conformational changes necessary to trigger 
coupling to G proteins.
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guidance. Extrapolating these findings to helix V with an agonist hydrogen bonded to Ser- 

204 and Ser-207 and the cationic amine orientated towards Asp-114 on helix 3 would 

produce a simulation in which the agonist is driven closer to Asp-79 on helix 2 of D2. 

Since hydrogen bonds are easily broken, the agonist can reorientate to achieve a new 

equilibria. It is possible that only the bending action of helix V is necessary to achieve 

MODE 1, with MODE 2 following automatically and if the receptor is in the high affinity 

state, MODE 3 is achieved in combination with helix interface shear mechanism (see 

below). However, it should be mentioned immediately that middle prolines are also 

conserved in helices VI and VH. It seems reasonable therefore to suggest that the bending 

motions ascribed to helix V also occur in helices VI and VII. Hence, the thrusting action 

of helices V, VI and VH (there is a conserved serine/hydrogen bonding site on helix VH) 

are likely to work in unison pushing the agonist deeper into the binding pocket leading to 

the coupling of the receptor to intracellular G protein. It appears that evolution has 

provided motors to solve the problem of driving the agonist deep into the binding pocket.

\  /  | II \ /  I I !

/ \  II / \H 0 £ H H 0 R H

Figure 3.4.2; Conformational parameters of a polypeptide chain containing a middle proline. R = 
residue side-chain; <J>, y and to are the classic back-bone torsion angles; Xi & used here represent 

the internal torsion angles of the proline ring. Adapted from Sankaramakrishnan et al., 1991.

Maloney-Huss and Lybrand (1992) only suggest that prolines introduce kinks into the 

helices and may function as joints in helices allowing more complex conformational shifts 

and reorientations - the relevance of the work of Sankararamakrishnan et al., (1991) is not 

discussed. Similarly, Trumpp-Kallmeyer (1992) merely point out: “Interestingly, the
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presence of a Pro residue in a TM a-helix has been studied experimentally and has been 

shown to have a hinge function, inducing oscillations of the two helical arms (Riegler, 

1990)”. Again no mention of the detailed findings of Sankararamakrishnan et al., (1991).

3.4.3 Helix Interface Shear Mechanism.

Lesk and Chothia (1984) noted: that many proteins undergo conformational

changes in response to changes in state o f ligation. The switch between specific 

conformational isomers is part o f the mechanism o f their function. It is found in proteins 

that contain extensive domain-domain interfaces. This phenomena they called: helix 

interface shear mechanism which they described in terms of its role in domain closure in 

proteins. Essentially, helix interface shear mechanism is used by some proteins to allow 

individual helix rotations which are cumulative as they are transmitted from one helix to the 

next.

The possible role of the helix interface shear mechanism in the binding and release of 

ligands (in particular agonists) in GPCRs has never been properly discussed in the 

literature. Maloney-Huss and Lybrand (1992) alone have suggested that large scale helix- 

helix motions are necessary to permit entry and exit of ligands. However, the role of helix 

interface shear mechanism in allowing individual helix rotations to be cumulative as they are 

transmitted from one helix to the next was not appreciated by Maloney-Huss and Lybrand. 

Instead they refer to: “a general rotation or twist of the entire helix bundle”. It is 

surprising that such a fundamental phenomena (i.e. helix interface shear mechanism) is not 

widely known or fully appreciated amongst GPCR modellers. This topic is considered in 

more detail in chapter 8.
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4. Modelling The Dopamine G Coupled Receptor Proteins

4.1 Role of Three-Dimensional Structures

The belief of structural biology that function follows form had its origin in the 

treatise by Anfinsen (1959), The Molecular Basis o f Evolution. Anfinsen remarked that 

“Protein chemists naturally feel that the most likely approach to the understanding of 

cellular behaviour lies in the study of structure and function of protein molecules.” 

Summers & Karplus (1989) later noted that “A knowledge of the three-dimensional (3D) 

structure of a globular protein is an essential first step for the understanding of its biological 

function.” Johnson et al. (1994) extended this fundamental truth to include the general 

class of integral membrane proteins. Fasman (1989) has observed that the achievement of 

protein crystallography over the past three decades lies in the fact that the structure and 

function of proteins is now often understood at the atomic level.

Unfortunately, whereas there are numerous globular proteins resolved to 2 A or better, 

only one intermediate resolution structure of an integral membrane protein exists - 

photosynthetic reaction centre (PRC) from the prokaryote Rhodopseudomonas viridis 

(Deisenhofer et al., 1984). This discrepancy in number of known structures owes much to 

the fact that integral membrane proteins are extremely difficult to crystallise; indeed, 

membrane proteins account for less than 1% of the protein structures available. In order to 

maintain the native structure, the lipid-protein interaction must be conserved during the 

crystallisation process. This poses enormous difficulties for workers aiming to obtain 3D 

X-ray crystal structures of integral membrane proteins. Consequently, crystallographic 

studies on membrane proteins have been considered to be more art than science (Garavito,

1990).
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4.2 The Need For Protein Modelling

The catecholamine binding G protein coupled receptors (GPCRs) are integral 

membrane proteins and have never been crystallised though two-dimensional crystals of 

rhodopsin, which binds a chromophore ligand, have been used to produce a low resolution 

2-dimensional projection map (Gebhard et al., 1993). Obtaining experimental 3D 

structures of eukaryotic integral membrane proteins remains only a possibility in the 

medium to long term; the preponderant obstacles remain: obtaining “good” quality crystals 

- crystals of sufficient size and order such that they diffract X-rays to high resolution and 

the procurement isomorphous heavy atom derivatives. In this vacuum, the protein 

modelling community has been called upon to develop physically plausible 3D models - in 

particular: 3D models of channel membrane proteins and GPCRs. In the absence of a high 

resolution 3D structure, such modelling must remain largely speculative. However, such 

models are very useful in providing a theoretical framework for assessing evidence derived 

from multiple sequence alignments, biophysical experiments, site-directed and deletion 

mutagenesis, molecular dynamics studies and structure-activity relationships. Their value 

ultimately lies in their ability to aid the medicinal chemist in the rational drug design 

approach and molecular biologists in the design of new receptor engineering experiments 

(Humbler and Mizadegan, 1992).

More specifically, the value of accurate 3D models were implicitly emphasised in the IB C 

(1989) Symposium on Schizophrenia held in London, UK. It was noted in the meeting that 

drugs currently available for the treatment of schizophrenia have a rather “dirty” receptor 

profile and thus exhibit a range of disturbing side-effects by interactions (i.e. binding) at 

diverse sites including ai-adrenoceptors, muscarinic cholinoceptors and histamine 

receptors. Hence, accurate models of the dopamine receptors (which are the targets for 

current drug treatments for schizophrenia and Parkinson’s disease) can help medicinal 

chemists design ligands to bind specifically to the dopamine receptors. However, it was 

also noted that a greater understanding of the different sub-types of dopamine receptors is 

required due to the disturbing occurrence of side-effects related to interactions with the 

dopamine receptors (movement disorders caused by induced parkinsonism and tardive 

dyskinesia). Hence, models for each sub-type of dopamine receptor are required to help
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medicinal chemists target drug treatments more effectively. Though our current 

understanding of the action of dopamine receptors has gaping holes - only by targeting 

specific dopamine receptors can medicinal chemists and pharmacologists observe which 

sub-type dopamine receptors are responsible for the observed side-effects. Indeed, the 

discovery of at least five dopamine receptor subtypes and their genes paves the way for 

new approaches to treatment of schizophrenia (Crow and Harrington, 1994). Hence it 

follows that accurate 3D models of each of the five DA receptor subtypes would aid 

medicinal chemists in the rational design of new highly selective neuroleptics (i.e. 

antagonist drugs) for the treatment of psychotic disorders.

4.3 Fundamentals of Structure Prediction

Protein modelling requires a range of skills and inputs both from experimental and 

theoretical workers. Molecular biologists must first obtain the primary structure since 

without detailed knowledge of the amino acid sequence it is not possible to proceed to the 

next step: structure prediction. This follows from the fundamental observations of 

Anfinsen et al. (1961) who demonstrated very elegantly that ribonuclease could be 

denatured and refolded in vitro without loss of enzymatic activity. A decade later, 

Anfinsen (1973) pointed out that he had been disturbed by some aspects of the 1961 series 

of experiments; in particular the fact that the successful refolding of the protein frequently 

took hours. Dintzis (1961) demonstrated that the time to synthesise a 124 amino acid 

protein with several disulphide bonds such as ribonuclease would take 1.5 minutes. 

Canfield and Anfinsen (1963) showed that egg white lysozyme was synthesised in less than 

3 minutes. While these experiments gave no information concerning the formation of 

secondary or tertiary structure, Anfinsen clearly thought that in vitro refolding took much 

longer than might be expected (around 2 minutes to complement the time taken to synthesis 

a 124 amino acid protein). The difference between in vitro refolding and in vivo chain 

synthesis rates was explained by the work of Goldberger et al. (1963) who discovered an 

enzyme system in the endoplasmic reticulum which when added to solutions of reduced 

ribonuclease or to the protein containing randomised disulphide bonds, catalysed the rapid 

formation of the correct, native disulphide pairing in a period less than the requisite 2 

minutes. Hence, protein tertiary structure is specified by the primary amino acid sequence
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with regard to its usual environment. Rees (1990) succinctly puts Anfinsen's, albeit 

pioneering, work into realistic perspective: Anfinsen's pioneering studies demonstrate that 

for certain proteins, the amino acid sequence determines the three-dimensional structure. 

For these cases, knowledge o f the sequence is equivalent to knowledge o f the structure.

There have been numerous attempts to understand and exploit this phenomenon. Cohen et 

al. (1983) has grouped the approaches under two broad headings: (i) the direct use of 

energy-minimisation techniques and (ii) a two-step process (the combinatorial approach) 

that converts the sequence into a secondary-structure representation followed by the 

construction of a 3D structure by the packing together of the secondary structure elements. 

The somewhat heuristic combinatorial approach was developed by Fred Cohen (Cohen et 

al., 1979). In reality, the combinatorial approach is only used where no known 

homologous protein structure exists. The third and most successful (but often least 

applicable) approach to structure is known as homology modelling (Blundell et al., 1987). 

Homology modelling has been referred to as “comparative modelling” (Greer: 1981 and

1991). More recently the concept of homology modelling has been extended into a 

prediction strategy known as “knowledge-based” modelling - Blundell et al. (1987) and 

Johnson, et al. (1994). Given the importance attached to these three approaches to 

predicting protein structure, each will now be discussed in some detail.

4.3.1 Direct Use of Energy Minimisation Techniques

The energy of a molecule in the ground electronic state is a function of its atom 

positions. The Born-Oppenheimer surface is the multidimensional surface that describes 

the energy of a molecule in terms of atom positions. In molecular mechanics (force field 

calculations) it is often referred to as the potential energy surface. This topic is considered 

in more detail in a later section concerned with energy minimisation strategies so force field 

function theory will not be considered in detail here. However, powerful computers are 

able to calculate the energy of even a large molecule such as a protein in seconds - i.e. 

based on a static set of x, y and z co-ordinates of its atoms. While a 2D or even 3D 

Ramachandran plot corresponding to the rotation of a single bond in a protein structure will 

take a little longer - the 3D representation of the Ramachandran plot displays gullies,
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valleys and plateaus. The 3D energy surface is multi-dimensional and to calculate the 

surface representing a large protein (including all back-bond <j> and \j/ torsion angles plus all 

possible x  side-chain torsion angles) is all but impossible using current day supercomputers.

This problem even extends to real proteins since if proteins adopted their 3D structure by 

sampling every possible conformational space - proteins would not be able to achieve their 

3D structure on any reasonable time scale. For example, a relatively small protein of 50 

amino acids could adopt approximately 1050 different conformations (Sternberg and 

Thornton, 1978). Nevertheless, as Sali et al. (1994) point out: protein sequences do fold 

into unique native states in seconds (the Levinthal paradox1 - Levinthal, 1969).

Energy calculations aimed at predicting the tertiary structure from just the primary amino 

acid sequence assume that the native structure represents the global minimum. Searching 

for the global minimum using empirical force fields has up to quite recendy been considered 

not feasible. Not only is the computer time required excessive, but the method involves too 

many approximations and energy surface is extremely complex involving numerous minima. 

However, Sali et al. (1994) have demonstrated that the problem is much simplified if 

energy calculations avoid starting with a random coil and instead start with a semi-compact 

globule. The Levinthal paradox is resolved for polypeptides (~27 amino-acids in length); 

Sali et al. (1994) calculated that the number of possible conformations that need to be 

searched (and their energies calculated and ranked) is reduced from ~1016 (for random coil) 

to ~1010 which in turn lead to ~103 transition states and then 1 native state (the global 

minimum) - figure 4.3.1. Hence, the size of the search for the native state is greatly 

reduced when the chain is semi-compact, as it is in real proteins (Dill, 1985). However, 

these new findings are based on a 27-bead chain and so side-chain torsion angles were not 

simulated. Also, the method is limited to chains which do not get trapped in local minima,

i.e. the native state of the model has a pronounced global minimum on the potential surface. 

However, the results suggest that for small proteins, effort may be better applied to the 

derivation of a suitable potential function rather than the design of folding algorithms to 

predict tertiary structure.

1 There is not enough time for a protein molecule to sample all possible conformational states to eventually 
locate the biologically active state - this is the Levinthal paradox.
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For larger proteins, the vastness of the conformational space argues in favour of a what has 

become known as the protein folding problem or pathway. The native structure will be at 

the minimum free energy of the kinetically accessible conformations. This minimum need 

not be the global minimum. The folding pathway only samples a much reduced subset of all 

possible conformations. It is thought that stretches of amino acids (up to 18 amino acids in 

length - Wetlaufer, 1973) act as nucleation sites, around which the remainder of the protein 

folds thereby reducing the number of conformations searched. Possible nucleation sites are 

the cc-helix and (3-strand. Designing folding algorithms to predict final tertiary structure 

rather than sampling all possible conformations and risk getting trapped in local minima 

(the multi-minima problem) offers some hope of predicting tertiary structure from 

knowledge of the amino-acid sequence.

In another approach to solve the Levinthal paradox (Shakhnovich, 1994; also see: 

Maddox, 1994), Shakhnovich designed sequences of an 80-monomer protein which 

provided very low energy in the target (i.e. native) structure. The designed sequence was 

then subjected to lattice Monte Carlo simulation of folding. In each run, the model protein 

folded from random coil to the unique native conformation without encountering 

metastable states en route thereby effectively solving the multiple minima problem. 

Shakhnovich’s results suggest that is the thermodynamically orientated selection of 

sequences which makes the native conformation a pronounced deep minimum of energy 

and in turn solves the problem of kinetic accessibility of this conformation as well. 

However, Shakhnovich did predict that 5% of the protein would not fold correctly and 

claimed that there is a considerable body of unpublished calculations to support his 

conclusions.
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Figure 4.3.1 Folding of a polypeptide chain of just 27 amino acids (adapted from Sail et a l, 

1994). Protein folding starts with a rapid collapse from a random-coil state to a random semi­

compact globule. A slow, rate-determining search follows through the semi-compact states to 

find a transition state from which the chain folds rapidly to the native state. The reduced 

number of conformations that need to be searched in the semi-compact globule (~1010 as against 

1016 for the random coil state) leads to the resolution of the Levinthal paradox. A protein needs 

to fold in seconds (possibly 2 or 3 minutes) which would be an impossible task if the protein had 

to sample every possible conformational state associated with the random-coil state (the 

Levinthal paradox). Sail, Shakhnovich and Karplus (1994) success in resolving the Levinthal 

paradox (albeit for a small protein of just 27 amino acids and ignoring side-chains) suggests that 

the bottleneck in structure prediction may be solved using the derivation of a suitable potential 

function rather than the design of folding algorithms. Kaiplus’s group will undoubtedly 

endeavour to improve on their current findings to resolve the structure of larger proteins. 

Indeed, Shakhnovich (1994) has designed sequences of 80-monomers which folded from random 

coil to the target (i.e. native) structure in just 6 million time steps (see main text).
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4.3.2 Homology Modelling

Zuckerkandl and Pauling (1965) suggested that amino acid sequence data could be 

used to chart evolution among homologous proteins. Greer (1981) noted that many 

diverse proteins have been classified into families on the basis of sequence homology. The 

similarity of three-dimensional structure between known homologous proteins suggested it 

should be possible to model other members of the same family by comparative model 

building. Greer showed that it was relatively easy to model homologous regions which he 

applied to: mammalian proteases (Greer, 1981, 1990a) and the design of novel renin 

inhibitors (Greer, 1990b). Greer (1981) noted that in the case of variable regions detailed 

comparisons with known structures on the basis of length and residue character allowed 

structurally variable regions to be modelled by homology and the necessity to build from 

intuition or from energy considerations was greatly reduced.

Knowledge-based modelling2 (comprehensively reviewed by Johnson et al, 1994) depends 

on analogies between a protein that is to be modelled and other proteins of known three- 

dimensional structure at all levels in the hierarchy of protein organisation: secondary 

structure, motifs, domains and quaternary or ligand interactions (Fasman, 1989). 

Homology modelling purely relies on the occurrence of in the unknown protein sequence 

homologies to known sequences, structures and fragments of structures that have been 

solved through X-ray crystallography or NMR (for small proteins). Some authors suggest 

that the homology modelling approach requires sequence similarity of approximately 50% 

(e.g. Wishart and Muir, 1990) or identity > 25% (Rost and Sander, 1993). However, 

Wishart and Muir (1990) point out that it is: “relatively rare to find attempts at homology 

modelling where sequence identity is less than 70%”. For this reason, homology modelling 

has very limited application. In reality, hybrid approaches are frequently used depending on 

the protein being modelled. For example, Wishart and Muir (1990) adopted a “hook or by 

crook” approach based on the hierarchical approach of Cohen et al. (1979, 1980) and the 

homology approach of Blundell (1987) to predict and model the structures of: mandelate 

racemase, cellobiohydrolase, dehalogenase and defensin HNP-3.

2 COMPOSER is a mini expert system which exploits the knowledge-based modelling approach and has 
been used, for example, to model human plasma kallikrein and human neutrophil defensin (Johnson et al., 
1990).
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The number of cloned sequences now exceeds 50,000 in number (Johnson et al., 1994) and 

is growing at an exponential rate far outstripping the rate at which protein structures are 

being resolved. Wishart and Muir (1990) are of the opinion that the pursuit of the Holy 

Grail - the prediction of 3D protein structure using only the knowledge of the amino acid 

sequence - may soon no longer be a goal beyond our reach but one within our grasp. The 

brilliant work of Shakhnovich (1994) supports Wishart and Muir’s optimistic view. It 

should be noted however that Shakhnovich’s approach involved using a lattice to perform a 

Monte Carlo simulation of folding and therefore does not rely on searching a database of 

known structures to locate regions of homology.

The number of different protein folds adopted by globular proteins is estimated by Blundell 

and Johnson (1993) to be in the range 500 to 700 and Chothia (1993) suggests a figure of 

-1000 is more reasonable. Only 50% may be known. Protein crystallographers and NMR 

spectroscopists tend to select similar proteins that are amenable to their techniques 

(Johnson et al., 1994) which suggests that 50% may be an overestimate. However, 

Blundell and Johnson (1993) argue that: “we should move toward an experimental 

definition of one example of each common fold” and add: “if methods to identify the folds 

from their sequences can be developed and if comparative modelling can be extended to 

more distantly related protein topologies, then we should be able to provide at least rough 

indications for most sequences as they become available.”

Shakhnovich’s ab initio approach is not reliant on a database of known proteins with 

different folds. Also, Shakhnovich’s approach is likely to see considerable improvements in 

potency of several orders of magnitude. Should Shakhnovich’s algorithm be developed to 

the point that it is released as a mini-expert system it could be used to predict the structure 

of any cloned sequence. In contrast mini-expert systems such as COMPOSER remain 

hampered by the limited number of known protein structures. Shakhnovich’s approach 

may be exploited to predict as yet unseen protein folds. Should this happen it would herald 

a new era in protein structure prediction.
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4.3.3 The Combinatorial Approach

As Rost et al. (1994) points out: the 3D structure of a new sequence can be 

predicted from the sequence fairly accurately if a homologue with significant sequence 

similarity exists in Brookhaven data bank of experimentally determined structures. 

However, for more than 80% of sequenced proteins there is no homologue of known 3D 

structure. For these proteins Rost also suggests that the way out is to reduce the problem 

to a simpler one that is amenable to a partial solution, i.e. the starting point should be 

protein secondary structure prediction using the known primary amino acid sequence. The 

next logical step would be to construct the 3D structure from the predicted secondary 

structures. Hence, the combinatorial approach offers the opportunity to model proteins 

which lack homology with any know homologue. The DA receptors have been cloned and 

sequenced but they lack homology with any known 3D structure. We will now consider 

the first stage of the combinatorial approach: secondary structure prediction and assess its 

value in helping to solve the GPCR protein modelling problem.

4.3.3.1 Secondary Structure Prediction

The most popular methods are frequently compiled in the form of a suite of 

programs designed to be of general use to molecular biologists and protein modellers. For 

example, the Wisconsin Genetics Computer Group package (Devereux et al., 1984) 

includes a suite of protein prediction algorithms which are frequently used by protein 

modellers to analyse the primary structure of an unknown protein (i.e. unknown in the 

sense that the structure has not been determined experimentally). Hence, we must begin 

with a survey of protein structure prediction algorithms and critically examine their 

potential role in aiding the GPCR modelling process.

4.3.3.2 Secondary Structure Prediction As Applied to GPCRs

Tertiary protein structure consists of three types of secondary structure (Q3). There 

is the a-helix secondary structure first predicted by Pauling et al. (1951). The second
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type of secondary structure is the (3-sheet. The third type of secondary structure is the 

random coil.

While the three types of secondary structure are found in membrane proteins, the rules for 

protein folding of the membrane component of integral membrane proteins such as GPCRs 

are clearly different from those of water-soluble globular proteins. The single biggest 

difference is that extended random coils have not been found in the membrane component 

of integral membrane proteins. Transmembrane a-helices are found in PRC and bR, while 

(3-sheets forming (3-barrels are believed to form the membrane component of channel pores. 

Because of the need to satisfy hydrogen bonding, random coils can not exist in the bilayer 

as there are no water molecules to satisfy the hydrogen bonding requirements of polar side- 

chains or polar atoms of the protein backbone. Hence, deriving secondary structure 

predictions from GPCR sequences usually starts with a search for apolar segments long 

enough to span the lipid bilayer (typically 20 to 30 amino acids long - length depends on tilt 

of helix relative to bilayer; Engelman et al., 1986). Hydropathy plots (considered in detail 

in chapter 5) have proved very useful in identifying putative TM segments of GPCRjs 

(reviewed by: Fasman and Gilbert, 1990; also: J&hnig, 1990)

43.3.3 The Chou-Fasman Prediction Methods

The Chou-Fasman algorithm for the prediction of protein structure is one of 

the most frequendy cited methods in the literature (Fasman and Gilbert, 1990). The 

explanation for this lies in its relative simplicity and its reasonable high degree of accuracy 

(Prevelige Jr. and Fasman, 1989) and can be applied without the use of a computer 

(Sternberg and Thornton, 1978). The method was not made available by the authors in the 

form of a computer program and consequently there are several published computer 

versions of this popular method in use.

The x-ray determined structures of 15 proteins containing 2473 amino acid residues were 

analysed. The frequency of occurrences of an amino acid type in a a  helix, P-sheet and 

loop was calculated. This information was in turn used to estimate conformational
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parameters (table 4.3.3.3) for each residue by considering the relative occurrence of a given 

residue within a protein, its occurrence in a given type of secondary structure, and the 

fraction of amino acids occurring in that type of structure (Chou and Fasman, 1974a). 

These parameters, symbolised by P a , Pp and P c, respectively, probably hold data 

concerning the physical-chemical parameters which characterise protein stability. Hence 

the method falls into the statistical approach to secondary structure prediction.

The next step required the formulation of rules to help predict secondary structure and 

thereby make maximum use of the calculated parameters: P a , Pp and P c (Chou and Fasman, 

1974b):

1. A helix region is defined by a cluster of four helical residues (Ha or ha) which 

signifies helix nucleation - starts at the N-terminus. The helix is then propagated 

towards the C-terminus until the tetrapeptide window drops below 1.00 (or 100 

if the parameters are multiplied by 100). Any segment which is at least 6 

residues in length with a average P a > 1.03 and average P a > average Pp is 

predicted as helical. A further caveat is that Pro cannot occur in the inner helix 

or at the C-terminal end but can occur at position 1 at the N-terminus where it is 

the second most common residue occupying this position (Richardson and 

Richardson, 1989). Consequently, given that Pro residues are easily tolerated in 

the middle part of TM helices in bacteriorhodopsin (Henderson et al., 1990) this 

renders the Chou-Fasman method completely inappropriate for predicting the 

secondary structure of the membrane components of membrane bound proteins. 

If experimental evidence suggests the membrane component is essentially helical 

and that it contains conserved Pro residues, the Chou-Fasman method should 

not be used for secondary structure prediction.

2. A P region is defined by a cluster of three p formers or three p formers in a 

sliding window (no gaps allowed) along the primary structure. The p sheet is 

generated in both directions until terminated by a tetrapeptide window has an 

average Pp < 1.00. Any chain (i.e. segment) with an average Pp > 1.05 and 

greater than the average Pa is presumed to be a p sheet. Unfortunately, p-
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branched side-chains such as He, Val and Thr are regarded by Chou-Fasman as 

strong P formers. However, these residues are well represented in the putative 

TM helices of GPCRs and hence any p-sheet prediction obtained using this 

method must immediately be suspect.

Chou and Fasman (1977) reported a prediction method for the chain reversal regions (i.e. 

p-turns) of globular proteins. Keeping to their statistical approach Chou and Fasman 

calculated a conformational parameter (Pt) defining the probability of a p-turn starting at 

residue i. However, positional preferences for particular residues in the p-turn were found. 

In particular, Pro had a strong preference for i+l (30%) whereas at i+3 the frequency of 

occurrence of Pro was only 4%. Chou and Fasman (1979) reported an automated 

computer prediction method which took into account position preferences in the p-turn. 

Bend frequencies for each residue were calculated for each position in the bend (f\ , / i+i , / i+2 

, /i+3 ) and pt calculated:

P t-fi*

A cutoff value of pt> 0.75 * 10^ is used to predict P turns. Given that p-turns in GPCRs 

are likely to occur at helix ends it is possible that predicted P-tums in the primary structures 

of GPCRs would help locate helix end positions. Indeed, as Beverley Green (1990) points 

out in her review of structure prediction methods suitable for membrane proteins 

(considered in section: 4.3.3.7.5): many workers have implied that turn predictions can be 

utilised to locate ends of TM helices (Paul and Rosenbusch, 1985; Wilmot and Thornton, 

1988; Shriver et al., 1989).



Helical Pa Helical P-Sheet A P-Sheet

Residues Assignment Residues Assignment

GLU 1 . 5 3 Ha MET 1 .6 7 Hp

. . 1 . 4 5 Htt VAL 1 . 6 5 Hp

LEU 1 . 3 4 H„ ILE 1 . 6 0 Hp

HIS p 1 . 2 4 Ha CYS ill 10 hp

; MET 1 . 2 0 ita TYR 1 .2 ? hp

GLN 1 . 1 7 ha PHE 1 . 2 8 hp

TRP 1 . 1 4 ha GLN 1 .2 3 hp

VAL 1 . 1 4 h„ LEU 1 . 2 2 hp

PHE 1 . 1 2 ha THR 1 . 2 0 hp

LYS 1 . 0 7 L TRP 1 . 1 9 hp

ILE 1 . 0 0 T« ALA 0 . 9 7 Ip

ASP 0 . 9 8 Ia ARG 0 . 9 0 'P

THR 0 . 8 2 ia GLY 0 . 8 1 ■p

"IM SER ••••:: 0 . 7 9 *« ASP 0 ,8 0 'p

ARG 0 . 7 9 i« LYS 0 .7 4 bp

CYS 0 . 7 7 SER 0 .  72 bp

ASN 0 . 7 3 ba HIS 0 . 7 1 hp

p l f R 0 . 6 1 b a ASN 0 . 6 5 bp

PRO 0 . 5 9 PRO 0 . 6 2 bp

GLY 0 . 5 3 Ba GLU 0 . 2 6 Bp

Table 4.3.3.3; Conformational parameters: .Pa and Pp used to describe the propensity for 

amino acids to be found in a helix and p-sheet. Helical assignment descriptors: H« =

powerful a-helix former, ha = a-helix former, Ia = feeble a-helix former, ia = apathetic 

a-helix former, ba = a-helix breaker, Ba = powerful a-helix breaker. p-sheet 

assignments: Hp = powerful p former, hp = p former, Ip = feeble p former, ip = apathetic 

P former, bp = p breaker, Bp = powerful P breaker. Chou and Fasman (1974b)
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4.3.3.4 The GOR method for predicting secondary structure

The Gamier, Osguthorpe and Robson (GOR) method for predicting the secondary 

structure of globular proteins exploits Information Theory, which has found wide use in 

many applications such as monitoring telecommunication networks. The ground work for 

the GOR method was done by Pain and Robson (1970) and Robson and Pain (1971) who 

recognised that a sequence of amino acids could be treated as a message decoded and 

converted by the folding mechanism into another message consisting of a sequence of 

conformational states. Essentially the GOR prediction method considers quantitatively the 

disposition of each type of residue, individually and as part of a pattern, to adopt different 

conformations.

It can be demonstrated that the information brought by a complex event can be 

decomposed into a sum of information brought by more simple events. Some of the 

information brought by these simple events might overlap, so it is important to recognise 

overlapping regions and avoid counting the same information twice. Hence the 

conformation that a single residue might adopt will depend not only on its single residue 

preference for a given conformation, but will also depend on such factors as: interactions 

inside each short-chain region, middle-range interactions between chain regions adjacent 

along the chain and long-range interactions between different chain regions that happen to 

be close to one another in the 3D structure (Ptitsyn and Finkelstein, 1983); solvent 

accessibility (water for globular proteins plus lipid for membrane proteins). To take 

account as much as possible of the many factors governing the conformation of a single 

residue it is necessary to consider single residue information, pair residue information, 

triplet information etc. However, a problem immediately arises here. Table 4.3.3.4 clearly 

shows that for four conformational states3 (H, helix; E, (3-sheet; C, coil; T, p-turn) there 

are 80 entries (and hence 80 separate probabilities to calculate) using single residue 

information whereas for quadret information there are 640,000 entries - this would require 

a massive database of residues in known structures.

3 In reality, it should be possible to just calculate any three sets of probabitlities coresponding to just three 
conformational states which would leave the probability values coresponding to the “missing” set
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The GOR method uses directional information values (Gamier et al., 1978) which were 

calculated using a database of just 26 proteins with approximately 4,500 residues. Gibrat 

(1986), using a larger database of 75 proteins with 12,757 residues recalculated the 

directional information values to establish the GOR II method. In the final GOR III 

version, pair-information was used to greater effect instead of directional information as in 

the GOR II method (Garnier and Robson, 1989). Consequently, secondary structure 

prediction of globular proteins has improved from approximately 55% to 65% for three 

states (Q3: helix, sheet and coil).

How applicable is the GOR III method to predicting secondary structure in the membrane 

component of integral membrane proteins? GOR III (or GOR or GOR II) should not be 

used to predict secondary structure in membrane proteins. The reason is quite simple: the 

databases used to calculate probabilities values is based on structures of globular proteins. 

This issue is considered in more detail in section 4.3.3.6.

! !! !! !•  'Information Type £ || |;3 Number of Entries

j simple (stogie) residue information | 20 * 4 = 80
pair information 20 * 20 * 4 = 1,600

triplet information 20 * 20 * 20 * 4 = 32,000
quartet information 20 * 20 * 20 * 20 * 4 = 640,000

Table 4.3.3.4 Residue information coresponding to the 4 conformational states.
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4.3.3.4.1 Fixing the intrinsic problem with the GOR method

The GOR method has a natural limitation, by itself it fails to take account of the 

influence of long-range interactions on secondary structure. The GOR method takes 

account of local (as well as middle-range interactions) but to take account of the effect of 

long-range interactions requires some input concerning the likely tertiary structure. Indeed, 

Gibrat et al. (1991) postulated that algorithms (e.g. such as the GOR method) are prone to 

predict secondary structure to a maximum accuracy of around 65% because of the limited 

influence of short-range interactions.

The majority of proteins belong to a given class (a, p, a  + P or a/p; Richardson, 1981) and 

have a very limited set of typical topologies. For example, the recent elucidation of human 

chorionic gonadotropin (HCG) reveals that it is clearly in the P class (Lapthorn et al., 

1994). Successful prediction of class of protein allows secondary prediction algorithms to 

take account of long-range interactions (Ptitsyn and Finkelstein, 1983)45. Long-range 

interactions for each chain region can be modelled by the interaction of each chain with an 

averaged hydrophobic template (Lim, 1974a,b). The use of stereochemical theory of 

globular protein secondary structure to take account of long-range interactions was first 

applied by Schiffer and Edmundson (1967).

Ptitsyn and Finkelstein (1983) reminds us that while the stereochemical method has the 

benefit of being a priori, it does not lead to more correct secondary structure predictions. 

These workers have developed a physical theory of protein secondary structure which takes 

account of both local interactions inside each chain region and long-range interactions 

between different regions (and by default middle-range interactions are also included). 

Their model uses stereochemical theory to evaluate local interactions and thereby judge the 

relative stabilities of a-helices and p-structures for different amino acids in synthetic

4 Geisow and Roberts (1980) have observed that the residue preferences for secondary structure vary with 
the protein class.
5 Gamier et al. (1978) in their key paper describing the GOR method noted that if the type of protein (i.e. 
class) can be determined even approximately by circular dichronism (or any other suitable prelimary 
prediction) this data could be used to bias the method. In this way, 57% of residue states can be correctly 
predicted.
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polypeptides. Long-range effects are modelled by interacting each chain region with an 

averaged hydrophobic template.

Both strategies have been fully computerised and the algorithm has been successfully 

applied in blind predictions (made before the x-ray structure becomes available). The 

algorithm accurately predicted the a-helices and p-strands in uteroglobin and Tyr-tRNA- 

synthetase. However, the algorithm has difficulty breaking the 65% secondary structure 

accuracy barrier even though long-range interactions are incorporated in the method. Also, 

the algorithm has not been successfully applied to membrane bound proteins. The reason 

for this limitation is tied up with the preference for a-helical structures to dominate in the 

membrane part of the protein as these structures are very successful at satisfying the 

requirement for internal hydrogen bonding and so single TM helical structures are favoured 

in single membrane spanning virus coat proteins, e.g. M13 coat protein.

4.3.3,5 Profile Network from Heidelberg -  PHD

The prediction of protein secondary structure at better than 70% accuracy 

using information about a structure contained in a multiple sequence alignment has been 

successfully achieved (Rost and Sander, 1993; Rost et al., 1994). A protein sequence 

contains information about (Paul Emsly, personal communication):

• spacial information

• active site (enzyme)

• binding site (receptor proteins)

• protein-protein interaction

• membrane transport

• + mutational noise
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By using a family of primary structures to remove “noise” and increase the level of “spacial 

information” PHD increases secondary structure prediction reliability by 6 to 8%. This 

increase in reliability is somewhat analogous to the improvement claimed for the 

probabilistic method of Garnier et al. (1978) where the information available from a family 

of sequences was used to improve secondary structure prediction. Zvelebil et al. (1987) 

applied the GOR method to nine families of homologous proteins and claimed a 9% 

improvement for secondary structure prediction. This was achieved by simply allowing the 

GOR method to favour the prediction of loops and coils in regions with high sequence 

variation.

Various pattern recognition problems have lead to widespread use of neural networks in 

general and “feed-forward” networks in particular. PHD consists of 3 layers (or levels): 2 

network layers and 1 layer averaging over independently trained networks. The first level 

is a sequence-to structure net, which classifies strings of adjacent residues (=sequence 

pattern) into the 3 secondary structure classes (Q3): a-helix (H), (3-strand (E) and loop (L). 

Probability for each state (Q3) for the central residue is calculated; 010 would imply a zero 

probability for H, an absolute probability for E and a zero probability for L. A sliding 

window methodology is used and probabilities are calculated for each central residue in 

each possible triplet in each window. The frequency of occurrence of each of the 20 amino 

acids at one position in the multiple sequence alignment is calculated and used aid the 

classification of the central residue. The output (units for a-helix (H), (3-strand (E) and 

loop (L) acts as input to the second level.

In level one there no account is made of the fact that consecutive patterns are correlated, 

e.g. for a helix consisting of at least 3 consecutive patterns. The second level performs this 

correlation and thereby improves the probability calculation (again for the central residue) 

for a-helix (H), (3-strand (E) and loop (L).

The third level acts like a jury. It takes the calculated probabilities for each central residue 

(calculated by independently trained networks operating at level 2) and simply takes the 

highest probability level and outputs that one. The well known catch phrase winner takes

58



all has been used to describe the role of level 3. In one sentence, PHD is able to classify 

patterns according to their intrinsic correlation (common information).

43.3.5.1 Why PHD is the best secondary structure prediction algorithm so far for non­

membrane proteins

PHD is better in 4 ways:

1. the overall accuracy (70.8% for globular water-soluble proteins) is

greater than any other method (4 to 6% improvement).

2. (3-strand per-residue accuracy is 65.4% (best of the rest is GORHTs 

46%).

3. the length of predicted secondary structure elements is more like real 

proteins than that for other typical prediction methods.

4. residue’s secondary structure is predicted with greater probability (20% 

of residues have a reliability probability > 90% and more than 50% of 

residues have a reliability probability > 82%).

In addition, PHD predicts the content of secondary structure with less than 10% error. 

PHD is currently available free of charge by means emailing a sequence to PHD@EMBL- 

Heidelberg.DE. The mail server at EMBL forwards the sequence directly to the feed 

forward neural network and a reply containing full secondary structure prediction 

information (and secondary structure content) is generally returned within 4 hours

(sometimes within 2 hours). At the moment, PHD is the best secondary prediction

algorithm available for the above reasons. However, the ultimate goal is reliable prediction 

of tertiary (3D) structure, not 100% single residue accuracy for secondary structure (Rost 

etal., 1994).
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PHD’s overall accuracy (70.8% for globular water-soluble proteins) is especially significant 

in the light of Gibrat et al. (1991) postulation that the prediction of secondary structure 

may be limited to approximately 65% because of the limited influence of short-range 

interactions. They pointed out that local amino acids may contribute on average 65% to 

the torsion angles (cp and \|/) adopted by residues in proteins which in turn decide local 

secondary structure6 . However, they add a caveat: short range forces may carry more 

influence on local torsion angles but that the prediction methods so far (i.e. up until 1991) 

have been unable to extract this extra information. If this is the case, it would appear 

PHD’s overall accuracy of 70.8% has managed to extract at least some of this extra 

information. Rost and Sander (1993, 1994) did note that the use of multiple sequence 

alignments of homologous structures significantly improved PHD’s accuracy. So it would 

seem that PHD has broken the 65% prediction accuracy barrier and Rost and Sander 

deserve proper acknowledgement for this remarkable achievement.

43.3.5.2 How good is PHD at predicting secondary structure of membrane proteins?

Rost and Sander (1993) acknowledge that membrane proteins have a different 

physical environment from water-soluble globular proteins and, hence, different rules have 

to be learnt to correctly predict secondary structure. Put another way, the rules for 

protein folding are different for membrane proteins. These workers used PHD to see how 

accurately the four chains of the membrane protein photosynthetic reaction centre (lprc_C, 

lprc_H, lprc_L and lprc_M) are predicted. The prediction was, as expected, below that 

for water-soluble globular proteins. Their results showed that for PHD the claims of 

accuracy made for PHD only apply to water-soluble globular proteins. P-sheet tends to be 

overpredicted at the expense of a-helix predictions. This is in line with the earlier 

observations of Jahnig (1989). He observed that all membrane proteins, or their 

membrane-incorporated parts, are predicted to be in P-strand conformation. For water- 

soluble globular proteins, p-strand conformation is highest for Val, He, Tyr and Leu. These 

residues are also well represented in putative TM a-helices (nearly 50% of TM amino acids 

[Deber et al., 1986]; ~40% of TM residue composition [Deber et al., 1992]) and

6 Secondary structure prediction algorithms are based on short-range interactions, i.e. they use the 
information drawn from the local amino acid sequence.
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consequently are predicted as forming parts of (3-strands. As Li and Deber (1993) point 

out:

While the relationships between amino acid sequence and structure o f the 

extracellular and cytoplasmic domains o f membrane proteins may follow the same 

rules that govern globular (soluble) protein structure, the helical structures o f 

their transmembrane domain(s), which contain a preponderance o f helix- 

destabilising (e.g. Val, lie, Thr, and Gly) residues, cannot be immediately 

appreciated form these rules.

In addition, Li and Deber (1993) note that their overall findings suggest that the a-helix is 

the natural choice of conformation for a peptide of around 20 amino acids in length in a 

membrane environment. Further, that a helical conformation will arise “automatically” in a 

peptide above a threshold hydrophobicity.

The driving force favouring a-helical conformation in within membranes is the requirement 

for maximal hydrogen bonding. Transfer of a hydrogen bonded C =0 and N— H pair in a 

protein backbone from water into a non-polar environment has been estimated to have a 

favourable free energy AGtrans of -1.4 kcal mol'1 (-5.9 kJ mol'1) compared to an 

unfavourable change of 4.1 kcal mol'1 (17.1 kJ mol'1) for a non-hydrogen bonded pair 

(Martonosi, 1985).

4,3.3.6 Why Are Popular Secondary Prediction Algorithms So Poor When Applied To 

Membrane Proteins?

Some of the early developments leading to secondary prediction the popular 

secondary structure prediction methods we see today involved the correlation of the protein 

secondary structure with the amino acid composition. Szent-GyOrgyi and Cohen (1957) 

found that proteins with a high percentage of proline distributed throughout the sequence 

have low helical content using optical rotatory dispersion (ORD). In turn, Davies (1964) 

used ORD to show that a qualitative relationship exists between the helicity of a protein 

and the total percentage of those residues in a protein classified as helix breakers: Ser, Thr,
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Val, lie by Blout et al. (1960, 1962). Goldsack (1969) confirmed that the total content of 

Pro, Ser and Thr decreased the helicity in a globular protein. Given that all of these residue 

are well represented in the TM region of GPCRs which are characterised by a heptahelical 

motif and also in single span TM proteins such as virus coat proteins, it is clear that 

residues which are regarded as helix breakers in globular proteins are tolerated in the helical 

regions of the membrane component of membrane proteins. For example, the M subunit 

of the photosynthetic reaction centre of R. viridis has a proline near the middle of the third 

TM helix (Deisenhofer et al., 1985), which provides experimental evidence that a proline 

does not necessarily represent a breaking point of a TM a-helix.

Indeed, Wallace et al. (1986) have evaluated the validity of using methods designed to 

predict the secondary structure of globular proteins (Chou and Fasman, 1974a,b; Gamier 

et al., 1978) for predicting the secondary structure of membrane proteins. They concluded 

that these methods are inappropriate for predicting the secondary structure of membrane 

bound proteins (15 examined). Only two of these membrane proteins, crambin and the 

photosynthetic reaction centre from R. viridis had been determined by x-ray 

crystallography. The other membrane protein conformations were determined by physical- 

chemical techniques and so the these structures may have introduced errors into their study. 

However, it is clear that all of the popular methods of secondary structure prediction 

(including PHD) are not able to accurately predict the secondary structure of membrane 

proteins.

So why are popular secondary prediction algorithms so poor when applied to membrane 

proteins? The obvious answer to this question is that the secondary structure propensities 

of key residues differ in water and membrane environments. The first definitive 

experimental evidence for this came from Li and Deber (1992a,b) who synthesised a series 

of model 20-residue peptides with the hydrophobic segments buried in N- and C-terminal 

hydrophilic matrices. The prototypic sequence being: NH2-(Ser-Lys)2-Ala5-Leu6-x7-Ala8- 

Leu9-y10-Trpn Ala12-Leu13-z14-(Lys-Ser)2-OH. x, y and z varied from x = y = z = Ala 

(identified as peptide 3A) to x = y = z = Gly (identified as 3G); see table 4.3.3.6. The 

object being to experimentally examine the likely role of helix-breaker Gly in TM helices. 

They noted that Gly (and p-strand promoters: He, Val and Thr - all p-branched residues)
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are well represented in TM segments, for example: the TM segment of bacteriorhodopsin 

(103 to 130): TILAIVGADGLMIGTGLVGALALTKV (single letter code). Hence the 

secondary structure propensities of these residues in membrane environments may differ 

from those calculated by such workers as Chou and Fasman (1974b) which are based on a 

data-base of water-soluble globular proteins. Using circular dichroism of preparations of 

these peptides in water, in a membrane-mimetic [sodium dodecylsulfate (SDS)] medium, 

and in methanol they found that despite its backbone flexibility, Gly can be accommodated 

as readily as Ala into a hydrophobic a-helix in a membrane environment (table 4.3.3.6).



PEPTIDE
HELICITY

Aq.
BUFFER

%

TTpT t/̂ TTV
10 mM 
SDS

%

SKSKALAALAWALAKSKSKS
1 234567890X 234567890

a  a

30 100

SKSKALGALGWALGKSKSKS 
1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0  

G G G

2 92

Table 4.3.3.6 Synthesised peptides; one type (3A) with A (Ala) occuppying

positions 7, 10 and 14; second type (3G) with G (Gly) occuppying the same 

positions. Helicity was determined by taking ellpiticity at 222 nmasa direct measure 

of peptide helicity (Engel et al., 1991) and helicity of 3A in 10 mM SDS (Sodium 

dodecylsulfate - mimics membrane environment) is taken here to be 100%. Chou and 

Fasman (1974a, 1978) conformational parameter for helix (Pa) (based on a data-base 

of water-soluble globular proteins) of Ala and Gly is: 1.39 and 0.63 respectively. 

Hence from Pa values would predict that 3G would not form a helix since Gly is 

considered to be a helix-breaker. However helical propensity, as this set of results 

clearly demonstrate, depends on environment. Glycine residues clearly support 

peptide helicity in membrane environments. Single letter amino acid code: A, Ala; S, 

Ser; K, Lys; Leu, L; G, Gly; W, Trp; I, lie; V, Val. Adapted from Shun-Cheng Li 

and Charles M. Deber (1992b).
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43.3.7 Algorithms specifically designed or used to predict secondary structure of 

integral membrane proteins.

Argos et al., (1982) developed a prediction algorithm for membrane-bound proteins 

using the physical characteristics of the 20 amino acids in conjunction with the postulated 

structure of bacteriorhodopsin. A hierarchic ranking of the 20 amino acids was compiled 

with regard to their preference to interact with the lipid bilayer and this was used to 

delineate likely membrane-buried regions in the primary structure. A helical wheel analysis 

could then be applied to determine which face of each helix faced the interior of the protein 

and which faced the surrounding lipid bilayer. The main problem with this method is that it 

is based on a proposed bacteriorhodopsin structure and hence the technique is rather 

obsolete given that a model of the structure for bacteriorhodopsin based on high resolution 

electron cryo-microscopy now exists (Henderson et al., 1990).

4.3.3.7.1 Simple Hydropathy Schemes

Jahnig (1990) reiterated the fundamental question: “How can membrane-spanning 

helices or strands be predicted from the amino acid sequence?” One solution is the 

application of the simple hydropathy plot proposed by Kyte and Doolittle (1982). If the 

Kyte and Doolittle algorithm is applied to bacteriorhodopsin six hydrophobic segments are 

clearly seen and a seventh segment which does not display such a prominent peak since it is 

amphiphilic. The hydrophobic regions depicted in the each correspond to the TM helices in 

bacteriorhodopsin for which there is a structure deposited on Brookhaven data-base. 

Bangham (1988) has developed a sieved version of the Kyte-Doolittle (KD) plot. While 

the KD method can be applied to detect transbilayer helices, Engelman et al. (1986) is 

credited with developing a method aimed specifically at identifying nonpolar transbilayer 

helices in amino acid sequences of proteins. These workers developed hydrophobicity 

scale calculated on the basis that the bilayer interior is a region of dielectric constant 2 

containing no hydrogen bond donors or acceptors. It was also noted that details of helical 

structure must impact on the hydrophobicity scale computations.
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4.3.3.7.2 Pattern-Matching Discriminators

Attwood et al. (1991) constructed a multiple alignment containing 37 sequences 

from related families of membrane bound receptors believed to share the same structural 

features as rhodopsin. Database pattern-scanning methods were then used to build a set of 

discriminators which can be used to identify each of the TM helices in GPCRs without 

regard to homology. The orientation of these helices in terms of exposure to the 

surrounding lipid or interiors was not considered.

4.3.3.7.3 Fourier Analysis of Multiple Sequence Format Files (MSF)

Komiya et al. (1988) and Rees et al. (1989b) worked on the structure 

determination of the photosynthetic reaction centre (RC) from Rhodobacter sphaeroides 

and Rhodopseudomonas viridis. These workers observed that the distribution of residues 

between different environments present within the membrane is non-random. Of the most 

abundant amino acids in the membrane, the apolar residues Leu, lie, Phe and Val tend to be 

located on the side of the helix exposed to the membrane, whereas Trp, Thr, and Ser, show 

no particular preference between the interior and the surface faces of the TM helices of 

photosynthetic reaction centre. Comparison of aligned sequences from Rhodobacter (Rb.) 

sphaeroides, Rb. capsulatus, Rhodopseudomonas viridis and R. rubrum clearly showed 

that residues facing the interior were conserved in contrast to residues facing the lipid. 

Fourier transform methods (considered in more detail in chapter 8) were used to provide a 

quantitative approach for characterising the periodicity of conserved and variable residues 

in a family of aligned sequences. A periodicity of 3.4 residues per turn was observed in the 

MA helix (an ideal helix with residues conserved on just one face would have a periodicity 

of 3.6 residues per turn).

Using a sliding window of 19 residues in length and performing an averaged Fourier 

transform calculation, Rees et al. (1989b) correctly predicted the location of helices A and 

B of the reaction centre. Hence the Fourier transform method can be very successfully 

exploited in the form of a secondary structure prediction algorithm to locate TM helices 

which are amphipathic in character in terms of their residue conservation. The author has
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coded up the several Fourier transform methods to provide useful tools in detecting and 

characterising amphipathic helices. A similar approach was very successfully adopted by 

Donnelly et al. (1989) as a suitable starting point for designing 3D models of GPCRs.

43.3.7.4 Helical and Beta Periodicity in Hydrophobicity

Eisenberg et al. (1984) noted that if the hydrophobic moment peak for a protein 

segment of amino acids peaks at or near 100° there is a likelihood of being an amphipathic 

helix. A segment with a hydrophobic moment that peaks at or near 180° has a likelihood of 

being a amphipathic p-segment. These implications have been applied in algorithms to 

identify secondary structure in the acetylcholine receptor (Finer-Moore and Stroud, 1984).

Cornette et al. (1987) have compared the discrete Fourier transform with a method based 

on least-squares fit of a harmonic sequence to a sequence of hydrophobicity values. 38 

published hydrophobicity scales were examined for their ability to identify the characteristic 

period (3.6 residues per turn) of the a-helix. They found that the amphipathic index7 is 

actually centred around 97.5° rather than the expected 100°; though standard deviation of 

the location of the peaks for individual amphipathic helices is approximately 8°. They 

concluded that the amphipathic index is a useful, objective measure of the ability of 

hydrophobicity scales to identify amphipathic helices.

4.3.3.7.5 Defining Helix Start and End Points

It is extremely difficult to decide the beginning and end positions of TM helices. In 

her assignment of GPCR helices, Joyce Baldwin (1993) noted that the best that could be 

hoped for was an accuracy of ±4 residues. Green (1990) in her review of structure 

prediction methods for membrane proteins reiterated that (3-tums will tend to occur at the 

ends of TM helices. Hence the Chou and Fasman (1979) P-turn prediction method may be 

used to predict TM helix start and end points. However, a detailed analysis of this problem 

has led Donnelly and Cogdell (1993) to define a procedure for predicting the point at which

7 The alpha amphipathic index measures the fraction of the total spectral area that is under the 97.5° peak.
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a TM helix leaves the bilayer and penetrates the more polar region of the aqueous exterior. 

This was accomplished by comparing the relative directions of the hydrophobic and internal 

faces of the TM helices which should be contrasting only inside the bilayer. As they point 

out: “this information provides a strong constraint in the process of modelling membrane 

proteins”. The Fourier transform method was used to monitor helical periodicity in 

hydrophobicity up to the point where the helix protrudes from the bilayer. By using a 

sliding window of either 10 or 12 residues to calculate the a  periodicity index (AP) it is 

possible to predict the start and end points of the TM components of integral membrane 

proteins.

4.3.3.8 Energy Minimisation

The final phase of the combinatorial approach is the energy minimisation (EM) of 

the docked secondary structure components. Therefore, modelling packages which
Q

incorporate the ability to perform EM greatly aid the combinatorial approach . Jameson 

(1989) points out that there are five dominant software packages at hand for molecular 

modelling: BioDesign Inc., Pasadena, California; Biosym Technologies, San Diego,

California; Tripos, St. Louis, Missouri; Polygen, Waltham, Massachusetts; and Chemical 

Design Ltd., Oxford, UK. Typically, packages incorporate four features: (1) the ability to 

allow the user to quickly model complex structures, (2) a descriptive energy field, (3) an 

algorithm for performing molecular mechanics (i.e. EM) and (4) an algorithm for 

performing molecular dynamics (MD).

8 The alternative approach is to save the generated 3D model and input it into a separate algorithm capable 
of performing the required EM. One such program being GROMOS (van Gunsteren. 1983). However, 
should any distances between non-bonded atoms approach ^ 1 A the EM will not converge and atoms will 
develop physically implausible vectors causing the structure to become unstable. QPACK (Gregoret and 
Cohen. 1990) is an algorithm which allows the user to identify bad contacts by slowly growing residues and 
observing which residues touch. Routine use of such algorithms just to identify bad contacts is likely to be 
tedious. Far more efficient to identify bad contacts quickly within the modelling package and then perform 
the EM, again within the modelling package. Modelling packages such as SYBYL incorporate colour force 
option which highlights atoms which are too close to one another allowing the user to adjust specific side- 
chain torsion angles (preferable to adjusting back-bone torsion angles) to remove any initial bad contacts 
thus allowing an EM run to converge rapidly on the first attempt Yet another alternative is to use a 
function minimiser which smoothes out artificially large forces to avoid major structural perturbations 
allowing the user to then switch to a normal energy field description. Dauber-Osguthorpe et al. (1988) 
used a method of gradual annealing which involved applying a slight constraint to heavier atoms while 
allowing lighter atoms to relax.
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The molecular modelling package from Tripos is known as SYBYL (Tripos E & S). It 

incorporates the Kollman united atom (Weiner et al., 1984) and the Kollman all atom force 

field (Weiner et al., 1986) which is especially designed to perform simulations of nucleic 

acids and proteins. (In the united atom force field the carbon hydrogens are collapsed 

inwards correspondingly increasing the carbon atoms van der Waal radia so that e.g. methyl 

groups are treated as single atoms thereby generating faster EM runs.) The Kollman force 

fields are also form an integral part of later versions of AMBER (Assisted Model Building 

with Energy Refinement - Weiner and Kollman, 1981) The force field equation for this 

force field is:

E uu, =  T K t i R - R J 2 + £  ATe (6 - 0J  2
bonds

+  T\ — [1 +COS(rt<t> - Y)]
dihedrals **

y 1 r  — —  + — ' 1+ h  La!; ’ R‘a sfyj

H-bonds L  t \ i j  I \.ij  —̂

The first three terms represent the difference in energy between a geometry in which the

bond lengths, bond angles and dihedral angles have ideal values and the actual geometry of

the molecular structure. The fourth term represents the nonbonded van der Waals and 

electrostatic interactions. The final term (the so called 10-12 function) represents both 

strong and weak hydrogen bonding - also takes into account unrealistically short H-bonds. 

A full account of the coefficient values is given in the Weiner et al. (1984) paper. Of 

particular importance in the context of energy minimisations of the TM component of 

integral membrane proteins is the dielectric function 8. To partly take account of the



hydrophobic environment of the lipid bilayer a constant value in the range 2 to 5 is usually 

chosen in preference to a distance-dependent dielectric of say e = Riy

Minimisation of the molecular structure not only requires an adequate field description but 

also a strategy needs to be employed to lower the value of the target function (for an 

excellent review of this subject see Mackay et a l 1989). Three converging algorithms in 

popular use are: steepest descent, conjugate gradient and Newton-Raphson. A fourth less 

often used algorithm is simulated annealing. Space forbids detailed consideration of each 

method. In a nutshell, function minimizers consist of two major parts (a heteroalgorithm). 

There is a generic part: the line search (which actually changes the co-ordinates of the 

structure to a new lower-energy structure) and an algorithm (the different part, but there is 

homology between the gradient search methods) which decides the direction of the line 

search.

The distinguishing features of the different parts are:

• steepest descent - robust method but poor rate of convergence near the minimum. 

Users of this method notice that the energy of the structure is quick to fall, but algorithm 

is very poor at converging. This is because the each new direction vector can undo 

earlier progress at reaching convergence. For this reason, steepest descent is frequently 

followed by conjugate gradient to allow the energy of the structure to converge. 

Steepest descent relies on gradients to control the direction of the line search so that 

only 10-20% of function evaluations are required compared to more rigorous line search 

methods.

• conjugate gradients - minimises only along directions that are mutually conjugate. 

Returns a whole set of mutually conjugate gradient directions such that each successive 

step successively refines the direction toward the minimum. Frequently the method of 

choice for large systems.

• Newton-Raphson - makes use of the second derivative information (steepest descent and 

conjugate gradients methods only make use of first derivative information). Radius of
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convergence and rate of convergence are poor in full blown Newton-Raphson. Block 

Diagonal Newton Raphson has a very large radius of convergence and has a superior 

rate of convergence compared to steepest descents algorithm.

• simulated annealing - minimisation by slow cooling. Structure is heated up to a high 

temperature and allow to cool slowly. Very good at avoiding multiple-minima problems 

or at least small barriers during the relaxation process and hence aid the search for the 

global mimima. Very similar in spirit to steepest descents except the energy is allowed 

to increase through fluctuations in the exchange of potential and kinetic energy.

4.4 Summary of Previous 3D Modelling Work

In critically reviewing papers devoted to modelling the DA family of GPCRs, two 

points should be firmly held in mind:

1. Humbler and Mizadegan (1992) in their review of 3D models of GPCRs point 

out that publications are few in number and lack detail - particularly x, y, z co­

ordinates. Consequently, it is very difficult to compare the effectiveness of 

different modelling strategies.

2. This follows directly from the previous point. Given that 3D modelling studies 

devoted to the DA family of GPCRs is dearth of detail it is important to consider 

studies on closely related GPCRs particularly members of the P-adrenergic (since 

these are catechol amine binding GPCRs), muscarinic (binds the cationic amine 

acetylcholine) and serotonin families of GPCRs.

Joyce Baldwin reported to Richard Henderson (personal communication, 1994; appendix 

2) that at a meeting in New Orleans: “she found there are literally hundreds of people 

making models of G-protein coupled receptors.” This serves to underline the point that 

while there is a very strong interest in developing 3D models of GPCRs, there is an equal 

desire to avoid making the x, y, z co-ordinates available by depositing them on
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Brookhaven9. This desire to just report in a fashion which lacks detail merely reflects the 

huge commercial interest in GPCRs in general and the cationic amine binding family of 

GPCRs in particular given their value as therapeutic targets for treating certain brain 

disorders.

4.4.1 Dahl et al, 1991a and 1993

In their model of the D2 receptor, Dahl et al. (1991a) designed his model on the 

basis of five hypotheses: (i) TM segments are a-helices; (ii) each TM helix is 27 amino 

acids in length; (iii) TM helices can be predicted on the basis of multiple sequence 

alignments - i.e. homology is high in the putative TM regions; (iv) the putative a-helices 

are orientated with their polar surface areas facing inwards into the central core of the 

receptor; (v) GPCRs have a common ligand binding site. Dahl made much use of site 

directed mutagenisis studies to guide the docking of the DA agonist. Dahl’s attempt at 

modelling the 3D structure of the dopamine receptor falls into the combinatorial approach 

to protein modelling in that he did not succumb to the temptation of using 

bacteriorhodopsin as a structural template. A similar approach was used to model the 5- 

HTu receptor (Sylte, et al., 1993).

4.4.2 Maloney-Huss and Lybrand (1992)

Maloney-Huss and Lybrand (1992) in their modelling studies of the (32 adrenergic 

receptor (which is closely related to all of the DA receptors) sought to answer to two 

important questions. Firstly, is it possible to construct a physically credible 3D model using 

the experimental data as a guide. If so, how could these models assist in furthering the 

study of these receptors. In their modelling efforts they were particularly mindful of the 

fact that previous modelling work by others had rarely sought to check the plausibility of 

the constructed models against available experimental data. Also, these workers set out to 

model the entire protein, something which others considered impossible. For example, in

9 Brookhaven accepts 3D models; for example: a 3D model of a four helix-bundle called Felix (Hecht et 
al., 1990) has been deposited on Brookhaven and is freely available to the biotechnology community.
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their 3D modelling of the Mi receptor Saunders and Findlay (1990) completely ignored the 

150-250 residue third intracellular loop connecting helices V and VI: “because we do not 

know how to model this region”.

Secondary prediction algorithms such as the Kyte and Doolittle (1982) hydropathy analysis 

method together with sequence alignments with other GPCRs was used to predict 

secondary structure. Overall topology chosen was identical to that proposed by Engelman 

et al. (1980) and Findlay (Ryba et al., 1992), i.e. TM helices were judged to be located in 

anti-parallel fashion in numerical order. This followed from antibody mapping experiments 

(Wang et al., 1989) that localised the carboxy-tail and interhelical loop segments between 

helices 1-2, 3-4, 5-6 on the intracellular side of the membrane and loop segments between 

helices 2-3, 4-5, 6-7 (plus amino terminus) on the extracellular side. Also, amphiphilic 

helices were predicted at the both ends of im.

The individual TM helices were modelled, but no details were given concerning the 

modelling of kinked helices (in particular helices n , V and VI had middle Pro residues). 

The lack of sequence homology between the proposed heptahelical motif in (32 and the 

seven helix bundle observed in the intermediate structure of bacteriorhodopsin suggested 

that bacteriorhodopsin should not be used as a structural template. Hydrophobic moments 

were used to guide the orientation of each helix relative to the surrounding lipid (i.e. helix 

phase). Energy minimisation in vacuo was used in a limited form to avoid compaction 

problems to improve helix packing. Loops were initially modelled by manually growing a 

loop from the end of one helix by setting all <|>/y angles set to 180°. Then, using 2 to 5 ps 

of a novel low temperature molecular dynamics (MD) generated allowable <|>/\j/ and % 

torsion angles. A weak harmonic constraint was used to pull the free end of the loop 

fragment into place to form a trans peptide bond with the amino end of the second target 

helix. A similar constraint was presumably applied to allow a disulphide bond to form 

between the conserved Cys residues of il and in. The amino and carboxy terminal 

fragments were modelled using the work of Ponder and Richards (1987) to establish 

reasonable % torsion angles.



Maloney-Huss and Lybrand considered their modelling fell into the de novo category of 

protein modelling since they did not succumb to the temptation to using bacteriorhodopsin 

as a structural template to locate the TM helices of their model of P2 . However, it could be 

argued that their modelling style essentially followed the combinatorial method developed 

by Fred Cohen (Cohen, 1979).

4.4.3 Hibert et a l  (1992)

This group succumbed to the temptation to use bacteriorhodopsin as a structural 

template despite the lack of sequence homology with GPCRs. Helices were individually 

constructed using the <|>ty angles (-59° and -44°) recommended for helical residues in a non­

polar environment (Blundell et al., 1983). Details concerning the modelling of kinks due to 

conserved Pro residues were not described. Helix phase was judged by orientating 

conserved residues towards the centre of the protein. Extensive energy minimisation was 

applied with no concern expressed about possible compaction problems or whether the 

energy of the models converged. Given that extensive energy minimisation was used it 

would have been wise to have made use of QPACK (Gregoret and Cohen, 1990), an 

algorithm freely available to evaluate protein structures in terms of packing densities. In 

this manner Hibert’s group (Trumpp-Kallmeyer et al., 1992) set about modelling the TM 

regions of 39 GPCRs including the DA receptor family. Hibert used his models to 

announce (despite considerable experimental evidence to the contrary) that the conserved 

Asp residue (conserved in the catechol amine binding GPCRs only) in the middle of TM 

helix II only plays a structural and allosteric functional role. This conflicts completely with 

the views of Findlay group at Leeds (for example: Saunders and Findlay, 1990) who 

suggest that this Asp residue plays a vital role in the binding of the agonist. Henderson 

(appendix 2) states quite clearly that the use of the bacteriorhodopsin to model GPCRs is 

flawed since the helices are up to 10A apart (Gebhard et al., 1993). Indeed, Hibert has 

been obliged to counter strong criticism of his modelling strategy in the literature (Hibert et 

al., 1993). Since Hibert has used the bacteriorhodopsin as a structural template it naturally 

follows that he has adhered to the homology modelling approach to model the DA family of 

receptors despite complete lack of any sequence homology between bacteriorhodopsin and 

the DA family of receptors.
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4.4.4 Cronet et al. (1993)

Their modelling procedure involved three levels of detail: overall topography, 

location of helix ends and helix phase. Hydropathy analysis was used to predict helix end 

positions to ±4 residues accuracy and by considering experimental evidence relating to the 

p2-adrenergic receptor. The rotational orientation of the helices was determined using 

environmental preference parameters which were derived from bRh and three homologues. 

The parameters were then used to determine the optimal fit of the p2-adrenergic receptor 

onto the bRh structural template. Energy minimisation was used to optimise the TM 

packing. Hence, these workers also succumbed to the temptation to use bacteriorhodopsin 

as a structural template. Consequently, their modelling strategy is now obsolete bearing in 

mind the recent work of Baldwin (1993) on the probable arrangement of the helices in G 

protein-coupled receptors based on the projection structure of rhodopsin which is 

significantly different from that of bacteriorhodopsin (Gebhard et al., 1993; also see section 

3.2 and figure 3.2.1). However, Cronet et al. (1993) make it clear that their model is 

available on request and so confounds the scepticism of Humbler and Mizadegan (1992).
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5. Sequence Analysis of Catechol Amine Binding G Protein 
Coupled Receptors

5.1 Summary

Extensive homology analysis using the Needleman and Wunsch (1970) algorithm 

failed to detect any significant sequence homology between bacteriorhodopsin (bR) and any 

catechol amine binding G protein coupled receptor (GPCR). However, extensive 

hydropathy analysis together with the distribution of potential tripeptide glycosylation 

sequences suggests that the overall topology of these GPRCs and bR is similar. That is, 

catechol amine binding GPCRs appear to have a heptahelical transmembrane motif similar 

to that of bR. Members of the Di subfamily of dopamine GPCRs appear to have a short 

third intracellular loop and long carboxy tail. Conversely, members of the D2 subfamily of 

dopamine receptors appear to have a long third intracellular loop and a short carboxy tail. 

Secondary structure prediction algorithms failed to identify transmembrane helices 

correctly. However, the profile network prediction algorithm (PHD; Rost et al., 1994) 

predicted a short a-helix both ends of the third intracellular loop in each member of the 

dopamine (DA) family of GPCRs. PHD predicts the short carboxy tail of the D2 sub­

family of DA receptors to be a a-helix. Also, a short a-helix (three turns) between the 

carboxy-terminal end of putative transmembrane helix VII and the first Cys residue in the 

long carboxy tail of the Di sub-family (Di and Ds).

5.2 Introduction

Only recently have the primary structures of the G protein coupled receptors 

(GPCRs) been illucidated. While the number of GPCRs sequenced now runs into hundreds 

a three-dimensional model does not exist of any GPCR. The business of obtaining crystals 

of native membrane proteins capable of diffracting X-rays encompasses considerable 

problems. In the absence of a 3D structure the first step in modelling the dopamine (DA) 

family of receptors (in particular D2) must begin with a careful analysis of the primary
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structure - the sequence of amino-acids that makes up the DA G protein coupled receptor 

(GPCR).

The sponsor, Organon (Scotland) Ltd. was particularly interested in using 

bacteriorhodopsin (bRh), a known structure (Henderson and Unwin, 1975; Henderson et 

al., 1990), as a template to model D2. bRh is an integral membrane protein with a hepta- 

helical transmembrane region. The transmembrane helices of bRh are arranged in an anti­

parallel fashion with the amino-tail exterior to the cell membrane and the short carboxy-tail 

interior to the membrane. Given that the sponsor expressed a strong desire for homology 

modelling of the D2 receptor using bRh as a template it is sensible to assess the scientific 

validity of this intended procedure.

While the transmembrane region of bRh and D2 might indeed share resemblances. The loop 

regions of the DA family of G protein coupled receptors (GPCRs) would certainly bear no 

resemblance to the loop regions of bRh. The explanation for this simply being that the 

loop regions of each DA GPCR are considerably longer than the loop regions of bRh as 

indicated by simple hydropathy analysis. Hence the use of accurate secondary structure 

prediction tools such as PHD (Profile Network Prediction Heidelberg; (Rost and Sander, 

1993; Rost et al., 1994) makes good sense. PHD claims 80% accuracy when applied to 

non-membrane proteins. Given that the loop DA GPCRs are in the extracellular or 

intracellular environment, the rules of folding of these regions are likely to correspond 

closely to the rules governing the folding of globular proteins.

5.3 Methods and Materials

5.3.1 Homology Analysis

Homology analysis was carried out using the GAP program (Devereux, et al., 

1984) and was applied to a range of GPCRs (see table 5.2.1) and bRh. Default values were 

used for gap weight and gap length weight: 3.00 and 0.1 in units of matched bases. [Gap 

uses the alignment method of Needleman and Wunsch, 1970]. The RAN option of GAP
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was used to calculate the average alignment score and standard deviation from 100 

randomized alignments in which the second sequence was repeatedly shuffled while 

maintaining the length and composition of the original sequence. In this way Z scores 

were calculated (equation 1).

Z = ( x - m ) / a  Eq (1)

where % is the local alignment score, m is the mean of random scores and a  is the standard 

deviation of random scores (Dayhoff, 1978; Doolittle, 1981; Lipman and Pearson, 1985). 

Z scores greater than 5 should be regarded as significant (Bell, 1992).

ii&F CM FETCH NO. Abbrev Key Reference
Rhodopsin P08100 rH Nathans and Hogness, 1984
Bi P02945 m i Dearry et al.f 1990
I>i.... _.............. P21728 m Dal-Toso et al., 1989
I>3 P14416 lliill Sokoloff etal., 1990
»4 P19020 p  D4 i ! Van-Tol et a l,  1991
Ds 11® P21917 £ D5 Sunahara e ta l,  1991
ax adrenergic P21918 Al Libert et a l,  1989
aA2A adrenergic P08913 1 A2A Fraser et a l,  1989
<Xa2 b adrenergic P I8825 A2B Regan et a l,  1988
<xa2c adrenergic P18089 A2C I Lomasney e ta l ,  1990
& adrenergic P08588 B1 Frielle et a l,  1987
£ 2  adrenergic P07550 B2 Schofield, et a l, 1987

adrenergic P13945 mm Emorine et a l,  1989
5-HT-1A P08908 H IM Kobilka, et a l, 1987
M, PI 1229 v M l Allard e ta l ,  1987

Table 5.2.1 GPCR primary structures used in homology analysis. First 
column lists GPCR type; second column the SWISSPROT FETCH Number; 
the third column the abbreviation used in the remainder of this chapter; fourth 
column lists ealiest key reference. All of the primary structures were human, 
except for: Dq (rat) and oil adrenergic (dog). The remaining primary structure 
used was: bacteriorhodopsin (P02945); code: bRh (Dunn et al., 1981).
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5.3.2 PEPPLOT Analysis

The PEPPLOT command (GCG sequence analysis software - Devereux, et al., 

1984) was applied to the bacteriorhodopsin sequence (bRh) and Di and D2 sub-type 

receptors. Hydropathy analysis of primary structures was performed on each member of 

the DA family of GPCRs using the Kyte-Doolittle or KD plot (Kyte and Doolittle, 1982) 

and the Goldman, Engelman and Steize or GES curve (often quoted as: Goldman et al., 1986; 

properly quoted as: Engelman et al., 1986). The KD plot used the default window size of nine 

residues. The secondary structure prediction method of Chou and Fasman (1978) was 

used to calculate the propensity measures for alpha-helix and beta-sheet. Both curves 

are the average of a residue-specific attribute over a window of four. Turns were 

predicted using the method of Chou and Fasman (1978). The curve is the product of a 

residue-specific, position-dependent attribute (probability) multiplied across a window of 

four. The calculated values are multiplied in Pepplot by 10,000 for plotting.

5.3.3 Tripeptide Glycosylation Sequences in Dopamine GPCRs

Each primary structure was examined for the occurrence of the tripeptide sequence 

-Asn-X-Ser or -Asn-X-Thr (i.e. -Asn-X-Ser/Thr), where X represents one of the 20 amino 

acids (Eylar, 1965; Marshall, 1974).

5.3.4 Profile Network Prediction Heidelberg - PHD

PHD (Rost and Sander, 1993; Rost et al., 1994) was applied to each member of 

the dopamine family of GPCRs to predict a-helix (H), P-strand (E) and loop (L). PHD was 

accessed by emailing primary structures to: PredictProtein@EMBL-Heidelberg.DE. 

Secondary structure predictions for each of the dopamine receptors was automatically 

returned in about 4 hours.

mailto:PredictProtein@EMBL-Heidelberg.DE


5.4 Results

GAP results are displayed in tables 5.3.1 to 5.3.5 (pages 81-85). PEPPLOT results 

are diplayed in figures: 5.3.1 to 5.3.4 (pages 86-89). The location of potential 

glycosylation sites in the dopamine family of GPCRs is given in table 5.3.6 (page 90). PHD 

results are displayed in figures 5.3.5 to 5.3.9 (pages 91-100).
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panel) 
panel 

show
s 

the 
location 

of 
acidic, basic, hydrophilic 

and 
hydrophobic 

residues. 
Panel 

two 
is 

a 
sliding 

window 
hydropathy 

analysis 
of 

bRh 
using 

the 
K

yte-D
oolittle 

or 
KD 

plot 
(K

yte 
and 

D
oolittle, 

1982) 
and 

the 
G

oldm
an, Engelm

an 
and 

Steize 
or 

GES 
curve 

(often 
quoted 

as: 
G

oldm
an 

et 
al., 

1986; 
properly 

quoted 
as: Engelm

an 
et al., 1986). 

The 
green 

curve 
in 

the 
low

est panel is 
the 

GES 
curve 

for 
identifying 

nonpolar 
transbilayer 

helices. 
The 

third 
panel 

show
s 

the 
Chou 

and 
Fasm

an 
(1978) 

propensity 
m

easures 
for 

a-helix 
and 

|3-sheet. 
The 

fifth 
panel is 

m
erely 

a 
repeat of 

panel two 
to 

aid 
the 

reader.
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Figure 
5.3.3 

A
pplication 

of 
PEPPLO

T 
(GCG 

sequence 
analysis 

softw
are 

- 
D

evereux, et 
al., 

1984) 
to 

the 
hum

an 
D

2 DA 
receptor. 

The 
legend 

is 
the 

sam
e 

as 
that 

for 
figure 

5.3.2 
except 

that 
D

2 
(like 

D
3 

and 
D

4) 
has 

a 
long 

third 
intracellular 

loop 
betw

een 
transm

em
brane 

helices 
V 

(T
M

5) 
and 

VI 
(T

M
6) 

and 
a 

shorter 
tail.
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Receptor Position 

(of Asn residue)

Tripeptide Sequence 

(Single letter code)

Location Extracellular?

D1 5 NTS AMINO TAIL YES
D2 5 NLS AMINO TAIL YES
D2 17 NWS AMINO TAIL YES
D2 23 NGS AMINO TAIL YES
D3 12 NST AMINO TAIL YES
D3 19 NST AMINO TAIL YES
D3 173 NTT en YES
D4 3 NRS AMINO TAIL YES
D5 7 NGT AMINO TAIL YES

Table 5.3.6 Location of potential glycosylation sites in the dopamine family 

of GPCRs. Tripeptide sequences of interest are: -Asn-X-Ser or -Asn-X-Thr 

(i.e. -Asn-X-Ser/Thr), where X represents one of the 20 amino acid. 

Whether a site is glycosylated depends on where this tripeptide sequence is 

accessible ot the oligosachharide transferase (e.g. on exposed coils). The 

amino-tail is in the extracellular medium and likewise for ell (the second 

extracellular loop) - see figure 3.2 (page 27).
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Figure 5.3.5 Profile Network Prediction Heidelberg - PHD; a secondary prediction tool - here 
applied to the primary structure of the Di receptor. Abbreviations: secondary structure: 
H=helix, E=extended (sheet), blank=rest (loop); A A: amino acid sequence; PHD: Profile 
network prediction HeiDelberg; Rel: Reliability index of prediction (0-9); detail: prH: 
'probability' for assigning helix, prE: 'probability' for assigning strand, prL: 'probability' for 
assigning loop note: the 'probabilites' are scaled to the interval 0-9, i.e. prH=5 means, that the 
signal at the first output node is 0.5-0.6; subset: SUB: a subset of the prediction, for all 
residues with an expected accuracy > 82% note: for this subset the following symbols are 
used: L: is loop (for which above " " is used), means that no prediction is made for this 
residue, as the reliability is Rel < 5; si: start of helix I, el: end of helix 1. Putative 
transmembrane helices corespond to those suggested by Baldwin (1993). It is clear that PHD 
predicts mainly (3-sheet for each transmembrane segment. However, PHD predicts a-helix 
secondary structure at the each end of the third intracellular loop (illl). Also, a short a-helix 
(three turns) between the carboxy-terminal end of putative transmembrane helix VII and the 
first Cys residue in the long carboxy tail.

# Dl human length 446 amino acids

detail

subset

s i  HELIX I  e l  s 2  H2
  ____1____  2 _______   3 _,____4____ ,____ 5 ____   6

AA |MRTLNTSAMDGTGLWERDFSVRILTACFLSLLILSTLLGNTLVCAAVIRFRHLRSKVTN1

Rel |997 68888898887 677 887 4 05888777788999998414 89998732222216897 4 3 |

prH-|0011010000000000000000000011100000000000000000111124 42 000011 
prE-|0000000000000011100134 68887777 8889998864 68999875554223100125 
prL-|998888889988887888886420000111100000013530000012232223788753 
SUB |LLLLLLLLLLLLLLLLLLLL. .EEEEEEEEEEEEEEEE. . .EEEEEE LLLL . . I

detail

subset

HELIX I I  e 2  s 3  HELIX I I I
  ___ 7 ____   8 _______   9    10. .  11. .   1

AA |FFVISLAVSDLLVAVLVMPWKAVAEIAGFWPFGSFCNIWVAFDIMCSTASILNLCVISVD
pHE> iH H U H H H H B B H H ^ eeeeeeeee
Rel |7 87 654 3211157789862313222 45455547 9647889963334 4322024554 5313

prH-|10111222322100000001222332121110000000000001111232 4211222222 
prE-|7 87 66554 334 67 88887323 44 45565666610268889975555554 4 3 456666542 
prL-|100112233331100002553221111112127 972100002332222222221111234 
SUB | EEEEE...... EEEEEEE......... E . EEE . LLL . EEEEEE............ EE . E . . .

e 3  s 4  HELIX IV  e 4
2..., 13...,____ 14...,____15...,_____16...,____17...,_____ 1

AA |RYWAISSPFRYERKMTPKAAFILISVAWTLSVLISFIPVQLSWHKAKPTSPSDGNATSLA|

Rel |14 4431133214 5 65722125789999999999634 641134 7 889999988777 564 5 7 |
detail:

prH-|455554455432222134421110000000000000023322000000000000011221 
prE-122221110011100101124 67888898999987 63112221100000000000001000 
prL-|321223 4 333 4 67 7 675332110000000000023 67 64 34 67 88999998888877 67 8 

subset: SUB I............. LLLL .... EEEEEEEEEEEEEE . . L ..... LLLLLLLLLLLLLLL . LL
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detail: 

subset:

detail: 

subset:

detail: 

subset:

detail: 

subset:

detail:

subset: 

END

s 5  HELIX V e 5
8 . . . ,  1 9 ____ ____ 20...,_____ 21...,____ 22...,_____23...,_____2

AA |ETIDNCDSSLSRTYAISSSVISFYIPVAIMIVTYTRIYRIAQKQIRRIAALERAAVHAKN| 
PHD | EEE EEEEEEEEEEEE EEEEEEHHHHHH |
Rel |9987123135754 89985356775123587 4124578999999987 6277 8978755668|

prH-|000000000000000000000000001111234567889999998875110010111110 
prE-|00014554 3212 688887 5 677 7 64 4568864 3210000000000000000000021000 
prL-|9987 433 4578 6210012321112553100011111000000001123888 988866778 
SUB |LLLL LLL.EEEEE.EEEEE...EEE....HHHHHHHHHHHHH.LLLLLLLLLLLL|

s 6  HELIX V I ©6
VLKTLSVIMGVFVCCWLPFFILNCIL

4..., 25...,____ 26...,____27...,____ 28...,____29...,_____3
AA |CQTTTGNGKPVECSQPESSFKMSFKRETKVLKTLSVIMGVFVCCWLPFFILNCILPFCGS| 
PHD | KHKHKHHljteHHHHEEEEEEEEEEEEHHHHHHHHHHH
Rel |889888887778899887641333566889876423664799875111333433432138|

prH-|000000000000000000123556677 88887 6642100000000124 4 55555655420 
p rE-|00000000000000000011110000100000123577 689987 64 32222222233320 
p rL-|899888888889999888764333211110011121112100112433221111111258 
SUB | LLLLLLLLLLLLLLLLLLL HHHHHHHHH ... EE . EEEEEE L |

0. .  ___ 31. .   32. . .,____ 33. . .,____ 34. .   35. . .,____ 3
AA |GETQPFCIDSNTFDVFVWFGWANSSLNPIIYAFNADFRKAFSTLLGCYRLCPATNNAIET| 
PHD | HHHHHHHEEEEEE EEE HHHHHHHHHHHHH |
Rel I 9999851116554 41334543247 56832419937 89999999997 4 377 87 4 4 77 8877|

prH-|000002434 666664 322111111100111000388999999998863110122110000 
prE-|000000122122224 5556653212102564 00000000000000000000000000010 
prL-|999986333111110111123567 6785324 99611000000000136888866788888 
SUB |LLLLLL. . .HHH......E . . . .LLLL. . . .L L .HHHHHHHHHHHH. .LLLL. .LLLLLL|

6 . . . ,  37...,____38...,____39...,____ 40...,____41...,_____4
AA |VSINNNGAAMFSSHHEPRGSISKECNLVYLIPHAVGSSEDLKKEEAAGIARPLEKLSPAL| 
PHD | |
Rel |7777 8887554 5 6888888777 8887 634 67 88888 9898899998897 64 32247 88661

prH-|000000011111100000000000010001100011000000000000001111100010 
prE-|101100001221000000001100001321000000000000000000012333210011 
prL-|888888887 6677 89888888888887567 888888 98989999888887 655568887 7 
SUB |LLLLLLLLLL.LLLLLLLLLLLLLLLL..LLLLLLLLLLLLLLLLLLLLL LLLLL|

2..., ....43.. ......44.. ......45..., ....46..., ....47. ...... .4
AA |SVILDYDTDVSLEKIQPITQNGQHPT|
PHD | |
Rel 162103467766588999999898999

prH-|00000000111211000000000000 
prE-|13443211110000000000000000 
prL-|754 4 5 677777788899999898 999 
SUB |L..... LLLLLLLLLLLLLLLLLLLL|

92



Figure 5.3.6 Profile Network Prediction Heidelberg - PHD; a secondary prediction tool - here 
applied to the primary structure of the D2 receptor. Abbreviations: as listed in figure 5.3.5 
(page 91). Putative transmembrane helices corespond to those suggested by Baldwin (1993). 
It is clear that PHD predicts mainly (3-sheet for each transmembrane segment. However, PHD 
predicts a-helix secondary strucutre at the each end of the third intracellular loop (illl). Also, 
PHD predicts the short carboxy tail to be mostly a-helix.

# d2 human length 443 residues

detail

subset

s i  HELIX I  e l
  ____1 _______   2 ____   3 ______ 4 _______   5_  6

AA |MDPLNLSWYDDDLERQNWSRPFNGSDGKADRPHYNYYATLLTLLIAVIVFGNVLVCMAVS1
p h d  |
Rel I 997 887 8889998 988888888888 99889853125677 889999999513589998632|

prH-|001101000000000000000000000000000000000000000000000000001122 
prE-|0000000000000000000000000000000234 56777 8889999987 4 37 899987 54 
prL-|998888888 9998988988888888 9988887 64 42111000000000255210000023 
SUB |LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL...EEEEEEEEEEEEEE..EEEEEEE..I

detail

subset

s 2  HELIX I I  e 2  s 3  HELIX I I I
  ___ 7 ____   8 ____ , ____ 9 _______   10. . ., _1 1 .  .  1

AA | REKALQTTTNYLIVSLAVADLLVATLVMPWWYLEWGEWKFSRIHCDIFVTLDVMMCTA 
PHD | EE Hi',. EEEE EE EEEEEEEEE ] HHHHH EEE E E E | | B i H H H H
Rel I 3112 057 6323 6231110012 454775322111211131201211357888754223331

prH - |1234 42112221334334332111101113344443211111111111100000111123 
prE - |53221001234 7554 4 4 3334 5 667 7 6532233333334 54 4 334 5 67 8887 66555553 
prL - |2333 4 6775421011122222212012354 4221224 543 4 4 543210000122333323 
SUB I LLL . . . E  E . EEE......................EEEEEEE.......

detail

subset

HELIX I I I  e 3  s 4  HELIX IV  a 4
2..., 13...,____ 14...,____ 15...,____16...,_____17...,_____1

AA 1SILNLCAISIDRYTAVAMPMLYNTRYSSKRRVTVMISIVWVLSFTISCPLLFGLNNADQNI 
phd i I H H H B ^ h h h h  []EEEEEEEEEEEEEEEEEl___________ | |
Rel |312455442121111011121367545522135778999999987323564558998998|

prH-|2322111122223334334 4 3210111133211000000000000000011100000000 
prE-|54456656433344 4 432122211111112456788899999988653212220000001 
prL-|222221222343212133333478666654322110000000001335675668998998 
SUB | .... E E  LLL . LL . . . . EEEEEEEEEEEEE . . . LL . LLLLLLLLL I

detail

subset

s 5  HELIX V e 5
8 . . . , ___ 19...,____20...,____ 21...,____22...,____ 23...,_____ 2

AA |ECIIANPAFWYSSIVSFYVPFIVTLLVYIKIYIVLRRRRKRVNTKRSSRAFRAHLRAPL| 
PHD 1 E EEEEEEEEEEE EEEEEHHHHHHflKHKHHHKKKH |
Rel |411227 917 8997567 664113 666224567 9999999877 6357 8898787 67 668888|

prH-|000000000000000000000011235667889999998877 621000110011110000 
prE-|34 4541047 899777777 64 4 677753221000000000000000000000000000000 
prL-|64 445885100012111125421000111110000000111236888988887877 8888 
SUB I L L .EEEEEEEEEE....E EE. . .HHHHHHHHHHHHHH.LLLLLLLLLLLLLLLLLI
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detail:

subset:

detail:

subset:

detail:

subset:

detail:

subset:

END

4..., 25...,____ 26...,____ 27...,____28...,____29...,_____ 3
AA |KGNCTHPEDMKLCTVIMKSNGSFPVNRRRVEAARRAQELEMEMLSSTSPPERTRYSPIPP 
PHD | EEE
Rel I 886788999863111114 67977 7877 789877556654 44 436899998889868987 7

prH-|001100000000000000110100011100011111112222210000000000100001 
prE-|000000000013444442100010000000000000010011110000000000000000 
prL-|887 88 999887 64 4 4 44 677 887 888888888877777 666657 8899988898889888 
SUB | LLLLLLLLLLL....... LLLLLLLLLLLLLLLLLLLL..... LLLLLLLLLLLLLLLLL

0. . . ,____ 31. . . _____ 32. . . ,_____33. . . ,_____3 4. . .   35. . . ,_____3
AA |SHHQLTLPDPSHHGLHSTPDSPAKPEKNGHAKDHPKIAKIFEIQTMPNGKTRTSLKTMSRI 
PHD | KHH|
Rel I 7 877 67 888 998886788988 9887 97 8878 999885522433 4 47 98887 664311112|

prH-|101111000000001110000000101001000000123312322000000012344 444 
prE - |000110000000000000000000000000000000001111001000011110000011 
prL - |8887 7 8899988887 888 9889888888888999987 655 6656688888777 65554 43 
SUB |LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL....... LLLLLLLL.......

AA
PHD
Rel

prH-
prE-
prL-
SUB

s 6  HELIX V I e 6
6 . . . , ____37...,____ 38...,____ 39...,____ 40...,____ 41...,_____ 4
RKLSQQKEKKATQMLAIVLGVFIICWLPFFITHILNIHCDCNIPPVLYSAFTWLGYVNSA

211113456665421136778898653222322214129987736653125667433474

54 4 4 5566777 654 4 431010000000123222211100011137 6654 32111000001 
1011000000011334577788887 6554554 4 4 42330000001113356777 653212 
34 4443221112211111110000223331122235458888851111111011235676 
....... HHHHH..... EEEEEEEEE..............LLLLL . HHH . . . EEEE . . . . L .

2. .  ____ 43. .   44. .
AA |VNPIIYTTFNIEFRKAFLKILHC 
PHD | EEEEE HKHKKRHRHKH
Rel 157546540517789999999648

45 46 47

prH-|00000201147 88 9999999720 
prE-|21167664100000000000000 
p rL-|68721124 6511100000002 68 
SUB ILLL.E E ..L .HHHHHHHHHHH.L
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Figure 5.3.7 Profile Network Prediction Heidelberg - PHD; a secondary prediction tool - here 
applied to the primary structure of the D3 receptor. Legend same as for D2 (i.e. figure 5.3.6; 
pages 93-94).

# D3DR$RAT length 446 residues

detail

S l  HELIX I  e l
 ,___ 1 ____   2 ____ ,____ 3 ___ , ____ 4 ____ , ____5 ____ ,_____6

AA |MAPLSQISTHLNSTCGAENSTGVNRARPHAYYALSYCALILAIIFGNGLVCAAVLRERAL

Rel I 9987 87 99998898888688888 9888514 688999999999972059999984232102

prH-|001001000000000001000000000000000000000000000000000001112332 
prE-|0000000000000000000000000012567 8888899999997 547 8 999885554 333 
prL-|998888 999888888887 8898898887 4 3210000000000014 420000002333334 

subset: SUB |LLLLLLLLLLLLLLLLLLLLLLLLLLLL..EEEEEEEEEEEEEE..EEEEEEE........|

detail

detail

detail

s 2  HELIX I I  e 2  s 3  HELIX I I I
  ___ 7 ____   8 ____,____ 9   10. .  11. .   1

AA | QTTTNYLWSLAVADLLVATLVMPWWYLEVTGGVWNFSRICCDVFVTLDVMMCTASILN 
PHD | | EEEEEEEEEEEEEEEEEE EE EEEEEEEEEEEEEEEEE
Rel I 4 5531364532211224 67897 4222342331871342112257 8887554433202134

prH-|111122122333332111110000122233210001111111100000000011233321 
prE-|212235766544 434457788863345545430145654 4 456788887 66655434 445 
prL-|5665420011122333210001254311112 4 87 4323 4 4 33211001222222232222 

subset: SUB | . LL . . . E . E ........ EEEEE........... L L .........EEEEEEEE...........

I l l  e 3  3 4  HELIX IV  e 4
2..., 13...,____ 14...,____ 15...,____ 16...,____ 17...,_____ 1

AA |LCAISIDRYTAWMPVHYQHGTGQSSCRRVALMITAVWVLAFAVSCPLLFGFNTTGDPSI| 
PHD m U m p i H H H H H H E E  EEEEEEEEEEEEEEEEEEl 1 E |
Rel |554432212212210111699961232146888999999999975477445799999973|

prH-|111122234444444432000002122111000000000000000000100000000000 
prE-|66555432233321124 4100013323457 8888 9999999987 6311221100000016 
prL-|2122234322212343237 8987 4 454321110000000000012 677 667 899999883 

subset: SUB I E E ..................LLLLL.......EEEEEEEEEEEEEEEE . LL . . LLLLLLLLL .

s 5  HELIX V e 5
8 . . . ,  19...,____ 20...,____ 21...,___ 22...,____ 23...,_____2

AA |CSISNPDFVIYSSWSFYVPFGVTVLVYARIYIVLRQRQRKRILTRQNSQCISIRPGFPQ 
EEEEEEEEEEEEE EEEEEEEHHHHHKHHHIiHHHHPHD |EE

Rel I 4 237 9917 9997 4 777 75014 8886311357 8 99999987 62 86777 87777 88888888

prH-|00000000000000000000000112345678999999887 4111110111100000000 
prE-|653100588887 67 8777 4 4 68887 64 421110000000000000000000000000000 
prL-|34 67 99410001311112453000011121100000001125878888888888898888 

subset: SUB |...LLL.EEEEE.EEEEE...EEEE....HHHHHHHHHHHH.LLLLLLLLLLLLLLLLLL
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d e t a i l :

subset:

detail:

subset:

detail:

subset:

detail:

subset:

END

4........25..., 26...,____27...,____ 28...,____29...,_____ 3
AA |QSSCLRLHPIRQFSIRARFLSDATGQMEHIEDKQYPQKCQDPLLSHLQPPSPGQTHGGLK| 
PHD | I
Rel I 88877 666545334 434 4247 889988987 8888888786788777 88 99888887 88661

prH-|000000001113212322321000000001000000000110011100000000000011 
prE-|000001111111111111110000000000000000000000000000000000000011 
prL-|8888887 7 66655 655665688899888888988888887 88888888999888888877 
SUB |LLLLLLLLL.L ......... LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL|

0. .   31. .   32. . ., 33. . .,____ 3 4. .   35. . .,____ 3
AA |RYYSICQDTALRHPSLEGGAGMSPVERTRNSLSPTMAPKLSLEVRKLSNGRLSTSLRLGP| 
PHD | I
Rel |7 677 65665565667778877 87 6687 98887 988898755554 4 668 998 643113487|

prH-|1111100122110111000110001110001100000001111221100000124 33211 
prE-|000012100001110000000001000000000000000111110000000121110000 
prL-|77 887777777777 88888888877 8898888 9988 98877 6666788 9987 65455687 
SUB |LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL. .LLLLLLL......LL|

s 6 HELIX V I e 6
6 . . . ,  37...,____ 38...,____39...,____40...,____ 41...,_____4

AA | LQPRGVPLREKKATQf^^EVLGA^VCWLPFFLTHVLNTHCQACHVSPELYRATTWLGYV | 
HHHHEEEEEEEEEEEEEE HHHHHHH H H E E E E E E E E E

Rel |641102334556532023588799987521001344431468897744213346777524|

prH-|12 44 45555666654 433210000000011234555554210101125432221111000 
p rE-10011101121011223 456888899887 54 33322222110000100134 5567777 653 
prL-|7643433222212231111001000012333222211245788877 62221100011236 
SUB | L ........ HHHH..... EEEEEEEEEE............. LLLLLL........ EEEEE . . |

2..., 43...,____44...,____ 45...,____ 46...,____ 47...,_____ 4
AA |NSALNPVIYTTFNVEFRKAFLKILSC|
PHD | EEEE HKHHHHHHHHH |
Rel 157458635431637899999999638

p rH-|0010001110113 8889989999730 
p rE-|2122115 6653100000000000000 
p rL-|77 6687322347511000000002 68 
SUB |LL.LLL.E ...L .HHHHHHHHHHH.L|
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Figure 5.3.8 Profile Network Prediction Heidelberg - PHD; a secondary prediction tool - here 
applied to the primary structure of the D4 receptor. Legend same as for D2 (i.e. figure 5.3.6; 
pages 93-94).

# D 4DR$HUMAN length 387 residues

s i  HELIX I  e l
 ,___ 1 ____,____ 2 _______   3 ______ 4 ____   5 _____  6

AA |MGNRSTADADGLLAGRGPAAGASAGASAGLAGQGAAALVGGVLLIGAVLAGNSLVCVSVA|

Rel |9988 9999567778889997 877888778887 413567777899999732 4389997 64 0 I
detail:

prH-|000000001111000000000000000000002211110000000000000000001111 
prE-|00000000010000000000000000100001135677 877 8889888632589998754 
prL-|999999897778889899888888888888886421111110000001356310000123 

subset: SUB |LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL...EEEEEEEEEEEEE....EEEEEE..|

detail

subset

8 2  HELIX I I  e 2  s 3  HELIX I I I
  ___ 7 _______   8 ____   9 ____   10. . ______________11. .  1

AA |TERALQTPTNSFIVSLAAADLLLALLVLPLFVYSEVQGGAWLLSPRLCDALMAMDVMLCT| 
PHD | E EBKBEHHHHHKfltMtEEKB HH ;:7 E EEE EEE EEEEEE
Rel 11111157 7633645211221144 4 6652522336631654 01232034 567 7 65323332|

prH-|12333211122121333 4 4 43221111113555775422222222221111111221122 
prE-|333320001246664 333334 55577 6511111111000234323355667766545554 
prL-|433247 876421112222222222112365322113577533454422111112233223 
SUB | LLLL . . E . E .......... EEE . L . . . . HH . . L L .......... EEEEEE....... I

detail

subset

HELIX I I I  * 2 6  6 4  HELIX IV  e 4
2..., 13...,_____14...,____ 15...,____ 16...,____ 17...,____ 1

AA IASIFNLCAISVDRFVAVAVPLRYNRQGGSRRQLLLIGATWLLSAAVAAPVLCGLNDVRGR! 
PHD ■ ■ ■ ■ ■ ■ h H H H  Qe EEEEEEEEEEEEEE id I
Rel I 233214 4 44202212111211225656731124 678888998876422542135899899 I

prH-|455432222222234 443334332221134321111000000000000001110000000 
prE-|222345555432333332111110000001346677888888877653223332100000 
prL-|211222122234432223444 4 57777854322111000000011345664456889889 
SUB |..........................LLLLL..... EEEEEEEEEEEE ... L ... . LLLLLLL I

detail

subset

s 5  HELIX V e 5
8 . . . ,  19...,____ 20...,____21...,____ 22...,____ 23...,____ 2

AA |DPAVCRLEDRDYWYSSVCSFFLPCPLMLLLYWATFRGLQRWEVARRAKLHGRAPRRPSG| 
PHD | EEEEEEEEEEEEEEEEEEEHHHHBHH I
Rel |97522 6888717 8863256554 01222203567 88887 6554 22124 56677 77 88 99991

prH-|0100000000000000011100013333 45667888887 67 6555332111110000000 
prE-|0023321101578875567 6664 4455543211110000000000000000110000000 
prL-|87 6557 88884100133112234 310000011100011122234 4 566777778888999 
SUB | LLL . . LLLLL . EEEE . . EEEE........... HHHHHHHHHHH LLLLLLLLLLLLL |

97



d e t a i l :

subset:

detail:

subset:

detail:

subset:

END

AA
PHD
Rel

4..., 25   26...,____ 2 1 . . . , ____28...,____ 29...,____ 3
PGPPSPTPPAPRLPQDPCGPDCAPPAPGLPPDPCGSNCAPPDAVRAAALPPQTPPQTRRR

9989988888877 8888998888888888888888888887 4 567 7 888889999987 65

prH-|000000000001100000000000000000000011000012211100000000000111 
prE-|000000000000000000000000000000000000000000000000000000000011 
p rL-|8888888888877 8888888888888888888888888888667 8888888 99998887 6 
SUB |LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL.LLLLLLLLLLLLLLLLLL

s 6 HELIX V I e 6
0...,____31...,____ 32...,____ 33...,___ 34...,____ 35...,_____ 3

AA | RRAKITGRERKAMRVLPVWGAFLLCWTPFFWHITQALCPACSVPPRLVSAVTWLGYVN | 
PHD | HHHHHEEEEEEEEEEEEE EHHHHHH E E E E E E E E E
Rel |4 457 65023466543224 6667877532211134444226999876102344 66653135|

prH-|222112455677655532111100000112345555552100001133322221110110 
prE-|110000011111123356777788775543432222112100000012456667 665422 
prL-|66787 6433211211111111111123333222211234789888743211001123456 
SUB | . . LLLL.... HHH EEEEEEEE.............. LLLLLLL EEEE ...LI

6. . .,____ 37. . . , ____ 38. . . , . .
AA |SALNPVIYTVFNAEFRNVFRKALRACC 
PHD | EEE HRHHHRHKHRHHH
Rel 1667971331452678999999997379

39 40 41

prH-|110011111123778999999997 510 
prE - |111014 554210000000000001000 
prL - |77787 4323565111000000001389 
SUB |LLLLL..... L .HHHHHHHHHHHH.LL
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Figure 5.3.9 Profile Network Prediction Heidelberg - PHD; a secondary prediction tool - here 
applied to the primary structure of the D5 receptor. Legend otherwise the same as for Di (i.e. 
figure 5.3.5; pages 91-92).

# D5DR$HUMAN length 477 residues

detail:

subset:

AA
PHD
Rel

prH-
prE-
prL-
SUB

S l  HELIX
 ,___ 1____   2 ____   3 ____   4 ____
MLPPGSNGTAYPGQFALYQQLAQGNAVGGSAGAPPLGPSQWTA

I
5 ____   6

LLTLLIIWTLLGNVL

9998 98899877 87 6677 8899888888867 8888986258998887 89999998514 89

0 0 0 0 0 1 0 0 0 0 1 1 0 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
000000000000001000000000000000000000024 7 8888887 888999987 5689 
999898899888887 7 88889999888887 88998887 5210000111000000124310 
LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL.EEEEEEEEEEEEEEEEE..EE

detail

HELIX I  e l  s 2  HELIX I I  e 2  s 3  I I I
VCAAIV NMTNVFIVSLAVSDLFVALLVMPWKA DVWVAFD
  ___ 7 ____ ,____ 8 ____  9 ____, _____ 10. .  11. .  1

IVCAAIVRSRHLRANMTNVFIVSLAVSDLFVALLVMPWKAVAEVAGYWPFGAFCDVWVAFD

prH-
prE-
prL-

E E EEEEEEEEE EEEEEEEE EE EEEEEEE
999864 42111589532 687 6532 011257 8997 433122124 4 4 54 427 973 6899963

0000111234 31101010011122222210000000222343222111000000000000 
998875542231002347 877 64 4333 4 678887 63234 4 4 5565666510167 889875 
0000122333368865311111233333211001255322101112223897 31000013 

subset: SUB | EEEEE...... LLLL . . EEEEE...... EEEEEE.............E . . . LLL . EEEEEE . |

HELIX I I I  e 3  s 4  HELIX IV  e 4
2...,___ 13...,____ 14...,____ 15...,____ 16...,____ 17...,_____1

AA |IMCSTASILNLCVISVDRYWAISRPFRYKRKMTQRMALVMVGLAWTLSILISFIPVQLNW|
PHD H H H H H H H I H  E h h h e e e e e e e e e e e e e e e e ! ll
Rel 12242201212554 5313211111111236653523304 57 7888899998415522234 5 |

detail:
prH - |1111233432122222224 434334 43111222555322111000000000000123210 
prE - |555543433 4 66564 42233322111221001001236677 8888889886522332222 
prL - |33232321321111235422334 4 4345777 66332211100001000002 4 664 4 4566 

subset : SUB |........... EE . E ................ LLL . L .....EEEEEEEEEEEE . . L L ..... L |

s 5  HELIX V
8 ...,____19...,___ 20...,____ 21...,____22...,____ 23...,_____2

AA |HRDQAASWGGLDLPNNLANWTPWEEDFWEPDVNAENCDSSLNRTYAISSSLISFYIPVAI1

Rel I 777 88887 8558888667777511121335888751342388458 999535677 51158 91
detail:

prH-|010000000100000111111144 454210000111000000000000000000000000 
prE-|100000000110000000000000111122100124565311368888656777755688 
prL-|88888888877988887888874 4 4345578887 64323688621000232111244200 

subset: SUB |LLLLLLLLLLLLLLLLLLLLLL....... LLLLLL..... L L .EEEEEE.EEEEE..EEE|

99



d e t a i l :

subset:

detail:

subset:

detail:

subset:

detail:

subset:

END

V e 5  s 6 V I
4...,___ 25...,____ 26...,___ 27...,____ 28...,____ 29...,_____ 3

AA |MIVTYTRIYRIAQVQIRRISSLERAAEHAQSCRSSAACAPDTSLRASIKKETKVLKTLSV 
PHD Ie e e e h h h h h h h h h h i i h r k h  HHHHHHHHHHHE
Rel |97 5222568 99999866517 667 99898887 877 8888888 997 547 4 4 568 9987 6422

prH-|01234567889999877 6511110000000000000000000001112667888877643 
prE-|886532111000000000000000000000000000000000002100011000011235 
prL-|001112110000001122487789999888888888899989986686211100011111 
SUB IEEE...HHHHHHHHHHHH.LLLLLLLLLLLLLLLLLLLLLLLLLL.L ..HHHHHHHH...

HELIX V I e 6
0...,___ 31...,____ 32...,____ 33...,____ 34...,____35...,_____3

AA |IMGVFVCCWLPFFILNCMVPFCSGHPEGPPAGFPCVSETTFDVFVWFGWANSSLNPVIYA 
PHD |EEEEEEEEEE HHHHHHHHHE HHHHHHEEEEEEE EE
Rel |54 57 8987 520022332022114 8999999887 4113775322566653147 4 6842228

prH-|21100000002344 5554454 310000000001234577654321110110110011100 
prE-|66678887753233323433332000000000001111012256677 6542121024531 
prL-|12210001233321111121225899999998865421112201111234 6767863358 
SUB | E . EEEEEEE................LLLLLLLLLL .... HHH . . . EEEEE ... L . L L .... L

6 . . . ,  37...,___ 38...,____ 39...,____40...,____ 41...,_____ 4
AA |FNADFQKVFAQLLGCSHFCSRTPVETVNISNELISYNQDIVFHKEIAAAYIHMMPNAVTP 
PHD | H H K H H H H K H K H H H H  EEE
Rel |927 8899999999861557 87 6754 34 35 6665577 77 8888887 77 5324 427 999999

prH - |04 8889999999987521101111111111111100100000001011100000000000 
prE - |000000000000000000000101222210000110000000000001256631000000 
p r L - |8511000000000114 77 88877 7 6666777 777 88888888888886532357 99998 9 
SUB IL.HHHHHHHHHHHHH.LLLLLLLL....LLLLLLLLLLLLLLLLLLLL LLLLLLL

2. .......43.. ......44..., ....45.. ......46...,____ 47.......
AA |GNREVDNDEEEGPFDRMFQIYQTSPDGDPVAESVWELDCEGEISLDKITPFTPNGFH 
PHD |
Rel |987 88988 988997 8755545689999987777733567 87 6212 4 47887 878899

p rH-|001000000000000121122100000000111110001011100010001000000 
p rE-|00000000000000000111000000000100012321000134 3221000010000 
p rL-|987 8898898899888666667 899999877 8875677 8887 54 5667 888888899 
SUB ILLLLLLLLLLLLLLLLLLL.LLLLLLLLLLLLLL..LLLLLL LLLLLLLLLL
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5.5 Discussion

5.5.1 Homology Analysis

It is clear from the Needleman and Wunsch (1970) alignments (table 5.3.1) and the 

random shuffling alignments (tables 5.3.2 to 5.3.5) that there is no homology between bRh 

and GPCRs. Therefore to adopt homology modelling based strategies in which models of a 

particular GPCR are based exactly on bRh is questionable. Indeed, Henderson (personal 

communication: appendix 2) has suggested that bRh is not a good starting model for 

modelling GPCRs. A low resolution 2D projection structure of rhodopsin (rH) is 

available (Gebhard et al., 1993). Given that rhodopsin is a coupled to a G protein and has 

significant homology with the DA receptors (table 5.3.2) it follows that the structural data 

relating to rH should take precedence over bRh. Hence Baldwin’s (1993) paper on the 

probable arrangement of transmembrane helices in GPCRs which is based on the work of 

Gebhard et al. (1993) should form the basis of all GPCR modelling studies.

The calculation of Z scores provides the basis to classify dopamine receptors in terms of 

whether they are a member of the Di or D2 sub-type dopamine GPCRs. Equally 

importantly, the calculation of Z scores provides the basis for rapidly classifying any future 

cloned GPCR. Since whole sequences were used to calculate Z scores then by default both 

TM homology (associated with the ligand binding site) and homology relating to the G 

protein-coupling regions is used in the computation. This is important as Donnelly et al. 

(1994) has recently shown that the evolution of GPCRs occurs at two sites: the ligand 

binding site and the G protein-coupling regions.

5.5.1.1 PEPPLOT Analysis of Bacteriorhodopsin (bRh)

The sponsor wanted bRh to be used as a template to model the dopamine D2 

GPCR and so it deserves some attention. Acidic and basic residues appear to be clustered 

at the beginning and end of hydrophobic stretches of residues. It is clear that the KD plot 

finds five very clear peaks and two less clear hydrophobic peaks. The GES plot fails to
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detect the third and fourth transmembrane helices. (The structure of bRh has been solved 

and the hydophobicity peaks are known to corespond to the actual location of 

transmembrane helices in the integral membrane protein - e.g. J&hnig, 1990). It is clear 

that P-sheet is more favoured than a-helix - this simply supports the argument that 

secondary prediction algorithms are not good at predicting secondary structure in integral 

membrane proteins. It is clear that turns in the transmembrane region tend to occur at the 

helix start and end postions in aggreement with the findings of Green, 1990.

5.5.1.2 PEPPLOT Analysis ofD i and D2

Di (like D5) has a short third intracellular loop between transmembrane helices V 

and VI. This is reflected in the hydropathy analysis where there is a gap between the 

prominent peaks coresponding to helices V and VI. Transmembrane helix does not show 

up clearly in the hydropathy analysis indicating that it is more hydrophilic than the other 

transmembrane helices. Also, the Di subfamily of DA receptors is characterised by a long 

intracellular carboxy tail. D2 (like D3 and D4) has a long third intracellular loop between 

transmembrane helices V and VI and a shorter tail.

5.5.2 How Do The KD and GES plots of the Dopamine Receptors compare to
bRh?

It is clear that there is a definite similarity in the plots between bRh and both Di and 

D2 sub-families (figure 5.3.4). This suggests that the overall topology of the dopamine 

family of GPCRs is similar to that of bRh. That is, the transmembrane region of the 

dopamin receptors consists of seven transmembrane helices.

5.5.3 Tripeptide Glycoslylation Sequences in the Dopamine Family of GPCRs

Glycosylated sites are invariably found exposed to the exterior medium - Cotmore 

et al., 1977. Also, tripeptide sequences found on exposed loops or p-turns are likely to be 

glycosylated. The distribution of potential tripeptide glycosylation sequences in the
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dopamine primary structures (table 5.3.6) suggests that the amino-tail is found on the 

extracellular side of the membrane like that of bRh. The loop connecting transmembrane 

helices IV and V in D3 is likely to be extracellular given that it has a potential tripeptide 

glycosylation sequence. Given that the carboxy-trail lacks potential glycosylation sites - 

this suggests it is found on the intracellular side of the membrane - again like the short 

carboxy-tail of bRh.

5.5.4 Profile Network Prediction Heidelberg - PHD

The neural network (PHD - Rost and Sander, 1993; Rost et al., 1994) has been 

trained using globular proteins. However, the rules governing folding of the non­

membrane component of large integral membrane proteins like DA GPCRs are likely to be 

the same as for globular proteins. PHD was applied to each member of the dopamine 

family of GPCRs to predict a-helix (H), (3-strand (E) and loop (L); pages 91 to 100. It is 

clear that PHD has a tendency to predict p-sheet in those regions of the primary structures 

that corespond to the transmembrane region1 of the integral membrane dopamine 

receptors. However, for every dopamine receptor sub-type, PHD predicts to 80% 

accuracy a-helix secondary structure at the beginning third intracellular loop (ini) and a a- 

helix secondary structure at the end the third intracellular loop (between 50% and 100% 

accuracy) and is in aggreement with the findings of MaloneyHuss and Lybrand (1992) who 

also predicted a short a-helix at both end of im . In addition, the short carboxy tail, which 

terminates with a conserved Cys residue, in D2, D3 and D4  (i.e. the entire D2 sub-family) are 

predicted at the 90 to 100% accuracy to be a-helix. Also, PHD predicts at the 90 to 

100% accuracy level that there are three turns of a-helix between the C-terminal end of 

ptms VH and the first Cys residue in the long carboxy tail of the Di sub-family (Di and D5). 

It has been suggested that the Cys residue in catechol amine binding GPCRs (and others) is 

palmitated and anchored to the membrane. For example, the Swissprot entry for p2- 

adrenergic receptor (entry: P07550) states that Cys-346 (the first Cys residue upstream of 

TM7) is palmitated. Also, Ross (1989) showed that the amino-terminus segment of the 

carboxyl terminal (carboxy tail) have a co-operative role in anchoring GPCRs to the

1 Based on the Joyce Baldwin (1993) assignments of transmembrane helices in GPCRs.
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membrane. It follows that the short a-helix probably runs along the surface of the 

membrane. This would require a 90° turn immediately following TM7. There is a clear 

precedence for such a turn in integral membrane proteins. The X-ray crystal structure of 

integral membrane protein Light Harvesting Complex II from Pseudomonas acidophilia 

(strain 10050) is in the process of being solved here in Glasgow. At the N-terminal end of 

the repeating a-helix subunit there is a sharp 90° turn allowing the polypeptide chain to 

negotiate the surface of the lipid membrane (McDermott et al., submitted, 1994).

5.6 Conclusion

Homology analysis suggests that the use of bRh as a starting template to model the 

dopamine family of GPCRs is flawed. There is not sufficient homolgy present to justify 

homology modelling of any GPCR using bRh as a template. In contrast it is clear that rH 

exhibits significant homolgy with each member of the dopamine family of GPCRs. Hence, 

any structural data related to rH such as the projection map produced by Gebhard et al. 

(1993) is of direct use in modelling the dopamine family of GPCRs. However, the 

hydropathy analysis did suggest that the transmembrane region of the dopamine family of 

GPCRs exhibits the same overall topology as bRh. That is, a hepta-helical motif 

characterises the transmembrane region of GPCRs. Secondary structure prediction 

algorithms are not reliable when applied to the transmembrane regions of integral 

membrane proteins such as bRh and GPCRs. However, secondary structure prediction 

algorithms such as PHD can be usefully applied to the non-transmembrane regions of 

GPCRs.
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6. Detection of Regions of Internal Homology in the Dopamine 
Family of G Protein Coupled Receptors

6.1 Summary

The N and/or C-terminal ends of the third intracellular loop of G protein coupled 

receptors frequently contain G protein-activator sequences (Nishimoto and Okamoto, 

1992; Ikezu et al., 1992). Repeat sequences have been reported in the middle of the third 

intracellular loop in the D4  subtype dopamine receptor (Van-Tol et al., 1992). Here we 

report the frequent occurrence of regions with palindromic-like character and short 

stretches of straight and reverse repeat sequences in the dopamine family of receptors (Di 

through to D5). Such homology events are found particularly in the amino terminal region, 

putative transmembrane regions and in the third intracellular loop of each dopamine 

subtype. Their frequency of occurrence suggests multiple roles in the establishment and 

functioning of the dopamine receptor. To our knowledge, this is the first report of 

palindromic-like sequences in the catecholamine receptor family.

6.2 INTRODUCTION

The dopamine family of catechol amine binding G protein coupled receptors 

(GPCRs) play a central role in the development of such disorders as rigidity in Parkinson’s 

disease and hallucinations in schizophrenia and Alzheimer’s disease (reviewed in chapters 1 

to 4). While multiple sequence alignments suggest an important role for several residues 

(e.g. hydrogen bonding of serines in the amino-half of putative transmembrane helix V to 

the dopamine ligand). Such alignments do not reveal regions of internal homology. The 

motivation to perform an internal homology study of the dopamine family of receptors was 

to see if it could be used to detect helix end points. The hypothesis being that regions of 

internal homology are unlikely to cross conformational boundaries such as from 

transmembrane helix to random coil.
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6.2.1 Types of Internal Homology

There are four types of internal homology studied here: straight repeats, 

reverse repeats, palindromic regions and tube sequences (table 6.2.1). Reverse repeats 

are the same as straight repeats except they involve reading the sequence forwards and also 

backwards whereas straight repeats are detected by reading the same sequence in the 

forward direction only. A palindromic sequences differs from a reverse repeat in that the 

reverse homology applies only to the same area of the primary structure and exhibit 

obvious symmetry and where they occur within helices they result in a pseudo-twofold axis 

in their structure (Suzuki, 1992). Tube sequences are similar to palindromic sequences 

except that the tube sequence does not exhibit complete symmetry - and for this reason can 

be considered snake sequences as they have an obvious head or tail - they do not read 

exactly the same way in both directions.

Sequence Type

2 4 $  2$ 5  
P P A F R L P Q D P C G F D C A P P  
P P A P G L P P D P C G S N C A P P  

X  X  •:;# X X

284 '• .:V. 281

Straight repeat - top numbers indicate start and end position 
of sequence in the complete primary structure (re: first line of 
amino-acid residues); likewise for bottom numbers (re: 2nd 
line of amino-acid residues). Underscores indicate hits and Xs 
indicate miss. (From D4)

2 0 2  2X1 
F  LPCPI»M I*LL  
F L P L V X L A L L  

XX XX  
$1 82

Reverse repeat. From D4

157  1 6 3
S IV W V L S
S L V W V IS

Short Palindromic sequence. The second line of residues is 
the top sequence reversed. The sequence thus reads the 
same in both directions - represented by an absence of capital 
Xs. From D2

37 50
A L V G G V 1 X IG A V L A
A L V A G IL L V G G V IA

X x ••

Tube sequence. The second line of residues is the top 
sequence reversed. While the tube sequence is palindromic- 
like it does look (read) differently from each end. Hence its 
similarity to a London tube train or snake. Get V  = I) - from
d 4

Table 6.2.1. Explanation and description of types of internal homology observed in this study
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6.3 EXPERIMENTAL

Two simple algorithms to detect: Internal Homology (IH) and Reverse Homology 

(RH) were coded in 3L Parallel FORTRAN (version 2.1.2) - appendix 3 for code listing. 

Three primary structures with known internal homology (sero transferrin - McGillivary et 

al., 1983; lactotransferrin - Powell and Ogden, 1990; ovotransferrin - Williams et a l, 

1982) were used as positive controls to help debug and test the IH Scan algorithm. Using a 

sliding window internal homology was detected by scanning each sequence and calculating 

pairwise alignment. Typically, for a window length of 10, any consecutive series of scores 

of 6 or more (corresponding to a stringency of 60%) were investigated further by careful 

examination of the primary structure to decide the exact nature of the internal homology.

6.4 RESULTS

The IH and RH Scan Algorithms was applied to each subtype of the dopamine 

family of receptors and muscarinic M3 and M5 (tables 6.4.1 to 6.4.6; pages 108-116). 

Sample IH output (re: Di and D4) is displayed graphically in figure 6.4.1 (page 117). 

Figure 6.4.2 (page 118) illustrates the IH results in graphical form with regard to the 

positive controls with known internal homology.
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Sequence (DJ Type Location Comments

43  50
LVCAAVIR  
LFCATLIR  

X XX___

3 0  23

R e v e r s e
R e p e a t

N - t e r m i n a l
e n d

72  7 6
LVAVL
LVAVL

P a l i n d r o m i c H e l i x  I I

8 8  97
GFWPFGSFCN 
GFWVFVDFTN 

X XX X

3 2 0  3 1 1

R e v e r s e
R e p e a t

i l l  
H e l i x  V I I

1 5 2  1 5 9  1 6 3
V LISFIPV Q LSW  
V PIFSIL V SL T W  

X XX X X
1 5 9  1 5 2  1 4 8

R e v e r s e  
R e p e a t / T u b e

H e l i x  IV R e v e r s e  r e p e a t  i n c l u d e s  
a  t u b e  s e q u e n c e :  1 5 2 - 1 5 9  
(S  = T)

2 1 1  2 1 7
IV T Y T R I 
IR TY TV I 

X X

T u b e H e l i x  V

2 2 9  2 3 5
AALERAA 
LFCATLI 

X X

T u b e i l l l

2 8 4  2 9 4
CWLPFFILNC  
CNLIFFPLWC  

X X  X X

T u b e H e l i x  V I V e r y  s i m i l a r  t o  t u b e  i n  
h e l i x  V I  i n  D„

3 1 3  3 1 9
FDVFVWF 
FWVFVDF 

X X

T u b e H e l i x  V I I

4 2 0  4 3 2
LSVILDYDTDVSL  
LSVDTDYDLIVSL  

XX XX

T u b e C - t e r m i n a l
e n d

Table 6.4.1 Regions of internal homology in human subtype dopamine receptor (Dearry et al., 1990). 

Palindromic-like or tube sequences together with straight and reverse repeat sequences are shown. Helix 

assignments are those given in SWISS-PROT accessed using the GCG package (Devereux et a l, 1984).
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Sequence (D2) T y p e Location Comments

38 46  
ATLLTLLIA  
AILLTLLTA  

X X

T u b e H e l i x  I  
( 1 s t  h a l f )

52 59  
NVLVCMAV 
NYLMPMAV 

X XX
14 3  13 6

R e v e r s e
R e p e a t

H e l i x  I  
(2 n d  h a l f )  

i l l

91 97 
W Y L E W  
W E L Y W  
___X_X___

T u b e H e l i x  I I  
( 2 n d  h a l f )

107  113  
CDIFVTL  
C IIF V G L  

X X
38 5  3 7 9

R e v e r s e
R e p e a t

H e l i x  I I I  
( 1 s t  H a l f )  
H e l i x  V I  

( 1 s t  h a l f )

157 163
SIVWVLS
SLVWVIS

P a l i n d r o m i c H e l i x  IV (L =  I )

1 8 9  198  
F W Y S S IV S F  
F S V IS S Y W F  
_X _X ___X _X _

T u b e H e l i x  V 
( 1 s t  h a l f )

S e e  n e x t  e n t r y

2 0 6  2 1 6  
L L V Y IK IY IV L  
L V IY IK IY V L L  

X X

T u b e H e l i x  V 
( 2 n d  h a l f )

I n c l u d e s  t h e  p a l i n d r o m i c  
s e q u e n c e :  Y IK IY  o r  V Y IK IY I  
(V =  I ) . P r o l i n e  r e s i d u e  
o c c u p i e s  m i d d l e  p o s i t i o n  
i n  h e l i x  V .

2 7 1  27 8  
EAARRAQE 
EQARRAAE 

X X

T u b e i l l l L o c a t e d  i n  m i d d l e  o f  i l l l

Table 6.4.2 Regions of internal homology in human D2 subtype dopamine receptor (Dal- 
Toso et al., 1989). Palindromic-like or tube sequences together with straight and reverse 
repeat sequences are shown. Helix assignments are those given in SWISS-PROT accessed 
using the GCG package (Devereux et al., 1984). [Continued overleaf].
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Sequence 
(D2 -  c o n t i n u e d )

Type Location Comments

3 1 1  3 1 7
SHHGLHS 
SHLGHHS 
___X_X ___

T u b e i m L o c a t e d  i n  m i d d l e  o f  
i l l l

3 3 8  3 4 3
A K IF E I
AKRFEI

X

4 3 6  431

R e v e r s e
R e p e a t

i m
i i v

3 5 4  3 6 4
SLKTMSRRKLS 
SLKRRSMTKLS 

XX XX

T u b e i l l l

4 1 6  42 5
Y V N SAV NPII 
Y W F A P N A II  
___ x x _ x _ x ___

1 9 2  1 8 3

R e v e r s e
R e p e a t

H e l i x  V I I  
H e l i x  V
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Sequence (D3) Type Location Comments

3 8  42
A LILA
A LILA

S h o r t
p a l i n d r o m i c
s e q u e n c e

H e l i x  I

72  81
AVADLLVATL 
AFALVWVATI 

X XXX

1 6 3  1 5 4

R e v e r s e
r e p e a t

H e l i x  I I  
H e l i x  IV

( I  =  L)

1 9 1  19 8
Y S S W S F Y  
Y F S W S S Y  

X X

T u b e H e l i x  V

2 1 3  2 2 3
IVLRQRQRKRI 
IRKRQRQRLVI 

XX XX

T u b e i l l l i l l l : 2 1 0  -  3 7 4 ;  
h e n c e  t h i s  s e q u e n c e  
m a r k s  t h e  s t a r t  o f  
t h e  N - t e r m i n a l  s i d e  
o f  i l l l

2 8 3  2 9 9
LLSHLQPPSPGQTHGGL 
LGGHTQGPSPPQLHS LL 

XX X X X X XX

T u b e i l l l M id d l e  o f  i l l l .

3 0 9  3 1 6
TALRHPSL 
TSLRGNSL 
_X ___XX___

93  86

R e v e r s e
R e p e a t

i l l l
e l l

3 3 1  3 4 1
SLSPTMAPKLS 
SLKPAMTPSLS 

X X X X

T u b e i l l l 2 n d  h a l f  o f  i l l l .

34 7  3 6 1
LSNGRLSTSLRLGPL  
LP GLRL ST S LRGN S L 

XXX XXX

T u b e i l l l s e q u e n c e  m a r k s  e n d  
o f  C - t e r m i n a l  s i d e  
o f  i l l l ;  c o n t a i n s  
t h e  p a l i n d r o m i c  
s e q u e n c e : RLSTSLR

3 9 0  3 9 7
PFFLTHVL  
PMVLTAVL 

XX X

84  77

R e v e r s e
R e p e a t

H e l i x  V I  
H e l i x  I I

4 1 0  4 17
LYRATTWL 
LYNTTTQL 
___XX X

67  60

R e v e r s e
R e p e a t

H e l i x  V I I  
H e l i x  I I

Table 6.4.3 Regions of internal homology in rat D3 subtype dopamine receptor (Sokoloff et al., 1990). 
Palindromic-like or tube sequences together with straight and reverse repeat sequences are shown. Helix 
assignments are those given in SWISS-PROT accessed using the GCG package (Devereux et al., 1984).
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Sequence (D4) T y p e Location Comments

1 9  3 1
AAGASAGASAGLA 
ALGASAGASAGAA 

X X

T u b e N - t e r m i n a l
e n d

I n c l u d e s  t h e  p a l i n d r o m i c  
s e q u e n c e  GASAGASAG

37  50
ALVGGVLLIGAVLA 
ALVAGILLVGGVLA 

X X

T u b e H e l i x  I P s e u d o - t w o  f o l d  
r o t a t i o n a l  s y m m e tr y  ( I  =  
V )

4 3  47
LLIGA
LLIGA

1 5 4  1 5 8

S t r a i g h t
R e p e a t

H e l i x  I  
H e l i x  IV

60  66
ATERALQ 
ATFRGLQ 

X X

2 1 4  2 2 0

S t r a i g h t
R e p e a t

i l
i l l l

96  10 3
VQGGAWLL 
V W G AFLL  
_XX___X___

3 1 8  3 2 5

S t r a i g h t
R e p e a t

e l l  
H e l i x  V I

98  1 0 4
GGAWLLS
GATWLLS

XX

1 57  1 6 3

S t r a i g h t
R e p e a t

e l l  
H e l i x  IV

1 6 1  1 7 1
LLSAAVAAPVL 
LVPAAVAASLL 

XX XX

T u b e H e l i x  IV P s e u d o - t w o  f o l d  
r o t a t i o n a l  s y m m e tr y

2 0 2  2 1 1
FLPCPLMLLL 
FLPLVLLALL  

XX XX

91  82

R e v e r s e
R e p e a t

H e l i x  V 
H e l i x  I I

2 0 9  2 1 5
LLLYWAT
LLLIGAT

XX

1 5 3  1 5 9

S t r a i g h t
R e p e a t

H e l i x  V 
H e l i x  IV

Table 6.4.4 Regions of internal homology in human D4 subtype dopamine receptor (Van 
Tol et al., 1991). Palindromic-like or tube sequences together with straight and reverse 
repeat sequences are shown. Helix assignments are those given in SWISS-PROT accessed 
using the GCG package (Devereux et al., 1984). [Continued overleaf].
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Sequence 
(D 4 -  c o n t i n u e d )

Type Location Comments

2 2 6  2 3 3
RRAKLHGR
RRAKITGR

X

3 0 1  3 0 8

S t r a i g h t
R e p e a t

i l l l
i l l l

P u t a t i v e  l o w - p o t e n c y  

n o n - s e l e c t i v e  G 

p r o t e i n - a c t i v a t o r  

a n d  s e l e c t i v e  G1/G 0-  

a c t i v a t o r

r e s p e c t i v e l y .  (L =  

I )  .

2 3 4  2 5 0
APRRPSGPGPPSPTPPA  
APPTPSPPGPGSPRRPA  

XX X X XX

T u b e i l l l T h i s  t u b e  m a r k s  t h e  
s t a r t  o f  t h e  fa m o u s  
r e p e a t  s e q u e n c e  o f  
D 4 . 2  s u b t y p e  (V a n -  
T o l ,  e t  a l . ,  1 9 9 2 ) .

2 4 8  2 6 5
P P AP RLP QDP CGP D CAP P 
PPAPGLPPDPCGSNCAPP  

X X  XX

2 6 4  2 8 1

S t r a i g h t
R e p e a t

i l l l M id d l e  o f  i l l l ;  
r e f e r r e d  t o  a s  D 4 . 2  
s u b t y p e  ( V a n - T o l ,  e t  
a l . r 1 9 9 2 .  S e e  
f i g u r e  6 . 4 . 1

2 6 4  2 7 3
PPAPGLPPDP  
PPGPGSPRRP  
___ X___ x _ x x _

2 4 4  2 3 5

R e v e r s e
R e p e a t

i l l l
i l l l

2 9 8  3 0 2
RRRRR

P o l y  R 
S e q u e n c e

e n d  o f  
i l l l

P o l y a r g u i n i n e  
s e q u e n c e .

3 1 6  3 2 5
LPVW GAFLL  
LPLVLLALLL 

X XX X

90 81

R e v e r s e
R e p e a t

H e l i x  V I  
H e l i x  I I

H e l i x  I I  a l s o  h a s  
r e v e r s e  h o m o lo g y  
w i t h  H e l i x  V .
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Sequence (Ds) Type Location Comments

1 6  22
ALYQQLA 
ALQQYLA 
___X_X___

T u b e N - t e r m i n a l
e n d

3 0  3 9
SAGAPPLGPS 
SPGLPPAGAS 

X X  X X

T u b e N - t e r m i n a l
e n d

H e l i x  I :  4 0  -  6 6 ; h e n c e  
t h i s  t u b e  s e q u e n c e  m a r k s  
t h e  s t a r t  o f  h e l i x  I  
( S w i s s p r o t  f i l e )

4 6  5 6
LLTLLIIW TLL  
LLTW IILLTLL  

X X

T u b e H e l i x  I M id d l e  o f  h e l i x  I .  
( I  =  L)

8 3  92
LAVSDLFVAL
LAVFLDSVAL

XXXX

T u b e H e l i x  I I

88LFVALLVM95 
LTWALGVM 

XX X

1 6 7  16 0

R e v e r s e
R e p e a t

H e l i x  I I  
H e l i x  IV

1 6 8  1 7 2
S I L I S
S I L I S

P a l i n d r o m i c H e l i x  IV

2 2 7  2 3 3
I S S S L I S  
I F S I L I S  

X X

1 7 4  1 6 8

R e v e r s e
R e p e a t

H e l i x  V 
H e l i x  IV

2 5 0  2 5 8
RIAQVQIRR  
RRIQVQAIR  

XX XX

T u b e i l l l i l l l :  2 4 7  -  2 9 6 ;  s i n c e  
t h i s  t u b e  o c c u r s  a t  t h e  
b e g i n n i n g  o f  i l l I  a n d  
c o n t a i n s  t h e  m o t i f  BB 
( w h e r e  BB a r e  t w o  b a s i c  
r e s i d u e s )  t h i s  t u b e  
f o r m s  p a r t  o f  a  p u t a t i v e  
l o w - p o t e n c y  n o n -  
s e l e c t i v e  G p r o t e i n -  
a c t i v a t o r  s e q u e n c e  
( N i s h i m o t o  e t  a l . , 
1 9 9 2 ) .  U s i n g  n e u r a l  
n e t w o r k  t h i s  t u b e  
s e q u e n c e  i s  p r e d i c t e d  t o  
b e  a  h e l i x  t o  g r e a t e r  
t h a n  82% a c c u r a c y .

Table 6.4.5 Regions of internal homology in human D5 subtype dopamine receptor (Sunahara et al., 1991). 
Palindromic-like or tube sequences together with straight and reverse repeat sequences are shown. Helix 
assignments are those given in SWISS-PROT accessed using the GCG package (Devereux et al., 1984). 
[Continued overleaf].
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Sequence 
(D5 -  c o n t i n u e d )

Type Location Comments

2 6 9  2 7 7
AQSCRSSAA  
AASSRCSQA  

X X X X

T u b e i l l l An a l t e r n a t i n g  t u b e  
s e q u e n c e

3 0 6  3 1 9
VCCWLPFFILNCMV 
VMCNLIFFPLWCCV 

X X X  X X X

T u b e H e l i x  V I P s e u d o  a l t e r n a t i n g  t u b e

3 2 6  3 3 4
PEGPPAGFP 
PFGAPPGEP 

X X X X

T u b e e l l l An a l t e r n a t i n g  t u b e  
s e q u e n c e

3 4 1  3 4 7
FDVFVWF 
FWVFVDF 

X X

T u b e H e l i x  V I I

4 2 4  4 3 0
EVDNDEE 
EEDNDVE 

X X

T u b e C - t e r m i n a l
e n d

45 7  4 6 5
LDLEGEISL  
LSIEGELDL  

X X

T u b e C - t e r m i n a l
e n d

H ii
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Sequence
(Muscarinic)

Type Location Comments

3 0  46
V IT IA W T A W S L I T I V  
V IT IL S W A T W A I T I V  

XX X X XX

T u b e H e l i x  I Ms; h e l i x  I :  3 0  -  5 3 .

1 5 4  1 6 3
AWLISFILWA
AWLIFSILWA

XX

T u b e H e l i x  I V Mg; h e l i x  IV : 1 4 7  -  

1 6 9 .  T h i s  t u b e  

s e q u e n c e  i s  a l s o  f o u n d  

i n  M1 .

1 6 2  1 70
IS F D R Y F S I  
IS F Y R D F S I  

X X

T u b e E n d  o f  

H e l i x  I I I

M3; DRY m o t i f  p l a y s  a n  

i m p o r t a n t  r o l e  i n  G 

p r o t e i n  a c t i v a t i o n .

Table 6.4.6 Some tube sequences found in human M3 and Ms subtype muscarinic 
acetylcholine receptors (Peralta et al., 1987; Bonner, et al., 1988). Helix assignments 
are those given in SWISS-PROT accessed using the GCG package (Devereux et al., 
1984).



Internal Homology of Dopamine D1 

discriminator length=10; no_gap
10 I--------------------------------------------------

8

0 -I 1------------ 1------------ 1------------ 1------------1------------ 1------------ 1------------ 1—

0 100 200 300 400

Internal Homology of Dopamine D4 

discriminator length=10; no_gap

10

8

6

4

2

0
300100 200

Figure 6.4.1 IH (Internal Homology) Scan algorithm, which detects repeat sequences, applied to 
human Di (top) and human D4  (bottom) subtype DA receptors. It is clear that D4 has more 
repeat homolgy than Di - the reason for this is not clear. Also, the famous repeat sequence in 
the third intracellular loop (im) is depicted as two identical peaks: residues 248-265 is repeated 
at 264-281; see table 6.4.1. This repeat sequence was observed by the author prior to the 
publication describing the possible significance of repeat regions in im  (Van Tol et al. 1992).
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Internal Homology Scan for Sero Transferrin

discriminator length=20

10

0 100 200 300 400 500 600

Internal Homology Scan for Lactotransferrin 

discriminator length=20; no_gap

15

10

0 100 200 300 400 500 600 700

Internal Homology of Ovotransferrin

discriminator length=20; nojgap

10

0 100 200 300 400 500 600 700
Figure 6.4.2 Internal Homology (IH) Scans applied to the primary structures of sero transferrin 
(McGillivary et al., 1983), lactotransferrin (Powell and Ogden, 1990) and ovotransferrin (Williams 
et al., 1982). It is clear from the symmetry of each plot that there are two distinct structural lobes. 
These positive controls were used to debug the algorithm.
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6.5 DISCUSSION

IH and RH detect straight repeats and reverse repeats respectively. Subtype D4 

receptor appears to be quite remarkable in terms of the frequency and distribution of tube 

sequences - the reasons for this are not clear. We have also run RH on two other cationic 

amine GPCRs: M3 and M5 subtype muscarinic acetylcholine receptors (table 6.4.6) and 

found evidence of tube sequences. Unfortunately it was not possible to predict the 

location of helix end points any better than predictions based on simple hydropathy 

analysis. However, it is clear that tube sequences are well represented in putative helical 

secondary structures. Possible reasons for this are discussed below.

6.5.1 Direction markers in protein folding

Unlike true palindromic sequences, tube sequences include a sense of direction - 

somewhat like a snake - the unfortunate person who accidentally steps on a poisonous 

snake looks immediately at the head of a snake to assess the best direction of escape! This 

follows from the simple observation that tube sequences do not read the same in both 

directions. For example, the tube sequence in helix I of the D4 dopamine subtype receptor 

(residues 37 to 50: ALVGGVLLIGAVLA) has a glycine at position 4 and an alanine at 

position 11 (I = V); hence this tube does not read exactly the same in both directions. A 

tube train on the London Underground to the casual observer looks identical viewed from 

both ends accept that a driver is located at one end only. G protein coupled receptors, like 

all multihelix transmembrane proteins, are believed to fold in a two stage process (Bormann 

et al., 1992). Each a-helix is folded independently across the bilayer and then the helices 

are assembled into a tertiary structure in which the helices are not much altered. Tube 

sequences may aid the assembly resulting in the tertiary structure. In a very recent paper, 

Lemmon et al. (1994) claim that specific helix-helix interactions inside lipid bilayers guide 

the folding process. They report a pattern of 7 amino acids (LIxxGVxxGVxxT) which 

when introduced into several hydrophobic transmembrane a-helices promotes their specific 

dimerization. They point out that since this motif is rare, whilst specific helix association is 

not, many other such motifs may exist, which could guide folding and oligomerization. It is
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quite possible that the tube sequences identified here are the “many other such motifs” 

hypothesised by Lemmon and co-workers. The pattern was discerned in previously 

reported mutagenesis and computational modelling studies of specific dimerization of the 

single transmembrane a-helix of human glycophorin A (Lemmon et al., 1992a, 1992b). 

Fourier analysis (chapter 8) designed to detect periodicity in a-helices (and (3-sheets) could 

be used to detect the kind of periodicity apparent in the pattern of 7 amino acids described 

by Lemmon and co-workers. That is, the residues responsible for the specific interactions 

occur at every third or fourth position characteristic of an a-helix with conserved residues 

on one face of the helix. Fourier analysis (chapter 8) clearly show that several of the 

transmembrane helices of the hepta-helical motif of DA GPCRs also exhibit periodicity 

consistent with residues being conserved on one face of the helix.

6.5.2 Harmonic oscillators

It has been suggested that the occurrence of polymorphic variation in the form of 

variable numbers of repeat sequences in the middle of iin (third intracellular loop) of the 

dopamine D4 receptor subtype may play an important role in susceptibility to 

neuropsychiatric disease and in responsiveness to antipsychotic medication (Van-Tol, et al., 

1992). Unless polymorphic variation is demonstrated for a particular tube sequence in a 

receptor subtype casting such a role can not be predicted for tube sequences. However, 

tube sequence may play an important role influencing the molecular dynamics in secondary 

structures. For example, tube sequences occur in two separate halves of helix V of the D2 

dopamine subtype receptor (table 6.4.2); a conserved proline occupies the middle position 

separating these tube sequences. It is quite possible that each tube sequence in each half of 

helix V act as harmonic oscillators. Molecular dynamics simulations of helices with a 

proline occupying the middle position with particular reference to transmembrane helices in 

non-polar environments have been carried out (Sankararamakrishnan et al., 1991). It was 

shown that such helices oscillate between straight structures and bent structures on a pico­

second time scale. The location of tube sequences in opposite halves of helices containing 

a proline occupying the middle position was not considered.
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6.5.3 Molecular recognition

The possibility that tube sequences may play an important role in molecular 

recognition is based on a number of recent findings. For example, it has already been noted 

that basic-domain sequences which are almost palindromic or self-symmetrical play a role in 

molecular recognition (Suzuki, 1992). The sequence marking the start of im  and end of 

m i of the dopamine family of receptors are also dominated by basic residues and act as G 

protein-activator regions (Nishimoto and Okamoto, 1992; Ikezu et al., 1992). We have 

established that the start and end sequences of im  in each member of the dopamine family 

of receptors probably adopt helical structures (using a trained neural network (Bukhard and 

Sander, 1993). Using the neural network the tube sequence at the start of m i of the Ds 

subtype dopamine receptor (250-258; see table 6.4.5) is predicted to from part of a helix 

to greater than 82% probability. Likewise the tube sequence at the start of mi of D3 

subtype dopamine receptor (213-223; see table 6.4.3) is predicted to form part of a helix to 

greater than 82% accuracy and is dominated by basic residues. These finding are in line 

with others (Maloney-Huss and Lybrand, 1992) who have also predicted that the start and 

end sequences of m i of p2-adrenergic receptor adopt an a-helical structure. Hence it is 

possible that this tube sequence incorporated in a helical structure plays a vital part in 

stimulating G proteins.

6.5.4 Origin of Tube Sequences

The possibility that tube sequences might in fact have originated from palindromic 

sequences was considered by examining the DNA sequence coding tube sequences of at 

least 10 residues in length. If tube sequences originated from palindromic sequences then 

this should be clearly expressed in terms of single base pair changes in those codons 

specifically responsible for differentiating a tube sequence from a palindromic sequence. 

Only in two cases (figures 6.5.4.1 and 6.5.4.2) is it clear that a single base-pair change 

could be responsible for converting what might have been a palindromic sequence into a 

tube sequence.
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GCG CTG GTG GGG GGC GTG CTG CTC ATC GGC GCG GTG CTC GCG 
GCG CTC GTG GCG GGC ATC CTC CTG GTG GGC GGG GTG CTG GCG 

Z Z

Figure 6.5.4.1 Tube sequence in D4 starting at residue 37 and ending at position 50. The single codon 
responsible for differentiating this tube sequence from a palindromic sequence is a single base difference 
(represented by a capital Z). If the cytosine was converted to guanine then this tube would be a palindromic 
sequence. It is possible in this instance that a single base mutation occurred ( C t o G o r G t o Q  in what 
was originally a palindromic sequence to generate a tube sequence. (V = I).

1 5 4  1 6 3
A W L I S F I L W A
A W L I F S I L W A

X X

GCC TGG CTG ATC TCC TTC ATC CTC TGG GCC 
GCC TGG CTC ATC TTC TCC ATC CTG TGG GCC 

Z Z

Figure 6.5.4.2 Tube sequence in M5 starting at residue 154 and ending at position 163. The single codon 
responsible for differentiating this tube sequence from a palindromic sequence is a single base difference 
(represented by a capital Z). It is possible in this instance that a single base mutation occurred (C to T or T 
to Q  in what was originally a palindromic sequence to generate a tube sequence.

6.6 CONCLUSION

It has been said that at some point we are likely to encounter a truly unexpected 

surprise among membrane proteins (Richardson and Richardson, 1989). The distribution of 

homology events throughout the dopamine family of GPCRs is one such surprise. For the 

sake of rational drug design and the treatment of many serious medical disorders linked to 

the dysfunction of specific GPCRs it is vital that the structural and functional reasons for 

such surprises are solved. At the very least, unravelling the meaning of such surprises will 

enrich our understanding of the biology of the supergene class of GPCRs. It is just 

unfortunate that IH and RH scans are not able to detect helix end points.
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7. DH Scan - a novel alignment method to detect putative 
transmembrane segments of G protein coupled receptors using 
massive parallel processing on a transputer machine.

7.1 Summary

A novel sequence alignment method has been developed to exploit the computing 

power offered by massive parallel processing (MPP). DH Scan uses the characteristic 

topology of G-protein coupled receptors and discriminator homology to reveal the 

receptors overall topology (including the seventh putative transmembrane helix which is not 

easily discernible in hydropathy plots) and to provide an independent verification of the 

likely starting points of transmembrane spanners. DH Scans of members of the dopamine 

(DA) family of receptors show that DH Scan can be used as a classification tool and has a 

role in suggesting chimeric genetic analysis experiments. DH Scan is designed to run 

automatically on anything from 2 transputers, up to several hundred transputers. The 

algorithm offers increased performance with every additional transputer.

7.2 Introduction

G protein coupled receptors (GPCRs) are a major class of transmembrane proteins 

found in multicellular eukaryotic organisms (Findlay et al., 1990). They play an essential 

role in the transfer of information across the membrane (Findlay, 1991). The topology of 

GPCRs is thought to consist of seven transmembrane helices similar to those of 

bacteriorhodopsin (bRh; Henderson and Unwin, 1975; Henderson et al., 1990). While 

sequence alignments indicate that bRh is not related to GPCRs, hydropathy analysis 

indicates that their polypeptide chains exhibit the same folding pattern (e.g. Fasman and 

Gilbert, 1990). High transmembrane homology has been noted in the G-protein coupled 

receptor families - for example, the dopamine (DA) family (Sibley and Monsama, 1992). 

Hence identification of regions of high transmembrane homology may provide a basis for 

locating helix end positions.
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7.2.1 Alignment Methods

Currently, the main alignment methods used to compare two GPCRs are based on 

the Needleman and Wunsch (1970) algorithm. Multiple sequences can be compared using 

methods suggested by for example Corpet (1988) using data processors (von Heijne, 

1991). However, approaches that calculate the different degrees of sequence conservation 

are rare. As Friemann and Schmitz (1992) pointed out, one method used to mark 

conserved sequence sections is to box identical residues found in aligned columns or to 

present conserved amino acids as asterisks. Such methods only give a visual impression of 

the positions of clustered sequence identities. In the Friemann and Schmitz approach to 

this problem, protein sequences must be aligned before their algorithm can be used to 

display identities and differences. In contrast, DH Scan clearly displays sections of 

sequence conservation when starting off with unaligned protein sequences.

Attwood et al. (1991) have developed a novel alignment method based on pattern- 

matching discriminators compiled specifically to suit the characteristic topology offered by 

the GPCRs. This method has been used to locate transmembrane regions along the protein 

sequences of distantly related GPCRs. To work satisfactorily, this method requires precise 

details concerning the nature and position of each amino acid along each transmembrane 

protein sequence. Weighting factors must also be computed and inputted into the program 

to ensure suitable matches between transmembrane regions of distantly related GPCRs. 

Also, the algorithm does not cope explicitly with the possibility of gaps (insertions and 

deletions). In contrast, DH Scan is explicitly coded to cope with gaps and deletions and 

does not require any computation of weighting factors.

7.2.2 Application of Parallel Processing

Argos (1987) developed a sensitive procedure to compare amino acid sequences by 

comparing every possible span of length L residues in one protein with all such spans in the 

second protein. The alignment algorithm was later parallized and mounted on a transputer 

based machine (Vogt and Argos, 1992) and is used to align distantly related sequences in 

large databases. In our approach, we have explicitly set out to align G-coupled protein
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receptors and to exploit the characteristic topology offered by this class of transmembrane 

proteins. We anticipate that our algorithm will be further developed to detect regions of 

high functionality. For example, stretches of amino acids involved in binding with G- 

proteins on the cytoplasmic side of the protein and the identification of the amino acids 

responsible for molecular recognition on the extracellular surface of the protein.

The Third International Conference on Applications of Transputers (1991) cited 141 

papers. Only two of these papers were devoted to the application of transputers in the 

biosciences (Gonzalez and Lopez, 1991; Kulkami et al., 1991). This suggests that less 

than 2% of papers on applications of transputers have any direct connection with the 

biosciences. Also, Vogt and Argos (1992) have reported that prior to their publication on 

the use of transputers in searching distantly related protein sequences, the use of 

transputers in molecular simulations and secondary structure prediction constituted the very 

few published examples relating to molecular biology known to them (cf. Raine et al., 

1989; Boehncke et al., 1990). The only additional published work known to us also 

describes the use of transputers in molecular biology simulations (cf. Goodfellow, 1990; 

Goodfellow et al., 1990; Jones and Goodfellow, 1990).

The exact reasons for the slow uptake of parallel technology based on transputers in the 

biosciences is not clear. However, the case for using this technology is clear, for example 

Vogt and Argos (1992) reported that a parallel implementation of their sensitive sequence 

alignment algorithm using a Macintosh He host computer and 21 transputers achieved 22 

times the speed of a VAX 8650 at a fraction of the cost. Consequently, this chapter places 

considerable emphasis on describing the operation and role of parallel computing 

technology.

7.2.3 Nuts and Bolts of Parallel Processing

In the traditional Von Neumann Architecture digital computer operations were 

performed sequentially - an instruction was fetched and decoded, the operands (the values 

to be operated on - if any) fetched, the operation executed, and the result stored. None of
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these operations were started until the preceding one was complete. The designers of 

parallel computers based on the transputer have diverged from the strict Von Neumann 

Architecture by allowing transputers to work on different parts of the same algorithm 

simultaneously, passing messages from transputer to transputer according to the needs of 

the algorithm. However, as Vogt and Argos (1992) point out, not all algorithms are 

amenable to parallelisation. We were fortunate in that DH Scan is extremely amenable to 

parallelisation. In fact, we found that DH Scan is best run as a "processor farm" application 

(Parallel FORTRAN User Guide, 1991; Tregidgo and Downton, 1990).

7.2.4 Processor Farms

Building a parallel application normally requires detailed knowledge of the 

transputer network on which the application is intended to run. For many parallel 

computations it is useful to be able to create applications which will automatically configure 

themselves to run on any network of transputers. Processor farm applications will 

automatically run faster when more transputers are added to a network, without 

recompilation or reconfiguration. Junk (1991) has pointed out that farming is the simplest 

form of transputer-based parallelism. Rea (1991) has also noted that "task-farming" is an 

extremely efficient form of parallelism being as much as 30% more efficient than 

algorithmic parallelism.

In the processor farm technique, an application is coded as one master task which breaks 

the job down into small, independent pieces called work packets which are processed by 

separate worker tasks. All the worker tasks run the same code which is automatically 

copied across an arbitrary network of transputers. Work packets are automatically 

distributed to idle worker tasks by routing software supplied with the compiler. Each 

worker simply accepts work packets, processes them, and sends back result packets via the 

same routing software. A worker task is simply a list of sequential code designed to carry 

out certain basic functions: wait for initialisation data (if any); read the initialisation data; 

wait for a work packet, read the work packet; process the work packet; send back a result 

packet; repeat until the main program has finished.
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7.2.5 Parallel Architectures

Though in principle parallel computers based on arrays of transputers are MIMD 

machines, that is: multiple instruction multiple data or "message passing" machines (Dan 

Charles, 1992), when in processor farm mode, transputer based parallel computers 

resemble SIMD, that is: single instruction multiple data - an approach sometimes called 

"data parallelism". In the SIMD approach (pioneered by ICL through their Distributed 

Array Processor (DAP machines; Reddaway, 1992), data is distributed among the 

processors, which then march in step through a set of instructions, carrying out the same 

operations on different pieces of data. As Vogt and Argos (1992) point out, the most 

efficient implementation of sequence alignment algorithms use SIMD. In fact, Jones (1992) 

has recently reported a sequence pattern matching method which has been implemented on 

a massively parallel computer - the 8192 processor CM-2 manufactured by Thinking 

Machines Inc. SIMD machines achieve higher computational speeds by consecutively 

doubling the number of processors. The CM-2 machine used by Jones (1992) has 8192 

processors (2 to the power 13) - the next machine along is the 16384 processor CM-2, that 

is: 2 to the power 14 processors. Scaling with processor farms is guaranteed by simply 

adding one or more transputers to the network at marginal financial cost.

7 .3  Systems and methods

7.3.1 Hardware - Minimum Requirements

The current version of DH Scan assumes the following general configuration: a host 

computer, an IBM compatible PC (MSDOS version 3.0 or later) with a hard disk and at 

least 512 kbytes of RAM, coupled to a parallel machine made up of T800 or T805 

transputers. The T800 is rated at 1.9 Mflop (12.5 mips at 25 MHz clock speed); the T805 

is rated at 4.3 Mflop (30 mips at 30 MHz clock speed). While the T800 and T805 each 

have four serial communication channels (figure 7.3.1.1) or links to permit flexible 

architectures - DH Scan will run on a simple linear chain of transputers (figure 7.3.1.2). An
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IMS B004 (pronounced bo)f) compatible transputer board with 8MB of RAM must be 

fitted to the host computer. This plug-in card handles the communication between the PC 

and the parallel computer and its single T800 transputer provides additional processing 

power. A standard mono-monitor is required to allow the program to interact with the 

user. DH Scan has been run using an array of 32 T800 transputers partitioned into 8 and 

24 transputers. Hence with the host B004 this makes for : 9 and 25 transputers 

respectively. But DH Scan will run on any network of transputers - see next section.

7.3.2 Hardware - How Many Transputers?

DH Scan will compile and run without modification on a chain of transputers 

ranging from 2 transputers up to several hundred transputers. For example, a DH Scan of 

human D2 (443 amino acids in length) with rat dopamine D3 will run most efficiently on an 

array made up of 443 T805 transputers - one transputer for each amino acid position of D2; 

this run would take around 2 minutes whereas the same run on a single T800 transputer 

(equivalent to an Intel 486DX processor) would take around 70 hours. A large array of 

Inmos T9000 transputers (an order of magnitude faster than the T800) would enable DH 

Scans to be carried out in an '’interactive" fashion. Scaling is achieved by simply 

adding/using more transputers. For example: 1, 2, 4, 8, 16, 32, 64, 128, 256 T800 

transputers would take approximately: 70, 35, 17, 8, 4, 2, 1, 0.5, 0.25 hours respectively 

to run DH Scan using D2 and D3 as input files.

DH Scan can be implemented on "supernodes" of 1000 or more transputers - but some 

transputers would not receive a work packet and so would remain idle. With minor 

modification, DH Scan could fully utilise a supemode - an extra couple of lines of code to 

split work packets up into smaller work packets would suffice. However, every work 

packet requires two messages - a work packet sent from the master task to an idle worker 

task and a returning results packet. Since the communication overhead can become 

significant, the maximum practical number of transputers would be of the order of several 

hundreds rather than thousands. The overall objective being to keep each transputer busy 

for a period considerably greater than the time taken to receive and send each data packet. 

This problem is known as the grain size problem (Tabak, 1990).
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7.3.3 Hardware - Future Trends

Parsytec of Aachen, the German manufacturer of parallel systems, has already 

announced its T9000 based GC or "Grand Challenge" architecture - Parallelogram, (1991); 

Allan (1992). These machines will offer performance in the 1 to 400 GigaFLOPS range 

(i.e. greater than 10 to the 11 floating point operations per second). GC systems are built 

up from one or more GigaCube modules. Each GigaCube module comprises a three 

dimensional array of 64 transputers. This 3-D topology can be expanded, with a scaleable 

increase in performance, up to 256 GigaCubes. Due to delays in the shipment of the T9000 

the first GC machine is being built with T805 transputers. Parsytec are also leading the 

European TeraFLOP Initiative to build the world's first TeraFLOP machine which will use 

65,536 T9000 transputers to create a super-massively parallel MIMD system.

7.3.4 Software

7.3.4.1 Software - Specifics.

DH Scan was written in Parallel FORTRAN (version 2.1.4) which is available from 

3L Ltd., Livingston, Scotland. Parallel FORTRAN is an explicit compiler, it does not 

support automatic parallelization. The internationally accepted standard for FORTRAN 

(ANSI X3.9-1978 and ISO 1539-1980) is supported by the compiler (Parallel FORTRAN 

User Guide, 1991). Parallel FORTRAN also supports various useful extensions to the 

ANSI Standard (commonly referred to as the FORTRAN F77 standard) such as the DO 

WHILE statement. A number of additional subroutines in the library allow communication 

of data packets (up to 1024 bytes) around the transputer network. The library also includes 

something called the DOS Package . The functions and subroutines of the DOS Package 

allow a program running on a transputer system which is hosted by an MSDOS computer 

to access the software interrupts, DOS function calls and the memory of the host system.
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73.4,2 Software -  Communication

The user can be prompted to input data in the usual way via the keyboard. When 

the program is executing on the transputer net, the master task can keep the user informed 

of progress by writing updates to the screen as results packets arrive from the worker tasks. 

For obvious reasons it is not advisable to permit the master task to write anything to the 

screen if the number of worker tasks exceeds about 30. The master task is the only piece 

of code directly connected to the Inmos alien file server (afserver) and so is permitted 

access to the FORTRAN run-time input/output (i/o) system (Cooper and Allan, 1992). 

The afserver program is an MSDOS program which is mounted on the PC and provides 

communication between the host computer and the B004 board (also known as root). 

Root software includes the filter task (essential), master task (essential) and a worker task 

(optional). The filter program is mounted automatically onto root at the time of execution 

- it passes on messages travelling in both directions between the afserver program and the 

master task. Worker tasks are automatically copied onto each node (transputer) of the 

linear network at execution time.

One big advantage offered by the processor farm approach is that the transfer of messages 

(i.e. data packets) between transputers can be achieved with three simple calls. With regard 

to 3L Parallel FORTRAN these calls are: F77_Net_Broadcast_Send, F77_Net_Send and 

F77_Net_Receive. The master task communicates with the worker tasks by using all three 

calls: the F77_Net_Broadcast_Send function call is used to broadcast initialisation data 

throughout the network; the F77_Net_Send function call is used to forward work packets 

to idle worker tasks; the F77_Net_Receive function call is used to receive incoming results 

packets sent by worker tasks. The worker tasks communicate with the master task by 

using two of the calls: the F77_Net_Receive function call is used to receive initialisation 

data and work packets; the F77_Net_Send function call is used to send results packets 

back to the master task. Restricting all communications to just three function calls makes 

the coding of processor farm applications very straightforward. In particular, a message 

passing harness based on Occam-2 is not required.
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73.4.3 Software -  Threads

A particularly useful feature of Parallel FORTRAN is its ability to allow the user to 

take advantage of the transputer's architecture by creating new concurrent threads of 

execution within a task. Parallel FORTRAN'S threads resemble the "processes" of 

Modular-2, and the "coroutines" of some other languages. Each thread has its own stack 

(allocated by its creator), but shares its code with any other threads in the same task. 

Threads of the same task also have access to the same COMMON blocks. Semaphore 

functions in the run-time library are used to prevent threads which share data from 

interfering with each other. However, the multiple thread facility supported by 3L Parallel 

FORTRAN differs from that supported by 3L Parallel C. Parallel FORTRAN threads are 

not able to invoke the same subprogram more than once at a time - Parallel FORTRAN 

subprograms are not reentrant. Since threads of the same task have access to the same 

COMMON blocks, communication between threads is easily achieved using globally 

declared variables. In addition, communication can be achieved using specific address 

channels.

7.3.4.4 Software - Portability

The usual programming language associated with the transputer is Occam 2 (Inmos, 

1988). There are serious draw backs in using Occam, not least its lack of portability. 3L 

Parallel FORTRAN supports the more portable F77 standard. Also, 3L are active in 

porting its compilers to a wide variety of platforms. For example, 3L have just released 

Parallel C for the 50 Mflop Texas Instruments C40 DSP (digital signal processing) chip. 

Parallel machines based on C40 chips are already being manufactured. Given that 

FORTRAN compilers are very much in demand, it seems reasonable to expect a future 

releases of 3L Parallel FORTRAN to support the C40 chip. 3L are in fact marketing their 

compilers as "Multiplatform Parallel Development Tools".

133



73.4.5 Software -  Implicit Versus Explicit Compilers

Tabak (1990) identifies two types of parallelization: implicit and explicit 

parallelization. In explicit parallelization the user must first recognise those parts of the 

program which can be performed independently of other parts without interfering with the 

overall flow of the program. The next step is to write the code so that those parts of the 

program which can be carried out in parallel are allocated to separate processors. In 

contrast, implicit parallelization can take sequential code and run it on parallel hardware 

without requiring a major effort to re-write the code. It is the compiler which recognises 

those parts of the program which do not depend on data generated by other parts of the 

program - a technique referred to as data flow analysis. Junk (1990) has studied this 

problem and has concluded that automatic parallelization, capable of distributing an 

arbitrary program over several transputers to any degree of efficiency, cannot exist for 

transputers. We have found that replicative applications such as DH Scan run efficiently 

using explicit parallelization.

Writing explicit code is perceived as being very difficult. However, the processor farm 

approach greatly simplifies the overall program logic. The program logic is broken down 

into two sets of code: the master task and the worker task. Concurrent processes in the 

master task are coded as threads. Usually only three threads (main, send and receive) are 

required and each of these follow a basic pattern repeated in all processor farm 

applications. The code for each worker task is identical and so requires a single effort to 

write and debug it. Similarly, communication between the master task and each worker 

task usually occurs at certain points in the program logic - a basic pattern repeated in all 

processor farm applications. A novice parallel programmer has but to read the Mandelbrot 

Program Listing in the Parallel FORTRAN User Guide (1991) to perceive the overall 

program logic.
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F igure 7.3.5.1; G en era tio n  of d iscrim inato rs of 10 am ino  a c id s  in leng th  (d=10) 

from a n  im aginary  g e n e ra to r  s e q u e n c e  of 12 am ino ac id s  in leng th  (ngS=12). 

T h re e  (th a t is, ng S-d+1) "full" d iscrim inators a re  g e n e ra te d  p lus n ine  (tha t is, d- 

1) " lesser" d iscrim inato rs  with p ro g ress iv e  n u m b ers  of non-sco ring  b lanks.

7.3.5 Algorithm

7.3.5.1 Algorithm - General Theory

The program exploits unaligned sequences of homologous GPCRs (for source code 

listing see appendix 3). Discriminators are generated from one protein sequence (called the 

generator sequence) and compared to a second protein sequence (called the target 

sequence), as follows:

number of discriminators = 1 - d + 1

Where 1 is the length of the generator sequence and d is the discriminator length. However, 

it is simpler to generate 1 discriminators. For example, a generator sequence of say length 

450 amino acids and a chosen discriminator length of 20 amino acids; 431 (that is, 1-d+l) 

"full" discriminators are generated plus 19 (that is, d-1) "lesser" discriminators with 

progressive numbers of non-scoring blanks (figure 7.3.5.1). It has been noted by several 

workers that the non-polar transbilayer helices tend to be around 20 or so amino acids in
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length (for example, Engelman et al., 1986); the discriminator length should therefore be in 

the range 20-25. In our runs we have typically used a discriminator length of 25. For 

example, a DH Scan of dopamine D1 (446 amino acids in length) against dopamine D5 

(477 amino acids in length) and a discriminator length of 25 amino acids would generate 

422 full discriminators and 24 lesser discriminators from the generator sequence D l. Each 

discriminator generated from the generator sequence D l is moved along the whole length 

of the target sequence D5 and scores computed on a pair-wise hit/miss basis and the 

highest score for each discriminator noted. This first part of DH Scan is referred to as the 

No_Gap_Sweep.

Further sweeps allow for one gap (One_Gap_Sweep), two gaps (Two_Gaps_Sweep), one 

deletion (One_Del_Sweep) and two deletions (Two_Del_Sweep) - each sweep is carried 

out in sequence. Highest scores from one sweep are carried forward to the next sweep. 

Each completed sweep results in two output files in two column format - one file contains 

the highest discriminator scores with regard to each amino acid position of the generator 

sequence and the other file contains the highest discriminator scores with regard to each 

amino acid position of the target sequence. Since there are currently five sweeps 

(No_Gap_Sweep, One_Gap_Sweep, Two_Gap_Sweep, One_Del_Sweep and 

Two_Del_Sweep), DH Scan produces ten output files in all. There are plans to 

incorporate a One_Gap_One_Del_Sweep, where one gap and one deletion are 

incorporated into every possible position in each discriminator generated from the 

generator sequence.

The two output files resulting from the One_Gap_Sweep contain the highest scores 

following the No_Gap_Sweep and One_Gap_Sweep; the two output files resulting from 

the Two_Gap_Sweep contains the highest scores following the No_Gap_Sweep, 

One_Gap_Sweep and the Two_Gap_Sweep; the two output files resulting from the 

One_Del_Sweep contains the highest scores following the No_Gap_Sweep, 

One_Gap_Sweep, Two_Gap_Sweep and the One_Del_Sweep; the two output files 

resulting from the Two_Gap_Sweep contains the highest scores following the 

No_Gap_Sweep, One_Gap_Sweep, Two_Gap_Sweep, One_Del_Sweep and the
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Two_Del_Sweep. The AWK utility under UNIX can be used to compare the results of 

each file.

The One_Gap_Sweep/One_Del_Sweep and the Two_Gap_Sweep/Two_Del_Sweep 

generate large numbers of discriminators from the generator sequence (considered in detail 

in section 7.3.5.2.2). As a result, using a single T800 transputer to sequentially perform a 

complete No_Gap_Sweep of D l against D5, takes around 3 minutes whereas a complete 

One_Gap_Sweep takes 1 hour and 20 minutes and a full DH Scan around 70 hours. It is 

clearly important to remember that each discriminator is moved along the entire length of 

the target sequence resulting in significant numbers of pair-wise hit/miss comparisons.

7.3.5.2 Algorithm - Processor Farm Approach

DH Scan has been designed to run as a processor farm application (see figure 

7.3.5.2). The application actually consists of two tasks: (i) align_m.f77 - this is the master 

task, and runs in the root transputer; (ii) align_w.f77 - this is the worker task, and runs in 

all the other transputers of the net (figure 7.3.1.2). It is also possible to run a worker task 

on the root transputer to mop up any spare capacity. It follows that it is also possible to 

run DH Scan on just the root transputer.
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73.5.2,1 Algorithm - Master Task

The master task contains two threads: (i) the MAIN thread or main program; (ii) 

the RECEIVE thread. This is a slightly unusual format for the master task. Normally, the 

master task is split into three threads: main, send and receive. The main thread usually 

handles input and output only. In DH Scan the main thread also handles the forwarding of 

the work packets. The authors realised that the forwarding of work packets could be 

efficiendy sandwiched between the input and output phases of the main thread without 

causing any problems.

The main thread notes start time by means of a "F77_Timer_Now()" function call and then 

initialises the receive thread by means of a function call, as follows:

CALL F77__THREADJSTART (RECEIVE, RECEIVE_WS,

1 WS_SIZE*4,F77_THREADJLJRGENT,0)

By means of a simple interactive session the main thread of the master task prompts the 

user (via the afserver) for the names of two homologous GPCRs. By default, the first 

protein sequence (the generator sequence, gs) is regarded as the sequence from which all 

the discriminators are generated and is read into a character array called discrim_file. The 

second protein sequence (the target sequence, ts) is read into an array called scan_file. The 

user is then prompted to enter the discriminator length.

Copies of each protein sequence are broadcast by the main thread to all of the worker tasks 

by means of two consecutive F77_Net_Broadcast_Send calls. A third 

F77_Net_Broadcast_Send function call forwards the discriminator length to all of the 

worker tasks. Work packets are generated and forwarded to idle worker tasks by means of 

a F77_NET_SEND call embedded in a simple DO loop, as follows:

Do 100 i=l,generator_sequence_length 

data=i

call F77_NETJSEND(4,data,true)
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100 continue

On each cycle of the loop an integer value corresponding to a discriminator start position in 

the discrim_file is packed into a work packet and is automatically forwarded to an idle 

worker task by the routing software, if necessary passing through more than one node in 

order to reach one. For example, an interactive session in which human dopamine D2 (433 

amino acids in length) and rat dopamine D3 were entered, would result in 433 work 

packets. Once all the work packets have been forwarded the main thread is descheduled by 

means of a DO WHILE loop, as follows:

do while (tally.Ie.generator_sequence_length)

call F77_THREAD_DESCHEDULE

end do

The receive thread increments a tally (a globally declared integer value) after each result 

packet has been processed. When tally reaches a value equal to the total length of the 

generator sequence, main thread knows that receive thread has finished. Main thread then 

notes the finish time, writes ten output files to disc, closes each output file and informs the 

user that the DH Scan is complete by beeping.

7.3.52.2 Algorithm - Worker Task

The worker task consists of only one thread: PROGRAM align_w.f77. Firstly, each 

worker task waits for three broadcast messages to arrive. The first broadcast message 

provides the generator sequence (discrim_file); the second: the target sequence (scan_file); 

the third: a single integer informing the worker task the discriminator length (the number of 

amino acids in each discriminator remains constant throughout each DH Scan). The 

worker task then waits for the arrival of a work packet containing a single integer value 

corresponding to a unique start position in the generator sequence. From the start position 

a single no_gap discriminator is generated, followed by d one_gap_discriminators, d*d 

two_gap_discriminators, d one_del discriminators and d*d two_del_discriminators. ALL 

OTHER POTENTIAL START POSITIONS ARE IGNORED. Each discriminator
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generated is moved along the whole length of the target sequence and scores computed on 

a pair-wise hit/miss basis and the highest score from the No_Gap_Sweep, 

One_Gap_Sweep, Two_Gap_Sweep, One_Del_Sweep and Two_Del_Sweep noted. 

Highest scores are packed into a results packet which is forwarded to the receive thread 

running in the master task on the root transputer. The worker task then waits to receive a 

new packet to allow it to carry out a new set of sweeps.

Per Worker Task £  Worker Tasks

Type of 
Sweep

Number of 
Scans

Number of
Pair-Wise
Comparisons

Number of 
Scans

Number of
Pair-Wise
Comparisons

No Gap 1 d.nt8 % d - W ,

One Gap d d2 nt8 d 2 W

Two Gap d2 d3 ^ d2 %, d3 v n „

One Del d d2 nt8 d .r^ d2 i^ .n ,.

Two Del d2 d3 nt8 CL d3 r^,.n„

Total 2d + 2d + 1 nt8(2 d + 2 d + d) i^ ( 2 d  + 2 d  + 1) V 'nle(2 d + 2 d2+ d)

Table 7.3.5.2.2 Breakdown of work loads for a generator sequence of length ngS , target sequence of 

length nts and a discriminator length of d amino acids.

The advantage of the processor farm approach is immediately clear. Each amino acid of 

the generator sequence generates 2d^+2d+l discriminators resulting in a total of 

ngs(2d^+2d+l) sweeps of the scan_file and ngSnts (2d?+2d^+d) pair-wise comparisons (see 

above for table 7.3.5.2.2). On receipt of a work packet each worker task conducts 

n^(2d?+2<fi+d) pair wise comparisons. Since our approach is based on demand driven 

(task-farming) form of data parallelism, each transputer takes exactly the same amount of 

time to process a work packet. Hence, each transputer is used to an equal degree thus 

ensuring equitable load balancing. Scaling is achieved simply by adding more transputers to 

the network up to a maximum of ngS transputers. Ignoring the few seconds for reading in 

the input files and writing output, running DH Scan on one transputer (that is, one worker 

task) would take: ngS*twt (where tw* is the time taken, in minutes, by a busy worker task
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to convert a newly arrived work packet into a results packet), n transputers would take: 

ngs*twt/n miHutes and ngS transputers would take just twt minutes.

We are of course ignoring the communication overhead, but this is minimised in our 

algorithm by keeping the tw Âwt ratio very large (where iwt is idle time on a single node 

due to communication overhead), i.e. tw* ~ 5 mins (re: T800); twt ~ 2 mins (re: T805). 

We expect twt to be around 30 secs on a network of T9000 transputers. Since worker 

packets are buffered along the network (figure 7.3.1.2), an idle worker task does not have 

to wait for the main thread of the master task to send a fresh work packet. A queue of 

buffered work packets sits on top of each worker task. When a work task becomes idle, a 

work packet "drops" into the idle worker task allowing a new set of sweeps to be 

performed. In this way iw* is minimised. Obviously, a massive parallel array of 400-500 

transputers would mean that buffering and queuing of work packets would not occur. A 

massive parallel array of several hundred T9000 transputers would mean run times of 

around 40 seconds. Running computationally intensive applications at interactive speeds is 

the ultimate goal of parallelisation (Goodfellow et al.} 1990; Lomax et al., 1991).

7.3.6 Implementation

7.3.6.1 Hardware

Our particular implementation of DH Scan uses an IBM compatible 386/387 

MSDOS (version 5.0) PC with 1 Mbyte of RAM, a single five and a quarter inch disk 

drive, 80 Mbyte hard disk and a B004 plugin-card. The B004 board provided 

communication between the PC and a transputer-based machine designed. This transputer- 

based machine is made up of 32 T800 transputers with 4 Mbytes of RAM per transputer 

and is networked to several PC host machines each one of which is fitted with a B004 

plugin-card. Hence, our implementation uses a parallel architecture best described as a 

distributed memory MIMD machine.
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7.3.6.1.1 Heterogeneous Networks

DH Scan can be easily modified to run on a network made up of a mixture of T400 

and T800/T805 transputers. The T400 transputer handles floating point operations 

differently from the T800/T805. The only part of the source code using floating point is a 

few lines in align_m.f77 which calculate the time elapsed in hours:minutes:seconds. Once 

these ten or so lines have been commented out DH Scan can be recompiled to run on T4s 

and T8s. If the timer functions are considered desirable, to run DH Scan on a mixture of 

T800 and T400 transputers requires a simple extension to the configuration file:

task t4master file=align_m4 

task t8master file=align_m8 

task t4worker file=align__w 

task t8master file=align_m

Separate tasks must be compiled and linked for T4 and T8 transputers; the 3L Parallel 

FORTRAN compiler ensures that the right task images are loaded into the appropriate 

transputers in the network.

7.3.62 Software

The application was compiled, linked and configured using an MSDOS batch file, 

as follows:

REM Compile, link and configure the ALIGN application

t8f align_m /FL > fd_l

t8f align_w /FL > fd_2

linkt @align_m.lnk,align_m.b4

linkt @align_w.lnk,align_w.b4

REM configure 'flood-filled1 version of application

fconfig falign.cfg falign.b4
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The 3L supplied flood-filling configurer, FCONFIG was used to produce an executable 

file, as follows:

Task Master File=align_m Data=300k 

Task Worker File=align_w Data=300K

The executable file automatically distributes copies of the worker task across an arbitrary 

network (hence the term "flood-filling"). The flood-filling configurer uses the 3L supplied 

frouter task which resides on each node of a flood-filled network. It is the frouter task, 

automatically copied to each node at execution time, which manages the flow of broadcast 

packets, work packets and results packets through the network.

The application is executed using another MSDOS batch file:

copy *.dat dat.bak

del *.dat

els

afserver -:b falign.b4 -:o 1

The fast on-chip memory of the T800 is limited to 4KB. To ensure that the application is 

always allocated sufficient stack space the "-:o 1" switch is used. This switch (hyphen, 

colon, option letter "o", then a space, then the digit one) changes the way memory is 

allocated to give the application a very large amount of stack space. In our hardware 

implementation this is at least 4 Mbytes of RAM per transputer.

7.3.6.2.1 Tree Configurations

The processor farm approach can be implemented on three different configurations 

of transputers: the linear, binary and ternary tree structures. The linear tree network used in 

this research work offers the least efficient structure for implementation of the farm 

paradigm whilst a globally buffered ternary tree configuration offers the most efficient 

structure (Lomax et al., 1991). The reason for this being that there are relatively more
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transputers in the bottom layers of the ternary tree which have no results packets from 

other processors to deal with.

It is possible to alter the DH Scan code to take into account the type of tree network on 

which it is implemented. For example, the worker tasks could store results and forward 

them in a single results packet to the master task only when all of the work packets have 

been processed. For a network with the same number of worker tasks and work packets 

each transputer along a linear network would have n̂ n - ptw results packets to forward 

onto the next transputer. (Where ntn is equal to the number of transputers in the network 

and ptw is the position of each worker task along the network relative to the master task). 

Likewise, work packets could be formulated to take account of the number of transputers 

in the network - communication overhead would be minimised if the number of work 

packets equalled the number of transputers in a given network. Future versions of DH 

Scan will incorporate this and other features.

7.3.7 Runs

DH Scans were conducted between each member of the DA family of GPCRs (Di 

through to Ds) generating five sets of runs. Each set consisted of 4 separate runs. In the 

case of the Di set: Di with D2, D3, D4 and Ds. To aid debugging and code checking the 

first two sets (the Di and D2 sets) also included a negative control: the globular protein 

lysozyme from bacteriophage SF6 (Verma, 1986). Where time permitted, runs were also 

conducted between DA receptors and GPCRs belonging to other families, e.g. p2- 

adrenergic receptor.

7.3.8 Prediction of Helix End Positions

DH Scans were examined. Where a distinct peak is observed, this is used to predict 

transmembrane helix start positions. For example, D1/D5 scan clearly reveals high 

discriminator homology - however, ptms I is difficult to distinguish from ptms n . In 

contrast, discriminator homology (as suggested by DH Stat value) with regard to D2/D5
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scan is lower than for the D1/D5 scan - but ptms I is clearly visible as a separate entity in the 

scan. Di/Ds scans can be used to help predict the location of ptms 2 to 7 and D2/D5 to 

predict helix start position of ptms I (see table 7.3.8). An arbitrary number 25 is then 

simply added to the predicted start position to locate the putative end position to create a 

ptms of 26 residues in length. Engelman et al., (1986) suggested that transmembrane 

helices are at least 2 0  amino acids in length in order to cross the lipid bilayer; a value of 26 

allows the ptms to be tilted and has been used by other workers in the field, e.g. Dahl et al., 

1991b. Also, helices are likely to protrude into the intra and extracellular environment 

making a ptms of 26 residues in length a reasonable choice.

Table 7.3.8 Extract of discriminator homology 

from the D2/D5 DH Scan illustrating first peak 

corresponding to ptms I. There is a clear peak at 

positions 37/38. Adding 25 to 37 produces the 

putative helix end position to give: 37 - 62. This 

compares favourably with the SWISS-PROT 

prediction based on hydropathy analysis: 38 - 60.

Residue
Position

DH
Score

34 14
35 15
36 16
37 17
38 17
39 16
40 16
41 15
42 14

■v43 • 13

Where discriminatory homology peaks at a given value (x) and remains at that value a 

simple procedure was used to predict putative helix start position. For odd number of 

maximum DH values: the middle residue position within the constant set of discriminator 

values was chosen as the helix start position and 25 was added to such values to predict 

helix end position. For even number of maximum values: n is added to the position 

corresponding to first occurrence of x to yield the putative helix start position; where : n = 

y/2; y = length of sequence with DH scores of x  Armed with the location of ptms I (in D2) 

and ptms II to VII (in Di) manual alignment was used to locate the transmembrane helices 

in each subtype DA receptor.
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7 .4  Results and Discussion

It is clear from the DH Scans (figures 7.4.1 to 7.4.5; pages: 151 to 155) that two 

sub-families exist within the dopamine group of GPCRs. Di and D5 form one sub-group 

and D2 and D3 and D4 form the second subfamily which is in agreement with the suggested 

classification scheme of Sibley and Monsama (1992). However, D4 appears to differ 

considerably from D2 and D3. One possible interpretation for the lack of strong 

discriminator homology (also reflected in the DH Stat scores - see table 7.4.1 on page 156) 

is that D4 is not a true member of the D2 sub-family of DA GPCRs. D4 might possibly be 

the first cloned member of a third sub-family of DA receptors. Using the Sibley and 

Monsma (1992) preferred classification scheme, D4 would be known as D3A rather than 

D 2c. Though a systematic study was not carried out, a curious feature of the DH Scans 

and the DH Stat scores is that the DA receptors sometimes exhibit stronger discriminator 

homology with GPCRs from other families. For example, D2 has stronger discriminator 

homology with A2A-adrenergic receptor than Di (and almost by default: D5). Side effects 

from various drug treatments which target the DA receptors are well known so this 

observation is not surprising.

From the perspective of sequence analysis there are several methods which could be used 

to distinguish members of this group. The method preferred by Sibley and Monsama 

(1992) involves conducting transmembrane homology studies. They suggest that if the 

transmembrane homology between two or more dopamine sequences is greater than 50%, 

then these molecules belong to the same subgroup within the dopamine family. 

Unfortunately, this method relies on the accuracy of the putative locations of the 

transmembrane helices. Fasman and Gilbert (1990) point out that current techniques based 

on various forms of hydropathy analysis to predict the locations of transmembrane domains 

are not always reliable. DH Scan provides a simple alternative method to predicting the 

location of transmembrane helices (see table 7.4.2 on page 157). Though DH Scan by 

default incorporates the ideas of Sibley and Monsama (1992) with regard to exploiting 

transmembrane homology to correctly classify GPCRs it was never-the-less coded 

completely independently. Interestingly, DH Scan clearly indicates that members of the Di
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subfamily should also exhibit high homology in the terminal region of the carboxy tail 

(figures 7.4.1 and 7.4.5)1. A feature not found in the D2 subfamily of DA receptors.

Given that DH Scans so clearly illustrate homology clusters or peaks corresponding to 

regions of high transmembrane homology. It follows that DH Scans could be used to aid 

the construction of chimeric receptor proteins, in which regions from two GPCRs are 

linked and the pharmacological phenotype of the resulting hybrid receptor protein 

determined. In this way the molecular basis for DA receptor subtype specificity could be 

studied. For example, it is particularly noticeable that discriminator homology is low with 

regard to ptms TV and V between members of the Di and D2 sub-families. A chimeric 

receptor in which the ptms IV and then ptms V is copied from say D2 or D3 to Di or D5 

and subsequent phenotyping could confirm the origin of subtype specificity within the DA 

family of GPCRs. Such data would be invaluable to aid medicinal chemists in the rational 

design of selective drugs. Chimeric proteins have been constructed between for example: 

Pi/p2-adrenergic receptors (Frielle et al., 1988) and more recently between Di/D2 which 

produced a chimeric dopamine GPCR which mediates a Di response to a D2 selective 

agonist (MacKenzie et al., 1993).

Given that side-effects are often a problem with new drug treatments - DH Scans applied 

between DA receptors and all other human GPCRs cloned to date and published in the 

form of a simple source book would certainly help to warn medicinal chemists about the 

possibility of interaction of their new compounds with other GPCRs which exhibit high 

discriminator homology. DH Scans are easy to interpret. This is a very important point 

given that medicinal chemists (and many biologists - Gribskov and Devereux, 1991) 

typically receive no formal training in computerised sequence analysis. Interpreting matrix 

dot plots is not for them. They want a scan that is easy to interpret - preferably one that 

looks like an NMR spectra! Given the ease with which standard graphics libraries can be 

used in displaying data in a highly visual way - future versions of the algorithm could make 

use of colour. Certainly, a source book containing hundreds of DH Scans would be a very 

useful tool to aid the medicinal chemists in the rational design of selective drugs.

1 Sibley and Monsama had not observed that members of the Di subfamily also exhibit high 
homology in the terminal region of the carboxy tail.
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One often quoted method is based on the Needleman and Wunsch (1970) algorithm. For 

example, carrying out a Needleman and Wunsch sequence alignment between members of 

the dopamine family will provide percentage identity values (results not shown). Using 

GAP (Devereux et al., 1984) to carry out sequence randomizations (reviewd by Gribskov 

and Devereux, 1991) provides a basis to clearly distinguish between different members of 

the dopamine family. The method can be performed on a VAX taking a few minutes for 

each GAP/RAN=n command to run on a multi-user VAX 8650 under medium load - a 

farm-processor parallel implementation of this method would actually take just a few 

seconds allowing the complete table to be quickly built up. However, this method fails to 

reveal the varying degrees of sequence conservation along each protein sequence. In 

addition, the algorithm adds up the highest discriminator scores (equivalent to integrating 

the area under the DH Scan curve). This cumulative score (DH Stat - see table 7.4.1) also 

provides a simple basis to quantitatively differentiate between closely related proteins.

Less homologous GPCRs are likely to become more amenable to our algorithm when 

favoured amino acid substitutions are considered. For example, Chung et al. (1987) who 

found that homology between human brain beta-receptor and pig brain muscarinic receptor 

increased from 31% to 46% when using favoured amino acid substitutions as defined by 

Dayhoff et al. (1978). Employing similarity matrices based on for example physio- 

chemical properties will allow future versions of DH Scan to clearly display degrees of 

residue character conservation, as distinct from sequence conservation. Attwood et al. 

(1991) have already pioneered a similar approach using database pattern-matching 

discriminators. Our approach however will generate all possible pattern-matching 

discriminators (with insertions and deletions) from a single generator sequence - something 

really only possible with the computational power offered by massive parallel processing. 

In addition, we intend to support a particularly flexible sequence pattern matching syntax 

(Jones, 1992) to aid in the detection of regions of high functionality.
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7.4.1 Current And Future Trends

This work was conducted in early 1992 and there have been considerable 

developments on the supercomputing field since then. The promised T9000 transputer (the 

replacement to the T800 series) has been shipped in quantities but only after considerable 

delays and only offers approximately one order of magnitude improvement in performance 

over the T800 Series. The saying “technology waits for no one” is particularly valid in this 

area. Consequently, parallel technology from Intel (their iPSC/860 technology which offers 

in excess of 50 Mflops (Mega Flop) per node) and the 50 MFlop C40 Texas Instruments 

chip has rather pushed the T9000 Series into the second league in terms of performance. 

Companies such as Parsytec offer GFlop machines o ff the shelf based on Intel iPSC/860 

parallel technology. In addition, Cray have 11 orders for their new TD3 parallel 

supercomputer.

Given that machines are now available offering TFlop (Teraflop) performance the use of 

the T9000 series transputer from Inmos in Grand Challenge projects looks increasingly 

vulnerable. In addition, the release of 64 bit RISC (Reduced Instruction Set) chips from 

DIGITAL™ (installed in the Alpha DEC workstations) which run standard FORTRAN and 

C compiled code without the additional cost of communication overhead renders current 

T800 transputer based architectures obsolete and T9000 based transparallel hardware looks 

increasingly vulnerable to competition from later versions of the Alpha DEC chips. In 

short, transputers of any type are no longer the competitive choice in terms of number 

crunching capability though they have a role in embedded systems, e.g. a T400 Series 

transputer is used in each Intel iPSC/860 node to control message passing, though it is does 

not directly contribute to the number crunching capability of the iPSC/860. Likewise, the 

Power TRAM from Parsytec of Germany combines the performance of the state o f the art 

RISC processor Power PC™ 601 (80mhz, 160MIPS/80MFLOPS peak performance) with 

transputer communication capability of the IMS (Inmos) T425 communication processor 

(25mhz, 4 serial links each with 20Mbi1/s transfer rate - Parsytec Data Spec Sheet for the 

PowerTRAM 601/80,1994).
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Di d2 d 3 d4 d5
Di X 4247 4261 3930 6585
d 2 4314 X 6327 4617 4330
d 3 4396 6347 X 4843 4263
d 4 3592 4292 4405 X 3786
d 5 6886 4558 4404 4385 X

Table 7.4.1 Table of DH_Stats. These represent the total area under each DH Scan - i.e. total 
number of hits based on pairwise identity. Discriminator size = 25 residues for each DH Scan. 
The table reads down column one and across. Bold is used to draw attention to highest scores. 
Di, D2, D3 and D5 receptors have particularly strong discriminator homology with one other 
dopamine (DA) receptor (i.e. Di with D5, D2 with D3 and visa-versa). In contrast D4 lacks a 
distinctly high score even though it is considered to be a member of the D2 subfamily of DA 
receptors suggesting that divergent evolution is in play. The matrix is not symmetric since 
primary structures are not equal in length and the discriminators are generated from only one 
sequence (not both sequences) during each DH Scan. Consequently, DH Scan of e.g. Di against 
D5 has a lower score than the DH Scan of Ds against Di: 6585 and 6 8 8 6  respectively. [Di is 
446 residues in length and D5 is 477 residues in length - hence the y axis of the coresponding 
plots for each DH Scan are: 446 residue positions and 477 residue positions respectively].
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7.5 Conclusion

Smith (1990) considered parallel processing from three perspectives: "load 

balancing", "communication" and "scaling". Load balancing, as the term implies, means 

that the program executing on a transputer-based parallel computer should, as far as 

possible, use each transputer simultaneously and to an equal degree; communication 

should be kept to the minimum to avoid costly overheads; scaling should be easy to 

achieve. It is clear that on all three accounts, the novel sequence alignment algorithm (DH 

Scan) scores highly. That this is so, merely reflects the ease with which a processor farm 

can be implemented on a large transputer network.

This is has been an unusual piece of work - if only because parallel computing is rarely used 

in biology. Consequently, some effort has been applied to help educate the reader/biologist 

in the business of parallel computing as implemented using Inmos transputer technology. 

DH Scan was written to specifically use this technology and to apply it to DA GPCRs. DH 

Scan is clearly a useful tool in helping to discern the seventh putative transmembrane helix 

which is not seen in hydropathy plots and to provide an independent verification of the 

likely starting points of transmembrane spanners. It also provides an unambiguous view of 

the positions of clustered sequence identities thereby showing that D2 is clearly closely 

related to D3 and less closely related to any other member of the DA family of GPCRs. DH 

Scan also clearly demonstrates that Di is closely related to D5. Consequently, 3D models 

of D2 and Di would provide useful structural templates to model D3 and D5 respectively. 

In addition, DH Scan can be used to suggest chimeric genetic analysis experiments.
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8. Fourier Sequence Analysis of Catechol Amine Binding G 
Protein Coupled Receptors - Implications For The Three 
Dimensional Structure And Binding of Agonists

8.1 Summary

Fourier analysis of a multiple-sequence alignment suggests that the consensus view 

that only those residues facing the protein interior are conserved is not correct. In 

particular, transmembrane helices II and HI do not exhibit residue conservancy 

characteristic of an amphipathic helix. It is proposed that these two helices undergo a form 

of helix interface shear to assist agonist binding to a Asp residue on helix n . The role of 

Fourier analysis in establishing the likely orientation of transmembrane helices in the 

catechol amine binding G protein coupled receptors (which includes the dopamine family of 

receptors) is discussed.

8.2 Introduction

Characterisation of residues in contact with the lipid bilayer is important for 

structural analysis of membrane proteins (Yeates et al., 1987; Rees et al., 1989a, 1989b). 

These workers identified residues in contact with the lipid bilayer by means of Fourier 

Analysis of multiple sequence files (MSF). Komiya et al. (1988) stated that: “This method 

may prove useful for modelling the three-dimensional structures of membrane proteins”.

G protein coupled receptors (GPCRs) are integral membrane proteins and catechol amine 

binding GPCRs (the dopamine family) are particularly important in medicine. It makes 

perfect sense to apply the techniques used by the earlier workers to characterise the 

transmembrane region of photosynthetic reaction centre (RC) to also characterise the 

relative orientation of the transmembrane helices of dopamine (DA) family of GPCRs. 

Such information provides the first step in obtaining a 3D model of the transmembrane 

region of GPCRs (Donnelly et al., 1989). Indeed, Fong et al. (1993) have applied Fourier 

Analysis to the transmembrane region of neurokinin-1 receptor (NK-1R) to locate residues

159



likely to be facing the interior of the protein. The general consensus being that surface 

residues (i.e. those facing the surrounding lipid) are less well conserved in homologous 

membrane proteins than the buried, interior residues (for example: Rees et a l, 1989b).

Eisenberg et a l  (1984) have used the hydrophobic moment to detect periodicity in protein 

hydrophobicity. A periodicity in the hydrophobicity of 3.6 residues is characteristic of an 

amphiphilic a-helix. Amphiphilic (3-sheets were found to have a periodicity of 2.3 

residues, 3io helices displayed a periodicity of about 2.5 residues. It was concluded that 

many protein sequences tend to form segments of maximum amphiphilicity . The 

hydrophobic moment can be calculated for any segment of a known primary structure. 

However, it is also conceivable to calculate conservancy moment profiles using multiple 

sequence files containing homologous proteins and thereby detect amphipathic1 secondary 

structures.

The Fourier analysis package: Peppi! has been coded to produce the following:

• variability plots (Donnelly et al., 1989).

• conservancy moment profile plot (modification of work performed by Eisenberg et a l, 

1984).

• Fourier transform power spectrum P(cd) plot (Komiya et al., 1988).

• calculate \|r (the average value of P(co) in the a-helical range (90° < © < 120°); Komiya 

et al., 1988.

• a sliding window version of y  used to predict the presence of amphipathic a-helices 

(Rees et al., 1989b).

• helical wheel plots of the transmembrane region of selected GPCRs showing the 

probable orientation of transmembrane a-helices (Baldwin, 1993).

• vertical plots of transmembrane a-helices showing sequence variability at each residue 

position (used by Donnelly et al., 1989).

1 The term amphipathic is used in this work to describe protein segments which exhibit residue conservancy 
characteristic of a secondary structure with conserved residues on one side (P-sheet) or face (a-helix).
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8.3 Methods and Materials

Two versions of Peppi! have been coded (for source code see: appendix 3). One 

version runs on transputer based kit and the other runs on Alpha DEC AXP 3000 series 

workstations. The Inmos transputer version is written in 3L Parallel FORTRAN (version 

2.1.2) and the Alpha DEC Open VMS version is very similar but designed to compile using 

the standard VAX/VMS FORTRAN (version 6.1) compiler using DEC GKS (Graphic 

Kemal System; version 5.2) calls for producing all output to screen and printers. DEC 

GKS compiles with the international standard ISO 8805(E)-1985 and is an upwardly 

compatible extension to ISO GKS Standard 7942-1985. Hence this version is easily ported 

to any system using GKS which meets the stated ISO international standards, e.g. ULTRIX 

systems (DEC GKS Users Guide - June, 1992) and Alpha DEC AXP workstations running 

the OSF/1 implementation of the UNIX operating system.

The transputer version is not portable as it uses non-standard graphics library calls 

developed in-house by Noel Ruddock (Laboratory of Molecular Modelling, Glasgow 

University) and uses drivers for non-standard kit. The GKS version allows the user to send 

output to: black and white postscript, colour postscript and HPGL (Hewlett Packard 

Graphics Language) colour pen plotters as well as screen and/or disc; GKS supports a 

wide range of output devices and so the GKS version of Peppi! can be easily appended to 

permit output to these devices as well. The 3L version only writes output to the screen 

and/or disc; output to other devices is severely limited as the current version of the graphics 

library does not support a range of output devices.

The user edits a file (use.dat - see appendix 3) to select type of processing or output 

required. This file is read by the executable at run time. This allows the program to act on 

the users instructions immediately at run time without requiring the user to respond to 

layers of menus. Peppi! requires a multiple sequence file (MSF) in the popular GCG 

(Genetics Computer Group; Devereux et al., 1984) format - typically produced using the 

GCG PILEUP command. For the MSF generated for this study see appendix 1.
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8.3.1 Variability Profile Plots

The suggested transmembrane assignments of Baldwin (1993) were used 

throughout the Fourier analysis study. The residue variance (Vj) at each residue position is 

calculated from a family of aligned GPCRs - see figure 8.2.1. The Vj element of this profile 

is defined by the number of different types of amino acid residues that are observed at a 

given position j. More variable regions are likely to be exposed to the surrounding lipid 

(for example: Rees et al., 1989b).

8.3.2 The Fourier Transform Power Spectrum P(G5)

To search for periodicity’s in a predicted secondary structure, the Fourier transform 

power spectra, P(co), is calculated:

"  N (  \
2 ' N / > -

P ( m ) = L  V j - V j  M j r a ) + E k - v j sin(j© )
_ >1 \ ) _ >i V

Equation 1

Where N is the number of residues in the sequence; co is the angular rotation angle between 
residues around a helical axis (it equals 1 0 0 ° for a regular a-helix); Vj is the mean value of 
Vj for the sequence.

8.3.3 Measure of the a-Helical Character of the P(©) Plot -

The a-Helical Character of the P(co) plot for a particular segment is described by 
the parameter 14/ (Komiya, et al., 1988):

120 "j r  iso

(l/30) J  P(ro )dm /  (1/ I 8 0 ) J  Pfcs )dm
90

Equation 2

The y-axis of graphical output was automatically scaled using the highest peak as a guide. 

To avoid poor scaling, the first dominant peak was removed by a filter to give \|/w :

vw= v - p Equation 3
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Where p is the area under the first peak of the Fourier transform spectrum. So \|fw 

approximates to:

¥ w ~

120 “I r  180

(l/30) J P(ra )dra /  (l/l60)J P(ro )dro
90 20

Equation 4

For the purposes of the \yw calculation only the first peak is removed.

8.3.4 Sliding Window Version of \|fw

Vw values were calculated over the whole length of the MSF file. The approximate 

version for \j/w was used throughout (i.e. the area under the curve from 0° to 20°) was 

ignored. The computation of the sliding version of \j/w is quite demanding on the CPU. 

Since the Alpha chips are rated at something like 50 Mflops the entire sweep of the MSF 

file is performed in less than a minute. However, the Inmos T800 transputer is rated at 

around 1.5 MFlops and the sweep can take up to 40 minutes. The sliding version of qrw 

certainly amenable to farm processing form of implicit parallelism - see chapter 7. 

However, the transputer version of the code is not likely to be used by anyone else given its 

lack of portability and is unlikely to be updated. The GKS version of the code will be 

subject to future improvements only.

8.3.5 Conservancy Moment Plot

The conservancy moment can be calculated using the Fourier transform method 

used by Eisenberg et al. (1984) who used the method to calculate hydrophobic moments 

and to plot hydrophobic moment profiles. The conservancy moment, C(co) can be 

calculated using the formula:

C(ra)=
r n
y^CjS-mQnj)

2
+
" N
^CjCOi'Qns)

2'

_ j=i _>=i

1/2

Equation 5

Where Cj is the residue conservancy (i.e. number of sequences /  V j).
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The conservation moment is the modulus of the Fourier transform of the conservancy 

function:

C(ra)= L cie
j=l

Equation 6

However, Peppi! uses equation 5 to produce conservancy moment profiles for a given 

length of MSF file.

8.3.6 Helical Wheel Plots Of The Transmembrane Region

Peppi! plots helical wheel schematics of the transmembrane region are based on 

Fourier analysis of the MSF dominated by catechol amine binding GPCR sequences - 

including each member of the dopamine family (Di .... Ds). The arrangement of the helices 

in the plot follows the probable arrangement of helices in GPCRs (Baldwin, 1993) rather 

than bacteriorhodopsin (bRh; Henderson et al., 1990) which does not have any significant 

homology with any GPCR ( see chapter 5). Baldwin based her findings on the 

experimentally derived low resolution two dimensional structure of rhodopsin (rH) 

obtained by Schertler et al., (1993) rH is a genuine GPCR and has significant homology 

with the dopamine family of GPCRs (chapter 5).
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8.4 Results and Discussion

8.4.1 Fourier transform methods

Fourier transform methods provide a quantitative approach for characterising the 

periodicity of conserved and variable residues in a family of aligned sequences. It is 

clear from the variability plots, conservancy moment profile plots, table of \\r values, 

Fourier transform power spectra and psi analysis that helices I, IV, V and VII are 

amphipathic (figures 8.4.1.1 to 8.4.1.4 respectively) that helices II, III and VI are 

clearly not amphipathic (also see table 8.4.1 below).

I KArSolVIJiflVlttK i l lu ju lA , ¥
l i 2 . 4

illllll 1 . 4
£ ' I I I ' 1 . 1

l l l i l l l l 2 . 1
V 2 . 3

Vi 0 . 9
• • • • • ' •  v i i  • 2 . 1

Table 8.4.1 \\f values for the 
seven transmembrane helices. 
Area of first peak is ignored in 
the calculation (see methods). 
The low values for helices II, 
III and VI suggest that these 
helices are not amphipathic.

The helical wheel representation and vertical plots (figure 8.4.1.5 to figure 8.4.1.7) 

depicting residue conservation in the transmembrane region of cationic ligand binding 

GPCRs (which includes the dopamine family of GPCRs) clearly shows that helices II 

and III are not amphipathic. Helix III lacks a Pro residue and so must fall into the 

category of being a regular helix (Barlow and Thornton, 1988). Helix III is also less 

exposed to the surrounding lipid (Baldwin, 1993) than for example helix IV and so 

arguably has more surface area either exposed to the protein interior or adjacent helices 

(II and IV). This suggests helix IE has less scope for residue variation.

The consensus of opinion is that residues facing the surrounding lipid are free to 

undergo substitution mutations resulting in considerable variability. However the
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variability profile of helix IH particularly indicates low residue variability throughout the 

length of this transmembrane secondary structure. The situation with helix VI is less 

clear. There is a middle Pro residue in this helix and so falls into the category: non­

regular helix (Barlow and Thornton 1988). However, helix V and helix VII both have 

middle Pro residues and both are clearly amphipathic in nature. Helix II has a 

conserved Pro residue at position 23 and so does not occupy a middle helix position. 

Consequently, the Pro residue of helix II is less likely to influence its \j/ score. The 

possible role of helix II in helix interface shear mechanism with helix HI is considered in 

the section 8.4.3.

8.4.2 Possible Role of Non-Amphipathic Helices in Binding Agonists

We would like to suggest that the lack of amphipathic character in helices II and 

HI is of functional significance in terms of the binding of the natural agonist ligand. 

Saunders and Findlay (1990) has proposed a model (see figure 3.4.1; page 36) where 

the agonist binds first to the Asp residue on helix HI and then binds to a deeper Asp 

residue on helix II (this is considered in more detail below). Maloney-Huss and Lybrand 

(1992) have clearly stated that helices are likely to undergo movements commensurate 

with the need to efficiently bind agonists.

8.4.3 Possible Role of Helix Interface Shear Mechanism in Binding Agonists

The concept of secondary structure motions was examined in a molecular 

dynamics simulation of the protein myohemerythrm2 (Rojewska and Elber, 1990) who 

examined trajectories of helices. The fluctuations of the protein were found to be 

dominated by a rigid helix motions (RHM). The relative motions of these helices were 

found to be irregular, with no clear periodicity. Unfortunately the study ignored 

rotations about the long axes of the helices. However, in an earlier study Lesk and 

Chothia (1984) examined domain closure by comparing homologous helices in open and 

closed forms in citrate synthase (also for insulin: Chothia et al., 1983). These workers

2 Myohemerythrin (Klotz et al., 1976) is an oxygen transport helix bundle protein composed of four 
helices, A-D.

167



showed that small shifts and helix rotations were accommodated not by changes in 

packing but rather by small conformational changes in side-chains which they called: 

helix interface shear mechanism. Shifts and rotations occurred at helix interfaces; 

rotations were in the range: 2° to 13° and shifts: 0.2 to 1.8 A and that these movements 

are cumulative3.

We would like to suggest that there is a strong likelihood that helix interface shear 

mechanism also occurs in the hepta-helical motif of the transmembrane region of 

GPCRs. In particular, the non-amphipathic transmembrane helices II and HI are likely 

to undergo rotations. Possibly with transmembrane helix II rotating in an anti-clockwise 

fashion and transmembrane helix IH in a clockwise fashion as viewed from the 

intracellular side of the membrane (for possible conformational changes in the TM 

region in response to agonist binding.see figures 8.4.3.1 to 8.4.3.3). Helix interface 

shear mechanism may allow conserved residues facing away from the protein interior of 

transmembrane helices II and IH to come into play at the right moment during the 

agonist ligand binding process. Counter rotations of helices II and HI would allow the 

agonist to equilibrate between the Asp residue on helix HI and the deeper Asp residue of 

helix H. Alternatively, helix m  might rotate clockwise in synchrony with helix II. Such 

rotations would tend to move Asp of helix HI out of range of the cationic amine of the 

agonist while bringing Asp of helix n  in range. In this way there would not be an 

equilibrium state between Asp on helix H and Asp on helix HI in the exact manner 

hypothesised by Saunders and Findlay (1990).

It seems quite likely that evolution has sought to use helix shear in conjunction with 

helix kinking and other conformational changes caused by middle Pro residues in helix 

V, VI and VH. It is also possible that fluctuations in main-chain transmembrane helical 

hydrogen bonding pattern between 1.4 to 1.3, perhaps along just parts of the helix, may 

also provide an integral role in the agonist binding mechanism. For example, Chothia 

and Gerstein (1991) have noted that novel dynamics involving helix splitting into a- 

helical and 3io-helical components plays an important role in the binding of lactate and

3 Lesk and Chothia (1984) found that cumulative rotations can reach ~ 30°.
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NAD to lactate dehydrogenase. Answers to these questions will have to wait until high 

resolution structures exist for both bound and non-bound catecholamine binding GPCRs 

are available.
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PSI ANALYSIS OF A MULTIPLE SEQUENCE FILE
WINDOW SIZE =  26

VII

II III

VI

1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0

MULTIPLE SEQUENCE FILE (M SF) POSITION

Figure 8.4.1.4 Psi analysis of a multiple sequence file (appendix 1) 

containing the dopamine, a  and p-adrenergic families of G protein 

coupled receptors (GPCRs) together with the serotonin (5HTiA) 

GPCR. Two horozontal lines are drawn. The first with a psi value of 

2.0 which is the value recommended as a cut-off by Rees et al., (1989b), 

suggests that there are seven amphipathic helices. However, given that 

each psi value was computed in a slightly different way (see methods 

section) requiring a less generous cut off value making 2.5 a better 

guide. Using a cut-off value of 2.5 clearly indicates that there are only 

four amphipathic helices: I, IV, V and VII. Helices n , HI and VI are not 

amphipathic.
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of the same helix.
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HELIX 1

CYTOPLASMIC SIDE

Figure 8.4.1.7 Picture of screen output combining both vertical and helical wheel 

representations of helix I. Helical wheel is depicted - this time looking end on from the 

extracellular side of the membrane. The vertical plot gives some indication of the 

variability along the helix.

176



(a)

EXTRACELLULAR

HELIX 3
HELIX 5

D(- •7)
i i i
i i i

P(5.14)

INTRACELLULAR

D(3.7)

N (l\18)

Figure 8.4.3.1 Possible conformational changes in the TM region in response to agonist binding, (a) Side 
view: Agonist is bound to D2 subtype dopamine receptor. The hydroxyl groups of the catechol ring of the 
natural ligand is shown hydrogen bonded to S(5.7) and S(5.10) and the cationic amine simultaneously 
forms hydrogen bonds and a reinforced ionic bond with D(3.7) - also see figure 3.4.1. The key feature 
exploited in this reinforced ionic bond is that it lasts longer than the weaker ionic bond which lasts 
approximately 10'5s (Albert, 1971, 1979). It is also quite strong (up to 10 kcal/mol; Albert, 1971, 1979) 
with a separation distance of = 3.5A [Vlijmen and IJzermann, 1989]. P(5.14) which is located in the 
middle of helix V is shown. Helix V is shown in its convex form with P(14.5) facing inwards towards the 
binding the interior of the binding pocket in the manner described by Gunnar (1991a). This initial phase 
in the binding of the agonist/antagonist has been referred to as Mode 0  (Saunders and Findlay, 1990); (b) 
Top view (from intracellular side of membrane): The interhelical bond between N(1.18) and D(2.14) is 
shown though it does not play a direct part in Mode 0 .  Legend otherwise the same as for (a).
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(a) EXTRACELLULAR

HELIX 1

NU.18

HELIX 2

D(2.14;

HELIX 3

W  
_+NCH2C li

D(3.7)

OH

OH

HELIX 5

SC5.7)

S(5.10)

P(5.14)

INTRACELLULAR

(b)

JX3-7)

P(7.

VI

N(1.18)

Figure 8.4.3.2 Possible conformational changes in the TM region in response to agonist binding, (a) Side view: 
P(5.14) in the middle position of helix 5 causes kinking on a pico-second time scale [Sankararamakrishnan et al., 
1991]; the kink angle can be as much 50° (MD average: 28.5° (±11.7°)) and wobble angle in the range -50° to 90° (MD 
average: 22.9° (±28.8°)) [Sankararamakrishnan et al., 1991]. These flexing motions initially facilitate the agonist in its 
motion past helix 3 while maintaining a reinforced ionic bond with D(3.7). This signals the first agonist-specific 
binding action (the molecular dynamics output of helix 5 is wasted on antagonists). To accommodate the movement of 
the cationic amine, helix 3 rotates in sympathy about its axis in a clock-wise cork-screw by means of the helix shear 
mechanism (see main text). The helix shear is transmitted from helix 3 directly to helix 2 which rotates in the 
opposite direction (counter-clockwise). This helix shear in turn weakens the hydrogen bond between N(1.18) located 
in helix I and D(2.14) located in the lower half of helix 2 (relative to the extracellular region). The continuing motion 
of the agonist is towards D(2.14) and is facilitated by favourable ct-ti interactions between the agonist amine and 
surrounding aromatic residues. In this proposal it does not seem possible to classify any part of this binding process of 
the agonist as Mode 1. (b) top view (from intracellular side of membrane); legend otherwise same as for (a).
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Figure 8.4.3.3 Top view as seen from intracellular side of membrane: The agonist is 

now in a position to form a reinforced ionic bond with D(2.14) - this is aided by the 

flexing action of helix VII due to the conserved P(7.18). The side chain of N(1.18) 

may be involved in a hydrogen bonding to the amine of the agonist or alternatively may 

point directly at the center of the aromatic ring of the agonist in the same manner as 

reported by Perutz et al. (1986) and reviewed by Levitt and Perutz (1988). S(7.14) is 

highly conserved in the catecholamine binding class of GPCRs and is therefore shown 

hydrogen bonded to a catechol hydroxyl group. The cork-screw action of helix IE has 

exposed the DRY motif at the carboxy-terminal end to the intracellular domain. Helix 

IE is held in this state while the cationic amine is held at a separation distance of » 

3.5A from D(2.14). G protein coupling involving in  and iffl is now able to take place.
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8.5 Conclusion

Detailed Fourier analysis clearly suggest that the consensus view that only those 

residues facing the transmembrane protein interior of GPCRs are conserved is flawed. This 

study has shown that helices II and HI are not amphipathic. We suggest that this lack of 

amphipathicity is extremely important in aiding agonist ligands to bind to a second Asp 

residue on helix II of catechol amine binding GPCRs - in particular the binding of agonists 

to Di and D2 subtype dopamine receptors.



9. A Molecular Modelling Study Of The Dopamine Family Of G
Protein Coupled Receptors (Di, D2, D3, D4 And D5).

9.1 SUMMARY

The intermediate resolution map of bacteriorhodopsin is frequently used as a 

template to model catechol amine binding G protein coupled receptors. However, it has 

been proposed that such modelling studies are likely to be misdirected due to lack of 

sequence homology in the seven helix bundle region between bacteriorhodopsin and any G 

protein coupled receptor. We have noted that such models frequently pay insufficient 

attention to the modelling of kinks caused by Pro residues, particularly where they occupy 

middle positions in transmembrane helices. In particular, the probable influence of the 

middle Pro in transmembrane helix V (TM5) on local molecular dynamics is largely ignored 

at the expense of a fuller understanding of the likely mechanism of agonist binding. 

Likewise, interhelical hydrogen bonding is rarely discussed in the few modelling studies 

which have been published to date. The molecular details of the three dimensional models 

are very difficult to compare and interpret due to differences in the procedures used in 

model building and the unavailability of final atomic co-ordinates. Previously published 

modelling studies of G protein coupled receptors have made extensive use of energy 

minimisation. Several workers have noted that extensive use of energy minimisation causes 

compaction. Here we present a modelling approach which has sought as far as possible 

with the resources available to be sensitive to each of these issues.

9.2 INTRODUCTION

On the basis of homology and pharmaceutical studies the dopamine family of 

catechol amine binding G protein coupled receptors (GPCRs) clearly fall into two 

subfamilies: Di and D2. The Di subgroup currently includes Di and D5 (Dearry, et al., 

1990 and Sunahara et al., 1991 respectively); the D2 subgroup: D2, D3 and D4 (Dal-Toso 

et al., 1989; Sokoloff et al., 1990 and Van Tol et al., 1991 respectively). The DA

181



receptors are targets of drug therapy in disorders such as Parkinson’s disease and 

schizophrenia.

With few exceptions 3D modelling of GPCRs have used bacteriorhodopsin (bRh) as a 

structural template even though there is no homology (chapter 5). Notable exceptions 

being the 3D modelling of the entire P2 receptor (Maloney-Huss and Lybrand, 1992) and 

the serotonin 5 -H T ia  receptor (Sylte et al., 1993) - both of which were modelled de-novo 

and so explicitly avoided using bRh as a template. More recently, knowledge-based 

modelling approaches have been developed such as the modelling of transmembrane (TM) 

seven helix bundles (Cronet et al., 1993). However, each of these approaches use 

different helix end positions and helix phase. Also, while each of these approaches 

incorporates the same overall topography (i.e. hepta-helical TM motif with helices 

arranged in an anti-parallel fashion1) the actual spatial arrangement of the helices in each 

model is significantly different. Hence, this adds credence to the notion that 3D models of 

GPCRs are difficult to compare - a point strongly argued by Humbler & Mizadegan, 1992.

A very detailed prediction of helix phase, orientation and helix ends is already available 

(Baldwin, 1993) and makes use of the latest projection map of rhodopsin (rH) - Gebhard, 

et al., 1993. The probable arrangement of the helices in GPCRs as discerned by Baldwin is 

easily applied to any cloned member of this supergene class of receptor proteins. It makes 

good sense for the wider GPCR modelling community to use this respected study to 

generate 3D models. In this way, models produced by different groups will be easier to 

compare and interpret. Therefore, the start and end points, helix phase, approximate tilts 

and positions of individually modelled TM helices used in the final models are all based on 

Baldwin’s conclusions:

• membrane spanning segments are a-helices arranged sequentially in an anti­

parallel fashion

• each TM helix contains 26 amino acids

• the most conserved face of each TM helix faces towards the interior of the 

receptor protein

1 Transmembrane helices I and VII are parallel to one another.
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• helices I, IV and V (TM1, TM4 and TM5) are more exposed to the surrounding 

lipid

• the arrangement of the helices is similar to that revealed by the latest 2D 

experimental projection map obtained for rH

It is well known that Pro residues located in TM helices are highly conserved, cause kinks 

and are important in the functioning of the receptor. TM5 contains a middle Pro which is 

conserved in every member of the catecholamine and muscarinic acetylcholine binding 

families of GPCRs. While modelling studies frequently refer to a helix-Pro residue 

functioning as a hinge, two recent studies have characterised the molecular dynamics of a 

TM helix with a middle trans-Pro with particular emphasis on pyrrolidine ring puckering 

and its relationship with backbone dihedral torsion angles of preceding residues 

(Sankararamakrishnan and Vishveshwara, 1990; Sankararamakrishnan et a l, 1991). It is 

evident from these molecular dynamics studies that TM5 is likely to be oscillating between 

a largely straight structure and a bent structure every 2-4ps. Also that TM5 will tend to 

orient itself with its convex sides towards the receptor interior and concave side towards 

the surrounding lipid in line with the conclusions of Gunnar (1991a) who has studied the 

impact of Pro kinks in TM a-helices. The likely role of the middle Pro in TM5 in guiding 

agonist ligands deeper into the binding pocket has not been adequately discussed in the 

literature to date though Williams and Deber (1991) argue that the function of Pro in TM 

helices is to provide rigidity. However, their analysis was influenced by structural and 

modelling studies of bRh where the ligand (a retinal chromophore) is permanently, though 

reversibly, bound.

Since the cyclic side chain of Pro places constraints on the backbone dihedral angles both of 

itself and the preceding residue (Carver and Blout, 1967; Deber et al., 1990) the backbone 

(J>, \|f angles of XProY were examined in a study by Polinsky et al. (1992)2 who derived 

minimum energy conformations of Pro containing helices in a membrane environment. The 

Trans-1 conformation being the most populated lowest energy family, corresponding to a 

Pro in a kinked a-helix in a membrane environment. The average Trans-l <|), Vj/ dihedral

2 Williams and Deber are co-authors of this paper.
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torsion angles for the three residues XProY being: {-50.6°,-53.1°}, {-75.0°, -39.4°} and 

{-72.9°,-38.3°} respectively3. Though the energy barrier separating these conformations 

was not investigated it seems likely that a TM helix with a middle Pro will sample various 

low energy conformational states on a pico-second time scale in line with the slightly earlier 

findings of Sandararamakrishnan et al., 1991.

Reid and Thornton (1989) showed that about 40% of the %i torsional angles can be 

modelled correctly if statistically preferred values are used. Therefore, the model side- 

chain torsional angles can be adjusted to reflect the primary values observed in a statistical 

studies of side chain torsional angles as a function of 2° structure carried out by McGregor 

et al. (1987) and Sutcliffe et al., (1987). McGregor et al. (1987) looked at %i and % 2 

torsional angles as a function of secondary structure and position along the a-helix: a-helix 

(centre), a-helix (N end) and a-helix (C end). Sutcliffe et al. (1987) extended the work of 

McGregor et al. (1987) to suggest “best shot” % 3 and % 4 torsional angles. The rotamer 

library developed by Ponder and Richards (1987), which is frequently quoted in the 

literature, is of limited value since it failed to take account of secondary structure - % values 

were statistically derived using whole tertiary structures. Since the TM region of GPCRs is 

primarily a seven TM helix motif, it is obviously important to use the preferred % torsion 

angles for a-helices in modelling work.

While hydrogen bonding between ligands and TM regions is frequently discussed it is 

noticeable that interhelical hydrogen bonding rarely receives attention. The reason for this 

is not clear even though TM helices frequently contain interhelical hydrogen bonds - though 

the average is less than one interhelical hydrogen bond per TM helix (Lemmon and 

Engelman, 1991). For example, in the intermediate resolved structure of bRh (Henderson 

et al., 1990), it appears that Asp212 in helix G (TM7) is involved in hydrogen bonding to 

Tyr57 of helix B(TM2), Trp8 6  of helix C (TM3) and to Tyrl85 of helix F (TM6 ). Also, 

charged side-chains located in TM helices are generally assumed to be involved in non­

bonded interactions with one or more counter ions (Engelman et al., 1980). One notably 

exception being in the case of a recent modelling study of (32 where it was noted that the 

glutamic acid side chain (GLU122) is exposed to the lipid, although it was also thought that

3 The <(> torsion angle of Pro was not quoted explicitly by Polinsky et al. (1992).
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it could form a hydrogen bond with the exposed threonine (THR118) - Maloney-Huss and 

Lybrand, 1992. A recent study of the TM regions of photosynthetic reaction centre 

proteins showed that highly conserved tryptophan residues are likely to hydrogen bond to a 

carbonyl oxygens in other TM helices (Schiffer, et al., 1992).

9.3 METHOD

Essentially, the combinatorial approach (Cohen et al., 1979) to protein modelling 

was used - figure 9.3.1. The TM regions of each member of the dopamine family of 

GPCRs (human Di, D2, D4 and D5 dopamine receptors and rat D3 dopamine receptor) was 

modelled using start and end residue positions for each TM helix in accordance with the 

recommendations of Baldwin (1993) - figure 9.3.2. Phi/psi angles used were 

-59%44° for helical residues in a non-polar environment (Blundell et al., 1983). With the 

exception of TM5, kinks in TM helices caused by middle Pros were modelled using the 

phi/psi angles based on the Trans-l conformation, corresponding to a Pro in a kinked oc- 

helix in a medium of low polarity (Polinsky et al., 1992). TM5 was modelled using 

backbone starting co-ordinates, corresponding to a helix with a Pro occupying the middle 

position and its pyrrolidine ring in a puckered down conformation (table 9.3.1). Side-chain 

torsion angles were modelled using statistically derived values based on secondary structure 

(Sutcliffe et al., 1987); table 9.3.2.

The energy of each modelled helix was calculated using the colour force option of 

SYBYL4 to allow easy identification of bad side-chain contacts. Side-chain clashes were 

removed by adjusting %i torsion angles in line with probable values based on secondary 

structure (McGregor et al., 1987). Where bad contacts remained the side-chain torsion 

SCAN within SYBYL was used to achieve satisfactory side-chain geometry. Individual 

TM helices were then energy minimised to convergence (0.1 kcal/mol) by conjugate 

gradient method using the Kollman all-atom force field (Weiner et al., 1986) and Kollman 

charges - see appendix 4. The dielectric constant was set to 5.0 to take account of the non­

4 All modelling and energy minimisations were carried out on an Evans & Sutherland 10/33 workstation 
running SYBYL (version 6.0); both products supplied by Tripos Inc.. St. Louis. U.S.A. The energy 
minimisation module built into SYBYL is a user friendly mini-expert system allowing the user to set up 
molecular mechanics simulations very quickly.
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polar environment. Non-bonded interactions cut-off and the 1-4 scaling factor were set to 

1 0 A and 0.5 respectively.

The seven TM regions of D2 were assembled to mimic the probable arrangement of helices 

in GPCRs as described by Baldwin (1993). Firstly, TM2 was manually docked to TM1 

taking care to maintain appropriate helix phase (figure 9.3.3) and relative tilts (figure 

9.3.4). Then the total energy of this pair of helices was calculated using the Kollman 

united-atom force field (Weiner et al., 1984), which was used for all subsequent energy 

minimizations. Slight adjustment of the helix positions was allowed to remove excessive 

overlap. Bad side-chain contacts between the helices were manually removed by adjusting 

%i torsion angle of side-chains again using statistically derived values based on secondary 

structure (McGregor et al., 1987). Where necessary, % 2 or X3 torsion angles were also 

adjusted to alternative values (±60°, 180°). Side-chain SCAN option of SYBYL was not 

used since this option does not take into account bad-contacts between different secondary 

structures. When all bad contacts likely to dominate subsequent energy minimisation were 

removed, the helix pair was subjected to just 2 0  iterations of energy minimisation

Likewise, TM3 was docked to TM2 (keeping TM1 and TM2 stationary), bad contacts 

were removed and all three helices were subject to 2 0  iterations of energy minimisation. 

TM4 was then docked to TM3 and so on. Finally, TM7 was docked to both TM1 and 

TM7 and the TM region was subjected to just 50 iterations of energy minimisation to 

establish that the structure was indeed stable and not subjected to compaction. Procheck 

(Laskowski, et al., 1993) was used to check the steriochemical quality of the models ((Jyty 

and %i/%2 plots). Surfaces and volumes were analysed using GRASP (version 1.1; Nicholls 

et al., 1993). The whole procedure was repeated to model the TM region of human 

muscarinic Mi (Peralta et al., 1987) receptor.

The TM model of D2 was then used as a template to model the remaining members of the 

D2 sub-family (i.e. D3 and D4 subtypes). Similarly a separate model was constructed for Di 

which was used as a template to model Ds. This did not involve multiple site-directed 

mutagenesis. Instead, each TM helix was modelled separately and energy minimised as 

described above. Then, for example, the TM region of D3 was constructed by using
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backbone atoms to superimpose each energy minimised TM helix onto corresponding TM 

helices of D2 (prior to the docking of the agonist ligand). The whole TM region was then 

examined for bad contacts using the colour force option of SYBYL as explained above. 

The TM region was then subjected to just 100 iterations of energy minimisation using the 

Kollman united atom force field and charges. The object being to create a physically 

plausible structure albeit without interconnecting helix loops, amino and carboxy terminal 

sequences.

The molecular structure of dopamine (Giesecke, 1980) was obtained using the Cambridge 

Structural Database (Allen and Kennard, 1983), energy minimised using the Tripos 

proprietary force field (charges calculated using the Geister-Huckel method as implemented 

within SYBYL) and manually docked to the binding pocket of D2 . Slight distance 

constraints were then applied between m-hydroxyl group of the catechol ring and Ser507 and 

likewise for /?-hydroxyl group and Sersio and the whole complex was subjected to 50 

iterations in lots of 10 using the Tripos force field and Gasteiger-Huckel calculated 

charges. [The first digit of the subscript number is the TM number and the next 2 digits 

represents the position of the residue in the TM helix. Hence, Serso7 is the 7th residue in 

TM5. A similar numbering scheme was used by Trumpp-Kallmeyer et al., (1992).]

Figure 9.3.1 - overleaf. Flow chart summarising the various stages used to develop 3D models of the 
transmembrane region of D2. The first stages involved assessing the possible use of bRh as a structural 
template for homology modelling (chapter 5). The combinatorial modelling approach (Cohen et al., 1979) 
was subsequently used for the first round of modelling, i.e. secondary structure prediction and 
characterisation (chapters 5 and 8 ). However, this approach then developed into a knowledge-based 
modelling approach in the sense that the literature supplied structural templates in the form of the most 
probable arrangement of helices in GPCRs (Baldwin, 1993), the most likely conformation of kinked helices 
(Sankararamakrishnan and Vishveshwara, 1990; Sankararamakrishnan et al., 1991; Polinsky et al. 1992) 
and the most probable side-chain torsion angles (Sutcliffe et al., 1987). Overall, the modelling approach 
took the form of an ad-hoc hybrid approach or “by hook or by crook” approach as described by Wishard 
and Muir (1990). However, if a new set of GPCR structures was required the modelling would 
immediately start with the work of Baldwin.
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H E L IX  I  ( T M l)
D I  H u m a n  IL T A C F L S L L IL S T L L G N T L V C A A V I  
D2 H u m a n  N Y Y A T L L T L L IA V IV F G N V L V C M A V S  
D3 R a t  A Y Y A L S Y C A L IL A IIF G N G L V C A A V L  
D4 H u m a n  A A A L V G G V L L IG A V L A G N SL V C V SV A  
D5 H u m a n  W T A C L L T L L IIW T L L G N V L V C A A IV  

1 2 3 4 5 6 7 8  9 0 1 2 3 4 5 6 7  8 9 0 1 2 3 4 5 6

HELIX I I  (TM2) 
KVTNFFVISLAVSDLLVAVLVMPWKA 
T T TN Y LI VS L AVAD L L VAT L VMP WW 
TTTNYLWSLAVADLLVATLVMPWW 
TP TNSFIVS LAAADLLLALLVLPLFV 
NMTNVFIVS LAVSD LFVALLVMPWKA 
1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8  9 0 1 2 3 4 5 6

HELIX I I I  (TM3)
DI Human NIWVAFDIMCSTASILNLCVISVDRY 
D2 Human DIFVTLDVMMCTASILNLCAISIDRY 
D3 R a t DVFVTLDVMMCTASILNLCAISIDRY 
D4 Human DALMAMDVMLCTASIFNLCAISVDRF 
D5 Human DVWVAFDIMCSTASILNLCVISVDRY 

1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6

HELIX IV  (TM4) 
KAAFILISVAWTLSVLISFIPVQLSW  
RRVTVMISIVWVLSFTISCPLLFGLN 
RRVALMITAVWVLAFAVSCP LLFGFN 
RRQLLLIGATWLLSAAVAAPVLCGLN 
RMALVMVGLAWTLSILISFIPVQLNW 
1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6

HELIX V (TM5)
DI Human TYAISSSVISFYIPVAIM IVTYTRIY  
D2 Human AFW YSSIVSFYVPFIVTLLVYIKIY  
D3 R a t DFVIYSSWSFYVPFGVTVLVYARIY 
D4 Human DYWYSSVCSFFLPCPLMLLLYWATF 
D5 Human TYAISSSLISFYIPVAIM IVTYTRIY  

1 2 3 4 5 6 7  8 9 0 1 2 3 4 5 6 7  8 9 0 1 2 3 4 5 6

H E L IX  V I  (T M 6)  
V L K T L S V IM G V F V C C W L P F F IL N C IL  
A T Q M L A IV L G V F IIC W L P F F IT H IL N  
A T Q M W IV L G A F IV C W L P F F L T H V L N  
A M R V L P V W G A F L L C W T P F F W H IT Q  
V L K T L SV IM G V F V C C W L P F FIL N C M V  
1 2 3 4 5 6 7 8  9 0 1 2 3 4 5 6 7  8 9 0 1 2 3 4 5 6

HELIX V I I  (TM7)
D I Human NTFDVFVWFGWANSSLNP11YAFNAD 
D2 Human VLYSAFTWLGYVNSAVNP11YTTFNI 
D3 R a t ELYRATTWLGYVNSALNPVIYTTFNV 
D4 Human RLVSAVTWLGYVNSALNPVIYTVFNA 
D5 Human TTFDVFVWFGWANSSLNPVIYAFNAD 

1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6

Figure 9.3.2; Helix assignments of the dopamine family 
of G protein coupled receptors. Transmembrane (TM) 
assignments follow those of Baldwin (1993).
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Dihedral angles Average Value (degrees)

<t>p 5 -47.05

-42.41

-179.80

<\>V ■' -57.52

-29.75

175.20

-90.50

Vp* -48.68

l l i l i  ■ -175.83

'w

-53.71

-47.88

-178.70

-56.15

WpA -63.85

«b':l 178.41

-59.99

Vr -40.13

177.43

<jy+i -56.10

Vim -49.94

178.73

-63.35

-44.58

<hp +2 178.12

5Ci 21.90

X2 -31.90

Table 9.3.1; Dihedral angles for a-helical structure with a middle Pro in the puckered-down 

conformation (i.e. xi is positive and X2 is negative). Derived from 11 structures corresponding to 

75-85ps period of a lOOps molecular dynamics simulation during which the Pro was in the 

puckered-down conformation. Average values obtained following Newton-Raphson 

minimization. These backbone parameters were used to build TM5 in each GPCR model. . <J)P, 

v|/p and (Op corespond to the middle Pro residue. Adapted from Sankararamakrishnan et al. 

(1991).
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AA;\ X, X, . Xj _ Jt4..... X::. .._X?i RRS

Aral -69 175 174 “ 75 177 3
Asn -70 3
Asp -69 —3 3
Cvs 176 ' 2
Gin -72 174 2 : 3
Glu -172 -1 7 9 159 3
His 1 -67 il4 180 • 2

w m m -60 ".- ' 172 1
Leu -68 179 2
Lvs -70 L~177. 176 •= -1 7 7 2
m t -172 1—177• 67 2
Ph© -64 - 9 1  v 1
Pro -4 1
Ser f -65 2
Thr 63

_______ 2
Trp -160 -1 0 4 1
Tvr -67 —88 1
v a l 172 1

Table 9.3.2; Preferred conformers of side-chains Adapted from Sutcliffe et al. (1987). 

RRS = relative reliability scale: 1 = one highly preferred conformer; 2 = two or three 

highly preferred conformers; 3 = more than three highly preferred conformers, or no 

highly preferred conformers; AA = amino acid type. %\. all except for Thr are g+ or 

trans. These are expected due to steric hindrance of the C and N for g~ (Thr is able to 

bend backwards and hydrogen bond to the mainchain); where ± 180 is trans, -60° is g+, 

60° is g". The % 2 value of Pro was not considered in Sutcliffe’s study. Also, the value 

of -4° for %i for Pro is not in agreement with the study performed by Milner-White et 

al. (1992) which showed that Xi values for Pro are approximately -21° (puckered-up) 

or +22° {puckered-down). In this modelling study the Xi and X2 values used to model 

every Pro residue (except for TM5 - see table 9.3.1) were: +18.7° and -14.0° 

respectively (the default values of SYBYL). Following energy minimisation the values 

typically converged to approx. +20° and -32° for Xi and respectively.
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W(N.4)
14,0.2)

N(18\l)

D(7.3

WC16.6)
CG45.6)

Figure 9.3.3; Schematic representation of helix phase of the dopamine family of 

receptors viewed from the intracellular surface. Modelled on the work of Joyce 

Baldwin (1993). Connectivity is clockwise. The figure does not attempt to depict 

probable helix tilts - see figure 9.3.4.
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(a)

(b)

Figure 9.3.4; (a) schematic representation of probable TM helix tilts 

(used to guide modelling of D2 and Di TM regions) as viewed from the 

intracellular surface based on the probable arrangement of the helices in 

GPCRs (Baldwin, 1993). Solid lines indicate intracellular end of TM 

helices and dotted lines extracellular ends; (b) Projection map of rH 

(Gebhard et al., 1993) superimposed on modelled TM region.
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9.4 Results and Discussion

In reviewing and discussing the results of this modelling exercise it is worthwhile to 

remind ourselves - in case we need reminding - the limitations inherent in GPCR modelling. 

Mike Singer (1994) noted that GPCR modelers have a tendency to use phraseology such

as: “The GPCR model also demonstrates th a t ” Singer commented: “I think we GPCR

modelers should be more tentative about the implications of our modelling results. We 

should not make a practice of saying that the model demonstrates a phenomenon; thus far 

no GPCR model is that reliable. The models may suggest theories, even lend support to 

them, but in the words of Hibert et al. (1993), let’s remember that ce n’est pas un GPCR.” 

Some healthy scepticism appears appropriate.

9.4.1 A Physically Plausible Structure?

The case for using a prokaryotic proton pump (bRh) as a template for the 

construction of dopamine GPCR models can be questioned since bRh lacks sequence 

homology (chapter 5) with GPCRs. Also, bRh is not coupled to G proteins. In contrast, 

Rh possesses significant sequence homology with each member of the dopamine family of 

GPCRs and is also coupled to a G protein. The suggestion that current GPCR models 

based on bRh are intrinsically flawed has been taken up by Hoflack et al., (1994) who 

attempted to defend their use of bRh as structural template to model a range of GPCRs - 

including members of the dopamine family (Trumpp-Kallmeyer et al., 1992). Maloney- 

Huss and Lybrand (1992) have suggested that a more de-novo modelling approach is 

applicable to modelling physically plausible structures of GPCRs. It is not surprising 

therefore that the TM regions of the GPCRs modelled in this study do appear different 

from the bRh transmembrane region (see figure 9.4.1).
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Figure 9.4.1 Comparison of Ca plots of the transmembrane regions of D2 (top) and bacteriorhodopsin 
(bottom) viewed from the intracellular side of the membrane. The TM helices numbering is clockwise 
from TM1 (blue), TM2 (blue-green), TM3 (green), TM4 (cyan), TM5 (magenta), TM6 (orange) and TM7 
(purple). The TM region of D2 clearly complements the 2D projection map of rhodopsin (figure 9.3.4) 
whereas the TM region of bRh clearly does not.

Ramachandran plots of the dopamine receptors and the muscariAic Ml receptor (table and 

figure 9.4.1.1) clearly show that each of the models have very favourable phi/psi angles. 

Comparison with the recently released model of Donnelly et al. (1994) provides a useful 

bench-mark to judge the models generated for this Ph.D (figure 9.4.1.1). The models 

generated in this study were energy minimised to between -l,653kcals/mol and - 

1860kcals/mol (table 9.4.1.2). The point being to ensure that the models were stable and in 

that sense physically plausible structures.

Of particular interest is the distorted geometry summary produced by Procheck (figure 

9.4.1.3; also refer to appendix 5). It is clear that each of the models produced in this study 

have some distorted geometry in some of the planar groups. Given more time, the author
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would use this data to go back to the models and attempt to alleviate the abnormal stresses 

that are causing the distortion in some of the planar groups. However, it is quite clear that 

the models generated in this study compare favourably with the Donnelly P2-AR model in 

terms of distorted geometry - particularly with regard to the distorted main chain bond 

lengths and main chain bond angles (table 9.4.1.3). Procheck did not find any distorted 

main-chain bond angles or main chain bond lengths in any of the models generated in this 

study.

196



for 
explanation 

of m
eaning 

of A, B, L, a, b, 1, p, ~a, ~b, ~1, ~p. 
Statistical analysis 

was 
based 

on 
118 

structures 
of at least 2.0 

A
ngstrom

s 
and 

R-factor greater than 
20%

. 
A 

good 
quality 

m
odel would 

be 
expected 

to 
have 

over 90% 
of phi/psi angles 

in 
the 

m
ost favoured 

regions.

"CT>toI
a■n
i
<g
o *—

H
05a;

VO

&n>

a
a

&

^  S2.

oo 05

s

0 a*
e.
1

cfo

oo5*

r
epco
C/5

E

VOvOco

C/0

a

OS»
C L

9e

2.o

VO
4L

Total num
ber of residues

Num
ber of Proline 

R
esidues

Num
ber of glycine 

residues

Num
ber 

of 
end 

residues 
(exd. 

Gly 
and 

Pro)

Num
ber 

of 
non-glycine 

and 
non-proline 

residues

R
esidues in 

disallow
ed 

regions

R
esidues 

in 
generously 

allowed 
regions 

f 
a,~b,~irp]

R
esidues 

in 
additional allow

ed 
regions 

[a,b,l,p]

Residues 
in 

m
ost 

favoured 
regions 

[A
,B

,L
]

00
t o Cn co 4*

ONo o o co
i—̂
Cn
*o

N
o

t—*

8
O

o
o

o
o

t—‘
b

98.1

t—1 00 
t o Cn -PL *

4*

t—V
Cn
VO ►—» CO

cn
-p»

N
o

OKJ100.0 9
0

0.6 i—̂
VO 6

9
6

00
t o Cn Ov

h-l

157 o o CO

154

N
o

oUi

0 
00

1

o
o

o
o

1.9

98.1

182 00 00 4*>

•—* 
cn  
t o o o t o

i—*cn
O

N
o

u

00
01

0
0 o

o
►—1 
CO

98.7

t—‘ 00 
t o Cn -P*

H-*
4 ^

t—1
Cn
VO o o t o

t—‘
cn
• o

N
o

oUl

00
01

00 0
0

CO

98.7

t—‘ 00 to 4^ o ►—k
4^

i—̂cn
o o t—1

c n
OV

N
o

M
l

O'
OO

I

0
0 o

o
o
b v

99.4

221 V/l o 4^

t—»
vo
t o t o o t o

t—»
■o00

N
o

•u >
K>

0 
00

1

K—*
b

o
b

6.2

92.7

vO-J



Ramachandran Plot 
D3-DAR

Phi (degrees)

Ramachandran Plot 
b2-AR

Phi (degrees)

Figure 9.4.1.1 Ramachandran Plots. Top: D 3 dopamine receptor (D 3-D A R ) and for comparison 
(bottom) D onnelly’s model of P?-adrenergic receptor (Donnelly et al., 1994). Regions A and a 
correspond to residues in alpha helix conformation. Residues in disallowed regions are labelled.
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Distorted geometry 
Dl-DAR

Planar groups
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F P h e  19

CB
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FPhe 20

0.065
GPhe 3

Sidechains with RMS dist. from planarity > 0.04A for rings, or > 0.03A otherwise. Value shown is RMS dis

Distorted geometry 
b2-AR

Planar groups

Q (

£±3
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Phe 61

0.052
Phe 290

0.084
Trp 109

0.160 
Trp 313

0.064
Tyr 132

0.063
Tyr 316

0.099
Trp 158

CB

0.111 
Tyr 326

?
I CB

0.091
His 269

0.042
Phe 332

0.051
Phe 289

Sidechains with RMS dist. from planarity > 0.04A for rings, or > 0.03A otherwise. Value shown is RMS dist.

Figure 9.4.1.2 Top: distorted geometry in Di dopamine receptor (DAR). Bottom: fo-adrenergic receptor 
(AR) - Donnelly et al., 1994. In addition to the distorted planar groups that Procheck (Laskowski et al., 
1993) found in ^2'AR model there were numerous distorted main-chain bond lengths and some distorted 
main-chain bond angles (table 9.4.1.3). For full output of distorted geometry see appendix 5.
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9.4.2 Helix Kinking Due To Middle Proline Residues

Kinking of TM helices was definitively demonstrated by Henderson et al. (1990) in 

their model of the structure of bacteriorhodopsin based on high resolution electron cryo- 

microscopy. However, their model was not of sufficient resolution to provide definitive 

torsional backbone angles. Figure 9.4.2 compares the kinks caused by middle Pro residues 

with a regular TM helix. It is clear that TM5 and TM7 are kinked. TM6  (not shown) is 

also kinked since it has a middle Pro residue in each member of the dopamine family of 

GPCRs.

9 c

Figure 9.4.2; the effect of a middle Pro residue in TM helices extracted from D2. Far left: TM3 which 
lacks a middle Pro residue and was modelled solely using <J*y angles of: -59° and -44° respectively for a 
helix in a hydrophobic environment (Blundell et al., 1983). Middle: TM5 with a middle Pro which was 
modelled using the main-chain torsion angles suggested by Sankararamakrishnan et al., 1991. Right: TM7 
has a Pro residue and was modelled using the Trans-1 configuration suggested by Polinsky et al., 1992. 
The first residue in each TM helix is also shown.
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9.4.3 Interhelical Hydrogen Bonding

Each of the dopamine receptor models (also the model of Mi) were examined for 

interhelical hydrogen bonding by using hydrogen bond display option in SYBYL. The 

object here being to examine the nature of possible hydrogen bonding in GPCRs - see table

9.4.3.1 Figure 9.4.3.1 illustrates the interhelical hydrogen bonding found in the models of 

D3 and Mi. Of particular interest are interhelical hydrogen bonding involving conserved 

residues which occupy middle positions in TM helices (i.e. are at least 5 residues from the 

amino or carboxy termini). Such residues are less likely to be hydrogen bonded to the polar 

end groups of the surrounding lipid molecules of the cell membrane.

Asp2 i4 is conserved in catechol amine binding GPCRs and other classes of GPCRs; Probst 

et al. (1992) has noted that Asp2 i4 is 98% conserved in the superfamily of GPCRs. It is 

believed to play a key role in the binding of agonist ligands. In the model of D2, Asp2 i4 

forms two hydrogen bonds - one with conserved Asnn8 and the other with conserved 

Ser7 i4. In the remaining models Asp2u forms a hydrogen bond with either Asn] i8 or Ser7 i4. 

The model of p2-adrenergic receptor built by Donnelly et al. (1994) was obtained and 

briefly examined using SETOR (Evans, 1993) and the interhelical hydrogen bonding pattern 

displayed; a hydrogen bond was found in the model between Asn-51 (equivalent to 

Asnn8) and Asp-79 (Asp2 i4). There is also a strongly conserved Asn residue in TM7 

(Asn7 j7) which is conserved in 95% of all GPCRs (Probst et al., 1992). On the basis of 

mutagenesis studies, Zhou et al. (1993) have suggested that the equivalent Asn residue is 

involved in hydrogen bonding to the equivalent Asp residue in the gonadotropin-releasing 

hormone GPCR. Hence, a hydrogen bonding network involving both conserved Asn 

residues (Asnns and Asn7 i7) and Asp2 i4 may play an important role in the functioning of 

GPCRs. It is likely that the phase of TM7 in the models generated here needs to be 

adjusted so that Asn7n is in a position that renders it more amenable to hydrogen bonding 

to Asp2 i4 . Given that the helix phase used for orientating TM7 is based on the conclusions 

of Baldwin (1993), the findings of Zhou et al. (1993) suggest that Baldwin’s proposed 

orientation for TM7 is wrong. In the Donnelly et al. (1994) model TM7 is so orientated 

that Asn7 i7 is hydrogen bonded to Asn623-



Another interesting interhelical hydrogen bonds which crops up in most of the models 

generated in this study is the hydrogen bond between the conserved Trp4u and the back­

bone carbonyl group of Ile3 i5 or Val3 i5 for the muscarinic Ml receptor. Clearly the large 

size of Trp renders it amenable to hydrogen bonding to a carbonyl group on an adjacent 

TM helix. This hydrogen bond is lacking in the Donnelley et al. (1994) model of the pa- 

adrenergic receptor.

Of particular novelty is the hydrogen bonding pattern between TM1 and TM2 in the model 

of D5 - figure 9.4.3.2. The main chain carbonyl oxygen of Leu2io is hydrogen bonded to the 

side-chain of Asnns (HD22) and the main chain amine of Asp2 i4. The side-chain of Asp2 i4 

(OD2) is in turn hydrogen bonded to HD22 of Asnug. The side-chain geometry of Asp2 i4 

also renders OD2 amenable to hydrogen bonding to its main chain NH group. This 

produces a twisted parallogram form of hydrogen bonding.



GPCR TYPE Residue Hydrogen bonded to:
m & m  ' : ASP214 Ser7i4

Di ASp324 - I  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  |

[ i>: ASP214 Asnu*, S«rtn
..........P.*........... Thr305 Asn426

f>2 Trp4n Carbonyl of Hens
02 Lys524 T.V 1*326

01 Arg7o4 Carbonyl of I fy iW l
I>3 ASp214 Asiius ............................
03 ASp324 Tyr-n
03 Tyr326 Argsw ................................
01 Trp411 Carbonyl of Ileus 1

04 Seri24 Promt
. .......... 04........ Asp2i4 Asnu»

04 ASP324 Tjr?:!
.......... 04 ........ Trp4ii Carbonyl of lle3i5 m i

05 Asnns Aspji+, carbonyl of 
U>ll2t0

: 0 5 ASP324 T.VI-72,
..  0 . ...1 Ser606 Tyr522......... m_________

M l Asp2i4 Asoim............................
MI Ser22i I r r w
M i l ASP324 Tyr72i . .............. ......nm

i i i i M i . - Trp4n Carbonyl of Vafeis

Table 9.4.3.1 Interhelical hydrogen bonding in the models of the dopamine (DA) G protein 

coupled receptors (GRCRs): Di through to Ds and the muscarinic Ml receptor. First digit of 

subscript number refers to transmembrane (TM) helix number and the remaining two digits 

represents residue position in the TM helix, for example: Asp2i4 is the 14th residue in TM2. 
Unless otherwise stated, all interhelical hydrogen bonding is side-chain to side-chain.
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Figure 9.4.3.1 Interhelical hydrogen bonding found in the models of D3 (top) and 

Mi (bottom).
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Figure 9.4.3.2 Top: the unusual aesthetic feature of the interhelical

hydrogen bonding between TM1 and TM2 in the model of D5 - a twisted 

parallogram is clearly discemable. Bottom: Close up of the interhelical 

bonding between TM1 and TM2.
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9.4.4 Intrahelical Hydrogen Bonding Pattern

A further outcome leading from the presence of a middle Pro residue is that the 

intra-helical hydrogen bonding pattern is disrupted. The presence of a cyclic side chain -not 

■ealy- prevents the formation of a hydrogen bond with the preceding turn of the helix, 

because of the absence of the amide H atom (reviewed by Piela et al., 1987). This means 

hydrogen bonding with the carbonyl oxygen atom of residue i-4 (where / is the position of 

the Pro residue) is missing - see figure 9.4.4.. The i-4 residue is Ser5 i0  which also happens 

to be involved in hydrogen bonding to the agonist ligand. The lack of a back-bone 

hydrogen bond between conserved Ser5 i0  and Pro5 i4  in conjunction with the resultant 

kinking of the TM5 are features which probably work together to aid agonist ligand 

binding.

Figure 9.4.4 The effect of the conserved middle Pro residue in TM5 of D2. The Pro5i4 residue 

(at position i) is lacking a back-bone N-H group and so can not hydrogen bond to the i-4 

residue (Ser5 i0).
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9.4.5 Ligand Binding To Dopamine GPCRs

The natural agonist ligand dopamine incorporates a quaternary ammonium group 

and a catechol moiety which in turn incorporates an aromatic moiety. Hence, this suggests 

that four main interactions are possible:

• hydrogen bonding between the hydroxyl groups of the catechol ring and suitable 

side-chains such as Ser and Thr.

• reinforced ionic bonding between the positively charged ammonium group and 

appropriate negatively charged side residues such as Asp and Glu.

\

• a  - 7i interactions of the type described by Verdonk et al., (1993) who described 

charged nitrogen-aromatic interactions in ligand-receptor binding. Where the 

“charged nitrogen” is the positively charged quaternary ammonium group of the 

catechol amine.

• 7 i  - a  interactions of the type described by Burley and Petsko (1989) such as 

interactions between the S(-) 7i-electron cloud of the aromatic moiety of 

dopamine and 5(+) amino groups in such residues as e.g. Lys and Asn.

The last two interactions are beyond the scope of this modelling exercise to demonstrate. 

However, the likely interaction of the natural agonist in terms of hydrogen bonding and 

ionic bonding can be considered.

9.4.5.1 Hydrogen Bonding

The multiple sequence file (MSP - appendix 1) reveals that two Ser residues are 

conserved in the catechol amine binding GPCRs in putative transmembrane helix 5 (TM5). 

Using Baldwin’s (1993) transmembrane helix assignments (see figure 9.3.2) the positions of
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adrenergic receptor have been shown experimentally to be play a critical role in the binding 

and activation of this receptor by catecholamine agonists. Strader et al. (1989a) showed 

that replacement of either Ser residue with an Ala residue resulted in a reduction in the 

affinity and efficacy of catecholamine agonists at the receptor, with no alteration in 

antagonist binding. In the docking of the dopamine ligand to D2 considerable care was 

therefore taken to ensure that the natural ligand was orientated in such a manner that its 

catechol moiety could form hydrogen bonds with both conserved Ser507 and Ser5 i0. 

However, after several attempts it became evident that only the /7-hydroxyl group of the 

catechol moiety could hydrogen bond with Ser5 i0; see figures 9.4.5.1.1 and 9.4.5.1.2. The 

m-hydroxyl group simply did not adopt the right orientation to bond Serso7 . This 

observation is particularly interesting as Trumpp-Kallmeyer et al. (1992) observed in their 

model of the dopamine ligand/D2 complex that the m-hydroxyl group hydrogen bonded 

particularly well with Ser507 (Ser505 in their personal assignment of amino-acids to TM 

helices). The hydrogen bond between the /7-hydroxyl group and Sersio (Ser507 in their 

model of TM5) was weak.

In the Trumpp-Kallmeyer et al. (1992) the backbone torsion angles used to model each 

TM helix was: -59° and -44° respectively. No real attempt was made to use backbone 

torsion angles to model TM helices with middle Pro residues. In contrast, the back-bone 

torsion angles suggested by Sankararamakrishnan et al. (1991) for modelling a kinked helix 

caused by a middle Pro residue was used here to model TM5, which has a middle Pro 

residue. Hence in the bent configuration Sersio is available to hydrogen bond to the p- 

hydroxyl group and in the straight configuration Ser50 7 is available to hydrogen bond to the 

m-hydroxyl group. These different observations add credence to the theory that TM5 is 

oscillating between a largely straight secondary structure and a kinked one.

Strader et al. (1989a) carried out observations on wild-type and mutant p2 adrenergic 

receptors and concluded that Ser204 (Ser507 using the numbering scheme adopted here) 

hydrogen bonds to the m-hydroxyl group of the agonist ligand and Ser207 (Ser5 i0) hydrogen 

bonds to the /7-hydroxyl group. They also noted that analogs of the natural agonist ligand 

which lack one of the hydroxyl groups on the aromatic ring function almost as well as the 

natural agonist. This fits in with the theory that TM5 is oscillating between a largely
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straight secondary structure and a kinked one allowing alternating hydrogen bonding and 

functions as a guiding arm - driving the agonist deeper into the catechol amine GPCR (see 

chapter 8; figures 8.3.2.1 to 8.3.2.3). Such a mechanism of agonist binding is not in 

keeping with the classic lock-and-key fit of the agonist to the binding pocket. The 

probable simultaneous role of helix interface shear mechanism (reviewed in chapter 8) 

along with the kinking action of the middle Pro residue in TM5 suggests a series of 

successive stages in keeping with the “zipper” mechanism. It seems likely that kinking of 

TM6 and TM7 must play a critical role in the final binding of the agonist to Asp2i4 . A 

similar hypothesis has been put forward by Dahl et al, (1991a) who concluded that D2 

agonist binding involves Asp2i4 and is driven by a “zipper” binding mechanism.



\

SE R  ( 7 .V )

SER (10.V)

Figure 9.4.5.1.1 Top: hydrogen bonding between p-hydroxyl dopamine (DA) 

and Sersio (D2 model) after just 20 iterations of energy minimisation (following 

manual docking to the energy minimised model of D2). Bottom: single 

hydrogen bond between p-hydroxyl on catechol ring and Ser5i0 after 30 

iterations of energy minimisation. It is clear that the DA is moving away from 

Ser5i0. No hydrogen bonding is seen between m-hydroxyl group and Ser507 .
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Figure 9.4.5.1.2 To give some idea of scale the dopamine ligand (DA) is 

shown along with TM5 (both of which have been extracted from manually 

docked model of the D2 receptor model after just 30 iterations of additional 

energy minimisation with mild distance constraints). Again the hydrogen 

bonding between TM5 and DA is shown.

9.4.5.2 Reinforced Ionic Bonding

Vlijmen and Uzermann (1989) examined the role of reinforced ionic bonding in the 

binding of ligands to TM3 of (32-adrenergic receptor. They noted an interaction between 

^ they described as a positively charged nitrogen in the ligand (S-PROPRAN OLOu) and 

Asp113 (Asp3 07 using the convention adopted here). They declared this interaction was of 

the type described by Albert (1971, 1979); namely: a reinforced ionic bond. The distance 

between the nitrogen-oxygen(Asp) was found to be 3.4A.

Figure 9.4.5.2.1 illustrates the natural agonist in the putative binding pocket of D2. While it 

is clear that the quaternary ammonium group of DA is in close proximity to Asp307
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(conserved in all members of the catechol amine binding class of GPCRs) it is evident that 

the hydrogen bond that characterises reinforced ionic interactions is not evident between 

the “positively” charged nitrogen and one of the oxygen’s of Asp3o7 . As a guide to the 

nature of the likely interaction between the “positive nitrogen” and Asp3 0 7 the charge 

distribution around dopamine was calculated using the Geister-Huckel method (chapter 2; 

figure 2.2.3.1). It is clear that the nitrogen is not the classic “positively charged nitrogen” 

alluded to in the literature describing the putative binding of the catechol amines. The 

positive charge of the “nitrogen” is infact spread around the quaternary ammonium group. 

Hence, declaring the presence of a reinforced ionic bond on the basis of the distance 

between the “nitrogen” and one of the oxygen’s of Asp3 0 7 is rather suspect. During the 

very sensitive energy minimisation of the DA agonist in the putative binding pocket the 

closest distance between Asp3 0 7 and the quaternary ammonium group was ~3A.

Figure 9.4.5.2.1 Dopamine in the interior of D2 close to the extracellular surface. This is a 3D 

representation of Mode 0 as envisaged by Saunders and Findlay (1990) - see figure 3.4.1 on page 36. The 

kinking action of TM5 will drive the agonist deeper into the receptor enabling interaction with Asp2i4 .
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9.4.6 Cavities In D2

(Nicholls et al., 1993) developed a rapid surfacing and visualisation program: 

GRASP (Graphical Representation and Analysis of Surface Properties. This algorithm can 

exploit surface connectivity to display internal cavities of proteins. Nicholls (1992) used 

GRASP to observe that the bRh had numerous “holes” surrounding the retinal moiety. 

The internal cavities of D2  was examined (figure 9.4.6). It is clear that a number of cavities 

exist in the model. Extrapolating this to the real structure presents a number of problems. 

Firstly, there is currently no 3D x-ray structure for any GPCR. Therefore, a detailed 

analysis of “holes” in real GPCRs can not be carried out. Secondly, the size and conformity 

of the “holes” is likely to vary in the real structure. This follows directly from the work of 

Sylte et al. (1993) who performed extensive molecular dynamics (MD) on a model of the 

5 -H T ia GPCR and ligands. In this work, ligands were observed to move considerable 

distances inside the receptor and the TM helices positions and tilts changed significantly. 

Hence, extensive conformational changes in the receptor must impact on the internal 

cavities in the protein. By dumping structures every picosecond or so - the changing nature 

of the “holes” could be examined using GRASP. To carry out a detailed analysis of the 

“holes” in a single model of D2  is simply not justified.

215



TM5

• DA

4 k . .

'Ik I f

‘ > 
-  * r  '

. . % '
/  >  

» .  '

>
TM2

/

i

t J
I

TM5 )
TM4

TM3 * « x

\

DA TM6 

0

TM7 

^  TM1
TN12 \>

Figure 9.4.6; application of Graphical Representation and Analysis of Surface 

Properties algorithm (GRASP; Nicholls, 1992) to the 3D model of receptor D2 

incorporating the natural ligand dopamine (DA). The internal cavities of in the 

model are clearly discernible.
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9.4.7 Further Work

With any piece of complicated work the main constraint is time. There is an 

obvious need to extend the modelling work to include modelling of the extracellular and 

intracellular domains of the dopamine GPCRs. Also, the modelling of the lipid bilayer 

around the dopamine GPCR would permit meaningful molecular dynamics to be carried 

out. However, what is definitely missing from the current work, is a model of the 

dopamine molecule docked to Asp2 i4 which would provide a 3D version of Saunders and 

Findlay’s (1990) MODE 3 - the final target for GPCR agonists.

9.5 Conclusion

All any GPCR modeller can hope to achieve with the absence of a detailed 3D 

structure of a GPCR is to generate a physically plausible model. Thait it will not truly 

reflect the Real AfCoy goes without saying. The author is acutely aware that in any 

modelling exercise the lack of experimental input, from binding studies involving novel 

ligands to specific mutagenesis experiments, must render the generated models vulnerable 

to criticism. However, great effort has been taken to scour the available literature to 

incorporate a number of features in each dopamine model. In particular:

• the likely backbone torsion angles for a helix with a middle Pro 

(Sankararamakrishnan and Vishveshwara, 1990; Sankararamakrishnan et al., 

1991).

• the likely arrangement of transmembrane helices in GPCRs (Baldwin, 1993) 

based on the experimentally derived low-resolution projection map for rH 

(Gebhard et al., 1993)

Let’s leave the final words to Hibert et al. (1993): “This is not a G protein-coupled 

receptor.”
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APPENDIX 1 Multiple Sequence File (MSF) created using PILEUP command 
(Devereux et al., 1984). This MSF was used (as is) as input for Fourier Analysis of 
G protein coupled receptor (GPCR) Sequences using Peppi! coded by the author. 
The location of transmembrane helices are shown based on Baldwin’s assignments 
for the dopamine sub-type GPCR Di: transmembrane helix I (TM1): 75 to 100; 
TM2: 108 to 133; TM3: 150 to 175; TM4: 194 to 219; TM5: 263 to 288; TM6: 
463 to 488; TM7: 508 to 533.

P i l e U p  o f :  0 p a p e r 3 . f i l

S y m b o l c o m p a r i s o n  t a b l e :  G e n R u n D a ta :P i le U p P e p .C m p  C o m p C h ec k :
1 2 5 4

G a p W e ig h t : 3 . 0  
G a p L e n g th W e ig h t : 0 . 1

P i l e u p . M s f  MSF: 654  T y p e :  P M a rc h  2 ,  1 9 9 3  1 6 :5 5  C h e c k :  3 2 3

N a m e : D2 Human L e n : 654 C h e c k : 5 0 3 0 W e i g h t : 1 . 0 0
N a m e : D 3 _ R a t L e n : 654 C h e c k : 4 0 3 3 W e i g h t : 1 . 0 0
N a m e : D4 Human L e n : 654 C h e c k : 9 9 7 2 W e i g h t : 1 . 0 0
N a m e : A 2a_H um an L e n : 654 C h e c k : 7 5 5 9 W e i g h t : 1 . 0 0
N a m e : A2 c_H um an L e n : 654 C h e c k : 5 8 4 6 W e i g h t : 1 . 0 0
N a m e : A 2b_H um an L e n : 654 C h e c k : 9 5 1 0 W e i g h t : 1 . 0 0
N a m e : 5 h ta _ H u m a n L e n : 654 C h e c k : 5 7 2 3 W e i g h t : 1 . 0 0
N a m e : D I Human L e n : 654 C h e c k : 3 4 4 W e i g h t : 1 . 0 0
N a m e : D 5_Hum an L e n : 654 C h e c k : 9 4 9 1 W e i g h t : 1 . 0 0
N a m e : B l_H um an L e n : 654 C h e c k : 9 4 9 3 W e i g h t : 1 . 0 0
N a m e : B2 Human L e n : 654 C h e c k : 8 4 5 2 W e i g h t : 1 .0 0
N a m e : B3_H um an L e n : 654 C h e c k : 5 4 3 0 W e i g h t : 1 . 0 0
N a m e : 5 h t2 _ R a t L e n : 654 C h e c k : 9 4 4 0 W e i g h t : 1 . 0 0

/ /

1 50
D 2_H um an ..................................................................................................................MD PLNLSWYDDD

D 3 _ R a t ..................................................................................................................MA P L S Q IS ____
D 4_H um an ..................................................................................................................MG NRSTADADGL

A 2a_H um an   MG SLQPDAGNAS
A 2c_H um an   MASPALA AALAVAAAAG PNASGAGERG
A 2b_H um an ......................................................................................................................................................

5 h ta _ H u m a n   MD VLSPGQGNNT
D l_ H u m an  ......................................................................................................................................................
D 5_H um an ...................................................................................................... MLPPGS NGTAYPGQFA
B l_ H u m an  ..................................... MGAGVLV LGASEPGNLS SAAPLPDGAA TAARLLVPAS
B 2_H um an ...................................................................................................... MGQPGN GSAFLLAPNR
B3 Human ............................................................................................. MAPWPHENS S  LAPWP
5 h t 2 _ R a t  MEILCEDNIS LSSIPNSLMQ LGDGPRLYHN DFNSRDANTS EASNWTIDAE
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D 2_H um an 
D 3 _ R a t 

D 4_H um an 
A 2a_H um an  
A2 c_H um an  
A 2b_H um an 

5 h ta _ H u m a n  
D l_H um an  
D 5_H um an 
B l_ H u m an  
B 2_H um an 
B 3_H um an 
5 h t 2  R a t

D 2_H um an 
D 3 _ R a t 

D 4_H um an 
A 2a_H um an  
A2 c_H um an  
A 2b_H um an 

5 h ta _ H u m a n  
D l_ H u m an  
D 5_H um an 
B l_ H u m an  
B 2_H um an 
B 3_H um an 
5 h t 2  R a t

51
LERQNWSRPF 
. THLNSTCGA 
LAGRGPAAGA 
WNGTEAPGGG 
SGGVANASGA

TSPPAPFETG
.MRTLNTSAM
LYQQLAQGNA
PPASLLPPAS
SHA PDH
DLPTLAPNTA
NRTNLSCEGY

101
REK A L Q T

R E R A L Q T
T E R A L Q T
T SR A L K A
T S R A L R A
T S R S L R A
L E R S L Q N

HELIX
NGSDGKAD. .  
ENSTGV NR.. 
SAGASAGL. .  
ARATP. . . YS 
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APPENDIX 2 Richard Henderson’s replies with regard to the appropriateness 

of using bacteriorhodopsin as a structural template for modeling GPCRs.

>From rhl5@uk.ac.cambridge.mrc-molecular-biology Thu Jan 14 12:48:41 1993 
Received: from uk.ac.nsf by cardiff.ac.uk; Thu, 14 Jan 93 12:46:24 GMT 
Received: from gray.computing-service-intemal.cambridge.ac.uk 

by sun3.nsfnet-relay.ac.uk with Internet SMTP 
id <sg.17822-0@sun3jisfQet-relay.ac.uk>;
Thu, 14 Jan 1993 12:46:42 +0000 

Received: from uk.ac.cam.mrc-lmb.al by ppswl.cam.ac.uk 
with SMTP (PP-6.0) Cambridge as ppsw.cam.ac.uk 

id <20199-0@ppswl.cam.ac.uk>; Thu, 14 Jan 1993 12:46:30 +0000 
Received: by aljnrc-lmb.cam.ac.uk (Concentrix-2800 3.0/Alliant-5.0) id AA22741;

Thu, 14 Jan 93 12:47:49 EST 
Date: Thu, 14 Jan 93 12:47:49 EST
From: Henderson "R." <rhl5@uk.ac.cambridgejnrc-molecular-biology>
Message-Id: <9301141247.AA22741@al.mrc-lmb.cam.ac.uk>
To: spxcw@uk.ac.cardiff.thor 
Subject: dopamine 
Status: RO

TO: Chris Wood
FROM: Richard Henderson

14-Jan-1993
Dear Chris,

Thanks for your message. We do have more accurate coordinates for 
bacteriorhodopsin, but I have not sent diem out to anyone yet. I am still 
unhappy about several parts that need further work. Rather than pollute the 
world with multiple, undocumented and contradictory coordinates, we will have 
just two sets - preliminary coordinates (IBRD) and final ones after refinement.

However, I can say that the differences in the positions of the 
helix axes are imperceptible in the two sets. It will make no difference at 
all to modelling of dopamine receptor. We are also working on the G-protein 
coupled receptor family, and we already know that the positions and the angles 
of the helices are substantially different. The angles may differ by as much 
as 10-15 degrees, whereas any changes in our published bR coordinates will be 
less than 1 degree. So what you really need is a better starting model 
for the G-protein coupled receptor family, rather than an yth in g  better on bR.

Joyce Baldwin and Gebhard Schertler, working with me here, have each 
got a paper in press on aspects of the G-protein coupled receptor family.
It might be useful if you had copies of their papers to read, since they will 
not be published for a month or two. I will mention your interest to them, and 
see whether they would be prepared to send you a preprint.

Yours sincerely, Richard Henderson.
From rhl5@mrc-lmb.cam.ac.uk Thu Mar 24 19:22:45 1994
Received: from ppsw2.cam.ac.uk (pp@snow.csi.cam.ac.uk [131.111.12.55] sender rhl5@mrc- 
lmb.cam.ac.uk) by rockall.centgla.ac.uk (8.6.7/UK-2.2/rockall) with SMTP id TAA07690 for 
<gacu57@udcf.gla.ac.uk>; Thu, 24 Mar 1994 19:22:42 GMT 
Received: from uk.ac.cam.mrc-lmb.al by ppsw2.cam.ac.uk 

with SMTP-CAM (PP-6.0) as ppsw.cam.ac.uk 
id <21649-0@ppsw2.cam.ac.uk>; Thu, 24 Mar 1994 19:22:35 +0000
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Received: by al.mrc-lmb.cam.ac.uk (Concentrix-2800 3.0/MDTG-Vevision: 1.3 •al.mrc- 
lmb.cam.ac.uk)

id AA15561; Thu, 24 Mar 94 19:24:30 EST 
From: Henderson "R." <rhl5@mrc-lmb.cam.ac.uk>
Date: Thu, 24 Mar 94 19:24:30 EST
Message-Id: <9403241924.AA15561@al.mrc-lmb.cam.ac.uk>
To: gacu57 
Subject: receptors 
Status: R

TO: Chris Wood
FROM: Richard Henderson

24-Mar-1994
Dear Chris,

Tm pleased you have made progress. Joyce Baldwin has just returned 
from a meeting in New Orleans and she found there are literally hundreds of people 
making models of G-protein coupled receptors. We cannot possibly read all the 
papers or keep up with what people are doing. Also, since our goal is to 
try to work out experimentally the actual structure, we don't want to spend much 
time readinng about work which is bound to be approximate, and may be completely 
in error. Please feel free to visit, but we would not wish to schedule a talk.

Concerning Hibert, he is trying to defend his use of the IBRD coordinates 
in his modelling. As I explained, we think this is too far from reality to be 
useful. There may well be an overall net rotation of the entire molecule if 
you align the bacteriorhodopsin coordinates with the as-yet-unknown rhodopsin 
coordinates, but we think this will only be part of the story. Joyce has 
rotated bacteriorhodopsin map so that it is viewed from the best angle to simulate 
the rhodopsin projection, and there are still substantial differences in the helix 
positions between the two molecules of up to 10 Angstroms. Also which helices 
look untilted or parallel are different. We think there is no point in filling up 
the literature further with a discussion that will be fully resolved once there 
is a 3D model. Gebhard Schertler and Vinzenz Unger are working now to colect the 
data from tilted crystals needed to determine an approximate low resolution 
structure for rhodopsin. There will be a paper once that work is complete. It is 
unlikely they will pay any attention to the Hibert paper.

Yours sincerely, Richard Henderson.
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Appendix 3

Source code listings and support files. These are located on the enclosed disc (inner 

sleeve on back cover of the thesis). For full description and explanation, please use 

textline editor to view README file.



APPENDIX 4 List of force field parameters (in fact copy of SYBYL log file)

for energy minimizing of transmembrane region. Individual helices having been 

previously mininimized to 0.1 kcals/mol using Kollman all-atom forcefield.

### User chrisw does not have permission to use the "at" command on this 
### machine. The batch job will be submitted to run as a background process.
### Contact your system manager to enable your account to use "at".

### Submitting job d3 job x for background processing on machine type 
###e sv.
iiiiii
f t  f t  f t

Batch application is starting - Thu Feb 17 03:36:21 GB 1994 

Sybyl 6.03, Created Sept 16,1993
Copyright (c) TRIPOS ASSOCIATES, INC. All rights reserved, 1983,1993.

This material contains confidential and proprietary information of TRIPOS 
Associates, Inc. Use of a copyright notice is precautionary only and does 
not imply publication or disclosure.

Molecular Silverware copyright (c) 1990 Rohm and Haas Company, All Rights 
Reserved.

Sybyl> setvar TAILOR !FORCE_FIELD! DERIVATIVE DER_52
Sybyl> setvar TAILOR!FORCE_FIELD!DIELECTRIC_CONSTANT 5.000000
Sybyl> setvar TADLOR!FORCE_FIELD!DIELECTRIC_FUNCnON constant
Sybyl> setvar T AILOR! FORCE_FIELD! HB 0ND_RAD_S CALING 1.000000
Sybyl> setvar TAILOR !FORCE_FIELD! NON_BONDED_CUTOFF 10.000000
Sybyl> setvar TAILOR! FORCE_FIELD! ONE_FOUR_S C ALING 0.500000
Sybyl> setvar T AILOR! FORCE_FIELD! PARAMETER_SET Koll.united
Sybyl> setvar T AILOR !FORCE_FIELD !REVIEW_HS_AND_LPS REVIEW
Sybyl> setvar TAILOR!FORCE_FIELD!SCALE!ANGLE_BEND 1.0
Sybyl> setvar TAILOR!FORCE_FIELD!SCALE!BOND_STRETCH 1.0
Sybyl> setvar T AILOR !FORCE_FIELD! S CALE !ELECTROSTATICS 1.0
Sybyl> setvar TAILOR!FORCE_FTELD!SCALE!FIXED_ANGLE 1.0
Sybyl> setvar TAILOR!FORCE_FIELD !SCALE!FIXED_DISTANCE 1.0
Sybyl> setvar TAILOR!FORCE_FIELD!SCALE!FIXED_RANGE 1.0
Sybyl> setvar TAILOR !FORCE_FIELD!S CALE !FIXED_TORSION 1.0
Sybyl> setvar TAILOR!FORCE_FIELD!SCALE!HBOND_C 1.0
Sybyl> setvar TAILOR!FORCE_FIELD!SCALE!HBOND_D 1.0
Sybyl> setvar TAILOR!FORCE_FIELD!SCALE!IMPROPER_TORSION 1.0
Sybyl> setvar TAILOR!FORCE_FIELD!SCALE!OOP 1.0
Sybyl> setvar TAILOR!FORCE_FIELD!SCALE!TORSION 1.0
Sybyl> setvar TAILOR!FORCE_FIELD! SCALE! VDW_EPSILON 1.0
Sybyl> setvar TAILOR!FORCE_FIELD!SCALE!VDW_RADIUS 1.0
Sybyl> setvar TAILOR!MAXIMIN2!BATCH_CHECKPOINT_INTERVAL 0
Sybyl> setvar TAILOR!MAXIMIN2!COLOR_OPTION Force
Sybyl> setvar TAILOR! MAXIMIN2! GRAPHICS _UPD ATE 1
Sybyl> setvar TAILOR!MAXIMIN2!LIST_TERMS NO
Sybyl> setvar TAILOR! MAXIMIN2! LS_ACCURACY 0.001000
Sybyl> setvar TAILOR!MAXIMIN2!LS_STEP_SIZE 0.001000
Sybyl> setvar TAILOR! MAXIMIN2! MAXIMUMJTERATION S 50
Sybyl> setvar T AILOR! MAXIMIN2! MAX_DISPLACEMENT 0.010000
Sybyl> setvar TAILOR!MAXIMIN2!MINIMIZATION_MEraOD CONJUGATE_GRADIENT
Sybyl> setvar TAILOR IMAXIM3N2! MIN_ENERGY_CHANGE 0.100
Sybyl> setvar TAILOR! MAXIMEN2! NONJB ONDED_RESET 10
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Sybyl> setvar TAIL0R!MAXIMIN2!RESEr_C0UNT 100 
Sybyl> setvar TAILOR!MAXIMIN2!RMS_DISPLACEMENT 0.001 
Sybyl> setvar TAILOR!MAXIMIN2!RMS_GRADIENT 0.050 
Sybyl> setvar TAILOR!MAXIMIN2!SIMPLEX_ITERATIONS 0 
Sybyl> setvar TAILOR!MAXIMIN2!SIMPLEX_THRESHOLD 1000.000000 
Sybyl> setvar TAILOR!MAXIMIN2!STATUS_UPDATE 1
Sybyl> setvar TAILOR!MAXIMIN2!TERMINATION_OPTION ENERGY_CHANGE
Sybyl> setvar TAILOR!MAXIMIN2!THRESHOLD -10.000000
Sybyl>
Sybyl>
Sybyl>
First pass . . .
NO_FILES_READ - No ASCII parameter files found in given directory

Ambiguous or unrecognized command "ATOMJDEF"
Sybyl>
First pass. . .
NO_FILES_READ - No ASCII parameter files found in given directory

Ambiguous or unrecognized command "BOND_DEF"
Sybyl>
Sybyl> setvar MM_BATCH_INFUT_PAIRS "M10 /usr2/people/chrisw/d3 _jobx.mol2" 
Sybyl>
Sybyl> set autosave off 
Sybyl>
Sybyl> form in "M10/usr2/people/chrisw/d3jobxjnin"
1> mol in $m 
1> endfor
Reading molecule abcdefg_ok re: D3 
Opening dictionary protein. . .
Sybyl>
Sybyl> uims activate batch_mm_commands 
Sybyl>
Sybyl> BATCH_MIN Aisr2/people/chrisw/d3Jobx.ff NO
Field fit terms for abcdefg_ok re: D3 in M10
Sybyl>
Sybyl> for m in "M10 Aisr2/people/chrisw/d3Jobxjnol2"
1> mol out $m 
1> endfor 
Sybyl>
Sybyl> quit yes

Batch application is ending - Thu Feb 17 04:40:57 GB 1994

script.sh: Application completed. Restarting NetBatch.
Connected to remote machine rhum ...
Connected to host machine rhum ...
Local TA_ROOT is 7usr/people/xray/sybyl60"
Retrieving files from remote machine rhum...
Batch job completed. Batch directories will be removed.
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Appendix 5

Distorted geometry output generated by Procheck (Laskowski et al., 1993) with 

regard to dopamine receptor models (Di through to D5) and muscamic Mi receptor 

model. For comparison, Procheck was applied to the P2-AR model of Donnelly et 

al. (1994) and is included here.
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Distorted geometry 
Dl-DAR

Planar groups

0.061 0.046 0.075 0.065
BTrp 24 FPhe 19 FPhe 20 GPhe 3

Sidechains with RMS dist. from planarity > 0.04A for rings, or > 0.03A otherwise. Value shown is RMS dist.

Planar groups

Distorted geometry 
D2-DAR

0.050
BTrp 24

9I C B

0.045
GPhe 6

0.041
CPhe 3

0.139 
GTyr 11

0.044
CTyr 26

0.060 
DTrp 11

0.135
FPhe 20

0.111 
GTyr 3

Sidechains with RMS dist. from planarity > 0.04A for rings, or > 0.03A otherwise. Value shown is RMS dist.
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Distorted geometry 
D3-DAR

Planar groups

0.169 0.072 0.062 0.060 0.088 0.052
ATyr 7 DPhe 25 EFhe 11 FPhe 12 FPhe 20 GTyr 3

Sidechains with RMS dist. from planarity > 0.04A for rings, or > 0.03A otherwise. Value shown is RMS dist.

Distorted geometry 
D4-DAR

Planar groups

0.093 0.085 0.075
DTrp 11 FPhe 19 FPhe 20

Sidechains with RMS dist. from planarity > 0.04A for rings, or > 0.03A otherwise. Value shown is RMS dist.
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Distorted geometry 
D5-DAR

Planar groups

CB< 9) 91 9■ CB I ICB » ICB

0.074
CTip 3

0.052
DTrp 11

0.073
FPhe 19

0.057
FPhe 20

CB

0.046
GPhe 3

0.069
BPhe 6

9l CB

0.091
GPhe 6

Sidechains with RMS dist. from planarity > 0.04A for rings, or > 0.03A otherwise. Value shown is RMS dist.

Distorted geometry 
Ml-GPCR

Planar groups

0.060 0.095 0.139 0.095 0.054
APhe 25 BPhe 20 CTrp 3 CTyr 8 FTyr 19

Sidechains with RMS dist. from planarity > 0.04A for rings, or > 0.03A otherwise. Value shown is RMS dist.
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Distorted geometry 
b2-AR

M ain-chain bond lengths

1.587
Val 33

1.584
Val 34

CA 1.525

He 38

CA 1.525 c
0.056

1.581
Val 39

1.512
Val 39

1.584
Val 44

CA 1.525 C
n nco

He 47
1.577

Val 48

CA 1.525 C
0.058

1.583
Val 52

CA 1525 C
nnoa

Leu 53

CA 1.525 C
0.069

1.594
Val 54

N 1/158 CA 
0.106

1.564
Val 54

CA 1.525 C
n r c  c

He 55

CA 1.525
0.059

1.584
Glu 62

1-578
Ala 57

CA 1.525 C
(\nzA

Arg 63

CA 1.525 c
n n c t

He 58

C 1.231 O 
0.200

1.431
Leu 64

CA 1.525 C 
0.057

1.582
Ala 59

CA 1525 C
0.065

1.590
Phe 71

CA 1.525 C
0X159

1.584
Lys 60

CA 1.525 C

He 72

1.587
Phe 61

N 1.458 CAn non

He 72

CA 1.525 C 
0.059

1.584
Thr 73

CA 1.525 C 
0.069

1.594
Leu 75

CA 1.525
0.052

CA 1.525 C 
0.051

1.576
Met 82

CA 1.525 C 
0.053

1.578
Leu 84

CA 1.525 C 
0.062

1.587
Val 86

1.590
Val 87

1.576
Phe 89

CA 1.525 C 
0.055

1.580
He 94

CA 1.525 C 
0.055

1.580
Trp 105

CA 1.525 C
0057

1.582
Phe 108

1.589
Trp 109

1.579
He 112

CA 1525 C 
0.058

1.582
Asp 113

CA 1.525 C 
0056

1.581
Val 114

N 1.458 CA 
0.050

1.508 
Val 114

CA 1.525 C 
0.051

1.576
He 121

CA 1.525 C 
0.057

1.582
Glu 122

CA 1.525 C 
0.055

1.580
Thr 123

N 1.458 CA 
0.054

1.512
Thr 123

1.584
Leu 124

CA 1.525 C 
0050

1-575
C ys125

CA 1-540 CB 
0.050

1.590
Val 126

N 1.458 CA 
0.060

1.518
Val 126

CA 1.525 C 
0.060

1.585
He 127

CA 1525 C 
0.052

1.577
Ala 128

1584
Asp 130

CA 1525 C 
0051

1.576
Arg 131

CA 1525 C 
0.056

1581
Tyr 132

CA 1525 C 
0055

1.580
Ala 134

CA 1.525 C 
0.051

1.576
Lys 147

CA 1525 C
0.051

1.576
Asn 148

CA 1.525 C 
0.052

1.577
Lys 149

CA 1525 C 
0.057

1.582
Val 152

CA 1525 C 
0.055

1.580
He 153

1578
He 154

CA 1.525 C 
0050

1.575
Met 156

1.576
Val 157

CA 1525 C 
0.057

1.582
He 159

CA 1525 C 
0.052

1.577
Val 160

CA 1525 C 
0051

1.576
Leu 163

CA 1525 c
0050

1.575
Thr 164
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Distorted geometry 
b2-AR

M ain-chain bond lengths (contd)

1.579
Leu 167

1.577
Phe 168

CA 1525 C 
0.053

1-578
He 169

1.578
Gin 170

CA 1.525 C 
0 j Q 5 1

1.576
Gin 197

CA 1.525 C 
0.053

1-578
lie 201

1578
He 205

CA 1-525 C 
0.057

1.582
Val 206

CA 1525 C 
0.063

1.588
Val 210

CA 1525 C
0.050

1.575
Leu 212

CA 1525 C
0.051

1.576
Val 213

1582  
lie 214

1.482
Phe 217

1.578
Val 218

1.578
Tyr219

CA 1525 c
0.056

1.581
Arg 221

CA 1525 C 
0.053

1.577
Val 222

1.582
Phe 223

1579
Lys 227

CA 1525 C 
0.051

1.576
Glu 268

CA 1525 C 
0.051

1.576 
Leu 272

1582
lie 278

CA 1525 C 
0.057

1582
Met 279

1.579
Thr 283

1.588
Leu 287

1580
Phe 289

CA 1.525
0050

1575 
Phe 290

CA 1525 C
0.051

1576
He 291

CA 1.525 C 
0.062

1.587
Asn293

N 1.458 CA 
0.053

1.511
Asn293

CA 1.525 C 
0.057

1.582
He 294

N 1.458 CA 
0.053

1511 
lie 294

1.578
His 296

CA 1525 C 
0.050

1.575
He 303

CA 1.525 C 
0.053

1.578 
Arg 304

CA 1525 c
0.056

1.581
Val 307

CA 1.525 C
0.054

1.579
Tyr 308

N 1.458 CA 
0.050

1.508
He 309

1.583
Leu 311

N 1.458 CA 
0.051

1.509
Asn 312

CA 1.525 C 
0.061

1.586
Tip 313

1576
He 314

CA 1.540 CB 
0.054

1.594
He 314

N 1.451 CA 
0.051

1.502
Gly 315

CA 1.525 
0.052

1.577
Val 317

CA 1525 C 
0.065

1.590
Ser 319

CA 1525 C 
0.060

1.585
Asn 322

1.584
lie 325

CA 1.525 C
0.051

1.576
Cys 327

1.591
Arg 328

1.587
Ser 329

CA 1525 C 
0.063

1.588
Asp 331

CA 1.525 C
0.053

1.578
Phe 332

CA 1525 C 
0.060

1.594
lie 334

Bonds differing by > 0.05A from small-molecule values. Values shown: "ideal”, difference, actual
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Distorted geometry
b2-AR

M ain-chain bond angles

CA 116.2 N CB H0.1 CB 109.1 Hl-5 CB CB H0.1 CB 109.1
NN ^ I 2 L 8 ^ ^ 1 1 .7  \ m ^ l 2  A  S A  N y l 2 5 ^ ^ 1 5 . 8

CA CA CA CA CA

C
,10.2

Leu 53 Phe 71 He 72 He 72 Leu 75 Val 86

CA 116.2 N CB H0.1 C 
126.9 ^ T io .7 \ .  127.1 / i7.o

lie 314 Tyr316

Bond angles differing by > 10.0 degrees from small-molec values. Values shown: "ideal", actual, diff.

Planar groups

9 (
0.463

Phe 61

9ICB

0.052
Phe 290

0.084
Trp 109

0.160 
Trp 313

0.064
Tyr 132

0.063
Tyr 316

0.099
Trp 158

CB

0.111 
Tyr 326

?! 9
0.091

His 269

9I CB

0.042
Phe 332

CB 

0.051
Phe 289

Sidechains with RMS dist. from planarity > 0.04A for rings, or > 0.03A otherwise. Value shown is RMS dist.

GLASGOW
UNIVERSITY
LIBRARY

262


