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Abstract

Membrane proteins mediate intercellular communication through a wide variety

of modes, resulting in changes in the membrane and within the cell itself. One

superfamily of integral membrane proteins, G-protein coupled receptors (GPCRs),

are responsible for a vast diversity of processes including three of the five senses:

sight, smell, and taste. GPCRs comprise 4% of the human genome but are dispro-

portionately represented as pharmaceutical targets: over 50% of the best selling

drugs target some member of this superfamily, mitigating the effects of diseases

ranging from hypertension to schizophrenia. These receptors exist in equilibrium

between their active and inactive states, and either of these states may be stabilized

by the binding of an extracellular stimulus that may be either a small molecule or

a peptide. The active state of the receptor triggers a response from the associ-

ated G-protein, which then controls the release of a second messenger within the

cell that initiates other downstream processes. The ubiquity of GPCRs in key bio-

logical processes makes them both an attractive target for drug development and

a challenge for selective drug design. Their conformational flexibility and mem-

brane environment pose challenges for direct structural characterization, and to

date only five of the more than 1,000 known GPCRs have been characterized by
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high-resolution crystallography.

The nine adrenergic GPCRs mediate the stress response throughout the body,

and are implicated in diseases including hypertension and asthma. While they

are among the best studied subtypes of GPCRs, much remains to be learned about

selectivity and activation. The first section of this work describes the ab initio struc-

ture prediction of the turkey β1 receptor and validation using a series of stabiliz-

ing mutations. This work preceded the currently available turkey β1 structure, but

shows good agreement, especially in the binding site. It validates the latest meth-

ods developed for GPCR structure prediction, emphasizes the role of a neutral

charge scheme in energy determination, and explores a structure validation strat-

egy based on stabilizing mutations rather than ligand docking. The next section

uses the experimental crystal structure as a starting point for nanosecond timescale

molecular dynamics, exploring the roles of ligand binding in helix movement that

contribute to the transition to an active state. These simulations reveal the early

steps in receptor activation, beginning with tilting motions of transmembrane he-

lices 5 and 6 and movement of transmembrane helix 1 closer into the protein core.

The last section also uses newly available crystal structures as a starting point, and

builds homology models of the human adrenergic receptors for which there are

not yet crystal structures. The receptors most closely related to the target struc-

tures show the best results, while the less related ones will require further refine-

ment. The best structures provide insight into the binding site of subtype selective

antagonists, and can serve as the foundation for future studies.
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The central idea of this thesis is that theory and experiment can and must work

in concert, with the findings from one propelling advances in the other in the mu-

tual pursuit of knowledge. The methods developed in the course of this work are

applied to systems with a great deal of experimental knowledge, but may be ap-

plied to those that have been less thoroughly characterized. Over the course of

these explorations, new subtleties in adrenergic structure have been illuminated,

and may drive further exploration into selective binding and the activation mech-

anism of these and other receptors.
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Chapter 1

Introduction

G-protein coupled receptors (GPCRs) make up 4% of the human genome, compris-

ing one of the largest and most studied superfamilies of membrane proteins.1–4

These proteins integrate in the cell membrane and mediate communication with

the cell by responding to an extracellular ligand and activating a guanine nucleotide-

binding protein (G-protein) at the intracellular side of the membrane.5–7 The ligand

may be a hormone, neurotransmitter, drug, odorant, or covalently bound molecule

that responds to light. Once in an active state, the associated G-protein initiates

a second messenger cascade, a signaling mechanism first characterized in 1958.8

The processes mediated by GPCRs range from sensory recognition to immune re-

sponses to system regulation, and are not yet fully understood.9,10 Their ubiquity

and ligand-based mode of activation make them attractive drug targets: more than

50% of the current top selling drugs target GPCRs.11–15 Of the 266 human proteins

targeted by approved drugs, 26% of them are Class A GPCRs.16 Small molecule

drug development still focuses heavily on this superfamily for new advances in

medicine.

With accurate binding site models of important GPCRs, it may be possible to
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design new potent and selective drugs as well as improve the selectivity of ex-

isting drugs. Early work17 in GPCR study confirmed the seven transmembrane

(TM) helix structure that is conserved throughout the superfamily. Ligands bind

primarily to the TM bundle rather than to the flexible extracellular loops,18 and

the conserved structure continues to drive understanding of GPCR structure and

binding sites.

GPCRs are divided into three classes, each sharing a series of conserved residues

and interactions. Class A, or rhodopsin-like receptors feature the conserved seven-

TM structure, bind small ligands inside this TM core, and are the primary GPCR

targets for drug development.14,16,19 Conserved residues include a cluster of charged

residues in TMs 1, 2, and 7 that interact via interhelical salt bridges and are impor-

tant for stabilization of the receptor20 and ion regulation,21 a WXPFF motif in TM6

responsible for TM6 shape and implicated in both ligand binding22 and receptor

activation,23,24 an NPXXY motif at the intracellular side of TM7, and a three-residue

D- or ERY motif at the intracellular side of TM3 that can interact with TMs 5 or 6 to

stabilize the inactive receptor.25,26 In general, the universally conserved receptors

contribute to stabilization of either an active or inactive state, while residues only

conserved within a subfamily are responsible for subtype selective binding.

These highly conserved residues form the basis of the Ballesteros-Weinstein

numbering system,27 used throughout this work as a way of describing residues

in a particular GPCR so that comparisons with related receptors can be made eas-

ily. This numbering scheme names a conserved residue in each TM as X.50, where
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X is the TM helix number, and residues around it are numbered in sequence. A

residue of interest will be denoted with its three-letter code and its number in the

sequence, with the Ballesteros-Weinstein designation in superscript. When refer-

ring to a conserved residue without reference to a particular receptor, only the

three-letter code and Ballesteros-Weinstein designation are used.

The increasing availability of GPCR X-ray crystal structures has dramatically

advanced understanding of GPCR structure and ligand binding sites. The first

structure available was bovine rhodopsin, first published in 2001.28–36 It verified

previously determined information about general structure, the role of highly con-

served residues, and the ligand binding site, but it also provided a starting point

for further structure predictions through homology modeling. The conserved 7-

TM structure allowed this distantly related receptor to provide insight into hu-

man receptors in different systems, but the low sequence identity between bovine

rhodopsin and many receptors of interest cast doubt on the validity of the resulting

models. This changed again in 2007 with the publication of the human β2 adren-

ergic receptor (β2),37–40 then in 2008 with the turkey β1 (β1) adrenergic receptor41

and human adenosine A2a.42 An engineered mutant of another GPCR, BLT1, has

been reported43 and may result in yet another crystal structure. These structures

revitalized the homology model as a valid avenue of structure prediction, both be-

cause of the similarity between the two related structures and the new availability

of crystal templates expected to be more similar to receptors of interest.

Many important GPCRs are constitutively active, or self-activating, adding an-
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other avenue of exploration.44 GPCRs exist in equilibrium between active and inac-

tive states, and ligand binding may stabilize one state or preserve the equilibrium

by preventing other ligands from binding.45–47 In general, ligands that stabilize an

active or inactive state are known as agonists or inverse agonists; many known

antagonists are now understood to be allosteric antagonists that simply block the

binding site but do not affect the activation state.48 As a result of this dynamic

behavior, ligand studies alone do not completely illuminate the mechanism of ac-

tivation. As structure identification has progressed, due to advances both in meth-

ods and availability of X-ray structures, activation has become the new frontier of

GPCR research.

The bovine rhodopsin crystal structure contains a salt bridge between TMs 3

and 6,28,31,49 connecting the highly conserved ERY motif at the intracellular end of

TM3 with a conserved asparagine at the intracellular end of TM6. These residues

are conserved throughout the family, and although this interaction is not observed

in subsequent crystal structures there is evidence that the interaction is conserved

in the native protein.25 When considering the absence of this interaction in the

available adrenergic crystal structures, it is important to consider the necessary

modifications for crystallization may have disrupted this interaction. Experimen-

tal25,50 and theoretical evidence show that this salt bridge creates an “ionic lock,”

stabilizing TMs 3 and 6 in their inactive positions. This lock may break during acti-

vation, but MD simulations imply the lock breaks late in the activation process, af-

ter some receptor reorganization takes place. One available crystal structure shows
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the conformation of an active receptor.32 This structure shows the ionic lock bro-

ken, but also that the intracellular end of TM5 is extended beyond the membrane

into the cytosol. The changes observed between the active and inactive conforma-

tions of rhodopsin are useful as a starting point for further study into activation,

but without an understanding of the intermediate steps the complete mechanism

remains unclear.

1.1 Adrenergic Receptors

Adrenergic receptors are a family of nine GPCRs that mediate the stress response

to endogenous catecholamine agonists epinephrine and norepinephrine (Figure

1.1). Much of the seminal work in GPCR research, including two of the five cur-

rently available crystal structures, has targeted this family of receptors. They are

found throughout the sympathetic nervous system, and regulate functions such

as blood pressure and heart rate at rest and in response to stress. The β recep-

tors’ role in regulating blood pressure drew initial attention to the family as drugs

were developed to fight hypertension, then as the α subtypes were discovered and

characterized it was possible to create drugs that targeted a specific part of the

sympathetic nervous system.

β adrenergic receptors are perhaps the best studied subtype, as they include

targets for widely prescribed drugs for asthma and blood pressure. β1 antago-

nists are standard anti-hypertensive and cardiovascular disease treatments,,51 in-

cluding propranolol, the first selective β blocking drug,.52 β2 agonists including
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Figure 1.1: Adrenergic receptors respond to the endogenous catecholamine agonists
epinephrine and norepinephrine.

salbutamol and formoterol are widely prescribed for asthma.53 Cross-reaction of

these drugs can have adverse effects for patients who suffer from both asthma and

hypertension, so the utility of selective drugs for this subtype is immediate and

widespread.

These receptors stimulate the production of cAMP through the activation of

adenylyl cyclase and are found in the heart, lungs, and adipose tissue. Much of

the structure-activity relationship work done for the adrenergic family has been

on β2,54–57 and currently the only human adrenergic crystal structure available is

for β2.37–40 As many binding site residues are conserved, this structure offers an

excellent foundation for homology modeling, as discussed in Chapter 4.

The α1 receptors are located in vascular smooth muscle, the digestive tract, the

liver, and central nervous system. The three subtypes are designated α1a, α1b, and

α1d (the α1c designation was later discovered to be identical to α1a).58 They stimu-

late production of inositol triphosphate and Ca++ 59 and regulate vasoconstriction

in a variety of systems. α-blockers are sometimes prescribed as alternative anti-

hypertensives instead of the traditional β-blockers.
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Unlike the other two subtypes, the α2 receptors are inhibitory, decreasing the

intracellular concentration of second messenger and decreasing the release of nore-

pinephrine by inhibiting adenylyl cyclase.60,61 These receptors are involved in blood

pressure,62 development, the startle reflex, and locomotion, among other processes.

They are implicated in cognitive functions and working memory.63 The canonical

α2 antagonist, yohimbine, is an aphrodesiac, but also shows effects similar to α1

and β agonists, reflecting its role in the adrenergic feedback loop.48,64

All nine adrenergic receptors respond to the endogenous ligands epinephrine

and norepinephrine, but their effects differ greatly depending on their associated

G-protein and distribution throughout the body. In addition to the Class A GPCR

conserved motifs, the adrenergic receptors share a series of conserved residues re-

sponsible for binding the endogenous agonists. A TM3 aspartic acid recognizes

the protonated amine in nearly all adrenergic ligands, both agonists and antago-

nists. TM5 contains two absolutely conserved serine residues and a third serine

conserved through all adrenergic receptors except α1a (and shifted one position in

α2a and α2c). The Class A WXPFF motif participates in agonist binding.22 TM7

contains a conserved tyrosine residue that may interact with the protonated amine

on a ligand to form a ligand-mediated salt bridge between TMs 3 and 7 (some

examples shown in Chapter 4). These conserved residues create an adrenergic

pharmacophore for the family, and subtype selectivity depends on the binding site

residues around these conserved motifs.
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1.2 Computational Advances in GPCR Research

Theoretical predictions and models offer atom-level understanding and fine con-

trol of systems that are otherwise difficult to explore scientifically. Through struc-

ture prediction and molecular dynamics (MD) simulations, theory can illuminate

details of both static structures as well as dynamic systems, providing insight im-

portant to drug development and understanding of GPCR activation. Homology

models are often used to visualize results of experimental data, as well as provide

a starting point for such studies. Ab intio methods that do not rely directly on

an X-ray crystal structure are used to visualize systems that cannot be accurately

modeled using existing structural data. Finally, molecular dynamics provides a

way of monitoring the motions and activation mechanisms of GPCR systems that

“snapshot” structural data cannot yet achieve.

1.2.1 Homology Modeling

The conserved seven-TM helix structure of GPCRs offers a useful starting point

in structure prediction for GPCRs with no direct structural data. Once the crys-

tal structure of bovine rhodopsin was available, direct homology modeling was

widely used to create models of GPCR structures of interest as well as binding site

models for drug development and screening for off-target effects. Rhodopsin’s

low sequence identity to human receptors and receptor families of interest com-

plicated the structure prediction process, however, and homology models based

on rhodopsin often needed heavy modifications.65–67 The publication of β2 and
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adenosine A2A structures offered human template receptors to work with and

turkey β1 provided a comparison to a well-studied, highly targeted family of re-

ceptors. While ligand-based homology modeling can work well,12 it does not pro-

vide a useful method for systems that have yet to be extensively studied, or that

have no known endogenous ligand. Chapter 4 explores the utility of simple ho-

mology modeling in generating structures for the entire human adrenergic family

based on the two available, highly similar adrenergic X-ray crystal structures.

1.2.2 Ab initio Structure Prediction

For systems with less mutation and SAR data, and those that are only distantly

related to available crystal structures, methods must be developed to predict their

structures without direct use of the high-resolution crystal structures homology

models rely upon. The PREDICT method68 is one such method starting from the

amino acid sequence of the receptor of interest, and Fanelli et al. developed a

method for the prediction of the α1b receptor.69

The conserved structure of all GPCRs that inspired the homology modeling ap-

proach may also be a starting point for ab initio structure prediction. By consider-

ing the hydrophobicity of a region of amino acids as well as their tendency towards

αhelical structure, it is possible to determine what parts of a GPCR sequence will

form the TM helices and which will form the loops using only the amino acid se-

quence and thermodynamic information. Developed in the Goddard group, the

Membstruk70 and later MembSCREAM71 protocols focus on optimization of these
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predicted TM bundles, as most residues involved in ligand binding are located in

the TM core.

1.2.3 Molecular Dynamics

Molecular dynamics (MD) provide a method to observe a GPCR interacting with

its environment. While X-ray crystal structures offer high-resolution snapshots

of the GPCR in an environment optimized for crystallization rather than native

behavior, force field calculations can approximate protein structure and motion in

a more native environment. MD also offers the opportunity to model sections of

and interactions in the protein unavailable via crystallization.

This approach has been applied extensively to bovine rhodopsin to determine

the regions and interactions important to activation.72–76 These involve a variety of

approaches, including constrained dynamics to test specific interactions, observa-

tion of the isomerization of retinal from cis to trans initiating the transition to the

activated state, and they observe a range of changes including changes to the ori-

entations of TMs 5 and 6. α1b has been studied with molecular dynamics based on

a predicted structure,26,69 and recently the crystal structure of β2 has been studied

for 600 ns.77 The potential for insight into activation from MD is profound, but in

order to sample the entire millisecond timescale of GPCR activation it is necessary

to incorporate some information from experimental studies of activation.
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1.3 Subject of this Thesis

This thesis explores each of the major theoretical efforts in GPCR research: ab ini-

tio structure prediction, nanosecond (ns) timescale dynamics to elucidate activa-

tion mechanism, and homology modeling to obtain an entire family of structures

based on closely related crystal structures. It explores two methods of validation

for predicted structures: docking to verify the integrity of the ligand binding site

and verification that residues implicated in binding are involved in the predicted

structure, and comparison to stabilizing mutation data. I focus on the adrenergic

family, utilizing the wealth of experimental data available to develop and test ro-

bust methods, leading to a greater understanding of the adrenergic receptors as

well as methods that may be applied with confidence to other systems with less

experimental data.

The thesis first addresses β1 turkey structure prediction directly from the amino

acid sequence without assistance from crystal data, and validates the structure

using stabilizing mutation data, before the crystal structure was available. This

served as a test case for many of the recent developments in ab initio structure pre-

diction. The next section starts with the β1 crystal data to initiate 10 ns of molecular

dynamics on the apo protein, followed by ligand binding and a subsequent 10 ns

of equilibration in the presence of ligand. These simulations also include a full

intracellular loop, a region of the protein not currently available in the β1 crystal

structure. Finally, the thesis turns towards homology models of the entire human

adrenergic family, exploring the utility of available crystal structures for obtaining
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3D models of highly similar receptors. Several of these models are validated with

docked antagonists.

The central idea of this thesis is that theory and experiment can and must work

in concert, with the findings from one propelling advances in the other in the mu-

tual pursuit of knowledge. The methods developed in the course of this work are

applied to systems with a great deal of experimental knowledge, but may be ap-

plied to those that have been less thoroughly characterized. Over the course of

these explorations, new subtleties in adrenergic structure have been illuminated,

and may drive further exploration into selective binding and the activation mech-

anism of these and other receptors.
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Chapter 2

β1 Structure Prediction and
Validation

2.1 Overview

Over several years, GPCR prediction methods in the Goddard lab have evolved

to keep pace with the changing field of GPCR structure. Despite some success in

the field with homology modeling, initial models based on existing crystal struc-

tures require some effort before they can be trusted to accurately reflect nuances of

the desired system. (Chapter 4 details some of these efforts.) Over several years,

Goddard et al. have developed,70,78,79 applied,53,80–88 and refined71 techniques to

determine the structure of GPCRs starting from the amino acid sequence and an

initial template for arranging predicted TM regions in space.

The MembStruk method and its refinement in the GenSemble method begin by

predicting the TM regions from the amino acid sequence, refining TM helices, then

determining the rotations of the predicted helices in the membrane. TMPred70,78

used a variation of the Eisenberg scale to determine the hydrophobicity of a po-

sition in an amino acid sequence and the hydrophobic moment of the helix. The
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GenSemble method builds on the MembStruk method. PredicTM, like TMPred,

uses an alignment of related sequences to determine the hydrophobicity along a

sequence of interest, and uses moving window averages to reduce noise. It re-

moves any gap penalty in the hydrophobic calculation by disregarding gaps in the

target sequence or related sequences. It also uses the octanol scale,89 a thermo-

dynamic measurement, to determine hydrophobicity. This removes the need to

adjust the hydrophobicity baseline in determining the starting and stopping point

of helices. Both methods apply capping rules to extend predicted TM helices to

charged or helix breaker residues. These hydrophobicites are used to calculate the

hydrophobic center of the helices, which determines the vertical position of helices

in the membrane.

Both methods build canonical helices and optimize them individually using

short-term molecular dynamics in vacuum, with some changes in helix prepara-

tion and final structure choice, but the methods differ in the initial placement of

these helices relative to each other. MembStruk aligns the optimized helices to

the electron density map of the low-resolution frog rhodopsin structure.17 It uses

the hydrophobic center to position each helix along its axis, and hydrophobic mo-

ment to determine the helices’ initial η rotation. GenSemble, developed as new

GPCR crystal structures became more readily available, uses information either

from fully optimized structure predictions (such as the prostaglandin receptor84)

or from available X-ray structure data. Initial η values are less important because

of refinements in the η rotation determination, so this initial rotation is determined
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simply based on the conserved X.50 residue for the template and target structures.

(TM3 uses 3.32, as the conserved 3.50 arginine is usually outside the predicted hy-

drophobic helix.)

MembStruk and GenSemble differ the most in their η rotation prediction pro-

cedures. While MembStruk rotates through 360◦ in 5◦ increments and optimizes

each rotation with minimization only, GenSemble is built on the BiHelix and Com-

biHelix methods which optimize helix rotations with SCREAM.90 This allows for

rotation sampling in up to 30◦ increments. The BiHelix method isolates two helices

at a time and samples every rotation of each helix (144 cases per pair), then com-

bines the minimized pairwise energies to determine which TM bundles have the

lowest energies for the system. The best bundles are built with CombiHelix and

then optimized with SCREAM and short force-field minimization to determine the

low-lying rotation combinations. The complete 360◦ sampling ensures that start-

ing conformation is irrelevant to the method, and this has been verified with all

available crystal structures.

Once predicted, a structure must be validated. Where ligand binding and mu-

tation data are available, ligand binding site prediction is the method of choice.

For some receptors, however, there is little ligand data. In addition, docking may

introduce errors based on the binding site prediction method, and with methods

still in development this technique may slow the validation of otherwise finalized

structures. In the case of this β1 structure prediction, the timing necessitated swift

prediction and validation, and there was a set of stabilizing mutation data avail-
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able for validation.91 Using SCREAM and minimization to mutate the predicted

receptor structure to the mutants described for the impending crystal system, it is

possible to validate the predicted β1 structure without the use of ligand binding

predictions.

2.2 Methods

General Methods: All calculations were carried out using the DREIDING force field92

with charges from CHARMM22.93 Side chain placement was determined with

SCREAM90 Unless otherwise noted, all simulations were performed in the gas

phase with a dielectric of 2.5.

2.2.1 Structure Prediction of the Turkey β1 Adrenergic Receptor

Prediction of transmembrane regions: We predicted the TM regions using PredicTM.

First, we used NCBI BLAST94 to obtain a set of 1,100 protein sequences homol-

ogous to the target receptor, including all adrenergic receptors from a variety of

species. These sequences ranged from 7% to 56% sequence identity with turkey

β1 (12 – 88% in TM regions). Next, we obtained the pairwise multiple-sequence

alignment of these sequences using MAFFT,95–97 modifying the result to compress

gaps in the target sequence. We then used this alignment to determine the TM re-

gions using a moving-window average hydrophobicity analysis based on the oc-

tanol scale.89 The resulting hydrophobicity profile shows seven clear hydrophobic

regions corresponding to seven TM helices (Figure 2.1). The final PredicTM he-
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lices were determined by comparing the N- and C- termini of each helix to known

“helix breaker” residues, typically glycine, proline, aspartic acid, glutamic acid,

arginine, and lysine, and extending each TM region to include the nearest charged

residue. The N-termini of TMs 1 and 3 were extended an additional three and four

residues, respectively, upon comparison with the PredicTM-generated TM predic-

tions of four related receptors: human β1 (P08588), turkey β4c (P43141), frog β1

(O42574), and human β2 (P07550). Table 2.1 shows the final TM predictions. Three

sets of hydrophobic centers were calculated and carried forward to the next steps:

“area” centers based on the area of the hydrophobicity peak, “rawmid” centers

chosen as the geometric center of the helix, and crystal centers based on the 2RH1

β2 crystal structure.

Initial Helix Optimization (OptHelix) and Helix Bundle Assembly: After determining

the sequence of each TM region, we optimized each TM individually using the

OptHelix method.71 Each TM is built individually as a polyalanine α-helix with

Gly and Pro residues in locations corresponding to the target TM region. One ex-

tra residue was added to each end of each helix to stabilize the ends during this

state. We minimized this helix with a conjugate gradient minimization, added Ser

and Thr residues in appropriate locations using SCREAM, then performed short-

term (2 ns) dynamics on each individual helix as described in Abrol, et al. The

final helices were taken from the snapshot with an RMSD closest to that of the

average structure during the last 1.5 ns of simulation. We removed the extra ala-
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nine residues from the termini and arranged the finished helices in a seven-helix

bundle using the orientations, distances, and tilt angles from the β2 human crystal

structure (2RH1).39 Although the alignment to the 1GZM bovine rhodopsin crys-

tal template was evaluated, the resulting bundles had higher energies than those

aligned to the β2 crystal, indicating it was a less favorable orientation. Only the

results based on the β2 template are reported here in detail.

Helix Rotation Optimization (BiHelix/CombiHelix): The BiHelix/CombiHelix method

determines the low-energy helix bundles for a system by considering combinations

of helix rotations. This method is independent of the starting rotation. Twelve

isolated pairs of helices are generated: 1–2, 1–7, 2–3, 2–4, 2–7, 3–4, 3–5, 3–6, 3–7,

4–5, 5–6, and 6–7. In each pair, each helix is rotated through 360◦ 30◦ increments,

resulting in 144 combinations per pair. We optimize the sidechain orientations

for each combination with SCREAM, then combine the pairwise energies using a

mean field analysis to obtain the energy of each possible combination of rotations

(127 = 35 million possibilities). We build the best 1,000 of these combinations,

minimize for ten steps, then rank each of the top 1,000 bundles by energy.

For this work, the initial bundle was modified to allow polar interactions in

the TM core to optimize fully. The ends of the TMs, those residues added at the

end of the TM prediction process based on capping and consensus decisions, were

mutated to alanine except for glycine and proline where appropriate. In the rest

of the TM region, large, nonpolar residues (phenylalanine, isoleucine, leucine, va-
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line, tryptophan, and tyrosine) were mutated to alanine. The BiHelix analysis was

performed on this modified bundle. The best 1,000 structures were built with Com-

biHelix then mutated back to wild type residues. These structures were ranked by

interhelical energies, determined by calculating the energy of each isolated helix,

then subtracting it from the total calculated energy of the bundle.

2.2.2 Structure Mutation Calculations

We used SCREAM to replace sidechains in each mutant receptor and to simulta-

neously optimize residues within 5 Å of the mutated residue. This inclusion of

surrounding residues is necessary to allow the receptor to adjust to the change in

a reasonable way; for a mutation such as Val to Ala, surrounding residues may

adjust to fill the gap, and for a mutation like Ala to Leu the opposite should be

true. This 5 Å cavity was then minimized for ten steps to resolve steric conflicts,

and single point energies were determined using the DREIDING force field. After

this optimization, we converted the residues to neutral forms (to reduce possible

bias due to long-range coulomb interactions) and determined both the total bundle

energy and the interhelical interaction energy. A lower energy should correspond

to a higher Tm, as both indicate a more stable structure.

2.3 Results and Discussion

Using PredicTM and the octanol scale, we obtained the seven TM regions based

on the hydrophobicity of the β1 sequence and related sequences, shown in Fig-
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Figure 2.1: The hydrophobicity plot for β1 turkey shows seven peaks representing to seven
highly hydrophobic regions in the β1 amino acid sequence. These regions correspond to
the seven TM helices. These data were compared to similar plots for the human adrenergic
receptors, and helices were lengthened to agree with the “consensus” predictions for the
adrenergic family.
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ure 2.1. These raw regions were lengthened based on comparison to the human

adrenergic receptors; the differences between the raw predictions and the final

predictions based on consensus are shown in Table 2.1. In general, the crystallo-

graphic helices are longer than the predicted helices, especially for TM3, since this

prediction method relies solely on hydrophobicity rather than another indicator

of helical character. In Chapter 4, this prediction method is supplemented with

secondary structure predictions that consider helical character calculations as well

as hydrophobicity. This consideration does produce helices closer in length to the

crystallographic helices, but for the purposes of determining the TM core, the hy-

drophobicity and consensus analyses are sufficient to produce useful TM bundles.

After generating and optimizing the best 1,000 structures from the 35 million

possibilities evaluated by BiHelix, several possibilities exist for choosing the best

structure. Although ranking by minimized energy works consistently for BiHelix

for crystallographic helices and 3D orientations, it is more difficult to encourage

plausible combinations of rotations to appear within the top 0.05% of structures it

is currently feasible to optimize. Selectively “alanizing” the input structure tem-

porarily removes large nonpolar residues that might, as a result of the approx-

imate template alignment, interfere with the formation of stabilizing polar con-

tacts. It also eliminates the influence of polar or charged residues at the ends of

the TM helices. In the native protein, these end residues can interact with the

loops or charged lipid head groups. For the TM bundle calculations, however,

these residues may distort the bundle rotation calculations and populate the top
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Table 2.1: While the raw helices from PredicTM (β1 raw) are often truncated due to con-
served polar and charged helices at the termini, comparison with other, related receptors
provide plausible helices for structure prediction (β1 final). The 2VT4 β1 crystal sequence
with α helical character is included for comparison, even though this data was not avail-
able at the time of these predictions. The raw midpoint hydrophobic centers are indicated
in bold.

TM1
β1 raw AGMSLLMALVVLLIVAGNVLVIAAI
β1 final QQWEAGMSLLMALVVLLIVAGNVLVIAAI

β1 crystal WEAGMSLLMALVVLLIVAGNVLVIAAIGST

TM2
β1 raw TNLFITSLACADLVMGLLVVPFGATLV
β1 final TNLFITSLACADLVMGLLVVPFGATLVVR

β1 crystal TLTNLFITSLACADLVVGLLVVPFGATLVVRG

TM3
β1 raw CWTSLDVLCVTASIETLCV
β1 final SFLCECWTSLDVLCVTASIETLCVIAID

β1 crystal GSFLCECWTSLDVLCVTASIETLCVIAIDRYLAI

TM4
β1 raw VIICTVWAISALVSFLPI
β1 final KVIICTVWAISALVSFLPIMMH

β1 crystal TRARAKVIICTVWAISALVSFLPIMM

TM5
β1 raw YAIASSIISFYIPLLIMIFVYLRV
β1 final RAYAIASSIISFYIPLLIMIFVYLRVYR

β1 crystal NRAYAIASSIISFYIPLLIMIFVALRAYREAKE

TM6
β1 raw GIIMGVFTLCWLPFFLVNIVNV
β1 final KTLGIIMGVFTLCWLPFFLVNIVNV

β1 crystal REHKALKTLGIIMGVFTLCWLPFFLVNIVNVFN

TM7
β1 raw VFFNWLGYANSAFNPII
β1 final VFFNWLGYANSAFNPIIYC

β1 crystal PDWLFVAFNWLGYANSAMNPIIYC
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Table 2.2: When a selectively alanized structure is analyzed with BiHelix then the resulting
bundles built and ranked by interhelical energies, many plausible structures appear in the
top 100. The top 20 for turkey β1 aligned to the human β1 template using the raw midpoint
centers are shown here.

H1 H2 H3 H4 H5 H6 H7 kcal/mol

30 240 60 210 30 30 270 -397.5
0 240 60 210 30 60 210 -383.9

270 30 60 210 60 0 330 -379.9
0 30 60 210 30 30 270 -379.8

30 240 60 210 30 30 120 -379.0
180 30 60 210 60 0 330 -378.5

0 30 60 120 60 0 330 -376.6
120 30 60 210 60 0 330 -374.7

30 330 60 210 30 30 270 -373.6
240 30 60 210 60 0 330 -372.5

0 300 90 120 60 0 60 -369.3
30 240 60 210 60 0 120 -367.9
0 30 60 210 30 30 330 -367.7
0 240 60 210 30 30 120 -366.9
0 30 60 210 30 30 0 -365.5
0 300 90 120 60 0 30 -365.4

90 30 60 210 60 0 330 -364.4
0 30 90 120 60 0 30 -363.8
0 30 60 210 60 0 330 -363.2
0 240 60 210 30 30 60 -362.9

1,000 structures with false positives. After these polar contacts are optimized by

SCREAM and minimization, the larger nonpolar residues are restored and opti-

mized. These full structures are then ranked by interhelical energy, which includes

not only the polar interactions but any nonpolar interactions that may stabilize

or destabilize the bundle. The best 20 of these structures are shown, ranked by

interhelical energy, in Table 2.2.

The best structure by energy is based on the β2 2RH1 crystal structure tem-

plate, using the raw midpoint hydrophobic centers (the geometric center of the

hydrophobic helix prediction, before capping and TM extension to consensus se-
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quences) to vertically orient the helices. This structure places most conserved

residues in the appropriate positions for ligand binding and bundle stabilization.

The TM1-TM2 salt bridge between Asn591.50 and Asp872.50 is closer to the protein-

lipid interface than in related crystal structures, but the interaction itself (2.2 Å) is

preserved. TMs 5, 6, and 7 are oriented such that Asp1213.32, Ser2125.43, Ser2155.46,

Trp3036.48, Phe3066.51, Asn3106.55, Asn3297.39, and Tyr3337.43 are all accessible to the

expected ligand binding pocket. This structure has an RMSD from the 2VT4 crys-

tal structure of 3.7 Å and is close enough to a native conformation that it could be

validated using the mutation data produced for the system. Figure 2.2 shows this

structure with sidechains for binding site residues.

The experiments measured Tm for a series of mutations, defined as the temper-

ature at which the protein begins to denature. After identifying point mutations

that increased Tm for the mutant receptor, the group created and refined combi-

natorial sets of the best point mutations to eventually find the most stable mutant

receptor that still preserved wild type binding and activation profiles. The final

structure with the highest Tm contains six point mutations, but two of these (R68S

and A282L) are expected to fall in the intracellular loops. As our methods focus

primarily on the TM regions, any sets of mutations we consider must differ from

one another without considering mutations sites in the loops. In order to ensure

direct comparison between experimental and calculated energies, the mutations

compared should also include the same loop residues.

With this in mind, we found three sets of mutations that fall within our pre-
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Figure 2.2: The top structure by interhelical energy shows most key residues for agonist
binding oriented towards the binding pocket. Asp1213.32 is particularly important for rec-
ognizing a protonated amine that is common to both agonists and antagonists. The con-
served Trp3036.48 and Phe3066.51 are also oriented favorably. Ser2155.46, part of the con-
served adrenergic motif responsible for interaction with agonist catechol hydroxides, is
also turned towards the binding pocket.
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Table 2.3: Mutations probed include changes to TMs 2, 3, 5, and 7 in varying combinations.
Set 1 includes m23, the combination of mutations eventually crystallized and reported as
PDB 2VT1. Tm is listed relative to wild type.

Label Tm 2.53 2.61 3.40 5.58 5.61 7.32 7.37 7.44 7.48

Set 1
m6-11 7.4 A334L
m6-10 15.7 Y227A A334L

m23 21.1 M90V Y227A F327A F338M

Set 2

m4-6 3.3 G98A D322A
m7-6 8.3 M90V I129V
m7-5 13.5 M90V Y227A
m7-7 13.5 M90V Y227A F338M

Set 3

m10-4 15.2 M90V V230A A334L
m10-8 15.6 M90V V230A F327A A334L

m22 15.7 M90V Y227A F327A A334L
m19 17.3 M90V Y227A V230A F327A F338M
m18 17.9 M90V Y227A F327A F338M

dicted TM bundle and affect Tm differently (summarized in Table 2.3). Set 1 in-

cludes mutations in TMs 2, 5, and 7: m6-11 with only A3347.44L, m6-10 which adds

Y2275.58A, and m23 that adds M902.53V and replaces A3347.44L with F3277.37A and

F3387.48M. (This set includes the final combination of mutations that was charac-

terized in the β1 crystal structure, m23.) Each of these experimental combinations

also contains R68S (IC1) and A282L (IC3), residues not considered in the calculated

energies. Set 2 begins with two pairs of different mutations: m4-6 with G982.61A

and D3327.32A, and m7-6 with M902.53V and I1293.40V. Mutation combination m7-5

replaces I1293.40V with Y2275.58A, and m7-7 adds F3387.48M to that combination.

Set 3 contains the most combinations of mutations: five combinations of M902.53V,

Y2275.58A, V2305.61A, F3277.37A, A3347.44L, and F3387.48M. Each combination in set

3 includes R68S (IC1) that is not included in energy calculations.

The Tm and SCREAM energy data correlate significantly for sets 1 and 2, with
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R2 values ranging from 0.82 to 0.96. Set 2, shown in Figure 2.3, shows significant

correlation for all four energy evaluations, while set 1 (Figure 2.4) correlates sig-

nificantly for all evaluations except charged interhelical energies. For both sets,

neutral evaluations show the strongest correlation and the closest fitting trendline.

Neutral energies have been shown in the Goddard group to provide more reliable

predictions, reduce noise in sampling, and increase resolution between structures

that are expected to be closer in energy. Even in a dielectric, long-range coulomb

interactions may play a role in force field energy calculations, a role that is not

reflected in the reality of a protein solvated in water and lipid. Using a neutral

residue scheme, the noise of long-range coulomb interactions is eliminated, result-

ing in more physical energies.

Despite the increased quality of energies calculated with a neutral residue scheme,

the Tm values for set 3 are too close for a force field calculation to tell apart. The

first three combinations shown in Table 2.3 span only 0.5, and the second two only

0.3, with the two groups only 1.6 apart, which is within experimental error for

several of the cases. Even if precise, these differences correspond to an energy

change of less than 0.01 kcal/mol which is not a reliable energy difference to probe

with force field calculations. The combinations of mutations in sets 1 and 2 span 8

kcal/mol, which is a small change but reasonable to expect with the neutral residue

paradigm. So while set 3 does not show agreement between the calculated muta-

tion data and experimental Tm, the agreement with the wider energy ranges of

sets 1 and 2 as well as the helix rotations placing known binding site residues in
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Figure 2.3: Set 2 shows the best overall correlation between calculation mutation energies
and experimental Tm values, as all four energy evaluations correlate significantly with
experiment. Note that the negative slope is expected, as an increase in Tm indicates the
protein does not denature as easily and is therefore more stable, and a lower force field
energy indicates a more stable structure.
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Figure 2.4: Set 1 shows significant correlation between calculated and experimental
changes to turkey β1 for both interhelical energy evaluations and the neutral total energy
calculation. Using a neutral residue scheme allows for more accurate energy values, and
should be considered a more reliable guide than the charged residue scheme.



30

expected locations near the agonist binding pocket give confidence that the pre-

dicted structure is indeed a valid conformation of the receptor.

2.4 Conclusion

Using the refined GenSemble method and stabilizing mutations reported in ad-

vance of the β1 crystal structure publication, a stable conformation for the turkey

β1 adrenergic receptor was determined and validated. Although the resulting

structure differed slightly from the eventual crystal data (CRMSD: 3.72 Å), the

good agreement with the stabilizing mutations implies this structure is a valid

alternate conformation for the system.

The validation study illustrates the utility of using neutral energies for com-

parison of structures. This approach has already enjoyed success in ligand dock-

ing studies (such as those discussed in Chapter 4 to validate homology models of

the entire family of human adrenergic receptors) and is used here to confirm the

agreement of this predicted structure with experimental data. It provides a sensi-

ble alternative to other methods of dampening spurious long-range coulomb in-

teractions such as using a distance-dependent dielectric, and allows for confident

calculation of smaller energy differences than a charged residue scheme.

Because the final predicted structure does have TMs 3, 5, 6, and 7 rotated such

that important ligand binding residues are rotated inward towards the binding

pocket, ligand docking studies may be performed. A docked β1-cyanopindolol

complex with predicted intracellular and extracellular loops may also be equili-
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brated in explicit water and lipid, similar to the procedures in Chapter 3. The

structure may move towards the “native” structure observed in the crystal, or it

may equilibrate to a different but similarly stable inactive conformation. This op-

timized structure may be a desirable starting point for further studies into GPCR

activation, as it does not rely directly on a crystal structure for its initial conforma-

tion.
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Chapter 3

Molecular Dynamics Simulations of
Unbound, Agonist-Bound, and
Inverse-Agonist-Bound Turkey β1

3.1 Overview

As structural data for GPCRs become more readily available, the primary focus

of GPCR research has shifted towards the mechanism of activation. It is believed

that GPCRs exist in equilibrium between active and inactive states, even in the

absence of ligand, and that ligand binding occurs through a series of incremen-

tal steps that eventually stabilize one form of the receptor.57,98 Drug development

for GPCRs focuses by necessity on the “snapshot” perspective provided by X-ray

crystal structures and predicted binding site structures, but the variety of confor-

mations accessible to a target GPCR or family of targets complicates this design

process. While the majority of GPCR-targeting drugs are antagonists or inverse

agonists, a deeper understanding of the activation mechanism and its effect on the

binding site can assist the development of agonist drugs to turn on rather than
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shut down a specific receptor. In studying this problem with molecular dynamics

(MD), we consider the movements of conserved regions thought to be important

to activation or stabilization.

The role of the highly conserved D/ERY motif at the intracellular side of TM3

has been the subject of debate since the release of the β adrenergic and human

adenosine receptors. In the bovine rhodopsin crystal structure, this triplet inter-

acts with a conserved glutamate at the intracellular side of TM6, and is believed to

function as an “ionic lock” that partially stabilizes an inactive form of the receptor.

The β2, β1, and adenosine A2a crystal structures lack this interaction, which may

imply the ionic lock is not a conserved interaction. However, the long, flexible

IC3 connecting TM6 to TM7 is treated differently in each crystal structure depend-

ing on what strategy was used to successfully crystallize the protein. It may be

difficult, then to draw conclusions about the base of TM6 as its behavior and in-

teractions may be governed by the presence (or absence) of IC3 and the associated

G-protein. Fluorescence studies of human β2 do show evidence for an ionic lock

interaction that is disrupted upon activation by all but the weakest agonists, even

though this interaction is not observed in the crystal structure.25 For this debate,

MD can offer an opportunity to explore the stability of these interactions in the

presence of a complete IC3 loop and bound ligands as well as explicit solvent.

Class A GPCRs also share a conserved WXPFF motif in the center of TM6 that

affects both ligand binding and receptor activation. The orientation of the Trp

in this motif has been implicated as an early step in activation, as it shifts from
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a “vertical” orientation with the aromatic sidechain parallel to the TM helix to a

“horizontal” orientation perpendicular to TM6.99 Yao, et al. illustrated the role of

this rotation for β2 occuring for full agonists and strong partial agonists.25 In all

available crystal structures, Trp6.48 is observed in the vertical, inactive orientation.

A recent computational study of bovine rhodopsin also showed motion of this

tryptophan “toggle switch” as well as involvement of the ionic lock and TM helix

motions.100

While motions of TM6 seem highly likely to play a role in activation, TM5 may

also play a role that has only recently been explored. The crystal structure of active

rhodopsin32 as well as the squid opsin structure101 show the TM5 helix elongated

past the lipid membrane, an important difference between the active and inactive

structures. Secondary structure predictions of several GPCRs, including the adren-

ergic receptors, show the possibility of this helix being extended. A virtual ligand

screening study found that shifting TM5 of the human β2 structure inwards to-

wards the binding pocket improved predicted agonist binding, another possible

link between TM5 movement and activation.102 Mutations of TM5 in rhodopsin

affect activation by disrupting possible interactions with TM3.103–105 The predicted

helical region of turkey β1 contains several charged residues that can interact with

either TM3 or TM6 to form an alternative ionic lock, but the precise nature of this

helix’s contribution to activation remains unknown.

Some GPCRs are naturally constitutively active, showing second messenger ac-

tivity even in the absence of ligand.44 This complicates crystallization but allows
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for easy study of ligand effects and GPCR deorphanization.106 Systems with less

constitutive activity have been engineered for study purposes, providing further

insight into which parts of the TM bundle play a significant role in activation. Mu-

tations in TMs 3 and 7 of the AT1 receptor create a constitutively active mutant.107

Active mutants of β2,108 histamine H2,109 and α1b26 receptors result from mutaton

of the highly conserved DRY motif at the intracellular end of TM3. Mutations in

TM6 cause constitutive activation for the rat µ opiod receptor,110 the α1b adrener-

gic receptor,111 and bovine rhodopsin.112 One site in IC3 close to the beginning of

TM6 also produces a constitutively active form of α1b.113 Additionally, Rasmussen

et al. discovered activating mutations in the DRY motif of β2 also caused a coun-

terclockwise rotation of TM6.108 It is clear that TM6 plays a role in the transition

between active and inactive states, but TMs 3 and 7 likely also play a role.

The challenges posed by the dynamic behavior of GPCRs have led some re-

searchers to explore stabilizing mutations in an effort to shut down GPCR activa-

tion and create a less dynamic, more easily crystallized receptor. The best stabi-

lizing mutations for turkey β1 described in Chapter 2 occur in TMs 2, 5, and 7 as

well as two intracellular loops (IC1 joining TMs 1 and 2, and IC3 joining TMs 5

and 6). Joining the intracellular ends of TMs 3 and 6 results in an inactive form of

rhodopsin.114 Recently, a stabilized variation of the leukotriene B4 receptor BLT1

was engineered by including a metal binding site to connect the intracellular ends

of TMs 3 and 6.43 The common helices for both activating and stabilizing muta-

tions are nearly always TMs 3 and 6, especially the conserved D/ERY motif in
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TM3. These changes usually do not affect ligand binding dramatically, except that

the stabilizing mutations may decrease agonist affinity in accord with the ternary

complex model.

To test the role of ligand effects in these possible conformation changes in

turkey β1, MD with a variety of ligands can be performed and the resulting mo-

tions analyzed. As a receptor with little constitutive activity, β1 offers an opportu-

nity to observe the transition to an active state. Although inactive, the β1 crystal

structure does not contain the putative ionic lock. This interaction as well as the

missing intracellular loop, can be built in for MD studies. Through 10 ns MD of

the apo, inverse agonist bound, and agonist bound structures, we can observe the

motions of TM helices that begin the process of GPCR activation.

3.2 Methods

NVT Langevin dynamics were carried out using NAMD115 and the CHARMM

force field.93 The complete systems include about 38,000 atoms each, including

water. The SHAKE algorithm was used to prevent drift from fast modes.116 The

bath temperature was set to 310K, and a Particle Mesh Ewald (PME) grid was

used to calculate long-range interactions. For both minimization and equilibration,

femtosecond timesteps were used. Before analysis, all frames were aligned to the

last frame to minimize noise from structural drift.

The 2VT4 crystal structure41 served as the starting point for this study. The

crystal ligand was removed, as were the crystal ions and other accompanying
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molecules with the exception of the cyanopindolol ligand and the seven crystal

waters. This structure was minimized, then the IC3 loop modeled with PLOP.117,118

This loop was built in 20-residue sections, beginning with the 10 residues at the in-

tracellular ends of TMs 5 and 6, then the 10 residues attached to those, and so on

until the entire loop was built and connected. The last seven residues of IC3 are

found to be helical by the APSSP2 secondary structure prediction method,119 so the

helical constraints available in PLOP were used to build these residues as an α he-

lix. In order to test the role of Arg1393.50 and Glu2856.30 in stabilizing the receptor

through an ionic lock, this interaction was built using SCREAM.90 This modified

receptor was minimized for 1,000 steps, ions were added, then it was placed into

lipid (palmitoyloleoyl phosphatidylcholine) and water (TIP3) and the lipid/water

minimized for 5,000 steps and equilibrated for 0.5 ns. This entire system was min-

imized for 5,000 steps, then equilibrated for 10 ns. Figure 3.1 shows the energy

fluctuations for the system fall after 6,000 steps.

The initially optimized receptor-solvent system became the foundation for lig-

and dynamics, both inverse agonist and agonist. The protein after initial opti-

mization, but before the 10 ns equilibration, was modified to accommodate either

the inverse agonist cyanopindolol or the agonist isoproterenol. For cyanopindolol,

the crystal orientation of the ligand was merged with the optimized apo protein.

The binding site, then the entire protein, was minimized for 5,000 steps. This sys-

tem was then equilibrated for 10 ns. We predicted the agonist orientation using

GenMSCDock in a procedure similar to that described in Chapter 4. Rather than
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Figure 3.1: All three simulations reached a stable energy within the first 10 ps of the sim-
ulation, with the isoproterenol bound structure higher in energy, on average, than the apo
or cyanopindolol bound structures.
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DarwinDock, MSCDock based on USCF Dock 4120 generated the docked poses us-

ing diversity and voronoi clustering, but the final optimization of the structures

was similar. While both epinephrine and norepinephrine were docked, the best

structure by energy that agreed with general adrenergic mutation data was a nore-

pinephrine structure. This structure was converted to isoproterenol, a potent β

selective agonist. Isoproterenol binds β1 more tightly than do the endogenous

agonists, and activates the receptor more quickly.121 Once built, this ligand was

merged with the equilibrated apo protein and initial positions for the crystallo-

graphic waters, then optimized similarly to the cyanopindolol case. In both cases,

energy fluctuations subsided within the first 10 ps of the simulation, shown in Fig-

ure 3.1.

3.3 Results and Discussion

Overall, the ligand bound structures shifted more than the apo protein. The RMSD

over 10 ns changed less for unbound structure than for the ligand bound struc-

tures, as the ligand bound structures moved towards either an active or an inac-

tive conformation (Figure 3.2). The ionic lock also does not move significantly over

the course of the simulation, with a heavy-atom distance between Arg1393.50 and

Glu2856.30 stable around 4 Å. This interaction does break in the last 2 ns of the apo

simulation, as Arg2756.20 begins to interact with Glu2856.30 (illustrated in Figure

3.3). The lock does remain stable in the ligand-bound simulations, however, indi-

cating that the lock interaction is relatively stable and that the competing residues
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Figure 3.2: Total protein root-mean squared deviation is shown for all three MD simula-
tions: apo protein in black, cyanopindolol (cp) bound in red, and isoproterenol (iso) bound
in green. The apo protein moves the least, while the ligand bound forms move slightly
more as they begin motion towards either a completely active or inactive conformation.

on IC3 are less likely to form a stable interaction due to the flexibility of the loop

when ligand is present. The ionic lock distances are shown in Figure 3.4.

The TM6 toggle, Trp3036.48, also does not shift significantly during the simula-

tion (Figure 3.5). In β2 simulations in the Goddard group, this residue does move,

while the ionic lock remains stable over the 50 ns of that simulation. This system

differs from β2 in that turkey β1 has less constitutive activity than β2; this may

indicate that the inactive state is considerably more stable for turkey β1 than for

β2. The hallmarks of activation may not occur until later in the activation process

for this receptor.

The beginning of the receptor-wide conformational change as illustrated here

occurs with small movements of the TM helices themselves shifting towards or

away from each other depending on the ligand involved. For the apo protein, the

helices move relatively little. After about 7 ns of isoproterenol-bound dynamics,
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Figure 3.3: Although stable in the ligand bound simulations, the TM3-6 ionic lock breaks
during 10 ns MD of the apo protein. In the last 2 ns, Arg2756.20 in the third intracellular
loop shifts towards TM6 and interacts with Glu2856.30
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Figure 3.4: The ionic lock distance does not change significantly during the course of
ligand-bound MD. At the end of the apo protein simulation, a residue from IC3 shifts to
interact with Glu2856.30, disrupting the ionic lock. Further studies will probe the stability
of this interaction with alternate conformations of the receptor.
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Figure 3.5: Although the residue fluctuates slightly, the 90◦switch from the vertical rotamer
of Trp3036.48 shown here and the horizontal rotamer thought to signify an activated state
is not observed during the course of this study.
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however, the total RMSDs of TMs 3, 5, and 6 begin to shift (Figure 3.6). Measuring

the distance between the C and N termini of the TM helices gives a clearer sense

of the helix motions involved. Figure 3.7 shows the distances between the tops of

TMs 5 and 6, the bottoms of TMs 3 and 6, and the tops of TMs 1 and 7. The tops

of TMs 5 and 6 move away from each other slightly in the apo and agonist bound

forms, but towards each other as the inverse agonist binds. This is accompanied by

a smaller inward shift by the intracelluar ends of TMs 5 and 6. If the intracellular

end of TM5 converts to a longer α helix extending into the cytosol, this inward

movement may signify an alternate ionic lock between TMs 5 and 6 replacing the

interaction between TMs 3 and 6.

As TM5 moves towards TM6, TM3 also shifts with respect to TM6. The dis-

tance between the intracellular ends of TMs 3 and 6, shown in Figure 3.7, indicates

a trend towards breaking the ionic lock for the activated case (in green) and sta-

bilizing it for the inactive case (in red). The distance fluctuates for the apo case,

perhaps indicating the region is flexible. It may also be sensitive to the presence

of G protein, which is not considered in this study. As the ionic lock only breaks

in the last 2 ns of the apo simuation and not at all in the ligand-bound cases, this

helix motion is likely the very beginning of the motion that eventually breaks the

ionic lock and continues towards activation rather than the lock releasing the he-

lices to move. These motions can also be seen in the changes to θ (defined as helix

tilt angle, illustrated in Figure 3.9) over the course of the simulation. While the apo

protein holds θ for the TM5 generally constant, TM5 in the isoproterenol-bound
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Figure 3.6: While the apo protein remains relatively still over the 10 ns of equilibration, the
isoproterenol-bound system begins to diverge after 7 ns.
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Figure 3.7: Distances between Cα of the first or last residues of TMs 3, 5, 6, 1, and 7. These
show the degree to which the ends of the helices are moving towards or away from one
another, depending on the ligand bound. Inverse agnonist binding causes the intracellular
ends of TMs 3 and 6 and the extracellular ends of TMs 5 and 6 to move closer, while agonist
binding causes TM1 to move closer to TM7.
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Figure 3.8: The changes in η for TM5 compared to TM6 reveal the closing of the distance
between the intracellular ends of TMs 5 and 6 is due more to helix tilting for TM5 than any
concerted motion by TM6. With ligand bound, (green and red) the rotation fluctuates but
does not move decisively in one direction when the ligand is bound.

structure tilts “back,” moving the intracellular side in towards the TM bundle, a

motion that is mirrored in the cyanopindolol-bound structure. TM6, on the other

hand, is flexible but there is no strong trend towards tilting in one direction or an-

other. While η rotation of TM6 has been implicated in receptor activation (shown

in Figure 3.8), the overall helix rotation fluctuates and does not show a dramatic,

concerted change. These results suggest the motion of surrounding helices initiate

the transition, allowing TM6 to rotate later during activation.

An additional helix motion is observed over the course of this simulation: the

intracellular end of TM1 moves slightly towards TM7 and remains close in the

agonist bound case. For the apo and inverse agonist cases, the distances remain

constant for most of the simulation and increase a small amount. The areas of con-

tact between the two TMs are primarily hydrophobic, as the conserved Asn3397.49

is not positioned to interact with Asn591.50. This interaction could be tested ex-
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Figure 3.9: Decomposition of helix rotations produces three rotational modes: η, the ro-
tation of the helix about the helical axis; θ, the helical tilt; and φ, the sweep angle of the
helix.

perimentally by mutating some of these hydrophobic residues to polar ones to

encourage TM1 to remain close to TM7 and facilitate activation of the system.

Val621.53 is positioned close to Tyr3437.53, the conserved tyrosine in the NPXXY

motif. If Val621.53 is mutated to a polar or negatively charged residue, it might

strengthen the interaction between the two helices. In addition, as Tyr7.53 is con-

served throughout Class A GPCRs, this may be a general interaction useful for a

variety of systems.

The β1 crystal structure contains seven water molecules in the receptor struc-

ture, illustrated in Figure 3.10. Three of these remain stable during the isopro-

terenol simulation: one in the EC3 loop halfway between the extracellular ends of

TMs 6 and 7, one in the EC1 loop close to TM2, and one associated with the NPXXY

motif in TM7. Two of these remain stable during the apo protein simulation, the

ones closest to TM7. Only the water associated with the NPXXY motif stays rela-

tively fixed throughout the cyanopindolol simulation. It mediates the interaction



48

Figure 3.10: The crystal water stable in the NPXXY motif is shown in the upper right, with
the conserved Asn3357.49 and Asp872.50 holding it in place. The apo protein simulation
shows the water associated with the EC3 loop, shown in the bottom right, is also stable.
The EC1 loop water in the center bottom remains associated with the loop through the
isoproterenol-bound simulation only. All seven crystal waters are illustrated at left.

between the conserved residues Asp872.50 and Asn3357.49, a region associated with

ion regulation in α2a21 and universally conserved in Class A GPCRs. It is possible

this is an ion binding site and the crystal water for this case is an ion responsible

for stabilizing the TM2-7 interaction.

3.4 Conclusion

MD analysis of the turkey β1 crystal structure reveals changes towards an equi-

librated apo protein and helical shifts during the first 10 ns of full activation or

deactivation. TMs 1, 3, and 5 move dramatically differently based on whether the
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inverse agonist or full agonist is bound, but the hallmarks of activation involv-

ing TM6 do not begin during the 10 ns studied. TMs 1, 3, and 5 must therefore

move in order to allow TM6 to rotate and change its conformation for full receptor

activation.

The motion of TM1 towards TM7 upon agonist binding indicates a strength-

ened interaction between these helices that may contribute to constitutive activa-

tion. A mutation to TM1 to tether the helix to a conserved polar residue on TM7

may be useful in creating constitutively active mutants of orphan receptors for the

purposes of identifying a native ligand. It may also stabilize an active state of the

receptor enough to allow crystallization and X-ray characterization of an active

form.

This study covered the very beginning steps of β1 activation, and highlighed

the movements of TMs 3, 6, and 5 that initiate the transition of the receptor from

the inactive to the active state. The agonist equilibrated structure provides another

starting point for further investigation into activation. With modifications to this

equilibrated structure such as elongating the TM5 α-helix, creating an alternate

salt bridge between TM5 and 6, and rotating Trp3036.48 to the active conformation,

another MD simulation may illuminate which of these changes is stable in an active

conformation and more likely to contribute to receptor activation.
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Figure 3.11: Changes to η, θ, and φ for TM 1 over the course of 10 ns full-solvent dynamics.
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Figure 3.12: Changes to η, θ, and φ for TM 2 over the course of 10 ns full-solvent dynamics.
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Figure 3.13: Changes to η, θ, and φ for TM 3 over the course of 10 ns full-solvent dynamics.
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Figure 3.14: Changes to η, θ, and φ for TM 4 over the course of 10 ns full-solvent dynamics.
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Figure 3.15: Changes to η, θ, and φ for TM 5 over the course of 10 ns full-solvent dynamics.
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Figure 3.16: Changes to η, θ, and φ for TM 6 over the course of 10 ns full-solvent dynamics.
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Figure 3.17: Changes to η, θ, and φ for TM 7 over the course of 10 ns full-solvent dynamics.
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Figure 3.18: TM helix RMSD for apo (black), isoproterenol-bound (green), and
cyanopindolol-bound (red) turkey β1 shown for each helix individually.



58

Chapter 4

Homology Models of Human
Adrenergic Receptors

The increased availability of high-resolution GPCR crystal structures has enabled

deeper investigation into homology modeling as a method for GPCR structure pre-

diction. Most homology models currently available were built based on bovine

rhodopsin, but low sequence identity between rhodopsin and most GPCR targets

of interest for drug development casts some doubt on the utility of these models.

The most recent structures for two adrenergic receptors offer the opportunity to

create high-quality homology models for the entire human adrenergic GPCR fam-

ily. Using the homology model approach combined with the BiHelix / CombiHelix

method for helix η rotation determination, structures for the eight remaining hu-

man adrenergic receptors were built. These structures were validated with ligand

docking studies, and the predicted binding sites offer some insight into subtype

selectivity in the family.
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4.1 Overview

Homology modeling, a method to model a GPCR structure based on an existing ex-

perimental structure, is widely used to determine overall structure, binding sites,

and subtype selectivity for GPCRs.12 For several years, only one GPCR, bovine

rhodopsin, was available for this kind of modeling.28–36 Most receptors of inter-

est are human GPCRs from other subtypes however, with low sequence identity

to bovine rhodopsin, complicating the process of building a homology model.65–67

The publication of several other GPCR crystal structures, including the human

β2 adrenergic receptor (β2),37–40 the closely related turkey β1 adrenergic receptor

(β1),41 and the human adenosine A2A receptor42 revealed close structural similarity

among the structures. This, as well as advances in ligand-steered homology mod-

eling,122 have inspired more confidence in the homology approach. Differences be-

tween individual receptors can arise, however, and they may be significant enough

to mislead conclusions during binding site studies or enquiry into the mechanism

of activation.123 For receptors with no closely related crystal data, ab initio structure

prediction methods such as those described in Chapter 2 are in continuing devel-

opment. For receptors with high similarity to existing crystal structures, however,

homology modeling remains a viable option for quick and accurate determination

of useful receptor data, especially for binding site studies. The recent publication

of two adrenergic GPCRs creates a unique opportunity for high-quality homology

modeling of the other adrenergic receptors.

Table 4.1 shows the sequence identity of the adrenergic receptors as well as
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Table 4.1: Identities between the human β2 and turkey β1 GPCRs with the other adrener-
gic receptors range from 24%–60% overall and up to 85% in the TM regions.

β2 Human β1 Turkey

All% TM% All% TM%

β1 41 68 60 85
β3 42 59 39 63
α1a 28 41 26 44
α1b 30 44 27 44
α1d 30 43 27 43
α2a 26 39 27 49
α2b 24 38 24 46
α2c 24 38 24 44
β2 – – 42 70

the identity of the TM regions used for the homology models. The nine adrener-

gic receptors are closely related to one another, even between different species, as

shown in the relationship between the turkey β1 receptor and the human β2 recep-

tor, which is closer by sequence identity than that between human β2 and human

β1. This close similarity implies that a homology approach for closely related re-

ceptors can be successful.

Along with relatively high sequence identity, the adrenergic receptors share

similar TM bundle arrangements. Table 4.2 shows the differences between avail-

able crystal structures relative to β2 with respect to η, θ, and φ angles. Although

there are large differences, the most consistently similar structures are the ones

with the highest sequence identity, such as β1 and β2 with 52% TM sequence iden-

tity with respect to β2. The next most similar structures are the two rhodopsin

examples, squid and bovine, with 27% identity. The adenosine receptor is less re-

lated to either of these two subtypes, with 25% identity with respect to β2 and
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Table 4.2: Rotation comparison of available GPCR crystal structures relative to human
adrenergic β2 (PDB: 2RH1), all expressed in degrees relative to β2. Structures are turkey
β1 (PDB: 2VT4), human adenosine A2a (PDB: 3EML), bovine rhodopsin (PDB: 1GZM), and
squid opsin (PDB: 2Z73).

η θ φ

β1 A2a rhod. opsin β1 A2a rhod. opsin β1 A2a rhod. opsin

tm1 -3.85 -7.44 -17.19 -11.92 -6.27 -6.28 -2.53 -5.87 -4.18 -24.00 -35.92 -30.12
tm2 4.97 15.80 -9.57 -16.64 -6.50 -8.86 -2.00 -0.89 -8.91 -8.85 -11.36 -6.56
tm3 -0.56 10.01 -11.2 16.35 -4.24 -6.58 -2.34 -1.85 4.17 -4.26 -23.97 -10.44
tm4 -4.32 6.18 1.72 17.98 2.18 4.86 -0.61 -0.54 -35.17 -7.45 -9.18 -3.00
tm5 -1.73 -3.32 -43.45 -37.16 0.85 0.37 -0.45 0.51 12.06 -13.01 -22.54 2.98
tm6 2.64 -3.98 -9.01 21.44 4.35 -9.19 -1.04 -3.81 -4.94 8.91 -1.07 -44.33
tm7 -4.14 -5.65 -7.02 -5.29 6.61 -2.60 6.65 2.96 -12.12 -10.22 -0.51 9.67

18% identity with respect to bovine rhodopsin. Even though the adenosine and

β2 receptors are from the same species, β1 (turkey) is more closely related, in both

amino acid sequence and helix orientation. The similarity in helix orientation is

even preserved despite different crystallization strategies.

This similarity indicates that homology modeling is a viable option for determi-

nation of all nine adrenergic GPCR structures. A simple procedure for homology

modeling can only provide a snapshot of the receptor, however, and as sequence

identities decrease through the family the possibility of that snapshot being inac-

curate increases. The methods developed for refinement of ab initio structure pre-

diction can not only provide insight into other possible conformations of a known

crystal structure and very closely related receptors, it can also predict the native

conformations of more distantly related structures. The rotation sampling meth-

ods also lend insight into which helices of each template structure are rigid or

flexible; which helices are locked into a conformation with strong conserved inter-

actions, and which are allowed to rotate or shift within the structure.
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In general, structures with higher identity between the target and template

GPCRs are expected to have better results with rapid, coarse homology model-

ing. The closely related β receptors should be modeled the most easily, while the

more distantly related α2 receptors may require more refinement. In this work,

both the β1 turkey and β2 human structures are tested as templates for the eight

human adrenergic receptors that lack X-ray crystal structures, and the resulting

models are validated with a novel docking protocol. Those structures with the

highest target-template identity enjoyed the most success, while those less related

will require further refinement before full validation.

4.2 Methods

General Methods: All calculations were carried out using the DREIDING force field92

with CHARMM2293 charges. Side chain placement was determined with SCREAM90

Unless otherwise noted, all simulations were performed in the gas phase with a di-

electric of 2.5.

4.2.1 Building the Homology Models

Each receptor was built based on both the β2 (2RH1) and β1 (2VT4) crystal struc-

tures, referred to as template structures. The β2 human structure was not built, as

it was used as a validation case for the homology method previously in the God-

dard group. Throughout the descriptions, structures are labeled according to their

name and their template, i.e., “α1a-β1” is the human α1a homology model built
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on the turkey β1 template.

Prediction of transmembrane regions: Preliminary TM helices were obtained via MAFFT95–97

alignment to the template receptor. These alignments were compared to the pre-

dicted helical regions from secondary structure prediction methods Porter,124 APSSP2,119

and PSIPred.125 The final helix used for the model included the shorter helix be-

tween the secondary structure predictions and the crystal alignment; in the cases

where no method predicted a helix but the crystal helix continued, the crystal he-

lix was truncated for the model. The chosen helix for β1 human, as an example, is

shown in Table 4.3. As a result, the TM lengths for a given receptor may be differ-

ent for different templates.

Simplified Helix Optimization: After creating the TM helices, we minimized the he-

lices in vacuum. This is a different procedure from the OptHelix method discussed

in Section 2.2. OptHelix, while offering a useful starting point for structure predic-

tions that rely on no other structural data other than a template for helix orienta-

tions, does not reproduce crystallographic helices with enough accuracy to deter-

mine crystallographic η rotations. For a homology model, helix shapes provided

from the crystal data are a suitable starting point for minimal receptor-specific op-

timization. Each receptor’s TM bundle was optimized by isolating each helix and

minimizing for 100 steps.
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Table 4.3: To determine the termini for homology helices, we considered results from sec-
ondary structure prediction methods Porter, APSSP2, and PsiPred. Starting with the crys-
tal helix from the chosen template, homology helices were truncated if all three secondary
structure predictions indicated a position would not be an αhelix. TM1 for β1 human and
α1a are shown here as an example. The template crystal helix is indicated in red, and the
final homology TM based on the combination of crystal alignment and secondary structure
prediction is indicated in red and bold.

β1 xtal GAELLSQQWEAGMSLLMALVVLLIVAGNVLVIAAIGSTQRL
β1 human SPEPLSQQWTAGMGLLMALIVLLIVAGNVLVIVAIAKTPRL

Porter cccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccc
APSSP2 ccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccc
PsiPred cccccccHHHHHHHHHHHHHHHHHHHHHHHEEEEEEEcccc

β1 homology SPEPLSQQWTAGMGLLMALIVLLIVAGNVLVIVAIAKTPRL

α1a PPAPVNISKAILLGVILGGLILFGVLGNILVILSVACHRHL
Porter cccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccc

APSSP2 ccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccc
PsiPred ccccccHHHHHHHHHHHHHHHHHHHHHHHHEEEEEEEcccc

α1a homology PPAPVNISKAILLGVILGGLILFGVLGNILVILSVACHRHL

Helix Rotation Optimization: The BiHelix and CombiHelix methods determine the

low-energy helix η rotations, and are described in detail in Section 2.2. For each

receptor, the possible bundles are ranked by minimized energy.

4.2.2 Validation With Docking

A selection of structures was validated using docking and mutation studies. Each

receptor validation included a group of ligands with consistent experimental data,

with binding affinities sufficiently different (preferably 50-fold or more) to reliably

separate using force field energies.

Ligands were prepared by building in Maestro, conformation search with Macro-
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Model,126 and mulliken charge calculation with Jaguar (B3LYP with 6-31G** basis

set).127 For antagonists with multiple nitrogens, pKa values were calculated with

the pKa module in Jaguar.

Each receptor was validated using both β1 and β2 models, docked individually

with canonical subtype selective antagonists. The binding sites were predicted

using ScanBindSite.pl.80 The receptors were modified to replace bulky nonpolar

residues (tryptophan, tyrosine, phenylalanine, valine, isoleucine, and leucine) with

alanine, allowing polar interactions to dominate the binding site selection and ini-

tial ligand enrichment steps.

For all models, the binding sites were chosen using the endogenous agonist

epinephrine. In the adrenergic receptors, the conserved Asp3.32 serves as the key

anchor point for both agonists and antagonists bearing a protonated nitrogen. As

many antagonists function by blocking the agonist binding site as well as stabiliz-

ing the receptor’s inactive conformation, using the endogenous agonist for binding

site determination is both plausible from a theoretical standpoint and practical to

execute using current methods. ScanBindSite.pl uses a coarse implementation of

HierDock70 to place a ligand in a variety of small box regions over the entire empty

space of the receptor. These placements are ranked by energy and ligand buried

surface, and the regions corresponding to the best average energy at 80% buried

surface were selected for further analysis.

Once the binding site was selected, two diverse ligand conformations were

docked to the site using the recently developed DarwinDock, a Monte Carlo dock-
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ing procedure. The protein was converted back to the wild type with SCREAM,

then the ligands and charged residues were neutralized. This neutral complex was

minimized twice, first the binding site, then the entire complex. The final docked

poses were selected based on the energy from this final minimization.

In order to probe the binding sites of each receptor, subtype selective anatag-

onists were chosen and docked for each subtype. For the α1 subtype we chose

WB4101 and prazosin. WB4101 has been extensively studied128,129 as an α1 se-

lective antagonist and a particularly potent α blocker, while prasosin was one of

the first commercially developed α blocker. Yohimbine is a traditional α2 antag-

onist,130 and its rigid structure allowed for excellent docking with less sampling

than the other antagonists with more rotational degrees of freedom. In addition,

the endogenous agonists epinephrine and norepinephrine were docked to the α2

receptors to compare with results from ligand binding studies.131,132 For β1 and

β3, the β1 selective antagonist (−) RO 363 was docked. The residues implicated in

binding133 are conserved between β1 and β3, and a high quality docking pose can

illuminate the residues that give rise to this ligand’s selectivity.

4.3 Results and Discussion

While the GenSemble method was developed using 30◦ increments for sampling,

later studies in the Goddard group showed that BiHelix will resolve differences

in helix η rotation as fine as 10◦. This analysis exponentially increases the time

necessary for full 360◦ sampling, so the 30◦ scan remains the method of choice
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Table 4.4: The best TM bundles by minimized energy (kcal/mol) are shown for each
template-receptor pair. Bundles are represented as combinations of η rotations in degrees
relative to the template crystal structure. TMs 1, 2, and 3 are largely static, while TM4
shows some flexibility and a preference for a 15◦counterclockwise rotation from the crys-
tallographic orientation.

β2 Template β1 Template

H1 H2 H3 H4 H5 H6 H7 Energy H1 H2 H3 H4 H5 H6 H7 Energy

β1 0 0 0 345 0 0 0 -178.9 0 0 0 345 0 0 0 -202.1
β3 0 0 0 0 0 0 0 -183.1 0 0 0 345 0 0 0 -186.3
α1a 0 0 0 345 0 15 0 254.2 0 0 0 345 0 0 0 209.8
α1b 0 0 0 345 0 0 345 246.5 0 0 0 345 0 60 315 193.8
α1d 0 0 0 105 270 0 90 63.2 0 0 0 90 0 75 0 138.0
α2a 0 0 0 345 0 0 0 153.8 0 0 0 345 0 0 0 117.3
α2b 180 15 0 345 0 0 105 193.1 0 0 0 345 270 105 0 119.0
α2c 0 0 0 345 0 0 0 263.5 0 0 0 0 0 45 0 220.8

when scanning the entire range of possible rotations. Once a bundle has been

chosen, finer sampling in 15◦ increments within a 120◦ range is performed. The

final structures are chosen from this analysis, also based on minimized energy, and

the results are shown in Table 4.4. Most receptors in this study showed η rotations

analagous to the template crystal structure as the lowest in minimized energy after

building the full bundles. Those least related to the template strutures, α2b, α2c,

and α1d, had alternate rotations for TMs 4, 5, 6, and 7 in varying combinations

depending on the receptor and template. These alternatives were the starting point

for the finer rotational analysis, and the final structures are reported in Table 4.4

relative to the initial crystal-derived structure.

The final structures after the fine rotational analysis show a clear preference for

the 15◦ counterclockwise rotation of TM4. Conserved residues Arg4.41 and Arg4.40

are vertically positioned to interact with Asp3.49 and Asn2.40, respectively, if the η

rotation allows it. In the 0◦ position, both residues on TM4 may interact with their
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Figure 4.1: BiHelix/CombiHelix results indicate a counterclockwise rotation of TM4 is
favored over the crystallographic orientation for most receptor-template pairs. The inter-
actions responsible for this preference are illustrated below for the β1-β1 case.

partners in TMS 2 and 3, but only loosely. After the counterclockwise rotation the

interaction between TMs 3 and 4 is strengthened, the distance between the two

residues decreasing to 2.1 Å from the crystal orientation. This change is illustrated

in Figure 4.1. Optimizing this interaction has a greater effect on the overall protein

structure than compromising between the two, and this is reflected in the final

helix orientations for these models. This change is difficult to validate, as ligand

binding data for the adrenergic receptors confirms roles for all helices except TM4.

The discussion of helix motion in Chapter 3 indicates that TM4 may simply be

more dynamic than the other TM helices, and less important in ligand binding.

These charged residues in the helix termini may interact with loops or lipids

rather than other helices in the native protein. In Chapter 2, a modified BiHelix

method removed charged residues at the ends to avoid spurious interaction en-
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ergies. That case, however, involved helix shapes determined by OptHelix and

alignment to an average β2 crystal structure. In this homology model, the tem-

plate choice and helix shapes are matched, and expected to interact more like the

native protein. In previous studies, BiHelix/CombiHelix performed on the β1

crystal structure with truncated helices, the energy difference between the crys-

tallographic rotations and the next most stable structure was significantly smaller

than with full helices. This indicates that the intrahelical interactions in the helix

ends are important for TM bundle stabilization, and care should be taken when

deciding to ignore them. In the “blind” prediction case, it was appropriate to do

so; in this homology model case, it is not.

In ab initio structure prediction, total bundle energy governs the choice of he-

lix alignment template. As described in Chapter 2, several plausible templates are

built, then after an ensemble of TM bundles are built a final template decision is

made based on which template yields the lowest energy. In these homology mod-

els, the final bundle energies reflect a good match between the β1 template and

the β1 human and β3 structures. With TM sequence identities of 85% and 63%, re-

spectively, this indicates that sequence identity predicts the quality of a proposed

homology model. The next best structures, β1-β2 and β3-β2, have TM identities of

68% and 59% and overall identities of 41% and 42%. The overall sequence identity

implies the β3-β2 structure should be slightly better than the β1-β2 structure, and

this is seen in the relative energies. As the target sequence deviates from the tem-

plate sequence, and as the best rotations deviate from the initial crystallographic
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Figure 4.2: (−)RO-363 is a selective β1 antagonist. While residues implicated in β1 binding
are conserved in the β receptors, the predicted binding site should indicate which residues
are responsible for this ligand’s selectivity.

rotations, the energy of the best bundle increases, indicating a less favorable match

between template and target.

4.3.1 Validation with Docking and Mutation Studies

For swift validation of the adrenergic binding sites, we chose both agonists and

antagonists based on studies with mutation or SAR data available for subtype se-

lective ligands. The template crystal structures were crystallized with inverse ag-

onists, so the resulting structures are more likely to resemble the inactive forms of

the target receptors. The canonical “blocker” ligands should bind well to these in-

active forms. However, as mentioned in Chapter 2, use of a new docking protocol

meant to predict binding sites and poses without a knowledge-based judgement

call introduces uncertainty into the validation process. Many structures built for

this study could be validated with antagonist docking, but for those that could not

be, further efforts should concentrate first on refinement of the docking procedure

before revisiting the structure prediction.
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(−) RO-363 (Figure 4.2) is a β1 selective antagonist with recent, detailed muta-

tion data from studies carried out by Sugimoto, et al.133 Half of the molecule resem-

bles epinephrine, while the other half contains O-methyl groups that mimic some

α1 antagonists. The sites studied for human β1 antagonist binding are found at the

top of TMs 2 and 7, and single, double, and triple mutations are considered. Alone,

the mutation of Thr1172.63 or Phe3597.35 to alanine only have a small effect on bind-

ing, but combined they decrease antagonist affinity 25-fold. Leu1102.56 mutated to

alanine results in a seven-fold decrease in affinity, but that change is augmented

when paired with the Phe3597.35 mutation. The triple mutation also produces a 25-

fold decrease in affinity. Although RO-363 is a β1 selective antagonist, the residues

studied are conserved in β3. A good binding site for both receptors can indicate

what part of the binding site is important for this subtype selectivity.

The BiHelix / CombiHelix for both β1 human and β3 in both templates resulted

in TM bundles similar to the crystal templates. The only variation occurred in TM4,

and for β3-β2 all helices were found in the crystal orientations. Neither template-

target pair featured TM2 rotated such that the residues tested by Sugimoto, et al.

were accessible to the binding site, and both binding pockets were too deep in

the receptor to interact directly with Phe7.35. One pose, however, positioned one

side of the ligand where it might interact with Leu1102.56 with an alternate rota-

tion of TM2, and appropriate rotations do appear in the low-energy TM bundles

from CombiHelix. Both poses featured strong interactions in the binding pocket

with canonical adrenergic binding site residues, as shown in Figures 4.3 and 4.4.
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Figure 4.3: The best docked conformation of (−) RO-363 (in blue) to the β1-β2 homology
model was a folded conformation, with stabilizing interactions from the adrenergic agonist
pharmacophore as well as an internal hydrogen bond.

For both cases, the β2 template provided the best docked poses, possibly due to

all seven TM helices found in their crystallographic orientations. Although these

structures do not directly support some of the mutation data, the strong polar in-

teractions with canonical adrenergic binding site residues such as the TM5 serines

and TM3 aspartic acid imply these poses and structures are plausible forms of the

β1 and β3 human receptors.

Two sets of studies explored antagonist binding to α1 receptors: one focusing

primarily on WB4101 (Figure 4.5) and prazosin (Figure 4.6) binding to α1a,129 the

other performing extensive SAR on WB4101 and comparing the differences among

α1a, α1b, and a serotonin receptor.128 Waugh, et al. only studied α1a, but the
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Figure 4.4: The β3-β2 model binds a linear conformation of (−) RO-363, spanning the
entire TM core from the antagonist binding pocket near TMs 2 and 7 to the agonist binding
residues on TM5. The TM5 hydrogen bonding network is shown separately on the right.

Figure 4.5: WB4101 has been studied extensively as an α1 selective antagonist.
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Figure 4.6: Prazosin is a selective α1 antagonist, and is prescribed as an antihypertensive
drug.

residues mutated are conserved throughout the α1 subtype: Phe7.39 and Phe7.35,

both at the top of TM7. WB4101 is α1 selective, but binds more strongly to α1a

than to α1b or α1d. A good binding site for this ligand, then, can indicate which

nonconserved residues are important for subtype selectivity. This study found

that the upper phenylalanine, Phe7.35, is more important for prazosin binding than

for WB4104, and that the opposite holds for Phe7.39. The predicted binding sites

should reflect this difference.

The low-energy rotations for α1a-β1 are the most similar to the template rota-

tions of all the α1 homology results, with only the consistent TM4 anticlockwise

rotation deviating from the strictly analagous structure. This structure binds pra-

zosin well, and while the key Phe3087.35 residue does appear in the cavity anal-

ysis (Table 4.5) as a stabilizing residue, Phe3127.39 is the most important residue

in the best binding pose. By contrast, the WB4101 binding site does show sev-

eral residues interacting with the ligand: Asp1063.32 interacts with the protonated

amine (1.88 Å); Tyr1845.36 binds to the O-methyl and ether groups simultaneously
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Figure 4.7: The α1a-β1 homology model docked WB4101 in a curled conformation sta-
bilized primarily through interactions with Asp1063.32, TM5, and TM7 phenylalanine
residues implicated in antagonist binding through mutation studies.

(2.90 and 2.67 Å); and an internal hydrogen bond between the amine and the re-

maining O-methyl group stabilizes another polar interaction (2.38 Å). These inter-

actions are illustrated in Figure 4.7. Both Phe3087.35 and Phe3127.39 are present in

the binding site and contribute to ligand binding, but as with prazosin the rela-

tive contributions are the reverse of what is expected. α1a-β2, which favors rota-

tion of TM6 15◦ clockwise in addition to the conserved TM4 rotation, could not be

docked with a plausible pose. Despite the higher sequence identity for α1a to the

β templates, this structure requires further refinement before the binding site can

be verified.

α1b favors a slight anticlockwise rotation of TM7, the conserved rotation of

TM4, and in the β1 template, an additional clockwise rotation of TM6. This α1b-

β1 structure shows the greatest deviation from the crystallographic orientations



76

Table 4.5: While most of the key residues implicated by mutation studies appear in the
cavity analysis for α1a-β1 docked with WB-4101 and prazosin, they are not in the order of
priority suggested by the experiments. Further refinement of these docked structures may
yield more accurate results. Energies are reported in kcal/mol.

WB-4101 Prazosin

Residue VdW Coulomb Total Residue VdW Coulomb Total

Tyr184 -2.357 -1.109 -3.465 Phe312 -7.386 -1.411 -8.797
Met292 -2.039 0.025 -2.014 Asp106 -2.373 -1.299 -3.672
Phe308 -1.582 -0.062 -1.644 Trp285 -2.952 -0.437 -3.390
Phe288 -1.152 -0.178 -1.330 Lys309 -1.820 -0.836 -2.656
Ala103 -1.187 0.020 -1.167 Trp102 -2.053 -0.431 -2.484
Tyr316 -0.688 -0.290 -0.978 Cys110 -2.672 0.254 -2.418
Trp102 -0.597 -0.363 -0.960 Trp313 -0.837 -0.997 -1.834
Val185 -0.994 0.103 -0.890 Phe308 -1.049 -0.180 -1.229
Phe289 -1.101 0.266 -0.835 Val107 -0.908 -0.008 -0.916
Leu162 -0.852 0.027 -0.825 Tyr316 -1.646 0.745 -0.901
Phe193 -0.805 0.248 -0.557 Leu75 -1.076 0.195 -0.881
Trp285 0.234 -0.684 -0.450 Ala103 -0.433 -0.332 -0.765
Cys110 -1.315 0.868 -0.447 Ser83 -0.385 -0.232 -0.617
Glu181 -0.153 -0.213 -0.367 Phe281 -0.152 -0.386 -0.538
Thr111 -0.255 -0.054 -0.309 Ser319 -0.160 -0.341 -0.500
Ala189 -0.560 0.269 -0.291 Met292 -0.595 0.122 -0.473
Ser188 -0.358 0.151 -0.207 Phe193 -0.404 0.041 -0.363
Val79 -0.138 0.088 -0.050 Phe289 -0.595 0.290 -0.304

Ser192 -0.331 0.376 0.046 Val79 -0.794 0.513 -0.282
Phe312 -0.142 0.224 0.082 Leu80 -0.173 0.063 -0.110
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of the α1 receptors modeled here. Despite some docked structures that involved

loose interactions with residues implicated by homology in antagonist binding,

none of the favored docked structures of either prazosin or WB4101 supported the

mutation data for antagonist binding to the related α1a receptor. These structures

require more specialized refinement before they can be fully validated.

With comparable sequence identity to the other α1 receptors, α1d favors rota-

tions similarly divergent from the template rotations. Both templates showed TM4

rotations, but not the same magnitude as the other structures: α1d-β2 prefers a

105◦ clockwise rotation of TM4, and α1d-β1 favors a 90◦ clockwise rotation. This

may be due to a nonconserved glutamic acid at the intracellular end of TM4; the

effect of the charged residue at the ends of TMs can be dramatic, and this may

have contributed to the final η residue determination. This may be tested by mu-

tating these charged residues in the TM caps to alanine and repeating the BiHelix

analysis. The distinction between alanization in this case but not for the TM4 in-

teractions described above is that this case concerns a non-conserved residue. A

highly conserved residue is likely to mediate a significant interaction, while it is

more possible in this case that the residue is creating noise.

Even with this shift in helix η rotations, it was possible to obtain plausible

docked structures for WB4101 and prazosin for the structure built on the β2 tem-

plate. The WB4101 binding site is shifted towards the TM1-2-7 pocket, with Ser1532.61

forming a hydrogen bond with one of the dioxane oxygens, the larger phenyl

group with O-methyl substituents buried deep in the binding pocket, and Phe3847.35
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Table 4.6: The top ten residues in the cavity analysis for α1d-β2 include the key residues
implicated in mutation studies, Phe3847.35 and Phe3887.39 in the correct order of impor-
tance for both WB-4101 and prazosin. Energies are reported in kcal/mol.

WB-4101 Prazosin

Residue VdW Coulomb Total Residue VdW Coulomb Total

Phe388 -5.125 -0.983 -6.108 Glu157 4.205 -4.366 -5.979
Val149 -2.776 -0.154 -2.931 Ser153 -2.241 -1.166 -3.407
Phe384 -1.855 -0.715 -2.570 Asp176 -1.749 -1.231 -2.981
Leu390 -2.337 0.322 -2.016 Phe384 -2.800 -0.040 -2.840
Met156 -1.810 0.237 -1.573 Phe388 -2.281 -0.547 -2.828
Asp176 0.241 -1.735 -1.494 Leu150 -2.355 -0.405 -2.761
Glu157 -1.093 -0.142 -1.236 Met156 -3.121 0.637 -2.484
Tyr392 -0.749 -0.133 -0.882 Trp361 -1.895 -0.210 -2.105
Ala173 -0.350 -0.518 -0.868 Val149 -1.895 0.161 -1.734
Trp172 -0.349 -0.486 -0.835 Gly391 -2.264 0.814 -1.450

and Phe3887.39 both creating π stacking interactions with the other side of the lig-

and. The key residue for WB4101 (Phe3887.39) lies 3 Å away from the ligand, and

the less important residue is 3.5 Å away. The cavity analysis for this pose shows a

more than twofold contribution to the binding energy for Phe3887.39. This structure

and binding pose do agree with these mutation data, according to the cavity analy-

sis (Table 4.6). The prazosin docked structure shows a stronger interaction between

the ligand and Phe3847.34 than with Phe3887.39, also verifying the integrity of this

binding site. That these structures were obtained for the β2 template structure, for

which there is slightly higher sequence identity, rather than for the β1 template

supports the assertion that a template-target pair with higher sequence identity is

more likely to produce a high quality structure.

Yohimbine (Figure 4.8) is a potent α2 inverse agonist, often used as a bench-

mark ligand against which other ligand binding affinities are measured. Wang,
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Figure 4.8: Yohimbine, originally discovered for its aphrodesiac properties, is a potent and
selective α2 adrenergic inverse agonist.

et al. recently characterized the binding affinity of several agonists and antago-

nists with α2a and mutant receptors containing changes to TMs 2, 3, and 5.131 The

most striking effect came from the mutation of Asp1133.32 to asparagine, which

completely eliminated yohimbine binding but allowed a small amount of agonist

mediated activation. The next most important residues are in TM5, Ser2005.42 and

Ser2045.46. These had a greater effect on agonist binding, where they are expected

to form crucial interactions with the catechol hydroxides, but mutation to Alanine

resulted in a three- to four-fold decrease in yohimbine affinity. The least important

residues, Asp1303.49 and Asp792.50, are deeply buried in the TM core. The highly

conserved Asp3.49 is expected to be involved in the TM3-TM6 ionic lock control-

ling activation, and is too far away from other important residues for direct ligand

interaction. Similarly, Asp2.50 is positioned to interact with Asn1.50 and Asn7.49 to

form the stabilizing polar network seen in the bovine rhodopsin crystal structure.

An additional study shows a dramatic, 300-fold decrease in yohimbine binding

upon mutation of Phe4127.39, implying the upper section of TM7 is more likely to
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directly interact with the antagonist.132

Both the β1 and β2 templates yielded identical helix rotations for the α2a struc-

ture, so the differences in binding can be attributed to changes in the helix orienta-

tions due to the template. The best α2a-β1 docked structure by local cavity inter-

action (Figure 4.9) showed close interactions with Asp1133.32 (1.88 Å to the proto-

nated amine) and Ser2045.46 (1.86 Å to the hydroxide). Ser2005.42 was not observed

interacting with the ligand, but the residue is positioned such that it may inter-

act with the ester group in a dynamic environment. Most importantly, Phe4127.39

forms a π stacking interaction with the indole rings and appears in the cavity anal-

ysis with a favorable -4.206 kcal/mol stabilization energy (Table 4.7). This docking

pose, even before further refinement with molecular dynamics, agrees well with

the published mutation data. This agreement is better than the corresponding best

docked α2a-β2 structure, which is consistent with the increased sequence identity

between target and template: α2a and β1 turkey share 46% TM sequence identity,

while α2a and β2 only share 39%.

This structure also shows Tyr3946.55 interacting directly with the indole nitro-

gen on the ligand (2.12 Å). This residue, analagous to Asn6.55 in the β receptors

shown to be important for stereoselectivity, is a good candidate for further muta-

tion studies and may be important for adrenergic ligand selectivity.

The favored α2b rotations shift TMs 1, 2, 4, and 7 for the β2 template and TMs

4, 5, and 6 for the β1 template. While the α2b-β2 structure does form good protein-

ligand interactions with Asp923.32 (1.81 Å to the protonated amine) and an addi-
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Table 4.7: The key residue implicated by mutation studies, Phe4127.39, appears in the cav-
ity analysis for α2a-β1 docked with yohimbine. However, Asp1133.32 with a favorable
Coulomb energy of -2.423 kcal/mol does not show a favorable energy due to Van der
Waals repulsion after cavity optimization places the protonated amine very close to that
residue (1.88 Å). Energies are reported in kcal/mol.

Residue VdW Coulomb Total

Tyr394 -1.381 -0.834 -4.591
Ser204 2.415 -2.415 -4.323

Phe412 -4.819 0.614 -4.206
Phe390 -3.122 0.153 -2.970
Leu110 -1.555 -0.456 -2.012
Cys201 -1.843 0.090 -1.753
Ser200 -1.371 -0.312 -1.683

Phe205 -1.853 0.183 -1.670
Lyn409 -1.408 -0.021 -1.429
Val197 -1.164 -0.113 -1.278

Figure 4.9: Yohimbine has less conformational flexibility than the antagonists docked for
the α1 and β receptors, so only one primary conformation was important for docking. The
docked ligand interacts with conserved residues on TMs 3 and 5, and in the α2a docked
structure is positioned close to Phe4127.39 implicated in mutation studies.
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tional unpredicted interaction with Glu732.65 (1.75 Å to the hydroxide), Phe4127.39

is rotated too far towards the lipid to allow the ligand to interact with the im-

plicated TM5 serines. This may indicate that this conserved phenylalanine is not

reponsible for a conserved interaction, but considering the lower sequence identity

between α2b and the available crystal structures, it is more likely that these rota-

tions are not correct for α2b. Both α2b-β1 and α2b-β2 have small rotations in TMs

5 and 7, respectively, that shift the important binding residues closer to the binding

site, and it is possible that a broader docking strategy involving a diverse ensemble

of low-energy TM bundles from the η rotation analysis may show a better binding

site for this system.

The final rotations favored for α2c are closer to the template crystal structures

than those for α1b: the recurring 15◦ anticlockwise rotation of TM4 appears for

the α2c-β2 structure, and TM6 is rotated 45◦ clockwise for α2c-β1. The primary

interaction in the binding cavity for the α2c-β1 structure involves Phe4237.39, a

cation-π interaction with the protonated amine, but this functional group on the

ligand is expected to interact with the necessary Asp1313.32 instead. While this as-

partate does appear in the cavity analysis (Table 4.8), it contributes only a small

amount to the overall binding energy. There is no polar interaction with Ser2145.42

or Ser2185.46, though the O-methyl groups on the ligand are accessible to alter-

native rotamers of both residues. This structure could be refined to reflect the

mutation data more clearly, both with selective SCREAM rotamer scans and with

annealing dynamics. In addition, the α2c-β2 structure did not support a plausible
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Table 4.8: Both key residues involved in yohimbine binding, Phe4237.39 and Asp1313.32,
appear in the cavity analysis for α2c-β1 docked to yohimbine, but key TM5 serine residues
are conspicuously absent. Like many of the coarsely docked structures, this binding site
should improve with further refinement with binding site annealing or selective sidechain
optimization with SCREAM. Energies are reported in kcal/mol.

Residue VdW Coulomb Total

Phe423 -5.370 -0.001 -5.371
Tyr402 -3.336 -0.198 -3.571
Val132 -2.965 0.353 -2.612
Phe219 -2.977 0.407 -2.570
Trp395 -2.036 -0.394 -2.431
Leu128 -1.174 -0.733 -1.907
Cys215 -1.476 -0.319 -1.795
Cys135 -2.396 0.670 -1.726
Tyr427 -2.192 0.561 -1.631
Ile211 -0.914 -0.611 -1.525

Asp131 -0.448 -0.920 -1.368

yohimbine docked pose, indicating that the overall orientation of the β2 template

may be too different from the native α2c structure for a simple homology approach

to model.

4.4 Conclusion

In building homology models for the human adrenergic receptors based on avail-

able crystal data, sequence identity between the target receptor and the template

was a good but not perfect indicator of the model’s ultimate success. As this work

focused primarily on obtaining swift, coarse results for all eight uncrystallized hu-

man adrenergic receptors, many options remain for further structure optimization.

The OptHelix method for helix optimization provides another set of bundles for

each receptor-pair, and may result in more native-like helices. Replacement of
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charged residues in the TM caps as in Chapter 2 may reveal different low-energy

η rotations, especially for cases with lower sequence identity between target and

template where the orientation of the TM bundle is less likely to resemble the na-

tive structure. The SuperBiHelix method, which adds θ and φ to the η rotational

sampling of BiHelix, can fine-tune the template orientation of these low-identity

cases as well.

The subtype selective antagonist docking suggest a series of mutation studies

that may be performed both in silico and in the lab. In particular, the α1a antago-

nist interaction with the conserved Tyr1845.36 points towards a possible important

interaction for allosteric antagonists, allowing a ligand to engage TM5 without dis-

rupting residues closer to the intracellular side where activation takes place.

For the structures with plausible helix rotations but unsatisfactory docking, fur-

ther investigation into docking strategies will yield more plausible results. The

newly developed DarwinDock features a panoply of variations for both pose pre-

diction and final complex optimization that may be tuned to obtain a reasonable

structure, and alternate methods for choosing a binding site may be employed.

Recent studies of the adenosine A2A receptor in the Goddard group as well as mu-

tation studies for a variety of systems have shown that the extracellular loops play

a role in ligand binding, so complete validation of these systems will include fully

modeled loops.

Finally, with full predicted structures for all human adrenergic receptors, de-

tailed activation studies may be performed with full-solvent molecular dynamics.
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The comparison of systems with constitutive activity (like β2) with those that have

less (like the α1 receptors) may illuminate important processes for activation as

well as interactions that stabilize an inactive state. The structures predicted and

optimized here are antagonist-stabilized inactive structures, so attention should be

paid to interhelical interactions that anchor the TM helices into place, preventing

activation or ligand replacement by a diffusible agonist.

From ab initio structure prediction to nanosecond timescale MD through to a

complete set of 3D structures for the human adrenergic receptors, theory and ex-

periment influence and benefit from one another. The full structure of the turkey

β2 receptor was predicted using the amino acid sequence and validated with sta-

bilizing mutation data from experiment. The methods used for that prediction can

now be used with more confidence to predict the structures of systems with less

experimental data, and in turn provide further leads for experiment. The crys-

tal structure itself served as an experimental starting point for MD studies of the

activating protein, and offered insight into helix movements that initiate activa-

tion as well as possible mutations to stabilize an active receptor. Finally, both the

β2 and β1 crystal structures were built upon to create quick and useful models

of the closely related adrenergic subfamily of receptors. While some of the mod-

els require refinement, they do give some idea of residue positioning, binding site

similarities and differences among the different subtypes, and potential mutation

studies. With increasing confidence in theoretical methods ensured by validation,

theory can enable avenues of scientific exploration otherwise unavailable.
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