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Abstract

G-Protein Coupled Receptors (GPCRs) form a major target class of membrane
proteins for therapeutic drug design, and the challenge is to design subtype specific
drugs. Hence the knowledge of three-dimensional structure is critical to drug design for
GPCRs. Since GPCRs are membrane bound proteins, there is only one crystal structure
for a GPCR, namely bovine rhodopsin. The prediction of structure and function of G-
protein-coupled receptors will allow for designing drugs with minimal side effects.

The focus of my thesis is the development of computational methods for
prediction of structure of GPCRs and application of these methods (MembStruk) for a
class of important drug targets such as chemokine receptors. MembStruk method is a
hierarchical method ranging from coarse grain optimization of the trans-membrane
helices to fine grain optimization of the structure in explicit lipid bilayer. The first two
chapters of the thesis details the computational steps involved in MembStruk and its
application to validating the method for bovine rhodopsin. The first chapter presents the
method development in the most current version of the MembStruk method, version 4.30,
and its application to bovine rhodopsin. The final predicted structure for bovine
rhodopsin deviates from the crystal structure trans-membrane main chain atoms by 2.66
A coordinate root mean square deviation (CRMSD), and the residues in the binding site
of 11cis-retinal is only 1.37 A CRMSD from the crystal structure for the main chain
atoms. The second chapter of this thesis details the computational methods for
optimization of the rotation and translation of the trans-membrane regions. These
methods of rotation and translation of transmembrane helices has been further extended

to the comparison of structures of two membrane proteins, and applied to the comparison



of crystal structures of bovine rhodopsin and bacteriorhodopsin. The third chapter details
the graphical user interface that has been developed to automate the various steps of the
MembStruk method.

Olfactory receptors are GPCRs and the molecular analysis for the recognition of
odorants is very important in understanding the mechanism of olfaction. In a blind study
prior to experiments, in collaboration with Dr. Bozza of Rockefeller University, | applied
the MembStruk method to understanding the binding of odorants to rat and mouse
olfactory receptor 17. Chapter 4 describes the application of the MembStruk method to rat
and mouse 17 olfactory receptor and the binding of 65 odorants to this receptor. The last
chapter describes the use of MembStruk method in predicting the structure and function

of important drug targets, namely chemokine receptors CCR5 and CXCRA4.



Vi

Table of Contents
TheSIS: INErOAUCTION ... 1

RETEIEINCES . ...t ettt e e e e e e e e e e e e e e aeaees 9

Chapter 1: G-Protein Coupled Receptor Structure Prediction:

MembStruk Methods and Validation using Bovine Rhodopsin

0N o 1 1 =T SO POTRTRTS 11
2.0 INTFOAUCTION ... 11
3.0 METNOAS ... 13
3.1 ForceFields and Molecular Simulation Setup ........cccoevvviviiiiiiciicsee 16

3.2 TM2NDS v4.30 - Prediction of the Bovine Rhodopsin TM Regions....17

3.2.1 SequenCe ANGNMENT ......cecieiieie et nne e 17
3.2.2 Coarse Hydrophobic Profile TM PrediCtion ..........cccccovvivieiieie e, 18
3.2.3 Finer optimization of TM length prediction.............cccceevvvievieinniieseece e, 18
3.2.4 Determination of HydrophobiC Centers...........ccccvvvevveiesiesrese e, 18
3.2.5 Summed Window Analysis (Optional).........ccccceevvvieieeieiiese e, 19
3.3 MembStruk v4.30 — Construction of the 3D Protein Structure............... 19
3.3.1 Building the Canonical Helical Structure..............ccooveveiieivece e, 19
3.3.2 Rotation and Translation of Helices (hcenterTR)........cccovvevveveiicvecciccieneen, 20

3.3.3 Optimization of Helical Bends and Kinks in the canonical helical structures

(FIXNEIIX) 1ttt re e reenes 21



vii
3.3.4 Coarse Grain Rotational Orientation Optimization of the TM Regions
(NCENLEITR-DGD) ... 21
3.3.5 Fine Grain Rotation Optimization of TM Regions using all-atom FF Energy
MiINIMIZALION (FOTMIN) ...ttt sb e sbe e nreas 22

3.3.6 Fine Optimization of Helical Packing (RBMD).........cccccoiveiiniiiinnieieneen, 23

3.3.7 Generation of alternate Structures with different rotational orientations:

Combinatorial Scanning of the Rotational ENergy..........ccocevvveniniininneniiesienien, 23
3.3.8 Homology Modeling of Loops (Mmakeloops)........ccocevveiereeninienieneeiesee e, 25
3.3.9 Closing of the EC2 Loop (EC_LOOP_SIM)(Optional) ........cccccevveivnienennnnn 26
3.3.10 Full Protein Relaxation (100prelax)..........cccoveiiieieniesiieniec e 27
3.4 HierDock v2.5BS - Function Prediction for GPCRS..........cccccecvieiennne. 27
3.4.1 HierDocK FOICeFIElaS .........ccoiiiiiieicieees e 27
3.4.2 Sphere Generation and Partitioning (GrowBox or Pass)..........ccccvevvvierennenn. 28
3.4.3 Coarse Docking into all Potential Binding Regions..........ccccevevveneeiieneennnen, 28
3.4.4 Ranking of Coarse DOCKed SIrUCTUIES..........ccveviiierieeiesie s 29
3.4.5 Fine Docking in the Selected BiNding SIte.........ccccovvveiieiiniinienie e, 30
3.4.6 Scoring of the Fine DOCKed StrUCTUIES .........ccviviiiiiieiesieseee e, 30
3.4.7 Optimization of the Side Chains (SCREAM) ........cccoiiiiiiniiiiece e, 31
4.0 ReSUItS and DISCUSSION .......ccvveeiiiiieiiiieeiitiee e sttt enrae e eabee e 31
4.1 Comparison of MembStruk Rhodopsin Structures (Old and New) ........ 31

4.2 Conformal Change from Open to Closed in the Rhodopsin Structure....34

4.3 Scanning of the MembStruk Rhodopsin Structure..........ccccoevevvviieinnnnn, 36

4.3.1 Scanning of the OPeN SIUCTUIE .........cccveieeieciere e 36



viii

4.3.2 Scanning of the CloSed STrUCTUIE.........ccooiiiiiieiiee e 39
4.4 Analysis of the BINdiNg SIe........ccccveiiiiii i, 40
5.0 CONCIUSIONS......oiuiiiiiiieieeie sttt s be e 41
6.0 RETEIBNCES. ..ot e 42

Chapter 2: Analysis of Key Protein Properties for the Comparison of

Transmembrane Proteins (MembComp)

0N o 1 1 - T OSSPSR 46
2.0 INTrOUCTION ..ot ne 46
3.1 Definition of the Hydrophobic Centers..........cccocvvvieieniieniesieesieesee e 48
3.2 Development of the Plane of Intersection...........cccccevvvveiiee e ccie e, 50
3.3 Definition of a coordinate system on the Plane of Intersection.............. 52
3.4 Definition of the Key Properties........ccccoeviviieiieeiee s sie e 53
34 L HElICAl BENG......ccoiiiiiiiieecie e 53
4.2 HElICAl Tt ..oviiiiieieee e 54
A HPM ANGIE. ... e 54
3.4.4 PhobiC FaCe @ngle .......covoviiiiie e 56
3.4.5 Characteristics to measure placement of Helical Centers .............cccccveevvennen. 56
3.4.6 Other measured PrOPEITIES ......ccvcvveieeieeieiee ettt sne e 56
4.0 RESUILS ..ottt b e e e et re e aree s 57

4.1 Hydrophobic centers for Rhodopsin and Bacteriorhodopsin.................. 57



4.2 Rhodopsin Key Properties........ccccveiieiieiieiie et eee e 59
4.3 Rhodopsin Simulation ANalySIS.........coceieiieiiiiiienie e 61
O = ot (=] o] g T o (o] 0] | ISR 63
4.5 Comparision of Bovine Rhodopsin to Bacteriorhodopsin ...................... 65
IO B LSl ol U3 Lo ISP 66
6.0 ACKNOWIEAGEMENTS ......eiiiiiiiecee e 68
7.0 RETEIEINCES. ...ttt bbb et 69

INEFOAUCTION. ... 83
INSTAITATION ... 84
VEISION HISTOMY ..eiiiici et 87
GUI Chapter 0 - Main GUI INterface ........c.cccovvvevieiie i 89
Section 0.1 - MembStruk Methodology Outline..........c..ccoevvevieiie i 92
GUI Chapter 1 — TMPred2ndS (TM Predictions) ..........ccccoeveieevieeinnenne 93
Section 1.1 — A Quick Start Guide to Running TMPred2ndS ...................... 93

Section 1.1.1 — Running TMPred with manually chosen TM’S........ccccccvvveieiienneen, 95
Section 1.2 — Opening the TMPred2ndS GUI Window............ccceevevveriennne 96
Section 1.3 — Main and Output TMPred Windows...........ccccccevvveieeneeseenn 98

Section 1.4 — Predicting TM REQIONS.......cccciveiiiiiieiie e 99



Section 1.4.1 Sequence ANGNMENT .........c.coviiiiieiinie e 100
Section 1.4.2 TM Prediction (TM2NAS) .......ccoiiiiiiiiiieiesie e 102
Section 1.4.2.1 TM2ndS options and methods..........ccccovevveiiieeiie e, 102
Section 1.4.2.2 - TM2ndS Fine Prediction...........ccoceveiinenininininceeeee 104
Output Files from the Program ... 105
Section 1.4.3 Interactive Non-GUI TMPred2ndS (When all else fails).................. 106
Section 1.4.3.1 - TMPredl_iNteractiVe .........coeereereeienie e 106
Section 1.4.3.2 - TMPred2auto_MOd ..........ccceevieiiriinniinie e 107
SECtioN 1.4.3.3 — gL CENTEIS ..ot e 107

Section 1.4.4 — BiPeak Analysis for Helical Translation (Experimental, not

U] o] 0o (=T ) I RSP OUSRUPRPRPRS 109
Section 1.5 — Creating the PDB Structure...........ccccocovevieiieeveecic e 110
Section 1.6 — Special TOOIS .......ccovviiiiiccec e 111

Section 1.6.1 — Iterative TM PrediCtion.........ccocooeiiiiiinieiiiccesc e 114
GUI Chapter 2 — TM Predictions text file...........cccccoevivivi e, 116
Section 2.1 — TM Predictions TexXt program ..........cccceveeevieeneennieeniessiensnens 117
GUI Chapter 3 — Rotation and Translation of the Template................ 119
Section 3.1 — Template Translation and Rotation Program ........................ 122

Section 3.2 — The Output Window for hcenterTR and hcenterTR-BGF ....124
GUI Chapter 4 — Helical DYNamicCs ........cccovveiveiieiieiie e, 125
Section 4.1 — The FixheliX Program..........ccccooviiiiiiiiin e 127

GUI Chapter 5 — Individual Helix Optimization..............cccccveviveviennnnnn 129



Xi

Section 5.1 — The Individual Fixhelix GUI ... 130
Section 5.1.1 — Running the Fixhelix.IndvHel C-Shell script...........cccoooiiiiiienn, 132
Example 2 — Running Fixhelix.IndvHel(not done on rhodopsin) ............cccc....... 133
Section 5.2.1 — Running the Fixhelix.IndvPUT SCript........cccooeviniiinininiieen, 137

Example 2 — Merging Fixed Helix 5 back into the Bundle (not done for

11070 (0] 1Y [ ) PSR RTTRPURTRRR 138
GUI Chapter 6 — Hydrophobic Rotation of a BGF Bundle file ............ 139
Section 6.1 — Running the hcenterTR-bgf Script ..., 139

GUI Chapter 7 — Rotational Analysis by MpSim Energy Scores......... 140

Section 7.1 — Running the ROtMINL.SCHPL.......ccoovviviiie e 142
GUI Chapter 8 — Individual Helical Rotational Energy Scan............... 144
Section 8.1 — Running the rotminL.IndHel C-Shell Script........c...c.co....... 146
GUI Chapter 9 — Helical Rotation Combination Generation ............... 148
Section 9.1 — Running the rotminL.CombDiv C-Shell script...................... 150
GUI Chapter 10 — Rigid Body Molecular Dynamics ...........c.cccccevenne.n, 151
Section 10.1 — Running the RBMDL.SCHIPL .......cooovviiiiiieieecie e 153
GUI Chapter 11 — Loop Addition with Modeller ..., 154
Section 11.1 — Running the makeloops.sCript........cccocevievieeiieniie e, 156
GUI Chapter 12 — Folding of the EC2 loop (BETA).....cccevvevveiieinnenn, 158
GUI Chapter 13 — Loop Relaxation of the Final Structure................... 162

Appendix A — Files Produced from Membstruk ............cccccccooveieeiiennn 166



xii

TM2NdS OULPUL FIlES ..o 166
MembStruk OULPUL FIIES .....cveeieicece e 172
MembStruck Program FilesS ..o 180
$membstruk directory FileS........ccovoveeiiiiie e 180
$membstruk/FF directory FileS........ccoovveieiiiiiise s 180
$membstruk/compare Directory FileS.........cccoveiiiiiiiiciciiee e, 181
$membstruk/bin DIrectory FilesS.........coovoieiiiic i 182
$membstruk/extras DIirectory FIleS ..........cccovviiiiiiiii i 185
$membstruk/hcenterTR Directory FileS........ccoevivieiiiiieiiee e 185
$membstruk/fixhelix Directory Files ........cccooevviieiiiicircce e 185
$membstruk/rotmin Directory Files .........cccooviieiiiiii i 186
$membstruck/rotmin/extras Directory Files .........ccoccovvviiiiieieniisieeeien,s 188
$membstruk/rotmin/old DireCtory FIlES.........ccoovvviiiiiiiiieiese e 189
$membstruk/RBMD Directory Files.........cccoovviieiiiiiciicic e 189
$membstruk/RBMD/extras DireCtory Files.........cccoviiiiriiiiie e 189
$membstruk/RBMD/old Directory FileS .........cccvvvviiiiiiiiieie e 190
$membstruk/I0ops Directory Files ........ccoveiviieiiiic e 190
$membstruk/loops/modeller/ DireCtory FileS........c.ccoviieririieieneceseeeeeeieien 190
$membstruk/loops/whatif Directory FileS.........ccccvviiiiiiiiiiieiese e 191

Program REfEIENCES ........cceciviiii e 192



Xiii
Chapter 4: Predicted 3D Structures for mouse 17 and rat 17 olfactory

receptors and comparison of predicted odor recognition profiles with

experiment
ABSTRACT oo 194
1.0 INErOQUCTION ..o e 195
2.0 ReSults and DISCUSSION ......cuvivuieiieiie e esieesiee e see e snee e 198

2.1 Prediction of the three-dimensional structure of M-17 and R-17 ORs ..199

2.1.1 Predicted Structures for M-17 and R-17.........c.cccoveiiiiiiineee e 199
2.1.2 Comparison of the Predicted M-17 and R-17(hom) Structures. ..................... 200
2.2 Experimental methods to determine odorant activation profiles .......... 201

2.3 Predicted Binding Site and Binding Energy for odorants in M-17 and R-

L7 O RS e 202
2.3.1 Identification of the putative odorant Binding Site...........cccccvvvevvriveiveinennen, 202
2.3.2 Binding energies of odorants in the preM-17 and preR-17 structures. .......... 202

2.3.3 Binding Energies of the Odorants in the R-17(hom) and M-17 refined
SEFUCTUINES: . e 203
2.3.4 Residues predicted to be directly involved in binding of odorants to the R-17
AN M-17 OR SIFUCTUIES. ..ot 206
2.3.4 Description of binding sites of odorants with good binding energies. .......... 207
2.3.4a Citral, citronellal (+) and (-), heptanal, hexanal, nonanal, and trans-

cinnamaldenyde t0 M-17: . ....or e 207



Xiv

2.3.4b Octanal, citral, citronellal (+) and (-), heptanal, hexanal, nonanal, and

trans-cinnamaldehyde to R-17(h0M):......couiiiiiiiii e 208
2.3.4c Decanal to M-17 and R-17(hom): ..o 209
2.3.4d Lilial to M-17 and R-17(N0OM): .....eoiiiiiiiieeee s 209
2.3.4e Lyral to M-17 and R-17(N0M): ......ooiiiiiieieeeee e s 210
2.3.4f Summary of BINAING StUAIES: ........coiiiiiierie s 210
2.4 Agonists, Antagonists, Binding of MIXtUIes..........c.ccocevvveveevecvie e, 210
3.0 Proposed competitive experiments and verification ........................ 211
3.1 Competitive activation assays for decanal and lilial ............................. 212
4.0 Filtering false positives with moments of inertia.............cccecvevnennee. 212
5.0 DISCUSION ...ttt sttt b et nbeenneas 214
6.0 Proposed EXPeriments: .......ccccceiieiieiie e 215
7.0 Summary and ConcClUSIONS ..........ccccviiiiieiieee e, 216
9.0 ACKNOWIEAQEMENTS ......veevieciie e 217
10.0 RETEIENCES. ....eiiiietie e e 219
17 TADIES . 224
L7 FIQUIES ..ttt sre e nee et 231

Chapter 5: Structure and Binding Site Analysis for CCR5 and CXCR4
0N o 1 1 - T USSP 244

2.0 INEFOTUCTION ..ot neennneenees 244



XV

3.0 Methods and RESUILS ........coveiiiiiiiiiiniee e 245
3.1 Transmembrane (TM) Prediction for CCR5 and CXCR4 .................... 246
3.2 Construction of the MembStruk Structures...........coccvvvveevenie e, 248
3.3 Proposed Improvements to MembStruk Structures ............cccoveevvveenes, 252
3.4 Scanning of the Receptors for Binding Sites..........cccccoveevvveiiee e, 252
4,0 DISCUSSION ....vvveiieiiieeie et e teesieesieeete e steesreesneesneeesaeesteesreesnneeneeeneeennees 256
5.0 RETEIENCES. ..ot e e 258

Appendix A: The method in detail used to build Rhodopsin

1.0 TransMembrane PrediCtion ..........ccccoeviiiiiiienie e, 261
1.1 Setting UP TIMPIE.....ccoiiieie e 261
1.2 Running Blast and ClustalW ............cccoccveiiiiii i 261
1.3 Running TM2ndS for the 1% time up to the successful N™ time........... 263
1.4 Fine Prediction on 1% ROUNG ..........ceveevieevieeecesee e esssseenes s 266
1.4.1 Fixing the 10SS 0f @ TIM FEQI0N.......c..couiiiriiiiiieieierie et 267
1.4.2 RuNNINg TMPredl _INteraCtiVe.........cccooeierireninieieieie et 270
1.4.3 TMPred2auto_MOG ........ccoveiieiieiesiiesie et neenneas 271
1.5 Using the get_centers Program (Rhod1) ........cccccoviiiinniniinniiecieeniene 272

1.6 (Test New Method - Pass) Default BiPeak Analysis Structure (Rhod2)



XVi

1.8 (Test New Method - Failed) Iterative TM Prediction .............ccccve.nee.n. 276
2.0 TM Predictions file (Rhod1 and Rhod2) ...........cccccooveviiiiiiiiciiei, 279
3.0 Translation and Rotation of the Template.............cccccocevvveiiiiiennnnns 280
4.0 RUNNING FIXNEIIX ..o s 286
5.0 Rotation on the Fixhelix bundle ..., 287
6.0 RUNNING ROIMIN ..o 291
7.0 RBMD for Crystal Rhodopsin and Rhod[1-3].......c.cccccevvveviiiiinnnnenn, 298
8.0 FUll Rotational SCaN .........ccccoiiiiiiiiiiieieeeee s 298
8.1 Crystal RROAOPSIN ......ooviiiiiiiieeeece e 298
8.2 Individual Helical Scans for Rhod[1-3] .....ccccoovviiiiiiieiie e 301
9.0 Helical Rotation Combination Generation .............cccccevoveviiienennnen, 304
10.0 Building of Loops and the Closing of the EC2 Loop...........ccc....... 306
11.0 Summary of Final Structure Properties........ccccccovcvvvvevveseesnnnnnnn, 306

Appendix B: 17
1.0 FOPCE FHBIAS ..o eeeeeeeeeeeeeeneeeneees 308

2.0 MembStruk Procedure for Predicting Structure of M-17 and R-17

2.1 TMPred: Predict helical regions from hydrophobicity profiles: ........... 309

2.2 Optimization of the TM region ........cccccvveeiieeiiciic e, 310



xvii

2.3 Optimization of the helical bundle............cccoooeiiiiii e, 310
2.4 Full atomic Optimization:.........ccoiieiieiiesiesie e 310
3.0 Preparation of the odorant library for docking studies: ................. 310

4.0 The HierDock?2.0 Procedure for Predicting Binding Site and Binding

4.2. Determining the binding conformation and binding energies for all the
LEGANGS .. 313
4.3. Optimizing bound ligand-receptor complex for all the ligands............ 313

4.4 Binding energies calculated for odorants in the preM-17 and preR-17

STTUCTUIES ...ttt e e s e e s s e e e e s annnneas 314
4.5 Binding site analysis for the preM-17 and preR-17 structures............... 314
5.0 Refinement of Computational Methods and Results........................ 315
5.1 CoarseRot: Hydrophobic analysis and mesoscale rotation method ......316
6.0 Results For The Refined Computational Methods................c.......... 318
6.1 Improving the M-17 and R-17 Predicted Structures .............coccevvveenen, 318
7.0 RETEIBNCES. ..o 320
APPENIX B: 17 = FIQUIES.....eieiiecie st 325

Appendix C: MembStruk Methods ...........ccccoviiiiiiiiicic e 328



Xviii

References for Appendix MembStruk Methods



XiX
List of Figures

Thesis: Introduction

Figure 1 — Schematic diagram of a seven-helical GPCR in a bilipid layer. ...................... 2

Figure 2 - 3.5 Angstrom view of MembStruk bovine rhodopsin GrowBox site aligned

with the 1U19 crystal structure (1.37 main chain RMS). ..o, 6
Figure 3 - MembStruk 4.10 structure of CCRS. ...t 8
Chapter 1

Figure 1 - Flow Chart of MembStruk, the ab initio method for predicting GPCR
STTUCTUIES. ... 16
Figure 2 - Helical scan of New MembStruk structure of Bovine Rhodopsin................... 25
Figure 3 - TM 7 of the 1U19 crystal structure. Shown here are the helical regions that are
a part of the TM region and part of the C-terminus. Differences are shown between
1HZX and 1U19 in defining the TM region. .........ccoeviiiiiniieieiese e 33
Figure 4 - Comparision of crystal Bovine Rhodopsin (1U19) (red) to the open
MembStruk version 4.30 rhodopsin structure (BIU€). ........ccccereiiiiiiiiiiccce, 34
Figure 5 - The open and closed positions of Cys 110, show how the EC-11 loop will fails
to close over the protein in the open POSITION. .......ccoveveieiiieiiree e 35
Figure 6 - Open and Closed (blue) positions of Glu 122 and Lys 296 with the aligned
postition of Retinal from 1U19. In the open conformation Glu 122 and Lys 296 are
within 5.22 angstoms forming a weak salt bridge. .......c.ccooeviiiininniece 36
Figure 7 - Scanned binding site on the Rhodopsin Open Structure. The boxes are from

GrowBox and the Regions are from Pass. ... 37



XX

Figure 8 - Scanning of the Rhodopsin (Closed) structure. The purple retinal was the best
ranked structure found in box 19, while the yellow and green retinal structures are
from box 2 Open-GrowBox and Closed-GrowBox. The red retinal structure is the

CIYSTAl STUCTUTE. ..ottt te e e e aeenneas 40

Chapter 2

Figure 1. Displayed is the parallel plane that intersects the main structural elements of a
LT O SRR 71
Figure 2. Plots of the MembStruk structure 17-Rat (8) with the C-alpha atoms projected
onto the common planes of helices 3 and 7 and aligned to the circle of radius 1............. 71
Figure 3. Plot of the summation of the windows 16 to 24 for bovine rhodopsin. ............ 72
Figure 4. This is a plot of the summation of the window sizes 6 to 30 for Bacterhodopsin
t0 determing the TIM FEQIONS. ........iiiiieiie ettt sbe e 73
Figure 5. The window sizes for bacteriorhodopsin were each individually tested to find
the alignment of the centers for each WiNdOW SIZe. .........cccooveiiiiiiiiiiinie e 74
Figure 6. Graph of the key properties of bovine rhodopsin (1HZX) using the summed set
of hydrophobic centers SEen iN fIQUIE 3........ooiiiiii i s 75
Figure 7. Shown here is the HPM vectors from the centered plane on helix3 for bovine
FNOAOPSIN (LHZX). ..ottt bbb sbe e enes 76
Figure 8. The Binding site analysis around the summed hydrophobic moments for 1hzx
Bovine Rhodopsin with bound cis-retinal..............ccooo i 77
Figure 9. Plotted are the calculated HPM angles on the common helical plane for the

four simulations carried out on 1F88 crystal bovine rhodopsin. .........cccvvevviieiienennns 78



XXi

Figure 10. Plotted are the calculated helical tilts on the plane of intersection for the four
simulations carried out on 1F88 crystal bovine rhodopsin. .........ccceevveieiieninienie e, 79
Figure 11. Plotted are the calculated helical bends on the plane of intersection for the
four simulations carried out on 1F88 crystal bovine rhodopsin. .........ccccovevviieniinnennns 80
Figure 12. Using the HPM centers for Bacteriorhodopsin, the key properties for the nine
structures were calculated and plotted tOgether. ........cocoveiiiiie i 81
Figure 13. Shown are close-ups of helices 4, 5, and 6 of figure 8...........cccooeveririnnn, 81

Figure 14. The Binding site analysis around the summed hydrophobic moments for

1C3W Bacteriorhodopsin With retinal. ..o s 82
Figure 15. Plotted comparison of Rhodopsin and Bacteriorhodopsin. ...........c.ccoecveienen, 82
Chapter 3

Figure 1 — MembStruk Credits WINAOW...........ooiiiiiiiiiiie e 87
Figure 2 — Main MembStruk GUI WINAOW...........ccooiiiiriiiiiiieseee e 90
Figure 3 — TMPred Main Start WINAOW ..o s 97
Figure 4 — Main TMPred OUtPUt WINAOW ........coviiiiiiiiiiie e 98
Figure 5 — Main TMPred INPUt WINCOW .........ooviiiiiiiieieeiesiesee e 98
Figure 6 — Predicting TM Regions WINAOW............coceiiiiieiiiiniieneee e 100
Figure 7 — TMPred Blast Search WINQOW...........coooiieiiiniieeceseeesee e 101
Figure 8 — TM2NAS WINUOW .....ccueeiiiiiiiiie e 102
Figure 9 — TMPred Coarse Grain Prediction WiNdOW ...........cccoceiiiiiiinniennenie e, 103
Figure 10 — TMPred Fine Grain Predictions WiNndow............ccccoceiiiienniinniesie e, 105

Figure 11 - Create Template WINCUOW .........cccooiiiieiiiiieieiie e 110



xXii

Figure 12 - Special TOOIS WINUOW .........cuiiiiiiiiiiiee e 112
Figure 13 - TM Predictions TeXt WINAOW..........ccccoiiiiiiiiiieniencee e 116
Figure 14 - Template Rotation and Translation WIiNdow ...........cccoccevvevieneninncnienenn 119
Figure 15 - HcenterTR OULPUL WINAOW ......ccceiiiiiiiiieiieiceie e 124
Figure 16 - FIXNeliX WINUOW..........ooiiiiiiiiecie e 125
Figure 17 - Individual Helix Optimization Main Window ............c.ccocceriniienenieneennnn, 129
Figure 18 - Individual Helix Dynamics WINAOW ...........ccccoviiiiieniiie e 130
Figure 19 - Merge Individual HeliX WINAOW ...........ccoooiiiiiiiiiii e 135
Figure 20 - MoleCuleGL teXt WINAOW ........ccouiiiriiiiiiie e 136
Figure 21 - MoleculeGL Display WINQOW ..........cccoiiiiiiiriieenieseese e 137
Figure 22 - Rotmin Main GUI WINAOW ........ccoiiiiiiiiiiiieiese e 141
Figure 23 - Main Window for RotminL.IndHel .............cccooiiiiii 145
Figure 24 - Main GUI Window for Rotational Combination Generation ...................... 149
Figure 25 - RBMDL.Script Main WINQOW ..........cccvoieiieiieiciiece e 152
Figure 26 - Main Window for the Makeloops.pl SCrpt.........ccccccoviviiieieiie e, 155
Figure 27 - Text Window for Running EC_LOOP_SIM .......ccccccveviiiieiieie e, 159
Chapter 4

Figure 1 - Sequence alignment for 17 Mouse and Rat ............ccccoeveiiineiiinncinee, 231
Figure 2 - Comparison of 17 Mouse and Rat StruCtUres ...........ccocvvvvirieienenc s 232
Figure 3 - Comparison of 17 Mouse with Bovine Rhodopsin (1F88).........cccccoevvvrinnns 233
Figure 4 A and B - Predicted 3D structure for M-17 OR ..........ccociiiiiiiiiiieenene s 234

Figure 5 A and B - Predicted structure for R-17(hom) OR ..........ccooviiiiiiiiiiiiiees 235



XXiii
Figure 6 - Predicted recognition site for octanal in M-17 OR (bottom view, looking up
from the intracellular region). ..o 236

Figure 7 - Predicted recognition site for octanal in R-17(hom) OR (bottom view). ....... 237

Figure 8 - Predicted recognition site for citral, nonanal, and trans-cinnamaldehyde in M-

Figure 9 - Predicted recognition site for decanal (purple) in M-17 OR (side view). ...... 239

Figure 10 - Predicted recognition site for lilial (purple) in M-17 OR (side view). ......... 240
Figure 11 - Predicted recognition site for lyral (purple) in M-17 OR (side view). ......... 241
Figure 12 A and B - Location of lowest binding energy on moments of inertia. ........... 242

Figure 13 - Binding pocket of odorants in M-17, top view (looking down from the

eXEraCellular region). .......ooi i 243

Chapter 5

Figure 1 - Graph of the summation and averaged 5 nearest neighbors for the aligned
PrOfile OF CXCRA ... ..o e nre s 247
Figure 2 - Rotational scanning for the CCR5 Membstruk structure, residues shown are
those hydrophilic residues in the middle 15 residues of the TM regions. .............. 249
Figure 3 - MembComp graph of the final rotations after the 1st and 2nd run through the
coarse rotational optimization step for CXCRA..........ccoooeiiiiinienice e 250
Figure 4 - Analysis of the hydrophobic extracellular (EC) half of TM 3 (black) and the
intracellular (1C) half of TM 3 (Qren). ....ccceeiiiieiieiiee e 251
Figure 5 - Helical scanning of TM regions, with energies plotted.. ...........cccoceevirieennene. 251

Figure 6 - Ligands used for binding site scanning on CCR5...........ccccviiiiiiiniicicen, 253



XXiV

Figure 7 - Ligands used for HierDock scanning of CXCRA4...........ccccvieiiieniiiieninns 253
Figure 8 - Binding site obtained from GrowBox shown as grey boxes and red spheres.255

Figure 9 - Binding site found from GrowBox shown in the grey boxes and red spheres256

Appendix B
Figure 1 - Perscan HydrophobiC MOMENTS ..........cccoeviiiiiieesie e 325
Figure 2 - Prel7 Rat with DOCKING BOXES........ccoueiieiiiieieeie e 326
Figure 3 - Binding site distances for 17 Mouse and Rat ..........c.ccccoocvvieevieereiiieniece e 327
Appendix C

Figure 1 - Flow chart for MembStruk Methodology .........ccccoveiiiiiiiniinie e 328



XXV

List of Tables
Chapter 4
Table | - 17 StUAIEA OUOTANTS. ......cei ettt e e e e e e e e e e e e e e e e aaeenes 224
Table 11 - Structual Features of M-17 and R-17(hom) ........cccevvviiiieiececeee e 225

Table 111 - Comparison of structural features of the predicted structure for Mouse 17 with
the x-ray crystallography results for Bovine Rhodopsin. .........c.cccocvevviiieiverincnnnn 225

Table 1V - Predicted Binding Energies (bindE) for 62 odorants docked to preM-17 and
preR-17 (initial structures from MembStruk 1.0).......cccccvevviieeiieeieiercee e 226

Table V - Calculated binding energies (bindE in kcal/mol) for 62 odorants docked to M-

17 and R-17(hom) (MembStruk 2.0).......ccciieiieiiiieceee e 227
Table VI - M-17 Binding Pocket ANalYSIS..........cocviiieiieieiie e 228
Table VII - R-17(hom) binding Pocket ANalYSIS ........cccocveiieieiieieee e 228
Table VIII - Comparison of R-17(hom) and M-17 Binding Pockets............cccccceeenenene 229

Table IX - The principle moments of inertia for the final bound structure of each
aldehyde in the M-17 SETUCTUTE. ........ooviiiiiiieeeee e 229
Table X - Calculated Moment-weighted energy score from equation (2) for the 62

odorants docked to M-17 and R-17(hom) (MembStruk 2.0). .......ccccevviiiiiininnns 230



XXVi

List of Graphs
Chapter 3
Graph 1 - Graph of energies for HEliX 5. 134
Graph 2 - Plot of HeliX 5'S TEMPEIATUIE........cveiiieieiesiesieses s 134
Graph 3 - Plot of HElIX 5'S RMS ...t 134
Appendix A
Graph 1 — Hydrophobicity plot of the 14 sequence alignment done for rhodopsin........ 264

Graph 2 — Hydrophobic plot of the final 41 sequences that led to a successful TM

Q1= 101 T o USSR 265
Graph 3 — Plot of Hydrophobicity after 1% Fine grain TMPred..........cccccoovvvvveeveieseeeien. 267
Graph 4 — Plot of all the data from the 1% Fine TM Prediction. ...........ccoceevevevreeeeen. 269
Graph 5 — Plot of the sum of the data contained in windows 20, 22, 24, and 26. .......... 269

Graph 6 — The plot of hydrophobic values after BiPeak has obtained them from the data

LIS TSP T ST P VPPN URURPRPPPPRTR 274
Graph 10 — Helix 2 BiPeaK PlOt.........cooiiiiieeic e 275
Graph 7 — Helix 1 BIPAK PIOT.........coiiiiiiieieeie e 275
Graph 8 — Helix 3 BIPEAK PIOL.........c.ccoiiiiiiieiiec e 275
Graph 9 — Helix 4 BiPAK PIOL.........cccooiiiiiiieiee e 275
Graph 12 — Helix 5 BIPeak PlOt.........ccoiiiiiieic e 275
Graph 11 — Helix 6 BIPeak PlOt.........ccooiiiiiieic e 275

Graph 13 — Helix 7 BIPeaK PlOt.........cooiiiiiieic e 276



Graph 14 - Before hcenterTR RNOAL.......cooviiiiiiiici e 280
Graph 15 - After hcenterTR for RROAL.........cooiiiiiiiiie e 281
Graph 16 - Before hcenterTR for RNOA2Z ..........oovviiiiiiicccc e 283
Graph 17 - After hcenterTR for RNOAZ..........cooiiiiiiii e 284
Graph 18 - After hcenterTR for Rhod3.........coooiiiiiie e 285
Graph 19 - Rhod2 before (black) and after rotation (green).........cccoccevvevenieneenesiienens 289
Graph 20 - Rhod3 after rotation of the Fixhelix bundle ..., 290
Graph 21 - Helix 3 Analysis for RNOAL..........ccooiiiiiiiiieceeee s 291

Graph 22 - Comparison of 1B Crystal (Black) to Example 1 (Green) after H3 Analysis
AN ROTMIN ..t 292
Graph 23 - Analysis of Helix 3 for RNOU2..........c.ccoveiiiiiicccececcc e 293
Graph 24 - Comparison of 1B crystal (black) to Example 2 after H3 anal. and rotmin. 295
Graph 25 - Analysis of Helix 3 for RNOd3..........ccoooiiiiiiiiccecccce e 296

Graph 26 - Comparison of 1B Crystal (Black) to Example 3 (Green) after H3 Analysis

ANA ROMIN ..ttt et 297
Graph 27 - Graphs of Individual Rotation Scans for Helices 1-4 of Crystal 1HZX....... 299
Graph 28 - Graphs of Individual Rotational Scans of Helices 5-7 of Crystal 1HZX ..... 300
Graph 29 - Individual Rotation Scans for 1HZX on a MembComp Graph.................... 301
Graph 30 - Individual Rotation Scans for Rhod1 on a MembComp Graph ................... 302
Graph 31 - Individual Rotation Scans for Rhod2 on a MembComp Graph ................... 303
Graph 32 - Individual Rotation Scans for Rhod3 on a MembComp Graph ................... 304

Graph 33 - Helical scan of TM 3 on the Rhod1 Structure...........ccccoeeveveiieivecesieseenne. 305



