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ABSTRACT 

This dissertation primarily describes structure-function studies of the prototypical Cys-

loop ligand-gated ion channel, the nicotinic acetylcholine receptors (nAChRs).  

Agonists that bind nAChRs, including acetylcholine, nicotine, and the smoking 

cessation drug varenicline, share one of the longest-known, best-studied pharmacophores, 

consisting of a cationic N and a hydrogen bond acceptor. A major theme of this thesis is 

concerned with defining the nAChR residues that bind the nicotinic pharmacophore.  

Chapters 2 and 3 establish that a hydrogen bond links the pharmacophore’s hydrogen 

bond acceptor to a backbone NH in the protein.  The establishment of this interaction, 

and the disproval of other predicted interactions, represents the completion of the 

nicotinic pharmacophore binding model.  Chapter 4 uses this model to characterize how 

the nAChR differentiates between stereoisomers of an agonist. 

Chapter 5 describes functional studies of a vicinal disulfide that has played a 

pivotal role in a number of pioneering studies of nAChRs.  Despite its historical 

importance, the functional role of this disulfide has not been defined. We identify a 

speculative role for the vicinal disulfide that involves the formation of a functionally 

important network of hydrogen bonds. 

Chapter 6 outlines three strategies for the photochemical cleavage of protein and 

peptide backbones using unnatural amino acids.  One of these strategies is based on a 

selenide-mediated cleavage of a backbone ester moiety.  Model studies establish the 

viability of this chemistry and suggest that it could be a useful tool for protein structure-

function studies. 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Chapter 7 concerns preliminary work from a collaboration with laboratories from 

USC and Caltech that is aimed at developing small-molecule treatments for vision loss 

associated with photoreceptor degeneration. The initial goal of this project is to develop a 

photosensitive small molecule that can activate a voltage-gated potassium channel.  

The final chapter discusses work that was done in the Grubbs lab at Caltech in 

which a strategy for preparing N-heterocyclic carbene-containing metal complexes was 

developed. 

   

 



 
xii 

TABLE OF CONTENTS 
 
LIST OF FIGURES…………………………………………………………….…………………….…..xvii 
LIST OF TABLES…………………………………..…………………………………………………....xx 
LIST OF SCHEMES………………...……………………………………………………………….......xxii 
 
 
CHAPTER 1: Introduction……………………………………………………...…………...........1 
 
1.1 Chemical Signaling in the Brain                                  1 
 
1.2 Nicotinic Acetylcholine Receptors (nAChRs): The Prototype of the Cys‐Loop  

Superfamily of Ligand‐Gated Ion Channels                                          2 
 
1.3 Using Physical Organic Chemistry to Study Ion Channels: The Power of  

Unnatural Amino Acids                                           7 
 
1.4 Incorporation of Unnatural Amino Acids Through Nonsense or Frameshift  

Suppression Methodology                                      11 
 
1.5 Electrophysiology as an Assay of Receptor Function                        15 
 
1.6 Mutant Cycle Analysis                                           16 
 
1.7 The Nicotinic Pharmacophore                                      18 
 
1.8 Summary of Dissertation Work                                     20 
 
1.9 References                                                  22 
     
 
CHAPTER 2: The Nicotinic Pharmacophore:  The Pyridine N of  
Nicotine and Carbonyl of ACh Hydrogen Bond Across a Subunit  
Interface to a Backbone NH………………………………………………………………….......27 
 
2.1 Abstract                                                 27 
 
2.2 Introduction                                              28 
 
2.3 Results                                                  32 

 
2.3.1 General Strategy                              32 
 
2.3.2 Optimization of nonsense suppression experiments                   33 
 
 
2.3.3 AmidetoEster backbone mutation at β2L119 impacts receptor           

 function in A2B3                                         35 



 
xiii 

 
2.3.4 Mutant cycle analyses indicate strong receptoragonist interactions  

at β2L119 in A2B3                                        38 
 
2.3.5 Studies in the A3B2 subunit stoichiometry give similar results            40 
 
2.3.6 Studies with smoking cessation drugs at both subunit stoichiometries       42 

 
2.4 Discussion                                                43 
 
2.5 Experimental Section                                        52 
 
2.6 Acknowledgements                                          55 
 
2.7 References                                               56 
 
 
CHAPTER 3: Residues that Contribute to Binding of  
the Nicotinic Pharmacophore in the MuscleType Nicotinic  
Receptor……………………………………………………………………………………………………60  
 
3.1 Abstract                                                 60 
 
3.2 Introduction                                              61 
 
3.3 Results                                                  64 

 
3.3.1 General Strategy                                        64 
 
3.3.2 Mutagenesis studies of γL119/δL121                             68 
 
3.3.3 Mutagenesis studies of the backbone CO of γN107/δN109               70 
 
3.3.4 Impact of the a1G153K mutation                              71 

 
3.4 Discussion                                                72 
 
3.5 Experimental Section                                        76 
 
3.6 Acknowledgements                                          78 
 
3.7 References                                               79 
 
 
 
 
 
 
 



 
xiv 

CHAPTER 4: Stereochemical Preferences of the Nicotinic Receptor: 
Pharmacophore Binding Interactions of Epibatidine Enantiomers ……….…. 82 
 
4.1 Abstract                                                 82 
 
4.2 Introduction                                              82 
 
4.3 Results                                                  87 

 
4.3.1 General Strategy                                        87 
 
4.3.2 EC50 values at the α4(L9’A)β2 receptor                          89 
 
4.3.3 Cationπ interaction to Trp B                                91 
 
4.3.4 Hydrogen bond to the backbone CO of Trp B                       92 
 
4.3.5 Hydrogen bond to β2L119                                  93 
 
4.3.6 A hydrogen bond to TyrA?                                  93 

 
4.4 Discussion                                                95 
 
4.5 Experimental Section                                        99 
 
4.6 Acknowledgements                                          102 
 
4.7 References                                               103 
 
 
CHAPTER 5: Evidence for an Extended Hydrogen Bond Network  
in the Binding Site of the Nicotinic Receptor: Concerning the Role  
of the Vicinal Disulfide of the α1 Subunit…………………………………………………..107 
 
5.1 Abstract                                                 107 
 
5.2 Introduction                                              107 
 
5.3 Results                                                  110 

 
5.3.1 Conformational Analysis and Experimental Design                    110 
 
5.3.2 Mutagenesis Studies                                      112 

 
5.4 Discussion                                                121 
 
5.5 Experimental Section                                        125 
 
 



 
xv 

5.6 Acknowledgements                                          131 
 
5.7 References                                               132 
 
CHAPTER 6: New Approaches to Photochemical Cleavage of  
Peptide and Protein Backbones……………………………………………………………..…137 
 
6.1 Abstract                                                 137 
 
6.2 Introduction                                              137 
 
6.3 Results                                                  139 

 
6.3.1 Caged selenide strategy                                    139 

 
6.3.1.1 Chemical biology studies of proteolysis by 1 and 2                144 
 
6.3.1.2 In vitro studies of proteolysis by 1 and 2                      144 
 
6.3.1.3 Nonsense suppression experiments with 1 and 2 in Xenopus oocytes    146 

 
6.3.2 Strategies based on a photocaged aniline and the chemistry of the  

 NPE protecting group                                     148 
 
6.3.2.1 Nonsense suppression experiments with 7 and 17 in Xenopus    

oocytes                                          150 
 
6.4 Discussion                                                153 
 
6.5 Experimental Section                                        154 
 
6.6 Acknowledgements                                          170 
 
6.7 References                                               171 
 
 
CHAPTER 7. Progress Toward SmallMolecule Activators of Voltage 
Gated Ion Channels for Treatment of Visual Impairment Resulting  
from Photoreceptor Loss……………………………………………………………………….….174 
 
7.1 Abstract                                                 174 
 
7.2 Introduction                                              174 
 
7.3 Progress                                                177 
 
7.4 Future Directions                                           183 
 
7.5 Experimental Section                                        183 



 
xvi 

 
7.6 Acknowledgements                                          184  
 
7.7 References                                               185 
 
 
CHAPTER 8. Synthesis of NHeterocyclic CarbeneContaining  
Metal Complexes from 2(Pentafluorophenyl)Imidazolidines…………………..186 

 
8.1 Abstract                                                 186 
 
8.2 Introduction                                              186 
 
8.3 Results                                                  188 
 
8.4 Discussion                                                191 
 
8.5 Experimental Section                                        192 
 
8.6 Acknowledgements                                          208 
 
8.7 References                                               209 
 
 
APPENDIX 1: Characterizing the Pharmacophore Binding  
Interactions of Cytisine in the (α4)2(β2)3 Receptor…………………………………..211 
 
A1.1 Results and Discussion                                      211 
 
A1.2 Experimental Section                                        215 
 
A1.3 References                                              216 
 
 
APPENDIX 2:  Full Collection of Data for the Backbone Ester Mutation  
at L119 in the α4β2 and MuscleType Nicotinic Acetylcholine  
Receptors (nAChRs)……………………………………………………………………………….....217 
 
 
APPENDIX 3: Synthetic Routes Considered for the Preparation  
of the Key Aryl Selenide αHydroxy Acid in Chapter 6…………………...………….220 
 
A3.1 Results and Discussion                                      220 
 
A3.2 Experimental Section                                        231 
 
A3.3 References                                              239 
 



 

 

xvii 

LIST OF FIGURES 
 
 
Figure 1.1      Topology of a Cys‐loop receptor subunit                          2 
 
Figure 1.2      Stoichiometries of several nAChRs                               3 
 
Figure 1.3      nAChR structure                                               5 
 
Figure 1.4       Fluorinated Trp side chains (indole rings) and calculated                

cation‐π binding energies                                       9 
 
Figure 1.5       An example fluorination plot giving a linear trend indicative of a  

cation‐π interaction                                            9 
 
Figure 1.6      Amide‐to‐ester mutation                                       10 
 
Figure 1.7       An overview of the nonsense and frameshift suppression  

methodologies used to incorporate unnatural amino acids  
(UAAs)                                                      12 

 
Figure 1.8       Schematic of the production of amino‐acylated tRNA               13  
 
Figure 1.9       Implementation of the nonsense or frameshift suppression     

methodology for incorporating unnatural amino acids into ion  
channels expressed in Xenopus oocytes                           14 

 
Figure 1.10     The electrophysiology assay                                    16   
 
Figure 1.11     Structures and electrostatic potential maps of agonists of the  

nAChR                                                       19   
 
Figure 2.1       Key structures considered in the present work                      29 
 
Figure 2.2      Key interactions seen in the crystal structure of nicotine bound to      

AChBP (pdb:  1UW6)                                           31  
 
Figure 2.3       Representative current waveforms and dose‐response relations  

for S‐Nicotine and S‐MPP at the A2B3 receptor                      35 
 
Figure 2.4      Double mutant cycle analysis for S‐Nic and S‐MPP on wild‐type  

A2B3 and (α4)2(β2L119Lah)3                                   39 
 
Figure 2.5       Depiction of the two stoichiometries of the α4β2 receptor           40 
 
Figure 2.6       “Internitrogen distances” and electrostatic potential maps (as  

calculated in Spartan) for (A) S‐nicotine, (B) (−)‐cytisine  
and (C) varenicline                                             48 

 



 

 

xviii 
Figure 2.7      Additional interactions seen in the crystal structure of nicotine  

bound to AChBP (pdb:  1UW6)                                  51 
 
Figure 3.1       Depiction of binding interactions of the nicotinic pharmacophore 

as predicted by AChBP structures                                62 
 
Figure 3.2       Agonists and unnatural amino acids used in this study               65 
 
Figure 3.3       Double mutant cycle analysis for ACh and choline on wild‐type  

and α1β1(L9’S)γ(L119Lah)/δ(L121Lah) mutant receptors          70 
 
Figure 4.1       The binding interactions of the nicotinic pharmacophore shown  

for (+)‐epibatidine                                             85 
 
Figure 4.2       Agonists and unnatural amino acids used in this study               86 
 
Figure 4.3       Fluorination plots of epibatidine compounds                      91 
 
Figure 5.1      Vicinal disulfide structure                                      108 
 
Figure 5.2        The β turn found in AChBP structures                             116 
 
Figure 5.3       Double mutant cycle analyses                                    118 
 
Figure 5.4      Three‐dimensional mutant cycle analysis with the triple  

mutant,  α1C193A/α1S191Aah/(γD174N/δD180N)                120 
 
Figure 6.1       Npg and the second‐generation SNIPP unnatural α‐hydroxy  

acids, 1 and 2                                                 139 
 
Figure 6.2      Depiction of the topology of the Shaker B K+ channel and the  

location of sites used to incorporate Npg                          147 
 
Figure 6.3      Proposed photochemical cleavage strategy using caged  

aniline 17                                                    149 
 
Figure 6.4      Proposed photochemical cleavage strategy using α‐hydroxy  

acid 7                                                        149 
 
Figure 7.1       Depiction of experimental design for studies with [Ru] 1, 2, and 3     179 
 
Figure 7.2       Structure of Ru2+(bpy)3 complexes with alkyl chains ([Ru] 1,          

2, and 3)                                                     179 
 
Figure 7.3       Depiction of experimental design for studies with [Ru] 4            181 
 
Figure 7.4       Structure of [Ru] 4                                            181 
 
Figure 7.5       Current‐voltage relationships of wild‐type (WT) ShIR and ShIR  

mutants                                                      182 



 

 

xix 
Figure A1.1     Unnatural amino acids used in this study                          212 
 
Figure A1.2     Fluorination plot for (−)‐cytisine                                 214 
 
Figure A3.1     Original retro‐synthetic pathway proposed by Eastwood            221 
 
Figure A3.2     Second retro‐synthetic pathway                                 223 
 
Figure A3.3     Third retro‐synthetic pathway                                  227 
 
 



 

 

xx 

LIST OF TABLES 
 
 

Table 2.1       EC50 values, Hill coefficients, and relative efficacies for  
mutations to β2L119 in the A2B3 stoichiometry                    36 

 
Table 2.2       EC50 values, Hill coefficients, and relative efficacies for  

mutations to β2A108 in the A2B3 stoichiometry                   37   
 
Table 2.3        Coupling parameters (Ω) and ∆∆G° values for mutant cycle  

analyses for A2B3                                             38 
 
Table 2.4       EC50 values, Hill coefficients, and relative efficacies for mutations  

to β2L119 in the A3B2 stoichiometry                              41 
 
Table 2.5        Coupling parameters (Ω) and ∆∆G° values for mutant cycle    

analyses in A3B2                                              42 
 
Table 2.6       EC50 values, Hill coefficients, and relative efficacies for (−)‐cytisine  

and varenicline at both subunit stoichiometries                     43 
 
Table 3.1       EC50 and Hill coefficient (± standard error of the mean) values for  

mutations made to α12β1γδ                                     68 
 
Table 3.2       Comparison of coupling coefficients (Ω) and coupling energies  

(ΔΔG°) for double mutant cycles                                 69 
 
Table 4.1       EC50 and Hill coefficient values (± standard error of the mean) for  

epibatidine and N‐methyl derivatives                             90 
 
Table 4.2       EC50 fold‐shifts and fluorination plot slopes for the epibatidine  

(Epi) compounds and also for ACh and nicotine (Nic)                92 
 
Table 4.3       Relative efficacy values and EC50 fold‐shifts resulting from  

mutation of TyrA (Y98) for the epibatidine (Epi) compounds,  
ACh and nicotine (Nic)                                          94 

 
Table 5.1       EC50, Hill coefficient (± standard error of the mean) and ∆G°  

values for mutations made to α12β1γδ                            113 
 
Table 5.2        EC50, Hill coefficient (± standard error of the mean) and ∆G°  

values for each mutation made to the vicinal disulfide in neuronal      
receptors, α4β4, α7 and α4β2                                   113 

 
Table 5.3       EC50, Hill coefficient (± standard error of the mean) and ∆ΔG°  

values for double mutations made to α12β1γδ                     117 
 
Table 5.4       Coupling energies for each face of the three‐dimensional  

mutant cycle                                                  120 



 

 

xxi 
Table 6.1        Current (Imax) obtained for control studies of Pro64 and Lys65  

in ShB using different codon combinations                         151 
 
Table 6.2        Current (Imax) obtained for studies with 7 and 17 at Pro64 in ShB     152 
 
Table 8.1       Comparison of the pyrolysis of 2‐(pentafluorophenyl) 

imidazolidines to >95% in benzene or toluene                     189 
 
Table 8.2        Comparison of percent conversion to pentafluorobenzene in  

different solvents in the thermolysis of 1 after one hour at 45 °C      190 
 
Table 8.3       N‐heterocyclic carbene complexes prepared from  

2‐(pentafluorophenyl)imidazolidines                            191 
 
Table A1.1     EC50 values and Hill coefficients for (−)‐cytisine at the A2B3  

stoichiometry                                                           214 
 
Table A1.2     EC50 fold‐shifts for Trp‐F3 and Trp‐F4 at TrpB, fluorination plot        

slopes and EC50 fold‐shifts for Tah at Thr155 for all agonists that  
have been studied at A2B3                                      215 

 
Table A2.1      EC50 values, Hill coefficients, and relative efficacies for the  

muscle‐type receptor                                           218 
 
Table A2.2      EC50 values, Hill coefficients, and relative efficacies for the α4β2  

receptor                                                      219 
 

 



 

 

xxii 

LIST OF SCHEMES 
 
 
Scheme 6.1     Synthesis of selenide α‐hydroxy acid 1                            141 
 
Scheme 6.2     Synthesis of selenide α‐hydroxy acid 2                            141 
 
Scheme 6.3     Synthesis of depsipeptides 12 and 14                             142 
 
Scheme 6.4     Depsipeptide cleavage reactions                                 143 
 
Scheme 6.5     Synthesis of the N‐pent‐4‐enoyl (4PO) derivative of 17              150 
 
Scheme 8.1     Preparation of 3 from the thermolysis of 1,3‐bis 

(2,4,6‐trimethylphenyl)‐2‐(pentafluorophenyl)imidazolidine 1       188 
 
Scheme 8.2     Preparation of 3 from the thermolysis of 1,3‐bis 

(2,4,6‐trimethylphenyl)‐2‐(trichloromethyl)imidazolidine 4         188 
 
Scheme A3.1   Synthesis of TBS‐protected aryl bromide 3                         222 
 
Scheme A3.2   Failed synthesis of the desired α‐hydroxy acid, 1                   222 
 
Scheme A3.3   Failed synthesis of benzyl alcohol 7 by ortho‐lithiation of       

benzyl alcohol                                                224 
 
Scheme A3.4   Synthesis of benzyl bromide 6 from benzyl alcohol 7               225 
 
Scheme A3.5   Another failed synthesis of the desired α‐hydroxy acid, 1            225 
 
Scheme A3.6   Model enolate reactions                                        226 
 
Scheme A3.7   Model reactions providing precedent for key steps in route 3        227 
 
Scheme A3.8   Model reaction that condense the two steps of Scheme A3.7           

into one                                                      228 
 
Scheme A3.9   Literature procedure for the enantio‐enriched synthesis of 11  

from 2‐nitrophenylpyruvic acid                                 228 
 
Scheme A3.10  Racemic reduction of 2‐nitrophenylpyruvic acid and attempted  

reduction of α‐hydroxy acid 11                                  229 
 
Scheme A3.11  Successful racemic preparation of the desired α‐hydroxy acid, 1      230 


	Title Page
	copyright2
	dedication2
	ACKNOWLEDGEMENTS DONE2
	Abstract2
	Table of Contents 2
	list of figures 2

