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2.1  INTRODUCTION 
 

Biological signaling pathways employ a vast array of integral membrane proteins that 

process and interpret the chemical, electrical, and mechanical signals that are delivered to 

cells.  These proteins are the targets of most drugs of therapy and abuse, but structural 

insights are sparse because both x-ray crystallography and NMR spectroscopy are of 

limited applicability.  Even when structural information is available, establishing the 

functional importance of particular structural features can be challenging.  In contrast, 

chemistry-based methods hold great promise for producing high-precision structural and 

functional insights.  Varying the drug or signaling molecule has been the approach of the 

pharmaceutical industry, producing a multitude of structure-activity relationships of 

considerable value.  In recent years we have taken the reverse approach, in which we 

systematically vary the receptor and use functional assays to monitor changes in drug-

receptor interactions.1,2  We show here that this physical chemistry approach to studying 

receptors can produce high-precision insights into drug-receptor interactions.  In 

particular, we show that two agonists that interact with the same binding pocket of a 

receptor can make use of very different noncovalent interactions to achieve the same 

result. 

The ligand gated ion channels (LGIC) are among the molecules of memory, thought, 

and sensory perception and are the targets for treatments of Alzheimer’s disease, 

Parkinson’s disease, schizophrenia, stroke, learning deficits, and drug addiction.3,4  The 

binding of small molecule neurotransmitters induces a structural change, opening a pore 

in a channel that allows the passage of ions across the cell membrane.  Here we examine 

the agonist-binding site of the nicotinic acetylcholine receptor (nAChR), the prototype of 

the Cys-loop family of LGIC, which also includes γ-aminobutyric acid, glycine, and 
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serotonin receptors.  The embryonic muscle nAChR is a cylindrical transmembrane 

protein 5 composed of five subunits (α1)2, β1, γ, and δ (Figure 2.1A).  Early biochemical 

studies identified two agonist-binding sites localized to the α/δ and α/γ interfaces.6-8  The 

crystal structure of the acetylcholine-binding protein (AChBP),9 a soluble protein 

homologous to the agonist-binding site of the nAChR, revealed the binding sites to be 

defined by a box of conserved aromatic residues.  

A cationic center is contained in nearly all nAChR agonists, including acetylcholine 

(ACh) and (-) nicotine.  A common strategy for the recognition of cations by biological 

molecules is the cation-π interaction, the stabilizing interaction between a cation and the 

electron-rich face of an aromatic ring.10-12  Studies of the muscle-type nAChR using 

unnatural amino acid mutagenesis showed that a key tryptophan, Trp α149, makes a 

potent cation-π interaction with ACh in the agonist-binding site.13  Interestingly nicotine, 

binding in the same pocket of the muscle-type nAChR, does not make a strong cation-π 

interaction.14  These findings suggested that agonists of the nAChR could fall into two 

classes, which for present purposes we will term “cholinergic,” binding like ACh, and 

“nicotinic,” binding like nicotine. 
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Figure 2.1.  Images of the nAChR.  (A) The overall layout of the muscle receptor, 
indicating the arrangement of five subunits around a central pore.  The receptor electron 
density from cryo-electron microscopy5 is shown superimposed over a ribbon diagram of 
AChBP9, which corresponds to the extracellular domain of the receptor.  (B) The agonist 
binding site from AChBP with muscle-type nAChR numbering.  Aromatic residues lining 
the binding pocket are shown as space-filling models.  Residues and ribbons from the α 
subunit are gold; those from the δ subunit are blue.  The star marks the backbone 
carbonyl that participates in a hydrogen bond with agonists. 

 

Several modeling studies based on the original structure of AChBP suggested a 

hydrogen-bonding interaction from the N+–H of nicotine to the backbone carbonyl of Trp 

α149.15,16  This carbonyl is denoted by a star in Figure 2.1.  ACh cannot make a 

hydrogen bond of this sort.  Thus, this hydrogen bond could be a second discriminator 

between ACh and nicotine (the first being the cation-π interaction with Trp α149).  While 

this work was nearing completion, Sixma and co-workers reported the crystal structure of 

AChBP in the presence of bound nicotine,17 confirming the proposed hydrogen bond 

between nicotine and the backbone carbonyl of Trp α149 at the agonist-binding site.  We 

note, however, that AChBP is not a neuroreceptor, and that it shares only 20-24% 

sequence identity with nAChR α subunits.  In addition, the crystal structure of AChBP 

most likely represents the desensitized state of the receptor.  Thus, the functional 
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significance of structural insights gained from AChBP remains to be determined, and the 

present paper addresses this issue. 

One challenge in studying the activity of nicotine at the nAChR is that nicotine has 

low agonist potency at the muscle receptor subtype.18  Nicotine is a more potent agonist 

at some neuronal nAChR subtypes.19  As such, the present study also examines 

epibatidine, a very potent agonist at both muscle and neuronal-type nAChRs.19,20  

Epibatidine, while structurally similar to nicotine, has a potency comparable to ACh.21, 22  

Therefore, epibatidine perhaps serves as a more meaningful probe of “nicotinic” 

interactions at the muscle-type nAChR (Figure 2.2). 

 

 

Figure 2.2.  nAChR Agonists Examined in This Study.  Shown are EC50 values for 
activation of the wild-type nAChR and calculated agonist geometries.  HF/6-31G 
electrostatic surfaces calculated using Molekel contrast the focused N+–H positive charge 
on nicotine and epibatidine with the diffuse ACh ammonium charge. Electrostatic 
surfaces correspond to an energy range of + 10 to + 130 kcal/mol, where blue is highly 
positive and red is less positive.  Note that (±) epibatidine was used to obtain EC50 
values. 
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The goals of this study were thus twofold.  First, we wished to evaluate the 

significance of the apparent hydrogen bond between nicotine and the backbone carbonyl 

of Trp α149.  Second, we wished to evaluate the factors that render epibatidine almost 

100-fold more potent than nicotine, despite the clear structural similarity of the two.  The 

site-specific in vivo nonsense suppression methodology for unnatural amino acid 

incorporation2 has been exploited to evaluate these two issues.  Studies employing 

fluorinated Trp derivatives at α149 reveal that epibatidine binds with a potent cation-π 

interaction similar to that of ACh.  In addition, we establish the functional significance of 

the interaction with the backbone carbonyl at Trp α149 with both nicotine and 

epibatidine by weakening the hydrogen bond ability of the backbone carbonyl through an 

appropriate backbone amide-to-ester mutation.  Modeling based on these data suggests 

precise interactions that differentiate the three agonists. 

 

2.2  MATERIALS AND METHODS 

Synthesis of α-hydroxy threonine (Tah, 2R, 3S-dihydroxy-butanoic acid)23  

L-Threonine (2.2 g, 18.5 mmol), suspended in 5 ml of water at -5 °C, was treated 

simultaneously with a solution of 1.38 g NaNO2 (20 mmol) in 2 ml of water and 557 µl 

of concentrated H2SO4 (10 mmol) in 1.5 ml H2O.  The two solutions were added slowly 

while stirring so that the temperature remained between 0 °C and 5 °C.  The reaction 

turned yellow upon addition.  The solution was then stirred overnight at room 

temperature.  The reaction mixture was concentrated, the mixture was treated with 3 ml 

of EtOH, and the salts were filtered.  The solution was concentrated.  The material was 

dry loaded onto a flash silica gel column and run in 1:1 hexanes/ethyl acetate with 1% 
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acetic acid to give 730 mg (38 %) of hydroxythreonine:  1H NMR (D2O) δ 1.17 (d, 3 H, J 

= 6 Hz), 4.1 (m, 2H); 13C NMR 18.2, 68.4, 74.2, 176.0:  Electrospray MS Calcd for 

C4H8O4 minus H:  119.1.  Found m/z:  119.0. 

 

Synthesis of Tah Cyanomethyl Ester (2R, 3S-dihydroxy-butanoate cyanomethyl 

ester)24   

The hydroxy acid (385 mg, 3.21 mmol) was dissolved in 5.1 ml of ClCH2CN (80.1 

mmol) and 1.2 ml Et3N (8.44 mmol).  Upon stirring under Ar for 30 min, the solution 

turned yellow.  A gradient flash silica gel column from 20% to 80% ethyl 

acetate/hexanes was run, and the isolated product was dried on vacuum to yield 50.9 mg 

(10%) of hydroxythreonine cyanomethyl ester: 1H NMR (D2O) δ 1.27 (d, 3H, J= 6 Hz), 

4.22 (m, 1H), 4.34 (d, 1H, J= 3 Hz), 5.01 (s, 2H), 13C 18.2, 49.7, 68.4, 74.4, 115.5, 172.6; 

FAB MS Calcd for C6H9O4N plus H:  160.17.  Found m/z: 160.03 (M+H), 75.02, 103.07. 

 

Synthesis of dCA-Tah 

Tah cyanomethyl ester (5.7 mg, 35.8 µmol) was dissolved in 250 µl dry DMF in a 

flame-dried 5 ml round bottom flask with a stir bar.  The dinucleotide dCA (14.4 mg, 

11.9 µmol) was added, and the reaction was stirred under Ar for 24 h.  Upon completion 

of the reaction, the pure compound was obtained by preparative HPLC.  Electrospray MS 

Calcd for C23H31N8O16P2 minus H:  736.13.  Found m/z (M-H):  737.4. 
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Western Blot Analysis 

In vitro transcription was performed using Promega rabbit reticulocyte lysate 

translation system as reported previously.25,26   Untreated and base (NH4OH) treated 

samples were prepared to detect base hydrolysis of backbone esters as previously 

described in detail.26 

 

Electrophysiology 

Stage VI oocytes of Xenopus laevis were employed.  Oocyte recordings were made 

24 to 48 h post injection in two-electrode voltage clamp mode using the OpusXpressTM 

6000A (Axon Instruments, Union City, California).  Oocytes were superfused with Ca2+-

free ND96 solution at flow rates of 1 ml/min, 4 ml/min during drug application and 3 

ml/min during wash.  Holding potentials were  -60 mV.  Data were sampled at 125 Hz 

and filtered at 50 Hz.  Drug applications were 15 s in duration.  Agonists were purchased 

from Sigma/Aldrich/RBI:  (-) nicotine tartrate, acetylcholine chloride, and (±) epibatidine 

dihydrochloride.  Epibatidine was also purchased from Tocris as (±) epibatidine.  All 

drugs were prepared in sterile ddi water for dilution into calcium-free ND96.  Dose-

response data were obtained for a minimum of 10 concentrations of agonists and for a 

minimum of 7 cells.  Dose-response relations were fitted to the Hill equation to determine 

EC50 and Hill coefficient.  EC50s for individual oocytes were averaged to obtain the 

reported values. 

 

Unnatural Amino Acid Suppression 

Synthetic amino acids and α-hydroxy acids were conjugated to the dinucleotide dCA 

and ligated to truncated 74 nt tRNA as previously described.24,27  Deprotection of 
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aminoacyl tRNA was carried out by photolysis immediately prior to co-injection with 

mRNA, as described.27, 28  Typically, 25 ng of tRNA were injected per oocyte along with 

mRNA in a total volume of 50 nl/cell.  mRNA was prepared by in vitro runoff 

transcription using the Ambion (Austin, TX) T7 mMessage mMachine kit.  Mutation to 

the amber stop codon at the site of interest was accomplished by standard means and was 

verified by sequencing through both strands.  For nAChR suppression, a total of 4.0 ng of 

mRNA was injected in the subunit ratio of 10:1:1:1 α:β:γ:δ.  In all cases, the β subunit 

contained a Leu9'Ser mutation, as discussed below.  Mouse muscle embryonic nAChR in 

the pAMV vector was used, as reported previously.  In addition, the α subunits contain 

an HA epitope in the M3-M4 cytoplasmic loop for biochemical western blot studies 

(Figure 2.4).  Control experiments show a negligible effect of this epitope on EC50.  As a 

negative control for suppression, truncated 74 nt or truncated tRNA ligated to dCA was 

co-injected with mRNA in the same manner as fully charged tRNA.  At the positions 

studied here, no current was ever observed from these negative controls.  The positive 

control for suppression involved wild-type recovery by co-injection with 74 nt tRNA 

ligated to dCA-Thr or dCA-Trp.  In all cases, the dose-response data were 

indistinguishable from injection of wild-type mRNA alone. 

 

Computation   

This study was performed in collaboration with E. James Petersson, who conducted 

the computation studies.  Acetylcholine, (-) nicotine, (+) epibatidine, (-) epibatidine, 3-

(1H-Indol-3-yl)-N-methyl-propionamide, 3-(1H-Indol-3-yl)-O-methyl-propionate, and 

the hydrogen-bonded complexes shown in Figure 2.5 were optimized at the HF/6-31G 
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level of theory.  For the acetylcholine, (-) nicotine, and (-) epibatidine complexes, the 

starting coordinates of the ligand and Trp 147 (α7 numbering) were taken from the 

docked structures of Changeux and co-workers available at 

http://www.pasteur.fr/recherche/banques/LGIC/LGIC.html.  The optimized geometries 

were fully characterized as minima by frequency analysis, and are reported elsewhere.29  

Energies were calculated at the HF/6-31G level.  Basis set superposition error (BSSE) 

corrections were determined in the gas phase at the HF/6-31G level, using the 

counterpoise correction method of Boys and Bernardi.30  Zero point energy (ZPE) 

corrections were included by scaling the ZPE correction given in the HF/6-31G level 

frequency calculation by the factor of 0.9135 given by Foresman and Frisch.31  All 

calculations were carried out with the Gaussian 98 program.32  Binding energies were 

determined by comparing the BSSE- and ZPE-corrected energies of the separately 

optimized ligand and tryptophan analog to the energy of the complex.  Solvent effects 

were added to the gas phase-optimized structures using the polarizable continuum model 

(PCM) self-consistent reaction field of Tomassi and co-workers33 with ε(THF) = 7.6, 

ε(EtOH) = 24.3, and ε(H2O) = 78.5. 

Electrostatic potential surfaces were created with Molekel, available at 

www.cscs.ch/molekel/.34  The electrostatic potential for each structure was mapped onto 

a total electron density surface contour at 0.002 e/Å3.  These surfaces were color-coded 

so that red signifies a value less than or equal to the minimum in positive potential and 

blue signifies a value greater than or equal to the maximum in positive potential.   
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2.3  RESULTS  

Unnatural amino acids were incorporated into the nAChR using in vivo nonsense 

suppression methods, and mutant receptors were evaluated electrophysiologically.2  The 

structures and electrostatic potential surfaces of the agonists are presented in Figure 2.2.  

For these cationic agonists, the surface is positive everywhere; red simply represents 

relatively less positive, and blue relatively more positive.  The structures and the 

electrostatic potential surfaces of the fluorinated tryptophan unnatural amino acids are 

shown in Figure 2.3.  The calculated gas phase cation-π binding energies with a Na+ are 

indicated.13 

 
Figure 2.3.  Fluorinated Tryptophan Series.13  Electrostatic potential surfaces are 
shown on a colorimetric scale from – 25 (red) to + 25 (blue) kcal/mol. Calculated gas 
phase Na+ binding energies are shown. 
 

 
In studies of weak agonists and/or receptors with diminished binding capability, it is 

necessary to introduce another mutation that independently decreases EC50.  We 

accomplished this via a Leu-to-Ser mutation in the β subunit at a site known as 9' in the 

M2 transmembrane region of the receptor.35-37  This M2-β9’ residue is almost 50 Å from 

the binding site, and previous work has shown that a Leu9'Ser mutation lowers the EC50 

32.6 27.5 23.2 14.418.9
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by a factor of roughly 40 without altering trends in EC50 values.14, 38  Measurements of 

EC50 represent a functional assay; all mutant receptors reported here are fully functioning 

ligand gated ion channels.  It is important to appreciate that the EC50 value is not a 

binding constant, but a composite of equilibria for both binding and gating.  As we have 

shown in previous studies of LGIC using the unnatural amino acid 

methodology,1,2,13,14,28,38-40 the trends observed in EC50s resulting from subtle changes in 

a series of residues that define the agonist-binding site are assumed to occur due to 

variations in agonist binding events rather than significant variations influencing the 

gating processes.  

 

Epibatidine Binds with a Potent Cation-π Interaction at Trp α149   

The possibility of a cation-π interaction between epibatidine and Trp α149 was 

evaluated using our previously developed strategy, the incorporation of a series of 

fluorinated Trp derivatives (5-F-Trp, 5,7-F2-Trp, 5,6,7-F3-Trp, and 4,5,6,7-F4-Trp).  The 

EC50 values for the wild-type and mutant receptors are shown in Table 2.1.  Attempts to 

record dose-response relations from 4,5,6,7-F4-Trp at α149 were unsuccessful because 

this mutant required epibatidine concentrations above 100 µM.  At these concentrations 

epibatidine becomes an effective open channel blocker,20 confounding efforts to obtain 

an accurate dose-response curve.  A clear trend can be seen in the data of Table 2.1:  

each additional fluorine produces an increase in EC50. 

As in previous work, our measure for the cation-π binding ability of the fluorinated 

Trp derivatives is the calculated binding energy of a generic probe cation (Na+) to the 

corresponding substituted indole (Figure 2.3).13, 14, 39  This method provides a convenient 

way to express the clear trend in the dose-response data in a quantitative way.  A 
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“fluorination plot” of the logarithmic ratio of the mutant EC50 to the wild-type EC50 

versus the cation-π binding ability for Trp α149 reveals a compelling linear relationship 

(Figure 2.4).  These data demonstrate that the secondary ammonium group of epibatidine 

makes a cation-π interaction with Trp α149 in the muscle-type nAChR. 

 

       Table 2.1.  Mutations Testing Cation-π Interactions at α149 

 Trp F-Trp F2-Trp F3-Trp 

Epibatidinea 0.83 ±
0.08b 4.8 ± 0.1 9.3 ± 0.5 18 ± 2 

Cation-πc 32.6 27.5 23.3 18.9 

    a EC50 (µM) ± standard error of the mean.  Racemic epibatidine  
     was used in these experiments.  The receptor has a Leu9’Ser  

  mutation in M2 of the β subunit.  
b Rescue of wild type by nonsense suppression.   
c Reference 13.  Value reported is the negative of the calculated 

binding energy of a probe cation (Na+) to the ring, in kcal/mol. 
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Figure 2.4.  Fluorination Plot for nAChR Agonists.  Epibatidine data from Table 2.1; 
ACh data from Reference 13, nicotine data from Reference 14. The log [EC50 /EC50 (wild 
type)] versus calculated cation-π ability is plotted for the series of fluorinated Trp 
derivatives at Trp α149.  ACh data fit the line y = 3.21 - 0.096x and epibatidine data fit 
the line y = 3.23 - 0.096x.  The correlation for ACh and epibatidine fits were R = 0.99 
and R = 0.98, respectively.  Note that because the data for each agonist are normalized to 
the EC50 of the wild-type receptor, all three agonists share the point for the wild-type 
receptor, with coordinates (32.6, 0).  

 

In vitro Nonsense Suppression at α150 

Biochemical studies were conducted to confirm the presence of alpha hydroxyl-

threonine at α150 in the mouse muscle nAChR.  In vitro nonsense suppression in rabbit 

reticulocyte lysate was conducted by transcribing mRNA coding the α150TAG.  The 

alpha construct contains an HA epitope (YPYDVPDYA) for protein visualization on a 

Western blot with antibodies against the HA sequence.  Full-length protein was observed 

in lanes containing mRNA and Thr or Tah charged tRNA.  No protein was observed in 

lanes containing mRNA only or mRNA with uncharged tRNA (labeled trunc tRNA in 

Figure 2.5).   

Proteins containing Tah at α150TAG contain an ester backbone and can be detected 

by treating the transcription products with concentrated base (NH4OH).  Ester backbones 
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are hydrolyzed by concentrated base and the cleavage product can be visualized on a 

western blot.24,26  Figure 2.5 shows a western blot of nAChR α subunit suppressed with 

Thr and Tah.  The arrow indicates the cleaved product, observed only in the Tah base-

treated lanes.  This figure verifies that Tah is incorporated into the protein.              

 
 
Figure 2.5.  In Vitro Suppression at α150.  Protein contains an HA epitope.  Samples 
were treated with NH4OH  base (+) or loaded as is (-).  The full-length protein and base 
cleavage product are indicated.   

 

Nicotine and Epibatidine Hydrogen Bond to the Carbonyl Oxygen of Trp α149 

The recently reported crystal structure of AChBP with nicotine bound indicated a 

hydrogen bond between the pyrrolidine N+–H of nicotine and the backbone carbonyl of 

Trp α149,17 an interaction that had been anticipated by several modeling studies.15,16  To 

evaluate this possibility, the backbone amide at this position was converted to an ester by 

replacing Thr α150 with the analog α-hydroxy threonine (Tah) using the nonsense 

suppression methodology (Figure 2.6A).  Converting an amide carbonyl to an ester 

carbonyl weakens the hydrogen bonding ability of the oxygen.   In studies of amide 

hydrogen bonds in the context of α-helices or β-sheets, the magnitude of the effect was 

0.6 – 0.9 kcal/mol.41,42  

NH4OH 
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The results of the incorporation of Tah at α150 are shown in Table 2.2.  Upon ester 

substitution, the EC50 for nicotine increases 1.6 fold.  The change is larger for the more 

potent agonist epibatidine; conversion of the backbone carbonyl of Trp α149 to an ester 

leads to a 3.7-fold increase in EC50 (Figure 2.6).  In contrast, ACh, lacking a proton at 

the cationic center, shows a 3.3 fold decrease in EC50.  These results further highlight the 

distinction between nicotinic and cholinergic agonists. 

 

       Table 2.2.  Mutations Testing H-bond Interactions at α150a 

Agonist Thrb Tah Tah/Thr 

ACh 0.83 ± 0.04 0.25 ± 0.01 0.30 

Nicotine 57 ± 2 92 ± 4 1.6 

Epibatidine 0.60 ± 0.04 2.2 ± 0.2 3.7 

   a EC50 (µM) ± standard error of the mean.   
    The receptor has a Leu9’Ser mutation in M2 of the β subunit. 
   b Rescue of wild type by nonsense suppression. 
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Figure 2.6.  Hydrogen Bond Analysis of nAChR.  (A) The backbone amide carbonyl of 
Trp α149 (X = NH) is replaced with an ester carbonyl (X = O) upon incorporation of Tah 
α150.  (B) & (C) Electrophysiological analysis of epibatidine.  (B) Representative 
voltage-clamp current traces for oocytes expressing nAChRs suppressed with Thr or Tah 
at α150.  Bars represent application of epibatidine at the concentrations noted.  (C)  
Representative epibatidine dose-response relations and fits to the Hill equation for 
nAChR suppressed with Thr ( ) and Tah ( ).  Studies incorporate a βLeu9’Ser 
mutation. 

 

Amide and Ester Efficacy at α150 

Agonist efficacy on a LGIC is measured by determining the maximal whole-cell 

current induced in response to saturating agonist concentrations.  Full agonists maximally 

activate nAChR, while partial agonists sub-maximally activate the receptor resulting in a 

lower efficacy.43  By comparing maximal currents induced by agonists on the same cell, 

partial agonists can be identified.  The present study examines the maximal current in 

response to saturating doses, approximately three times the EC50,  of ACh, nicotine, and 
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epibatidine to probe agonist strength in the presence of the ester backbone mutation at 

α150 (Figure 2.7).  Interestingly, nicotine and epibatidine efficacy decrease for the ester 

mutant in comparison to the wild-type amide backbone at position α150 to approximately 

40% and 70%, respectively.  Thus, nicotine appears to be a partial agonist for the ester 

mutant at α150.   

                 

 

 

 

 

 

 

 

Figure 2.7.  Agonist Efficacy Studies.  Efficacy measurements for oocytes expressing 
nAChR suppressed with the indicated residue at α150 in response to saturating 
concentrations of the indicated agonist.  The receptor has a Leu9’Ser mutation in M2 of 
the β subunit.  Mean whole-cell currents were obtained and normalized to the maximal 
signal elicited for ACh; ACh is assumed to be a full agonist in each system.  Normalized 
data were averaged and are reported along with the SEM.  Concentrations of each agonist 
were ACh 0.75 µM, nicotine 275 µM, and epibatidine 6.5 µM.     
 
 

Events involving nAChR agonist binding and channel gating are complicated and are 

postulated to involve numerous steps.  While the present study examines mutations in the 

binding site region, it is possible that these mutations affect channel gating as well as 

agonist binding.  These results from the efficacy studies indicate that the processes 

observed in the Tah ester mutant might involve both binding and gating factors for 
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nicotine.  Thus, future studies such as single channel kinetic experiments are necessary to 

further probe these observations.   

 

Computational Modeling 

In order to further probe the interactions of drugs with Trp α149, a simple 

computational model was investigated. Considering only the interactions with Trp α149, 

we docked the ligands using ab initio (HF/6-31G) calculations taking into account both 

the cation-π interaction and the carbonyl hydrogen bond.  Initial tryptophan and ligand 

coordinates were taken from the AChBP-based homology models of Changeux.16  

Geometry optimizations, counterpoise corrections, and zero point energy corrections 

were all performed in the gas phase.  The optimized geometries for free ACh and nicotine 

are in keeping with previous calculations at higher levels of theory and with solution 

NMR studies, in that bent "tg" structures are favored for ACh and the trans form is 

favored for protonated nicotine.44-46  The calculated binding energies are consistent with 

those from previous computational studies of metal-binding complexes with both cation-

π and cation-carbonyl interactions47-51 and studies of hydrogen bonds to protonated 

nicotine.52,53 

The calculated binding energies are summarized in Table 2.3 and described in more 

detail elsewhere.29  As expected, conversion of the Trp α149 amide to an ester weakens 

the binding interactions to both epibatidine and nicotine, and the calculated energetic 

consequence of ester conversion is larger for epibatidine than for nicotine (8 kcal/mol vs. 

6 kcal/mol).  Using the PCM solvation model,33 we also studied these interactions in 

solvents of differing polarity (Table 2.3).  In each solvent, epibatidine favors amide 

binding over ester binding to a greater degree than nicotine.  The changes in hydrogen-
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bonding energies observed in different solvent systems are consistent with similar 

calculations published by Houk and co-workers.54 

 

Table 2.3.  Solvent Effects on Binding Energy Differencesa 

 

Agonist 

Ester Binding Energy – 

Amide Binding Energy (kcal/mol) 

 Gas THF Ethanol Water 

ACh 5.0 0.6 - 1.7 - 2.0 

Nicotine 6.1 3.1 1.2 - 0.8 

Epibatidineb 8.0 7.0 5.0 4.7 

             a ε(THF) = 7.6, ε(ethanol) = 24.3, ε(water) = 78.5.   
         b Average of energies for Epi enantiomers.   

 

The geometries of Figure 2.8 are consistent with the experimental trends observed.  

The cation-π interaction is expected to be much stronger for epibatidine than for nicotine.  

The calculated N+ to π-centroid distance is substantially shorter for epibatidine (a in 

Figure 8).  In addition, epibatidine points an N+–H cationic center towards the Trp indole 

ring vs. the N+CH2–H of nicotine (Figure 2.8).  The cationic center of epibatidine has a 

much more positive electrostatic potential than that of nicotine (+139 kcal/mol for 

epibatidine, +112 for nicotine).  These potentials, indicators of cation-π binding strength, 

and the geometrical factors noted are consistent with the experimental observation that 

epibatidine has a much stronger cation-π interaction than nicotine. 

Nicotine and epibatidine also make significant hydrogen bonds to the Trp α149 

carbonyl oxygen with an N+–H group (b in Figure 2.8).  The geometrical parameters for 

interaction b with the two agonists are very similar, suggesting the two hydrogen bonds 

are comparably strong.  In addition, the calculations suggest a second, previously 
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unanticipated interaction between the Caromatic–H of the carbon adjacent to the pyridine N 

of epibatidine and the same carbonyl (c in Figure 2.8). This type of C-H•••O=C 

hydrogen bond has been seen in many protein structures and other systems, and the 

geometrical parameters of the epibatidine structures are compatible with previous 

examples.55,56 (+) Epibatidine has a calculated C-O distance (c in Figure 2.8) of 3.19 Å, 

and a C-H-O angle of 151°; (–) epibatidine has a longer C-O distance of 3.26 Å, but a 

more favorable angle, 169°.  In the computed nicotine-bound structure, the analogous 

distances and angles are less favorable  (c in Figure 2.8): 3.42 Å and 139°, and the 

interaction is completely absent in the x-ray structure.  
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Figure 2.8.  Crystal Structure Data (X-Ray) and Computational Modeling (Calc.) of 
Agonist Binding.  Crystal structures for CCh and nicotine were taken from Celie et al. 
(PDB ID 1UW6 (nicotine) and 1UV6 (CCh)).17  Calculations were performed for ACh,  
(-) nicotine, (+) epibatidine, and (-) epibatidine. Distance a represents a cation-π 
interaction; b represents an N+–H or N+C–H hydrogen bond with the backbone carbonyl 
and c represents a Caromatic–H•••O=C hydrogen bond with the backbone carbonyl.  Gas 
phase HF/6-31G optimized geometries (Å) are reported.  Hydrogens were added to the x-
ray structures using Gaussview. 

 

 

 



 

 

40

2.4  DISCUSSION 

A number of studies have identified key interactions that lead to the binding of small 

molecules at the agonist-binding site of nAChRs.57  The field was dramatically altered 

with the appearance of the crystal structure of the ACh binding protein. AChBP is not the 

nAChR, however.  It is a small, soluble protein secreted from the glial cells of a snail, 

and it is < 25% identical to its closest relative in the nAChR family, α7.9  It remains to be 

established just how relevant AChBP is to the functional receptors.58  The methodology 

of incorporating unnatural amino acids into these receptors provides a functional tool to 

address this task. 

Previously, we observed an intriguing result:  nicotine and ACh use different 

noncovalent interactions to bind the muscle-type nAChR.14  ACh forms a strong cation-π 

interaction with Trp α149; nicotine does not.  Although known as the nicotinic receptor, 

the form we study here, that found in the peripheral nervous system, is relatively 

insensitive to nicotine.  At this muscle-type receptor ACh is over 70-fold more potent 

than nicotine.  The behavioral and addictive effects of nicotine arise exclusively from 

interactions with one or more neuronal subtypes of nAChR found in the central nervous 

system, where nicotine and ACh are generally comparably potent.  We therefore wanted 

to probe a nicotinic-type agonist that is potent at the muscle receptor, and epibatidine was 

the logical choice.  This alkaloid natural product possesses potent analgesic properties59 

and has served as a lead compound for a number of pharmaceutical programs targeted at 

the nAChR.22  In the present work, we find two specific interactions that distinguish 

among the three agonists considered here, ACh, nicotine, and epibatidine. 
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First, we now find that epibatidine makes a strong cation-π interaction with Trp α149 

of the muscle-type nAChR.  This result contrasts sharply to nicotine, and this observation 

helps to explain the much higher affinity of epibatidine for this receptor relative to 

nicotine.  The apparent magnitudes of the cation-π interactions, indicated by the slopes of 

the fluorination plots in Figure 2.4, are comparable for ACh and epibatidine.  This 

similarity is somewhat surprising.  It is well established that quaternary ammonium 

cations make weaker cation-π interactions than protonated ammoniums (be they primary, 

secondary, or tertiary), and the electrostatic model of the cation-π interaction nicely 

rationalizes this effect.10,11,60  In addition, we have shown that when serotonin is the 

agonist binding to a Trp in two different receptors, a steeper slope for the fluorination 

plot is seen than that for ACh in the nAChR.14,39  Serotonin contains a primary 

ammonium ion, and so the steeper slope is considered to be consistent with the expected 

stronger cation-π interaction.  We conclude that epibatidine makes a strong cation-π 

interaction-comparable to that for ACh–but that, at least at the muscle receptor, it cannot 

maximize its binding to the indole ring of Trp α149 due to other binding constraints.  

The second discriminator we have probed is hydrogen bonding.  A newer crystal 

structure of the AChBP includes nicotine at the binding site.17  The structure confirms the 

existence of a hydrogen bond between nicotine and the backbone carbonyl of Trp α149, 

an interaction anticipated by modeling studies.  In efforts to probe this non-covalent 

interaction, we studied the effects of decreasing the hydrogen bond acceptor ability of the 

backbone carbonyl of Trp α149.  In such studies, the clear distinction between ACh and 

nicotinic agonists is strengthened.  Nicotine and epibatidine, containing a tertiary and 

secondary cationic center, respectively, both show increases in EC50 compared to the 

native receptor in response to the amide-to-ester modification (Table 2.2).  The effect is 
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larger with the more potent agonist, epibatidine.  Thus, the experimental data support the 

suggestion that nicotine and epibatidine interact with the nAChR through a hydrogen 

bond with the backbone carbonyl of Trp α149. 

ACh, with a quaternary cationic center that cannot make a conventional hydrogen 

bond, shows a decrease in EC50 at the ester-containing receptor compared to the native 

receptor. We had anticipated that the binding of ACh would be unaffected by such a 

subtle change. The origin of this effect is unclear from these studies and is further 

investigated in Chapter 3.  Here we consider two possibilities. 

In the recently reported crystal structure of AChBP binding to carbamylcholine 

(CCh),17 a cholinergic analogue of ACh, the backbone carbonyl oxygen of interest here 

makes contact with a CH2 group adjacent to the N+(CH3)3 group (CCh:  

NH2C(O)OCH2CH2N+(CH3)3).  This CH2 carries a significant positive charge, like the 

CH3 groups, and so a favorable electrostatic interaction is possible.  This interaction with 

CCh would be much weaker than the N+–H hydrogen bonds of nicotine and epibatidine, 

but perhaps not negligible.   Interestingly, Sixma and co-workers noted that the binding 

of CCh to AChBP is less enthalpically favorable than that of nicotine.  They attribute this 

observation to the net unfavorable burial of the carbonyl oxygen by CCh.  The weak 

interaction with the CH2 group cannot compensate for the loss of hydrogen bonding, 

presumably to water molecules.  This desolvation penalty would be less severe with a 

backbone ester rather than an amide, so ACh binds more favorably to the ester-containing 

receptor.  

We also propose a second possible explanation.  Highly conserved Asp α89 (Asp 85 

in AChBP numbering) makes a number of significant contacts with nearby residues, 

suggesting it plays a key structural role in shaping the agonist-binding site.9,17  One such 
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interaction is a hydrogen bond between the Asp α89 carboxylate side chain and the NH 

group of the backbone amide of Trp α149.  The amide-to-ester mutation of the present 

study eliminates the NH and so removes this interaction.  A possible outcome of this 

alteration could be a structural change that would affect gating, biasing the 

conformational change in the direction of the open channel.  A gating effect of this sort 

could be revealed by single-channel kinetic analyses, and future studies are necessary. 

Regardless of its origin, it is reasonable to propose that the effect of ester substitution 

we see with ACh can be considered as the “background” for the Thr150Tah mutation.  

That is, if the magnitude of the cholinergic N+CH2•••O=C interaction is small, then both 

the desolvation and gating effects proposed are “generic” and should occur with all 

agonists.  In this case, the changes in EC50 we measure for nicotine or epibatidine 

actually represent the product of two terms: a generic 3.3-fold decrease evidenced by 

ACh, and a term specific to nicotine or epibatidine.  As such, the drop in hydrogen-

bonding strength is calculated to be 1.6*3.3 or ~5-fold for nicotine, and 3.7*3.3 or ~12-

fold for epibatidine.  Energetically, these factors correspond to 1.0 and 1.5 kcal/mol, 

respectively.  This is the first experimental evaluation of a hydrogen-bonding interaction 

between a protein backbone and a ligand using backbone ester substitution.  The 

magnitude we see is larger than what has been reported for amide•••amide  hydrogen 

bonds that stabilize protein secondary structure.41,42  Context is always important in such 

effects, so it is not surprising to see a difference between a ligand•••backbone interaction 

and a backbone•••backbone interaction.  In addition, the hydrogen bond donor in the 

present system is cationic, as opposed to the neutral amide NH in the secondary structure 

studies.  Hydrogen bonding involving ionic species is often stronger than for neutral 

species, and so our values seem quite reasonable. 
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Our experimental studies suggested that the two structurally quite similar molecules, 

nicotine and epibatidine, bind differently to the nAChR.  Epibatidine experiences both a 

cation-π interaction and a backbone interaction with Trp α149, while nicotine 

experiences only the latter.  In an effort to shed some light on this issue, we performed 

appropriately simple calculations in which we docked both drugs onto Trp α149.  The 

goal here was not to obtain quantitative binding information. There are no doubt many 

other side chains that also contribute to the binding of these drugs, and, despite the 

AChBP structure, it is a substantial challenge to know how to evaluate these interactions. 

Our calculated ACh binding geometry in Figure 2.8 agrees surprisingly well with the 

CCh crystal structure.  The calculated geometry for nicotine, however, deviates from both 

the x-ray structure of nicotine bound to AChBP17 and the docked homology models of 

Changeux and co-workers.16  The nicotine geometry in Figure 2.8 is obtained in HF/6-

31G minimizations starting from either the docked coordinates of Le Novère et al. or the 

position of bound nicotine in the AChBP crystal structure.   The fact that the relationship 

of nicotine to Trp α149 changes upon minimization implies that other side chains are 

necessary to hold nicotine in the crystal structure orientation.  Nevertheless, because the 

goal of our computational studies was to supplement our experimental results, these 

simple gas phase geometry optimizations are informative. 

Remarkably, the relatively simple model calculations we have conducted afford 

trends that nicely parallel our experimental findings.  One key test of the calculations 

arises from the fact that, experimentally, the EC50s of (+) and (-) epibatidine are nearly 

identical for a given acetylcholine receptor subtype.59 We find that the calculated binding 

energies to Trp α149 and the key geometrical parameters (Figure 2.8) are indeed very 

similar for the two enantiomers. 
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In the gas phase, it is better to bind to the backbone amide than the ester for all three 

agonists.  However, as solvation is introduced, the trend is reversed (Table 2.3).  

Interestingly, when a solvent of moderate polarity–ethanol–is used, ACh prefers the ester 

backbone, while nicotine and epibatidine prefer the amide, just as we see in our 

experimental studies.  The ethanol environment is defined in these calculations by a 

dielectric constant of 24.3.  Two lines of evidence indicate that this is a reasonable 

estimate of the effective dielectric of the binding pocket of the AChBP or nAChR.  First, 

it is consistent with previous experimental measurements of a perturbed local pKa in the 

nAChR binding site.40  Second, calculations of the solvent accessible surface area (See 

reference 29) of the binding site residues show that Trp 149 is 11 % solvent-accessible.  A 

moderate dielectric of 24.3 seems reasonable for the partially-exposed binding site.  

Thus, it may be, as discussed above, that the EC50 for ACh decreases when the ester is 

introduced because the desolvation penalty of the ester carbonyl oxygen is less severe 

than the amide. 

 The computer modeling summarized in Figure 2.8 also nicely rationalizes the 

observed cation-π binding behavior.  Epibatidine, like ACh, makes much closer contact 

with the indole ring than does nicotine.  Both the distance (a in Figure 2.8) and the 

electrostatic potential on the interacting hydrogen (Figure 2: N+–H in epibatidine vs. 

N+CH2–H in nicotine) suggest a more favorable cation-π interaction for epibatidine than 

for nicotine. 

The larger amide/ester effect seen for epibatidine versus nicotine suggests a stronger 

N+–H•••O=C hydrogen bond in the former.  However, in the docked structures these 

hydrogen bonds (b in Figure 2.8) are geometrically very similar for epibatidine and 

nicotine, suggesting that they are of comparable strengths. The docking studies do, 
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however, suggest an alternative explanation.   The docked epibatidine structure clearly 

shows a Caromatic–H•••O=C hydrogen bond from the drug to the backbone carbonyl.  C-

H•••O hydrogen bonds are well known, if structural features create a significant partial 

positive charge on the hydrogen.55,56  The Caromatic–H hydrogen bond of interest should be 

highly polarized to favor a hydrogen bond, because it is ortho to a pyridine nitrogen and 

meta to a chlorine substituent.  Geometrically, the Caromatic–H hydrogen bond to the 

carbonyl (c in Figure 2.8) is tighter and better aligned for both epibatidine enantiomers 

than for nicotine. The computations thus suggest that it is this unconventional hydrogen 

bond (c), rather than the anticipated hydrogen bond (b), that rationalizes the slightly 

greater response of epibatidine versus nicotine to the backbone change.  Note that the 

small structural differences between epibatidine and nicotine nicely rationalize their 

differing affinities.  The secondary ammonium of epibatidine provides two N+–Hs that 

can undergo strong electrostatic interactions–a cation-π interaction and a hydrogen bond 

to a carbonyl.  The tertiary ammonium of nicotine allows a strong hydrogen bond, but not 

a significant cation-π interaction. Second, the slightly different positioning of the 

pyridine group in epibatidine allows for a more favorable Caromatic–H•••O=C hydrogen 

bond than for nicotine. 

The ability to systematically modify receptor structure enables studies of drug-

receptor interactions with unprecedented precision.  In other work we have established 

that a single drug, serotonin, can adopt two different binding orientations at highly 

homologous serotonin receptors.39  Here we show that two agonists binding to the same 

binding site can make use of quite different noncovalent binding interactions to activate 

the receptor, even if the agonists are structurally very similar.  No doubt medicinal 

chemists have anticipated such a result for some time, but it is only with the high 
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precision, physical chemistry tools described here that such possibilities can be directly 

addressed. 

In summary, a combination of unnatural amino acid mutagenesis and computer 

modeling has led to the following conclusions.  The nicotinic agonists nicotine and 

epibatidine both experience a favorable hydrogen-bonding interaction with the carbonyl 

of Trp α149, which is qualitatively distinct from the interaction (if any) of ACh with this 

group.  The greater potency of epibatidine relative to nicotine arises from the fact that, 

along with hydrogen bonding, epibatidine experiences a cation-π interaction comparable 

to that seen with ACh.  In addition, epibatidine picks up a subtle Caromatic–H•••O=C 

hydrogen bond that nicotine does not.   

At the neuronal nAChR both epibatidine and nicotine show much higher affinities 

than at the muscle type studied here, although epibatidine remains the more potent 

agonist across all receptor types.  This suggests that the differentiating cation-π 

interaction seen here may carry over to the more pharmacologically relevant neuronal 

receptors.  Additional studies along these lines are underway.   
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