
 

 

 

 

 

 

CHAPTER 1: INTRODUCTION 
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1.1  Introduction 

1.1.1  Chemistry and the brain 

 The brain is the most complex organ of a vertebrate’s body.  It is the central 

command center that governs our perceptions, thoughts, feelings, movements and memory.  

The human brain weighs approximately 1.4 kg and contains roughly one hundred billion 

neurons.1  Each neuron makes an estimated ten thousand connections, or synapses, with other 

neurons, forming a communication network of staggering complexity that has been the focus 

of intense study.  Each neuron has one axon and many dendrites.  Signaling between neurons 

occurs between the axon of one cell and a dendrite of another at a gap called the synapse cleft 

 
 
Figure 1.1.  Synaptic transmission between neurons.  Neurotransmitters are released from the 
presynaptic axon terminal into the synaptic cleft.  The neurotransmitters bind to ion channels 
embedded in the membrane of the postsynaptic dendrite of a neighboring neuron.  The ion channel
is activated and gated, allowing for ions to flow, thus generating an electrical current.   
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(figure 1.1).  Synaptic transmission is initiated when the presynaptic axon terminal releases 

small molecules called “neurotransmitters” from synaptic vesicles.  These neurotransmitters 

are released at the synapse where they diffuse across the synaptic cleft to the postsynaptic 

dendrite of a neighboring neuron.  The neurotransmitters bind to receptors embedded in the 

membrane of this dendrite, causing activation of the receptor, conveying the synaptic signal 

across the cell membrane.   

Ion channels are a specialized class of receptors that form a pore across the 

membrane.  They undergo an opening and closing process, known as gating, in response to 

stimuli such as neurotransmitter binding, voltage, or mechanical stress.  During synaptic 

transmission, neurotransmitters bind to their partner ion channels which results in the gating 

of these ion channels (figure 1.1, inset).  Ions pass through the pore of the channel 

constituting an electrical current, thus converting a chemical signal into an electrical signal.  

This electrical signal can then effect other changes in the neuron resulting in release of 

neurotransmitters.  In this manner a signal is propagated from neuron to neuron via a 

sequence of chemical signals and electrical signals. 

 

1.2  Chemical methodologies aimed at understanding protein function 

1.2.1  Unnatural amino acid incorporation 

Understanding protein function is at the heart of experimental biology.  This endeavor 

frequently requires the generation of proteins that are modified to contain chemical probes or 

proteins that are homogeneous in naturally occurring posttranslational modifications, such as 

glycosylation or phosphorylation.  The generation of these modified proteins is not available 

via standard ribosomal synthesis.  Two methodologies have emerged as powerful methods to 
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generate modified proteins—native chemical ligation/expressed protein ligation and 

nonsense suppression.  Developed by the Kent laboratory in 1994, native chemical ligation 

involves the reaction of two fully unprotected synthetic fragments under aqueous conditions, 

at physiological pH, resulting in the formation of a native peptide bond at the ligation site.2  

Expressed protein ligation is an extension of native chemical ligation where a synthetic or 

recombinant peptide fragment is chemoselectively ligated to a recombinantly expressed 

protein.3, 4  This methodology allows for the generation of larger quantities of modified 

proteins than nonsense suppression; however, it does not allow for in vivo biochemical 

studies.  Furthermore, the application of native chemical ligation/expressed protein ligation 

in the synthesis of membrane proteins has been limited due to several major technical 

challenges.  While nonsense suppression may not afford the quantities needed for some 

biochemical studies, it does allow for the in vivo modification of proteins for biological 

studies. 

For over a decade, the use of nonsense (stop codon) suppression methodology to 

incorporate unnatural amino acids, in vitro and in vivo, has expanded our ability to 

manipulate protein structure.  Modification of proteins by conventional mutagenesis is 

limited by the twenty natural amino acids, whereas the incorporation of unnatural amino 

acids is limited by our synthetic ability.  Consequently, precise changes can be made to the 

chemical properties of a specific amino acid enabling one to study electrostatic and steric 

effects (e.g., hydrogen bonding, cation-π, polarity, size, nucleophilicity, and redox potential).  

Furthermore, this methodology has been used to site-specifically introduce spectroscopic 

probes, posttranslational modifications, photoaffinity labels, and other chemical moieties in a 

protein of interest.5-10  It has also been used to introduce “chemical handles” with orthogonal 
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chemical reactivities such that a native protein can be selectively modified under mild 

conditions with a variety of reagents without protecting groups.9 

In 1989, Schultz et al. first introduced the biosynthetic incorporation of an unnatural 

amino acid using nonsense suppression and an in vitro translation system.11-13  The 

fundamental approach to unnatural amino acid incorporation through nonsense suppression is 

shown in Figure 1.2.  This methodology utilizes a noncoding or “nonsense codon”—typically 

a stop codon—to replace the codon for the amino acid of interest within a particular gene.  

This is achieved through conventional site-directed mutagenesis.  Subsequently, a tRNA 

against this “nonsense codon” is chemically acylated with the desired unnatural amino acid 

and provided to the translational machinery with the modified gene of interest.14  The 

translational machinery proceeds with protein translation, site-specifically incorporating the 

 
Figure 1.2.  Nonsense suppression methodology. 
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desired unnatural amino acid within the desired gene; thus producing the full length modified 

protein.  This methodology has been extended for in vivo systems and has been demonstrated 

in a variety of biological systems including E. coli,15 yeast,16 mammalian cells,17 and 

Xenopus laevis oocytes.18  Additionally, the evolution of specific aminoacyl-tRNA 

synthetases has allowed for the in vivo acylation of the suppressor tRNA with intracellular 

levels of the unnatural amino acid in E. coli.8 

 

1.2.1.1   Nonsense suppression in Xenopus laevis oocytes for the expression of ion channels 

 The extension of nonsense suppression methodology to incorporate unnatural amino 

acids to living cells was first demonstrated in 1995.19  The basic methodology is shown in 

Figure 1.3.  First, site-directed mutagenesis is used to replace the amino acid codon of 

interest with the amber stop codon TAG in the desired gene.  In vitro transcription is then 

used to generate the corresponding mRNA with the appropriately placed UAG.  A suppressor 

tRNA, containing the anticodon CUA, is then chemically acylated with the desired unnatural 

amino acid.  The mRNA and the amino-acylated tRNA are subsequently co-injected into 

Xenopus laevis oocytes.  The oocytes are incubated for a period ranging from 24 to 72 hours 

during which protein synthesis, transport and surface assembly occurs.  The result is the 

generation of the desired protein with the unnatural amino acid incorporated at the site of 

interest.  The channel can then be characterized by electrophysiology.  A limitation of this 

methodology is that the quantity of the modified protein is determined by the amount of 

aminoacylated tRNA that is injected since the tRNA is not reacylated once it has been used 

in protein translation.  Therefore, the amount of modified protein is stoichiometric to the 

amount of tRNA injected.  This limitation is minimized by the use of electrophysiology for 
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the analysis of ion channels.  Electrophysiology is a highly sensitive technique, allowing for 

functional characterization with very small amounts of expression ion channels.   

 
Figure 1.3.  Schematic of in vivo nonsense suppression methodology using Xenopus oocytes for 
structure-function studies of ion channels. 

The use of nonsense suppression for unnatural amino acid incorporation in Xenopus 

laveis oocytes requires the generation of an activated precursor—namely the aminoacyl 

suppressor tRNA (figure 1.4).  This process begins with the synthesis of the desired unnatural 

amino acid.  The free amino acid is amino protected, typically with a protecting group that 

can be removed with photolysis, such as a nitroveratryloxycarbonyl (NVOC) group.  

Conversion of the carboxylic acid to a cyanomethyl ester activates the amino acid for 

coupling to the dinucleotide dCA.  Coupling of the unnatural amino acid is achieved via 
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treatment with tert-butyl ammonium in the presence of dCA in dimethyl formamide (DMF).  

The dCA amino acid is enzymatically ligated to expressed 74-mer tRNA to produce the 

desired full length 76-base-pair aminoacyl tRNA.  Immediately prior to injection of the 

charged tRNA, the amino-protecting group of the unnatural amino acid is removed by 

photolysis. 

 
 
Figure 1.4.  Chemical acylation of tRNA to append unnatural amino acids. 

To date, over one hundred unnatural amino acids have been incorporated into proteins 

for in vivo biological studies in Xenopus laevis oocytes (figure 1.5).  Nonsense suppression 
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Figure 1.5.  Representative unnatural amino acids that have been incorporated into membrane 
proteins using in vivo nonsense suppression in Xenopus oocytes. 
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has been used to study a variety of chemical interactions such as cation-pi interactions and 

hydrogen bonding in ion channels.  It has also been used to incorporate backbone mutations 

as well as biophysical probes and fluorophores.  Recently, multiple unnatural amino acids 

were site-specifically incorporated into proteins expressed in Xenopus oocytes using a 

combination of nonsense suppression and frameshift suppression.20  This advancement 

should allow for greater structure-functions studies and FRET studies in ion channels. 

 

1.2.2  Photoaffinity probes 

 The specific recognition of a bioactive ligand by its binding partners is a major event 

in biological processes; therefore the elucidation of the binding partners often provides 

invaluable information in the understanding of biological processes.  The identification of 

binding partners may also facilitate the development of therapeutics.  A variety of biological 

techniques have been developed aimed at identifying binding partners of a specific 

interaction; however the identification of binding partners is often hampered by low binding 

affinities due to the dynamic nature of these interactions.  Photoaffinity labeling has emerged 

as a powerful technique to identify binding partners/proteins as well as to study how these 

binding partners interact.21  This method overcomes low binding affinities by 

photochemically introducing a covalent bond between the ligand and binding partner.   

 Three photoreactive groups are commonly used in photoaffinity labeling—

phenylazide, phenyldiazirine, and benzophenone (figure 1.6).  Phenylazides are the mostly 

widely used photoaffinity label and upon photolysis at 300 nm they generate a highly 

reactive nitrene intermediate that forms nitrogen-carbon bonds or a more labile nitrogen-

heteroatom bond.  A drawback to the use of phenylazides is that the singlet phenylnitrenes 
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are short lived and rapidly 

rearrange into long-lived 

electrophiles, ketenimines, 

which are unreactive to 

nonactivated C-H bonds.22   

This can lead to nonspecific 

labeling.  Furthermore, the 

lower wavelength of activation 

for azides of 300 nm can cause 

damage to proteins which is not 

seen with photoreactive groups 

with an activation wavelength of 360 nm.  Phenyldiazirines form a carbene intermediate 

when photolyzed at 360 nm.  The carbine is considered to be more reactive than a typical 

nitrene.23  Similar to phenylazides, photolysis of phenyldiazirines also leads to long-lived 

electrophiles, diazo-isomers, which lead to nonspecific labeling.  The formation of long-lived 

electrophiles in the case of both phenylazides and phenyldiazirines has been eliminated with 

the use of electron-withdrawing fluorine.  Fluorination of the phenyl ring in phenylazides 

was shown to prevent the formation of ketenimines during photolysis.24, 25  For 

phenyldiazirines, the trifluoromethyl substitution was shown to stabilize the diazo-

functionality as shown by Brunner et al. with 3-trifluoromethyl-3-phenyldiazirine.26  

Benzophenone is part of the “carbonyl” photoreactive group and is unique from other 

photoreactive agents in that photo-dissociation does not occur.  Excitation of benzophenone 

at 360 nm generates a reactive triplet state of the carbonyl that can undergo C-H bond 

 
 
Figure 1.6.    Three main classes of photoreactive reagents. 
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insertion.  The excited state of the carbonyl relaxes to the ground state if C-H bond insertion 

does not occur; consequently, a higher cross-linking yield often can be achieved with 

repeated excitation.27   

 

1.2.2.2   Applications of photoaffinity reagents in biological studies 

The aforementioned photoaffinity probes have all been used in a variety of biological 

applications.  They have been used to generate photoreactive DNA, photoreactive proteins, 

and photoreactive small molecules that act as probes.  Both phenylazides and benzophenone 

derivatives have been extensively used for biological studies due to the ease of accessibility.  

Phenylazide derivatives are easily synthesized or are commercially available.  Benzophenone 

derivatives are also commercially available.  The use of phenyldiazirines in biological studies 

has been limited since the 

synthesis of phenyldiazirines is 

difficult and few are 

commercially available.   

 
 

 
Figure 1.7.  Two methods of generating photoreactive DNA. 

The incorporation of 

photoreactive moieties into 

DNA has been used 

extensively to study 

interactions between 

nucleotides and proteins.  

Photoreactive nucleobases, in 

which the photoreactive bases 
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are substituted for normal bases, have been used to study transcriptional complexes,28, 29 

chromatin remodeling complexes30, 31 and chromatin structure.32  Photoreactive moieties have 

also been incorporated into DNA via the phosphate backbone in which one more of the 

desired phosphodiesters have been replaced with phosphorothioates.  The sulfur undergoes 

nucleophilic deplacement of a bromide derivative of the photoreactive moiety, thus attaching 

the photoreactive moiety at the desired site (figure 1.7).    This method of generating 

photoreactive DNA has been used to study binding interactions in transcriptional complexes 

and of transcriptional regulators.33-36   

 The use of photoaffinity reagents has also contributed extensively to the study of 

protein-protein interactions.37-42 They have been incorporated into peptides and proteins to 

determine contact regions between binding partners.  For example, this methodology has 

been used to determine the inner-strand contact region of β-amyloid peptide.43  Typically 

photoreactive amino acids are incorporated into peptides using standard solid-phase synthesis 

or solution-phase synthesis (figure 1.8).37-42, 44, 45  For larger proteins, photoreactive moieties 

have been incorporated using three main methods: 1) chemoselective incorporation via 

reaction of the bromide reagent with cysteine residues within the protein,46-48 2) with the use 

of a cell-free translation system,49-54 and 3) in vivo using nonsense suppression 

 
 
Figure 1.8.  Photoreactive amino acids. 
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methodology.5, 6, 55  The last methodology was used to incorporate p-benzoyl-L-

phenylalanine site-specifically into human Grb2 protein in mammalian Chinese hamster 

ovary cells.56  Irradiation of the cells resulted in the cross-linking of human Grb2 with its 

known binding partner, epidermal growth factor (EGF). 

An extension of photoaffinity labeling is the generation of multifunctional probes for 

the identification and isolation of binding partners to proteins and ligands.  This methodology 

utilizes the photoaffinity reagent to overcome weak binding affinities that often hamper 

conventional methods of isolating and identifying ligand/protein-protein binding partners and 

couples this reactivity to a purification handle, such as biotin, to allow for the facile isolation 

of the cross-linked complex.  The isolated complex can then be analyzed using mass 

spectrometry to identify binding partners.  A variety of biotinylated photoreactive probes has 

been synthesized and successfully used to study and isolate protein-substrates.  Probes 

ranging from biotinylated photoactivated γ-secretase57 inhibitors to bis-mannose photolabels 

to study glucose transporter isoform 4 (GLUT4)58 have been synthesized.  This methodology 

is particularly promising in the area of carbohydrate research in which lectins often exhibit 

low binding affinities. 

 

1.3  Dissertation work 

The studies contained in this dissertation are aimed at utilizing chemistry to 

understand neurobiology and neuronal communication.  Chapters 2 and 3 both address the 

gating of ion channels, describing structure-function studies to shed light on the gating 

mechanisms of two classes of ion channels.  Chapter 2 studies the gating mechanism of the 

mechanosensitive channel of small conductance (MscS).  MscS is voltage modulated and 
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Chapter 2 describes studies to elucidate the role of arginine residues in the voltage sensitivity 

of MscS.  In Chapter 3, we utilized nonsense suppression to incorporate unnatural amino 

acids to study the gating of the cation-selective Cys-loop family of ion channel receptors.  

Specifically, it describes work aimed at elucidating the role of cis-trans isomerization of a 

proline residue in the gating mechanism of the serotonin-gated 5-hydroxy-tryptamine 

receptor 3A (5-HT3A) and the nicotinic acetylcholine receptor.  Lastly, Chapter 4 addresses 

the role of fucose-galactose carbohydrates in learning and memory.  It aims to identify lectins 

to fucose-α(1-2)-galactose as well as identify the corresponding glycoproteins bearing 

fucose-α(1-2)-galactose.   
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