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ABSTRACT 

Both synaptic and behavioral plasticity require de novo protein synthesis. 

Dopamine is a critical neuromodulator, and abnormalities in dopaminergic regulation 

underlie disorders like Parkinson’s disease, Alzheimer’s disease, and schizophrenia— 

diseases that impair the ability of the brain to perform complex processes, including the 

formation and retrieval of memories. The stimulation of D1/D5 dopaminergic receptors 

in the hippocampus is critical for protein synthesis-dependent long-term potentiation 

(LTP), a process important for long-term synaptic plasticity and memory. The proteins 

synthesized upon activation of dopaminergic pathways, the dopaminergic subproteome, 

however, remain unknown.  

 Here, we describe the development of two sister technologies that employ 

bioorthogonal chemistry to effectively and specifically identify and visualize a proteome 

in an unbiased, nontoxic manner. In both bioorthogonal noncanonical amino acid tagging 

(BONCAT) and fluorescent noncanonical amino acid tagging (FUNCAT), we utilize 

methionine surrogates, either azidohomoalanine (AHA) or homopropargylglycine (HPG), 

which are conjugated via [3+2] copper (I)-catalyzed cycloaddition to either a biotin or 

fluorescent molecule-bearing probe. We demonstrate the utility of these methods by 

showing that both AHA and HPG can be used to examine two temporally distinct protein 

populations. Furthermore, we visualize the dendrite-specific contribution to the neuronal 

proteome by taking advantage of the spatial control achievable by FUNCAT. We then 

combine these techniques to address the question of the identity of the proteins in the 

specifically dendritic subproteome of the hippocampus. We confirm that upon 

stimulation with a D1/D5 dopamine receptor-specific agonist, there are significantly 
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increased levels of protein synthesis in dendrites when compared to unstimulated 

dendrites.  By utilizing a combination of these novel methods and more traditional 

techniques, we are able to provide the first comprehensive list of the dopaminergic 

dendritic subproteome of the hippocampus. These data suggest that the initial stages of 

D1/D5 receptor activation lead to the translation of proteins that may play a role in 

synaptic strengthening.  
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Synaptic plasticity 

Structural and functional changes in the brain are often the result of synaptic plasticity. 

Synaptic plasticity refers to the strengthening and weakening of synapses in response to 

stimuli, such as neurotransmitters and electrical impulses. The idea of synaptic plasticity 

was initially proposed by Donald Hebb. He stated that the repeated and persistent 

stimulation of the presynaptic cell resulting in firing of the postsynaptic cell would 

produce a lasting strengthening of the connection between them (Hebb, 1949). Since 

then, there have been many different terms for the types of synaptic plasticity that can 

occur. The primary form of plasticity that is thought to represent a cellular basis for 

learning and memory is long-term potentiation (LTP).  

As the name implies, LTP describes a long-lasting increase in synaptic strength. 

This phenomenon was first observed by Terje Lømo in 1966 in the rabbit hippocampus, 

published in 1973 as “long-lasting potentiation” (Bliss and Lømo, 1973), and rebranded 

as long-term potentiation soon thereafter (Douglas and Goddard, 1975). It was first 

observed  in vivo.  Following  high frequency stimulation, the excitatory postsynaptic 

potentials (EPSPs) elicited by stimulation of presynaptic axons were enhanced for 

periods of one hour to days. Since then, the link between LTP and learning has been 

established in a variety of species. Even in a simple system, such as the sea slug Aplysia, 

there is synaptic plasticity that takes place after long-term facilitation to enable basic 

learning (Montarolo et al., 1986).  In mammals, the hippocampus has been implicated as 

a major structure in the establishment of learning and memory. This was demonstrated 

with spatial memory tasks in rats, in which the rats failed to exhibit long-term memory 

when LTP was blocked using a N-methyl-D-aspartate (NMDA) receptor antagonist 
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(Morris et al., 1986). The importance of the hippocampus has also been demonstrated in 

humans, particularly in studies involving the patient H.M. who had part of his temporal 

lobe removed in an attempt to alleviate seizures and then suffered severe anterograde 

amnesia (Milner, 1959; Corkin et al., 1997). 

LTP continues to be a topic of interest in neuroscience, whether it is to determine 

its local influences on subcellular processes using modern techniques (e.g., Engert and 

Bonhoeffer, 1999) or to chart molecular effects on the makeup of the neuron. On a 

molecular level, it has been demonstrated that enduring LTP— required for the 

establishment of some types of long-term memory— is both transcription and translation 

dependent (Krug et al., 1984; Frey et al., 1988; Huang and Kandel, 1994; Nguyen et al., 

1994). These observations prompted the investigation of RNA and proteins that may 

contribute to synaptic function and plasticity. 

 

Protein synthesis in learning and memory 

The hunt for the molecular basis of memory has brought the focus to the proteins that are 

synthesized within neurons, particularly in the hippocampus. The first evidence for a role 

of new protein synthesis in memory was the observation that the injection of the protein 

synthesis inhibitor puromycin in the temporal lobe of mice resulted in severe memory 

deficits in a spatial learning task (Flexner et al., 1963). Though this result could have been 

attributed to the nonspecific effects of the protein synthesis inhibitor, subsequent work 

shows that memory tasks in a variety of species are dependent upon protein synthesis 
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(reviewed in Davis and Squire, 1984). The question then turned to where these proteins 

were being synthesized in the neuron, and how they would find their way to the sites of 

synaptic contact. Though all protein translation was thought to take place in the soma, 

recent work has suggested the existence of local protein synthesis occurring in the 

dendrites.  

 The first evidence that suggested the existence of ribosomes outside of the soma 

came from electron micrograph images from monkey motoneuron preparations that 

showed ribosomal particles in the proximal region of the dendrites that featured synapse-

like protrusions (Bodian, 1965). Later, other electron micrograph images revealed the 

presence of polyribosomes in the distal dendrites in neurons from the dentate gyrus 

(Steward and Levy, 1982). Even in biochemical preparations specific for isolating 

synapses, a number of groups saw the incorporation of radiolabeled amino acids into 

protein (Rao and Steward, 1991; Weiler and Greenough, 1991; Torre and Steward, 1992). 

In addition, 3H-leucine-labeled proteins were observed in hippocampal dendrites after just 

three minutes (Feig and Lipton, 1993), casting doubt on the idea that proteins are solely 

synthesized in the soma and trafficked to the most distal parts of the dendrites.  This 

opened up the possibility that there could be a local protein translation response instead 

of a neuron-wide translation activation event that would require new protein trafficking 

from the cell body to the dendrites—a distance that can be up to 400 microns. 

 The evidence of polyribosomes centralized at synapses during synaptogenesis 

suggests that local protein synthesis might play a key role in synaptic expansion and 

growth (Steward and Falk, 1986). The first evidence causally bridging local protein 
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synthesis and long-term synaptic enhancement was shown in hippocampal slices 

stimulated with brain-derived neurotrophic factor (BDNF) (Kang and Schuman, 1996), a 

neurotrophin required for normal neuronal development (Ernfors et al., 1995). More 

recently, polyribosomes have been observed to redistribute from the base of synapses 

into the spines upon tetanic stimulation in rat hippocampal slices (Ostroff et al., 2002; 

Bourne et al., 2007).  The presence of polyribosomes that become mobilized after LTP 

suggests their role in providing a relatively quick translational response at synapses. 

However, there still was doubt that there was translation and also mRNA strictly 

compartmentalized to the dendrites (and axons).  

 The ability for acute hippocampal slices to survive and maintain synaptic 

transmission after microdissection of the soma from the dendrites allowed for the 

demonstration of local dendritic protein synthesis. One of the first examples of this 

preparation showed the necessity of protein synthesis for CA3-CA1 transmission after 

cell bodies in the CA1 region in rat hippocampus were separated from dendrites (Kang 

and Schuman, 1996). Also, in some cases, there is a specific requirement for dendritic, but 

not somatic, protein synthesis in long-term depression (Huber et al., 2000). Furthermore, 

there is recent visual evidence of local dendritic protein synthesis. Using a two-surface 

cell culture system, Torre and Steward were able to observe, via autoradiographic 

analysis, the incorporation of isotope-labeled amino acid into protein selectively in the 

dendrities, even when the cell bodies were removed (Torre and Steward, 1992). This was 

followed by the visualization of GFP-tagged proteins, in both physically and optically 

isolated dendrites in culture that was inhibited by protein synthesis inhibitors (Aakalu et 
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al., 2001; Job and Eberwine, 2001). Finally, the local application of protein synthesis 

inhibitors in acute slices has also been shown to inhibit LTP (Bradshaw et al., 2003), thus 

showing the importance of the dendritic protein synthesis to synaptic function. Local 

protein synthesis is now believed to be one major mechanism by which synapses ensure 

the specificity of synaptic strength and acquire the necessary protein components for 

maintaining long-term synaptic plasticity (Kang et al., 1997; Schuman, 1999). 

 As a result, a new line of research into the regulation and identity of these dendritic 

proteins has emerged. This has extended into determining the mRNAs and proteins that 

are localized in synaptoneurosomes and their relative concentrations (Miller et al., 2002; 

Zhong et al., 2006). There has also been work to determine the overall proteome of 

transgenic animals with compromised translational regulation or the proteome induced by 

a specific chemical stimulus (e.g., Liao et al., 2007; Liao et al., 2008), but none of these 

address the local proteome that is specifically synthesized in the dendrites. The work 

described below attempts to solve this problem by utilizing novel methodology coupled 

with the spatial specificity needed to elucidate the dendritic proteome within the 

hippocampus. 

 

Dopamine and its involvement in neurodegenerative disease 

Across a wide range of species, the neurochemicals responsible for signaling and 

synaptic function are conserved. One of these, dopamine, is a biogenic amine that came 

into its own a few decades ago. Prior to that time, dopamine was believed to simply be a 

precursor to norepinephrine and epinephrine, but it was Arvind Carlsson who established 
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its importance as a signaling molecule in 1957 (Carlsson et al., 1957). It has since been 

categorized as a catecholamine neurotransmitter and neuromodulator with innervation in 

a number of cerebral structures. As a neuromodulator, it exerts peripheral effects by 

either enhancing or depressing effects of other neurotransmitters. In this capacity, 

dopamine aids to modulate a myriad of functions, such as hormone secretion, renal 

function, and the release of other catecholamines.  

 Dopamine is primarily associated with reward and addiction mechanisms, but it is 

also important for the establishment of memories. First glimpses of dopaminergic 

innervation in the brain came with the advent of Falck fluorescence, which revealed 

dopamine-containing neurons to be in the brainstem with projections to the 

hypothalamus, limbic cortex, and striatum (Dahlstrom and Fuxe, 1964). Since then, 

dopamine has been found to innervate the human brain in four major pathways: (1) 

nigrostriatal, which extends from the substantia nigra to the striatum; (2) 

tubuloinfundibular, hypothalamus to pituitary gland; (3) mesocortical, ventral tegmental 

area to the cortex; and (4) mesolimbic, ventral tegmental area (VTA) to many parts of the 

limbic system, such as the hippocampus. Only recently has dopamine been directly 

implicated to play a major role in hippocampal function. There is a strong presence of 

dopaminergic fibers in particular substructures within the hippocampus, namely the 

subiculum, hilus, and stratum lacunosum moleculare (Gasbarri et al., 1994; Goldsmith and 

Joyce, 1994; Gasbarri et al., 1996). The physical connection from the VTA to the 

hippocampus was initially thought to be through the prefrontal cortex, but recent 

evidence suggests that the nucleus accumbens and ventral pallidum are actually the 
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structures involved (Floresco et al., 2001).  Electrophysiology experiments in rats 

demonstrate that dopaminergic projections extend through the subiculum into the nucleus 

accumbens, which then stimulates the VTA (Legault et al., 2000). Furthermore, this 

projection pattern is confirmed by an observed increase in dopamine in the nucleus 

accumbens upon the presentation of novel stimuli (Ihalainen et al., 1999) or stimulation of 

the subiculum (Wood and Rebec, 2004). Even recent functional magnetic resonance 

imaging (fMRI) studies of the mesolimbic system note the connection between reward-

mediated learning and memory formation, thus suggesting that this is a dopamine-

dependent process (Adcock et al., 2006; Wittmann et al., 2005). 

 Since the hippocampus is the primary center for the establishment and maintenance 

of memories, a variety of learning tasks have been utilized to demonstrate a behavioral 

link to dopamine signaling. Evidence of dopamine’s role has been demonstrated using 

conditioning and memory tasks in both simple and more advanced species. In the sea slug 

Aplysia, the application of dopamine to a neuron responsible for memory and reward 

behavior yielded the same result as after an operant conditioning task (Brembs et al., 

2002). In aging rats, which have impaired long-term potentiation, there were significant 

improvements in spatial memory tasks when drugs specific for the dopamine signaling 

pathway were applied (Bach et al., 1999). Finally, the administration of dopamine 

pathway activating drugs in aging primates can improve their working memory abilities, 

even up to one year after the end of the drug treatment (Castner and Goldman-Rakic, 

2004). In humans, impairments in dopamine signaling have also been suggested to be 

responsible for age-related cognitive decline (Volkow et al., 1998; Backman and Farde, 
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2001; Nieoullon, 2002).  

 Treatments for problems in dopamine signaling have also been important in the 

amelioration of a variety of neurological disorders with working memory deficits, such as 

schizophrenia (Goldberg et al., 1991; Abi-Dargham et al., 2002), Attention Deficit 

Hyperactivity Disorder (ADHD; Levy and Farrow, 2001; Nieoullon, 2002) and 

Parkinson’s disease (Schmidt et al., 1985; Rinne et al., 2000; Cools et al., 2002; Madras et 

al., 2005; Smeyne and Jackson-Lewis, 2005). The cause and treatment of these disorders 

may be explained by molecular phenomena. For example, Bernabeu and colleagues (1997) 

found that the inhibition of D1/D5 dopamine receptors resulted in amnesia, while their 

activation enhanced memory consolidation in rats. Also, antagonists against these same 

types of dopamine receptors were shown to be effective antipsychotic drugs, potentially 

for the treatment of schizophrenia (Andersen et al., 1992).  

 There are currently five known classes of dopamine receptors, D1 through D5, all 

of which are seven-domain transmembrane proteins. They are divided into two major 

groups, D1-like and D2-like receptors, depending upon their G-protein-linked effector 

molecules. The D1-like receptor class consists of D1 and D5 (also known as D1b) 

receptors, while the D2-like receptor class is made up of D2, D3, and D4 receptors. 

These two classes serve alternate functions. The D1/D5 receptors are involved in the  

upregulation of the cAMP-regulated pathway via Gsα, which has been linked to slow 

synaptic transmission (Greengard, 2001).  D1/D5 receptors activation results in the 

activation of adenylate cyclase, which regulates the production of cAMP. A few of 

cAMP’s downstream effectors are protein kinase A (PKA), cAMP-responsive element 
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binding protein (CREB), and the DARPP-32/PP-1 pathway. PKA and CREB have both 

been identified as contributors to synaptic plasticity (Lonze and Ginty, 2002; Nguyen 

and Woo, 2003; Waltereit and Weller, 2003).  On the other hand, the D2-like receptor 

class downregulates the same pathway via Gi/Goα and also controls calcium and 

potassium channels (Missale et al., 1998). Together, these dopaminergic receptors work 

to modulate the activity of the excitatory N-methyl-D-aspartate (NMDA) class of 

glutamatergic receptors, which are involved in the development of working memory 

(Wang, 1999). Interestingly, recent work has also suggested the D1-like dopaminergic 

receptors may influence NMDA receptor activity by direct protein-protein interactions 

(Lee et al., 2002). 

 D1/D5 receptors are present in the striatum, dentate gyrus, and the prefrontal 

cortex (Smiley et al., 1994; Bergson et al., 1995; Swanson-Park et al., 1999; Khan et al., 

2000). The D1 receptor is the most abundant dopaminergic receptor in the mammalian 

brain. However, the D5 receptor, though less widespread than D1, is found in higher 

concentrations in select regions of the brain, such as the hippocampus (Tiberi et al., 1991; 

Meador-Woodruff et al., 1992; Laurier et al., 1994; Sokoloff and Schwartz, 1995). The 

D1 and D5 receptors share roughly 80% homology in their transmembrane domains and 

also feature two N-glycosylation sites and a serine- and threonine-rich C- terminus. An 

important cysteine residue is located in the beginning of the C-terminus and is crucial in G 

protein signaling (O’Dowd, 1993). G proteins allow for a cascade of signaling to occur, 

such as the glycosylation of CREB, a protein that has recently been implicated to be a 

key in regulating synaptic plasticity (Lamarre-Vincent and Hsieh- Wilson, 2003).  
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 The requirement of D1/D5 receptor activity for L-LTP and L-LTD has been 

observed by a number of different groups (Frey et al., 1991; Frey et al., 1993; Huang and 

Kandel, 1995; Matthies et al., 1997; Swanson-Park et al., 1999; Sajikumar and Frey, 

2004). While there is a clear link between dopamine signaling and memory, not much 

work has been done to elucidate the protein products of D1/D5 receptor activation. 

Previous work demonstrated the upregulation of surface expression of GluR1, an AMPA 

receptor subunit, following dopamine stimulation in cultured hippocampal neurons 

(Smith et al., 2005). Despite this, the identities of the proteins affected by the activation 

of the D1/D5 receptors in the hippocampus are still largely unknown. 

 

The development and use of bioorthogonal chemistry 

Many methods have been developed over the years to study the behavior of individual 

biomolecules in an identity-specific manner. The most notable breakthrough was the 

introduction of green fluorescent protein (GFP), which can be genetically encoded to 

produce a fusion protein to track a particular substrate of interest (Tsien, 1998; 

Lippincott-Schwartz and Patterson, 2003). Since the introduction of GFP, there has been 

an entire spectrum of fluorescent proteins developed (Zhang et al., 2002), allowing for 

the simultaneous visualization of different proteins. However, this method does not 

necessarily demonstrate endogenous protein activity, as it involves the overexpression of 

the proteins of interest, thus potentially altering protein synthesis and degradation 

pathways. The interactions among proteins are often tightly regulated and only occur 

when there is a critical concentration of them present in the environment. In addition, the 
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fusion of GFP can often alter the functionality, localization, and expression of the protein 

of interest, due to steric hindrance, protein misfolding, or sheer bulkiness. Finally, GFP 

and its siblings are solely limited to monitoring proteins. They cannot be used to observe 

the activity and expression of glycans, lipids, and nucleic acids, or post-translational 

modifications. Luckily, there are other methods that allow for the observation of these 

other biomolecules. 

 Another technique that is often used is antibody-based labeling. This approach 

can be customized for both the recognized epitope as well as for the overall experimental 

purpose, whether it is for visualization or purification. This method can be coupled with 

the previously described genetic modification of the protein of interest to be fused to 

GFP, a FLAG peptide, or poly-histidine. These options allow for the use of commercially 

available antibody products against these commonly used substrates. However, 

antibodies can also be generated to specifically recognize the protein of interest, thus 

ensuring that the endogenous protein population is solely being monitored. For the 

visualization aspect of this technique, the antibodies can be conjugated to a variety of 

different fluorescent molecules, such as fluorescent dyes (like the Alexa dye series) or 

quantum dots. Quantum dots have recently become more widely used particularly for 

single molecule tracking experiments because they are resistant to photobleaching and 

available in a wide spectrum of colors. Previously, there was an issue with their 

intermittent blinking which would make it difficult to measure the trajectories of 

individual molecules, but the recent development of a non-blinking dots has the potential 

to make this a more powerful tool (Wang et al., 2009). Though the quantum dot allows 

for the live imaging of surface molecules, its overall size (ranging from 5-50 nanometers 
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in diameter, depending upon the color) can limit its use for the monitoring of intracellular 

events as it is too large to cross the cell membrane. In addition, all of these various 

techniques are limited since they can only monitor a predetermined protein target, either 

for initial detection by an antibody-based method or genetic modification for 

establishment of a fusion protein, and the target epitope must be readily accessible. For a 

top-down experimental approach, a more inclusive method is necessary, particularly one 

that would have minimal perturbation to the cellular system for the study of endogenous 

processes. 

 Bioorthogonal chemistry incorporates noncanonical forms of various cellular 

building blocks that bear chemical groups that are not readily found in the system of 

interest. To visualize or biochemically purify these labeled biomolecules, the novel 

chemical handles are conjugated to probes that can bear fluorescent dyes, quantum dots, 

or small molecular probes, such as poly-histidine or biotin. The overall benefit of 

utilizing bioorthogonal chemistry is its ability to be incorporated into the biomolecules of 

the cell with minimal perturbation. While the previously described methods, such as 

GFP, have proven to be useful, they often introduce a steric hindrance problem or an 

increase in protein expression, which ultimately alters the cell’s metabolism. By using 

bioorthogonal chemistry, we are able to obtain a more accurate representation of the 

various cellular processes.  

A few chemical reporters have been established and utilized in different 

applications over the past couple of decades in both prokaryotes and eukaryotes alike, 

with further developments on the horizon. One early example of bioorthogonal chemistry 

is found in the use of selenomethionine to replace methionine, which revolutionized 
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protein crystallography (Hendrickson et al., 1990). The most widely used chemical 

reporters are aldehydes, ketones, azides, and alkynes. These techniques have been used to 

label proteins, glycans, and lipids with high specificity and minimal perturbation to the 

system being observed.  

 Aldehydes and ketones are reacted with hydrazides and aminooxy groups to form 

stable Schiff bases (Jencks, 1959; Rideout et al., 1990). Unfortunately, since aldehydes 

and ketones are both readily present in the cell as metabolites in processes like glycolysis, 

chemical reports must be used in endogenous environments that lack these groups. As a 

result, this particular type of chemistry is limited to studying molecules on the cell 

surface. Furthermore, the ligation reactions are ideally performed at pH 5-6, limiting its 

applicability for in vivo labeling. Overall, aldehyde and ketone chemistry is limited in 

their uses as truly bioothogonal chemical reporters. Luckily, the tools available for 

bioorthogonal chemistry do not end here. 

 The azide functional group is not present in most species, making it an interesting 

possibility for bioorthogonal chemistry. Though azide-containing molecules are generally 

thought to be toxic, these are limited to particular classes such as aryl azides and azide 

anions. Organic azides, such as those incorporated into unnatural amino acids and 

nucleotides, are stable and are nontoxic to cells. These molecules can undergo three 

different reactions. One is the Staudinger ligation where an azide is reacted with a 

triarylphosphine. This technique has been demonstrated in labeling glycans (Saxon and 

Bertozzi, 2000; Agard et al., 2004; Bussink et al., 2007; Hangauer and Bertozzi, 2008) 

and immobilizing small molecules onto glass surfaces (Soellner et al., 2003).  Another 

method involving azides is strain-promoted cycloaddition with cyclooctynes. Since this 
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does not require the presence of catalysts and proceeds at room temperature, it can be 

used for in vivo labeling for the visualization of surface azide-bearing glycans (Baskin et 

al., 2007) or receptors (Schuman lab, unpublished data). In addition, this can be used for 

the enrichment of peptides for proteomic experiments, as was demonstrated in E. coli 

(Nessen et al., 2009). Finally, the third method in which azides can be utilized involves 

its conjugation to alkynes (and vice versa) via copper-catalyzed [3+2] cycloaddition, also 

known as click chemistry. Though this method cannot be utilized in vivo due to the toxic 

nature of the copper catalyst, this catalyst allows for the reaction to proceed faster than 

otherwise (Rostovtsev et al., 2002; Tornoe et al., 2002) and at least 25 times faster than 

strain-promoted cycloaddition and the Staudinger ligation (Prescher and Bertozzi, 2005).  

 The applications of click chemistry have been numerous in the past decade or so. 

Click chemistry has been utilized for the visualization of DNA and RNA (Sylvers and 

Wower, 1993), by conjugating a terminal alkyne-bearing nucleotide to an azide probe 

(Salic and Mitchison, 2008; Jao and Salic, 2008). Different azide oligosaccharides have 

been developed to regioselectively label glycans in cultured cells (Prescher et al., 2004; 

Dube et al., 2006), and recent work has incorporated these noncanonical sugars into mice 

(Suckow et al., 2000). Finally, a number of azide or alkyne-bearing amino acids have 

been developed to exploit the cell’s endogenous translational machinery. It is possible to 

metabolically label proteins in a site-specific manner by expressing a mutated aminoacyl 

–tRNA synthestase and selective tRNA (Wang and Schultz, 2004). This method is useful 

for the selective investigation of one particular protein of interest, as it utilizes a nonsense 

stop codon to exchange one specific amino acid residue into a noncanonical amino acid. 

This has been used to monitor specific proteins in E.coli (Zhang et al., 2003) as well as in 
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yeast (Deiters et al., 2003) for visualization and biochemical detection. More commonly, 

noncanonical amino acids are incorporated in a residue-specific manner. For example, 

azidohomoalanine and homopropargylglycine, which have an azide and alkyne, 

respectively, have been used as surrogates for methionine and are promiscuously charged 

onto the endogenous methionyl tRNA (van Hest et al., 2000; Kiick et al., 2002). These 

have been used to label surface molecules in E.coli (Link and Tirrell, 2003; Link et al., 

2004) and in mammalian cells (Beatty et al., 2006). The azidohomoalanine has been used 

for complex mixture proteomics in mammalian cells (Dieterich et al., 2006) and, as is 

described later in the thesis, in acute hippocampal tissue to isolate a subfraction of the 

overall brain proteome. Furthermore, we also demonstrate how azidohomoalanine is 

incorporated into newly synthesized proteins for the visualization of the neuronal 

proteome. Overall with bioorthogonal chemistry, virtually all biomolecules—proteins, 

DNA, RNA, lipids, and glycans—are studied with minimal perturbation by utilizing the 

endogenous cellular machinery. 

 

Conclusion 

In this work, we first establish a streamlined method for the identification of newly 

synthesized proteins. We demonstrate the utility of this method in two different cellular 

preparations and has the potential to be applied to other systems as well. This technique, 

originally published in 2006 (Dieterich et al., 2006) is called bioorthogonal noncanonical 

amino acid tagging (BONCAT) and is unique in that it can, in principle, result in the 

identification of an entire proteome, thus providing a top-down approach. After that, we 

also describe a sister technique using the same bioorthogonal chemistry principles in 
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which newly synthesized proteins are visualized. We use this technique to observe local 

protein translation in cultured hippocampal neurons and also the overall proteome in 

organotypic hippocampal slices. In the following chapter, we present a new probe for the 

improvement of our original BONCAT methodology, in order to maximize our detection 

of low abundance proteins. Finally, we will discuss the application of this probe for the 

elucidation of the dopaminergic subproteome in the dendritic region of CA1 in the rat 

hippocampus. Overall, this work utilizes the invaluable resource provided by 

bioorthogonal chemistry to elucidate a subproteome that may prove important for treating 

numerous neurodegenerative disorders that involve dysregulation of dopamine signaling. 
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Chapter II 

DEVELOPMENT OF A NOVEL STRATEGY FOR THE IDENTIFICATION OF 

NEWLY SYNTHESIZED PROTEINS IN A COMPLEX MIXTURE 
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 Proteins are highly dynamic molecules and essential key players in all cells. The 

events leading to their translation, the locales of their translation and maturation, and the 

subsequent modification events that may occur are all topics of inquiry. Early protein 

research centered around the study of a single protein or a small family of proteins at a 

time, but with the sheer enormity of the proteome and the multitude of interdependent 

protein-protein interactions (i.e. signaling pathways), this may not be the most practical 

or efficient approach. With an estimated number of 10,000 unique proteins in a typical 

mammalian cell (Pandey and Mann, 2000), mass spectrometry has made the identification 

and characterization of a proteome a much more manageable task.  

 

Review of proteomic sample preparations 

There are a myriad of proteomic techniques that have been developed to tease out the 

differences between, for example, a stimulated versus non-stimulated cell or tumorgenic 

tissue compared to normal tissue. Due to advances in mass spectrometry techniques, it 

has become possible to study pathways involved in neurodegenerative disease (Zhang et 

al., 2005; Zhou et al., 2005), to discover new biomarkers (Geonborg et al., 2006; Pawlik et 

al., 2006; Vaughn et al., 2006), and even to identify the proteins that undergo 

posttranslational modification by phosphorylation (Chang et al., 2004; Garcia et al., 

2005; Peters et al., 2004) and glycosylation (Hang et al., 2003; Kaji et al., 2003; Khidekel 

et al., 2004; Zhang et al., 2003). Perhaps one of best known protein isolation methods 

associated with subsequent mass spectrometric analysis is two-dimensional gel 
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electrophoresis (Freeman and Hemby, 2004; Lilley and Friedman, 2004). This allows for 

the immediate visualization of protein differences between samples and for the 

subsequent mass spectrometric analysis of protein spots that differ between treatments, 

rather than all protein spots. However, as 2-D gels separate proteins by molecular weight 

and isoelectric point, proteins at the extremes of these indices are not often analyzed. In 

addition, the sensitivity of detection also makes this a method biased against low 

abundance proteins.  

 Other methods are more focused on the relative or absolute quantification of 

proteins between samples. One that is widely used is isotope-coded affinity tagging 

(ICAT), where thiol-specific reactive groups are used to tag two different protein 

populations with isotopically distinguishable probes (Gygi et al., 1999). There is also 

isobaric tagging, which relies upon amine-reactive groups to tag proteins for mass 

spectrometry (Ross et al., 2004) and the possibility of growing cells in 14N or 15N media 

(Washburn et al., 2002; MacCoss et al., 2003). Finally, there is stable isotope labeling by 

amino acids in cell culture (SILAC) in which cells (Ong et al., 2002; Andersen et al., 2005; 

deGodoy et al., 2008) and later mice (Kruger et al., 2008) have been introduced to media 

or chow that has isotope-labeled amino acids, thus allowing for the quantification of 

proteins expressed in two different groups. Despite the powerful nature of these 

techniques, there still remains the detection problem for low abundance proteins. In 

addition, there is the possibility of a biased detection for proteins that contain the amino 

acid used, as in ICAT which labels cysteine residues, making it disadvantageous for 

proteins that lack or have a limited number of cysteine residues.  
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 In order to provide an additional tool for proteomic analysis, we sought to 

develop a method that would not only be unbiased toward certain protein types, but also 

enriched for low abundance proteins. Furthermore, we wanted to harness the cell’s 

endogenous metabolic capabilities so as to reduce perturbation of the cell and ultimately 

acquire an accurate depiction of the cell’s protein readout after a stimulus or different 

condition. Our final consideration was that the new method be compatible with the nature 

of our laboratory’s work. As we study neurons, it was important that the technique be 

compatible with work in post-mitotic cells.  

 

The development of bioorthogonal noncanonical amino acid tagging 

In 2006, our laboratory reported the development of bioorthogonal noncanonical amino 

acid tagging (BONCAT; Dieterich et al., 2006) and followed up a year later with a 

detailed protocol (Dieterich et al., 2007; Figure 2.1). In BONCAT, we take advantage of 

bioorthogonal chemistry between an azide and an alkyne in the form of copper(I)-

catalyzed [3+2] cycloaddition, otherwise known as “click chemistry.” Newly 

synthesized proteins are selectively labeled using azidohomoalanine (AHA), a methionine 

surrogate that bears a terminal azide. The chemoselectivity of this amino acid makes this 

an attractive and truly bioorthogonal technique, since azides are not found in natural 

cellular environments. It is nontoxic and is readily recognized by methionyl-tRNA 

synthetase without any modifications to the system (Kiick et al., 2002; Link and Tirrell, 

2003). To examine the utility of this approach in neurons, we used dissociated 
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hippocampal neurons infected with a form of GFP and examined their morphology after a 

two-hour incubation with either AHA or methionine. The neurons maintained healthy 

dendrites and their overall morphology was unaltered, thus making AHA a viable option 

for use not only in dissociated hippocampal neurons, but also potentially in acute 

hippocampal slices, as will be discussed in a later chapter. In addition, the levels of 

protein translation observed in either AHA or methionine-labeled human embryonic 

kidney (HEK) 293 cells (labeled with [35S] cysteine) were comparable. In addition, the 

application of AHA did not stimulate the protein degradation pathway, as evidenced by 

unaltered levels of ubiquitinated protein in AHA- or methionine-labeled cell lysates.  
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Figure 2.1. The BONCAT strategy for labeling, detection and identification of newly 
synthesized proteins. Cells are incubated with AHA and d10Leu to allow protein 
synthesis with AHA and d10Leu incorporation. After incubation, cells are lysed or 
undergo a subcellular fractionation for biochemical enrichment of specific cellular 
compartments subsequently followed by lysis. Lysates are then coupled to an alkyne-
bearing affinity tag, followed by affinity chromatography, to enrich for AHA-labeled 
proteins. Purified proteins are digested with a protease and the resulting peptides are 
analyzed by tandem MS to obtain experimental spectra. Different search programs are 
used to match the acquired spectra to protein sequences. 
 
 

For the isolation and enrichment of AHA-labeled proteins in this first version of 

BONCAT, we used a biotin-FLAG-alkyne tag (Figure 2.2). After cell lysis and 

conjugation to the alkyne tag, the newly synthesized proteins are purified using the biotin 

moiety to recognize an avidin-based gel-immobilized resin. The next component of the 

tag, the FLAG epitope, allows for trypsin to cleave the purified protein from the avidin 

affinity resin at two cleavage sites, while also providing a possibility for a second 

purification step, if necessary. This tag was designed such that, after trypsin cleavage, 

there is a mass difference between AHA and methionine, thus allowing for the AHA 

incorporation to be detected via mass spectrometry. In a successful cleavage event, where 

an AHA is clicked to the biotin-FLAG-alkyne tag, there is a mass increase of 107 atomic 

mass units above methionine. If unsuccessful tagging occurs, the trypsination does not 

occur properly and the tag is still attached to the AHA, resulting in a mass increase of 

695.6 atomic mass units. Finally, in the instance of failed tagging, AHA is not properly 

clicked to the biotin-FLAG-alkyne tag and remains unligated, resulting in a mass loss of 

5.1 atomic mass units when compared to methionine.  
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Figure 2.2. Structure of biotin-FLAG-alkyne probe and AHA-based modifications. (1) 
Unligated AHA, (2) unligated affinity tag, (3) affinity tag coupled to AHA before 
trypsination, (4) remaining moiety after complete trypsinization and (5) remaining 
moiety after one missed cleavage. 
 

Mass spectrometry of BONCAT-prepared samples 

BONCAT was developed to identify proteins in a complex mixture, thus requiring a 

proteomic setup that would be optimized for loading a large and complex sample and 

detecting low abundance proteins. In cells, housekeeping proteins (i.e., histones, 

structural proteins, and glycolysis-related enzymes) comprise the bulk of the proteins 

that are normally detected. Though use of one-dimensional gel electrophoresis followed 
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by band excision (deGodoy et al., 2006) is a possibility, this would again introduce a bias, 

this time against both high and low molecular weight proteins. We instead opted for the 

shotgun proteomic method: multidimensional protein identification technique (MudPIT; 

Link et al., 1999; Washburn et al., 2001). MudPIT provides a two-dimensional separation 

of peptides via liquid chromatography. Peptides are eluted off a triphasic column 

containing a hydrophobic reverse phase resin, a strong cation exchange resin, followed by 

another segment of hydrophobic resin before being sprayed directly into the mass 

spectrometer. Peptides are eluted slowly off the resin to achieve maximum separation, 

regardless of protein isoelectric point, molecular weight, abundance, and hydrophobicity. 

 For the initial demonstration of BONCAT, HEK293 cells were co-labeled with 

d10-leucine (d10-Leu) to provide an independent marker for newly synthesized proteins. 

This amino acid was selected since it is the most abundant in the mammalian proteome at 

9.89% in the database used at the time of analysis. In addition, the HEK293 cells were 

transiently transfected with a hemaglutinin (HA)-tagged version of the brain-specific 

mammalian huntingtin-associated protein 1A (HAP1A) as a non-endogenous protein 

control to ensure that the combination of the BONCAT strategy and MudPIT worked in 

tandem. Also, since HA-HAP1A contains 14 methionine residues, it provided insight into 

the level of methionine exchange that could be expected in a two-hour incubation window 

with AHA.  

 In the next development of BONCAT, we demonstrated the technique to be 

compatible with dissociated hippocampal cultures, 21-28 days in vitro (DIV). In addition, 

we incorporated a means for quality control prior to the conclusion of the procedure, 
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since the entire protocol takes about three days prior to the mass spectrometry analysis. 

We included a dot blot analysis into the protocol after the click chemistry reaction. A dot 

blot is a simplified version of a one-dimensional gel, without any separation. A small 

aliquot of the click chemistry reaction is dotted onto a nitrocellulose membrane in 

duplicate, along with a series of biotinylated protein standards (Figure 2.3). In addition to 

providing a system to check for the fidelity of the ligation reaction, it also allows the 

researcher to estimate the amount of tagged newly synthesized protein present in the 

sample. The amount of immobilized avidin-based matrix can be adjusted accordingly for 

the subsequent affinity purification step.  

 

Figure 2.3. Dot blot analysis of AHA versus methionine-treated samples. Dot blot 
analysis provides a mid-procedure demonstration of proper copper(I)-catalyzed tagging 
as well as a crude estimate of the amount of tagged protein in the sample. Duplicates of 
each condition are shown. The Dot blot membrane was probed with an anti-biotin 
antibody. 
 

 The downstream instrumentation and analysis of the mass spectrometry data is 

primarily dependent upon the resources available at each proteomics facility. In the first 
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BONCAT experiments, we used a HP-1100 quaternary HPLC pump to generate the 

elution steps for MudPIT and an LCQ-DecaXP for the analysis itself (Graumann et al., 

2004). Since then, we upgraded our setup to a LTQ and then a LTQ-Orbitrap. In a later 

chapter of this work, we will describe the most current version of our instrumentation, 

which includes the use of a LTQ-FT. The benefits of these instrumentation changes can 

include an increase in mass accuracy, sensitivity, and better dynamic range, all of which 

are critical for the analysis of complex mixtures.  

 From the mass spectrometry analysis, we attain the overall mass-to-charge ratio 

of the peptides as well as the individual amino acids. However, these are not assigned to 

any particular amino acid, nor have they been identified as certain proteins. For this, the 

proteomics community relies upon bioinformatics to make these assignments and 

determine the validity of the peptide and protein assignment results. The field of 

bioinformatics has evolved rapidly, which is reflected in the analysis that we have done. 

We currently have access to the SEQUEST (Eng et al., 1994), MASCOT (Perkins et al., 

1999), and X!Tandem (Craig and Beavis, 2004) database search algorithms. One special 

consideration for analysis of BONCAT-identified proteins is the number of unique 

modifications that must be specified at the outset of the database search. There are three 

AHA-related modifications as well as one for the d10-Leu. This is in conjunction with the 

alkylated lysine and cysteine modifications that occur in all samples (not specific to 

BONCAT). Also, the use of MudPIT for our complex mixture makes the size of the 

dataset very large, making the minimization of false positives a serious consideration. As 

a result, we have decided to rely on SEQUEST, which is what we started with in our 
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initial work and is the algorithm used by the J.R. Yates group, who originally developed 

MudPIT.   

 After the database search, the data undergoes a peptide validation and assignment 

via the Trans-Proteomic Pipeline (TPP; Keller et al., 2002; Nesvizhskii et al., 2003), an 

open-source software suite that is widely used by the proteomics community. The 

current form of SEQUEST that we have available is the SEQUEST Sorcerer, which allows 

for the TPP to be run immediately following the database search. This will be further 

discussed in a later chapter. 

 

BONCAT as a reliable method for studying the proteome 

There are additional concerns about various aspects of BONCAT that need to be 

addressed. First, there may be questions about the level of specificity of the purification 

procedure and whether proteins remained unaltered throughout the sample processing. 

Throughout sample preparation, the sample buffer contains a cocktail of protease 

inhibitors and many of the procedures are conducted at 4°C to further prevent protease 

activity. Also, regarding specificity, the azide-alkyne chemistry utilized in BONCAT is a 

truly bioorthogonal reaction that results in a covalent triazole ring.  Moreover, the nature 

of the biotin-avidin affinity is widely known for its low dissociation constant Kd that is 

on the order of 10-15 mol/L (Laitinen et al., 2006), making it one of the strongest protein-

ligand interactions found in nature. After the biotin-avidin binding reaction is completed, 

we remove using centrifugation the “binding supernatant” that consists of preexisting 
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proteins that do not have AHA incorporation and are thus not newly synthesized. Also, 

there are a series of wash steps using buffers that contain detergent, to encourage any 

possible nonspecifically bound proteins to dissociate from the immobilized avidin resin 

(Figure 2.4). Finally, we also recommend the use of Neutravidin, which is a 

nonglycosylated form of avidin that retains its biotin affinity (Hiller et al., 1987) and has 

the least nonspecific binding of the various avidins that are available.  

 

Figure 2.4. Western blot analysis of AHA versus Met-treated sample purification 
fractions. Upon completing the procedure, a western blot analysis of the various collected 
fractions will reflect the efficiency of the purfication and subsequent trypsinization. The 
western blot membrane was probed with an anti-biotin antibody. 

 

 A second major concern with BONCAT is the use of methionine surrogates.  In 

order to be identified, the proteins must contain at least one methionine.  In the HEK293-

derived samples that were incubated with AHA for two hours, there was a 2.40% 
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methionine content in proteins subsequently identified, wheras the entire protein 

reference database had a 2.13% overall methionine content, thus suggesting that 

BONCAT does not impose a significant bias toward methionine-rich proteins (Dieterich 

et al., 2006). There was also a wide range of isoelectric points, molecular weights, and 

cellular locales of the proteins identified by BONCAT. Another potential problem is the 

N-terminal methionine cleavage that occurs during the maturation of proteins. In the 

human database, 5.08% of the proteome possesses a single methionine residue that is also 

the initiating amino acid. However, the posttranslational processing and acetylation 

occurs for roughly 30% of all proteins (Meinnel et al., 2005), which does not necessarily 

exclude this entire subgroup of proteins.  Finally, in the human database used for our 

initial analysis, 1.02% of the open reading frames (ORFs) did not contain any 

methionines and would be undetectable via BONCAT. However, these included very 

short proteins with fewer than 25 residues and also incomplete sequences. As a result, 

BONCAT is able to enrich a variety of newly synthesized proteins in a relatively 

unbiased manner.  

 As will be discussed in the following chapters, BONCAT is a versatile method 

that can be utilized for the study of not only cell lines, but also primary neuronal cultures 

and even tissue slices. It is a reliable technique that, in a two-hour AHA incubation, 

results in roughly 150-200 µg of newly synthesized protein from 1.8-2.1 mg of whole 

HEK293 cell lysate (Dieterich et al., 2007). Using bioorthogonal chemistry, BONCAT is 

a novel technique that combines high specificity and sensitivity for the isolation of newly 

synthesized proteins.  
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Following the establishment of BONCAT (Dieterich et al., 2006; Dieterich et al., 2007) 

for newly synthesized protein identification, we adapted the technology for the 

visualization of newly synthesized proteins, which we have named fluorescent 

noncanonical amino acid tagging (FUNCAT). In this technique, we utilize not only AHA, 

the chemoselective methionine surrogate, but we also introduce the use of another 

methionine analogue, homopropargylglycine (HPG).  HPG is also incorporated using the 

cell’s endogenous translational machinery (Kiick et al., 2002), but differs from AHA 

because it has a terminal alkyne that confers chemical functionality rather than an azide. 

As a result, HPG reacts with azide-bearing probes via the same copper (I)-catalyzed 

[3+2] cycloaddition ligation (Rostovtsev et al., 2002; Link et al., 2004). We used these 

two methionine surrogates to provide insight into the temporal and spatial control of 

protein synthesis utilizing local perfusion techniques and pulse-chase (AHA then HPG or 

vice versa) design experiments to image two distinct pools of newly synthesized proteins. 

 The reason for developing FUNCAT was to visualize newly synthesized proteins 

in situ using fluorescence microscopy. Previous work utilized a 3-azido-7-

hydroxycoumarin for the visualization of HPG-labeled proteins (Beatty et al., 2006), but 

this particular dye bleaches quickly and is most easily excited using two-photon 

microscopy. Also, for the in vivo imaging of glycosylated surface molecules and 

receptors, others have used strain-promoted azide-alkyne cycloaddition (Baskin et al., 

2007; Codelli et al., 2008; Laughlin et al., 2008; E.M. Schuman, unpublished results). 

However, we also had the additional goal of imaging intracellular proteins. As a result, we 

developed a Texas-Red alkyne tag to be clicked to the AHA-labeled proteins (TexasRed-
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PEO2-alkyne; TRA) and a fluorescein-based azide tag for conjugation to HPG-labeled 

proteins (5’-carboxyfluorescein-PEO8-azide; FLA; Figure 3.1 A). Both probes are water-

soluble due to their polyethylene oxide (PEO) linkers. This allows for straightforward 

synthesis, making it accessible to researchers without an organic synthesis background 

(Link and Tirrell, 2003), while also ensuring that the buffer washes after the click reaction 

can remove excess tag and hence reduce noise.  
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Figure 3.1. Chemical components and FUNCAT procedure. (A) Chemical structures of 
the modified amino acids Azidohomoalanine (AHA) and Homopropargylglycine (HPG, 
and the two fluorescent tags TexasRed-PEO2-Alkyne (TRA) and 5-carboxyfluorescein-
PEO8-Azide (FLA) used in this study to visualize newly synthesized proteins.  (B) 
Cartoon illustrating the Cu(I)-catalyzed [3+2] azide-alkyne cycloaddition (CuAAC) 
principle. 

 

General uses of FUNCAT 

The overall chemistry of FUNCAT is identical to that of BONCAT, but there are slight 

protocol differences introduced to effectively access the intracellular, endogenous 

population of newly synthesized proteins. Our initial experiments were conducted in 

dissociated, cultured hippocampal neurons. However, we later extended this method for 

use in organotypic and acute hippocampal slices, thus providing the potential for the 

visualization of newly synthesized proteins in the highly organized hippocampal 

network.  

 As in BONCAT, we initially incubated the dissociated hippocampal neurons in 

either HEPES-buffered saline (HBS) or HibernateA (HibA) media devoid of methionine, 

in order to deplete methionine from the system.  Then AHA or HPG (in HBS or HibA) 

was added for the desired period of time.  Immediately following incubation with AHA or 

HPG, cells were fixed and permeabilized using a detergent, such as Triton X-100, allowing 

access to the intracellular newly synthesized proteins. The click reaction is carried out 

overnight in the presence of a fluorescent probe, a copper catalyst, and a triazole ligand 

(Figure 3.1 B). At this point, the sample may be imaged, or subjected traditional 

immunocytochemistry without any decrease in TRA or FLA fluorescence intensity. 
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Initially, we incubated cells with varying concentrations of AHA and HPG ranging from 

0.1 to 4 mM to determine the concentration at which there is saturation. We found that 2 

mM of either AHA or HPG produces a saturation of incorporation, so this is the 

concentration that we used for subsequent experiments.  

 

Specificity of FUNCAT to visualize new protein synthesis 

To investigate the sensitivity of FUNCAT for monitoring protein synthesis, we tested 

the TRA and FLA probes for reactivity with methionine, AHA- or HPG-incubated cells. 

In methionine-treated cells, there was a near absence of a fluorescent signal. In addition, 

we incubated cells with AHA or HPG in the presence of the protein synthesis inhibitor 

anisomycin and observed a significant reduction in the fluorescent signal. Finally, we 

assembled the FUNCAT reaction without the copper catalyst, which yielded the same 

lack of fluorescence. These data indicate that FUNCAT yields specific protein-synthesis-

dependent labeling of proteins (Figure 3.2 A). 
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Figure 3.2. Visualization of newly synthesized proteins with FUNCAT in dissociated 
primary hippocampal neurons. (A) Dissociated hippocampal neurons (DIV 17) were 
incubated with either 2 mM AHA or 2 mM HPG in the presence or absence of 40 µM 
anisomycin (Aniso) for 1 hour, tagged with 1 µM TRA or FLA tag, and immunostained 
for the dendritic marker protein MAP2. Scalebar = 20 µm. (B) Dissociated neurons were 
incubated with 2 mM AHA for 2 hours followed by tagging with 1 mM TRA tag and 
immunostaining for Bassoon as a synaptic marker. Arrowheads denote spine-like 
protrusions. Scalebar = 10 µm in the left panel images, scalebar = 5 µm in the blown-up 
images.  
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In previous experiments, we found that AHA was not toxic when present in the 

media of primary cultures of hippocampal neurons (Dieterich et al., 2006).  Here we re-

examined the morphology of dendrites and spines and examined the localization of the 

FUNCAT signal within these compartments. We coupled FUNCAT labeling with 

immunocytochemical labeling for synaptic proteins, such as the presynaptic protein 

Bassoon (tom Dieck et al., 2006).  When the AHA or HPG incubation exceeded two 

hours, we were able to visualize newly synthesized proteins present at synapses. There 

was colocalization of the TRA or FLA signal with the presynaptic marker, Bassoon 

(Figure 3.2 B). In addition, following incubation with either AHA or HPG, we did not 

observe any changes in dendritic protrusions, overall cellular morphology, or changes in 

cell death, indicating that this technology can be used with relatively fragile cell 

populations.  

 

FUNCAT in different cell types 

Next, we sought to demonstrate FUNCAT in more intact tissue preparations. First, we 

tried using organotypic hippocampal slice cultures (21 DIV; Gogolla et al., 2006), which 

were initially 400 µm thick at preparation and ultimately 100 µm thick at use. These were 

incubated with AHA for 4 hours to ensure penetration of the amino acid through the 

depth of the slices. The fixation was performed in 4% paraformaldehyde in PBS for at 

least 30 minutes on ice and immediately washed thoroughly to remove all of the fixation 

solution prior to the FUNCAT reaction. We observed TRA signal in both the soma and 
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dendrites throughout all three dimensions of the slice (Figure 3.3).  We then tested 

FUNCAT in acutely prepared hippocampal slices. First, we recovered the 500 µm slices 

in aCSF for 2 hours, followed by a 2.53-hour incubation in AHA-containing aCSF. After 

fixation and a series of washes, similar to those done for the organotypic slice cultures, 

the acute slices were resectioned to a 50 µm thickness because these slices retain their 

thickness whereas organotypic slices thin out during the culture period.  In the 

resectioned hippocampal slices we observed that the TRA signal was present in both the 

soma and dendrites throughout the entire slice. Also, we found that a 2.5-hour incubation 

with AHA was sufficient to yield specific labeling of neurons located in the center of the 

500 µm slice. 
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Figure 3.3. Visualization of newly synthesized proteins with FUNCAT in organotypic 
slice cultures and acute slices from the rat hippocampus. (A) Organotypic hippocampal 
cultures (DIV 21) were incubated in 2 mM AHA in the presence or absence of 40 mM 
anisomycin (Aniso) for 4 hours, and tagged with 1 µM TRA overnight followed by 
MAP2 immunostaining. Scalebar = 50 µm. (B) A 500 µm-thick acute hippocampal slice 
was incubated for 2 hours with 4 mM AHA, fixed, and resectioned to 50 µm in thickness. 
The slice was tagged with 1 µM TRA overnight followed by immunostaining. Red = 
TRA, blue = GAD65, green = MAP2. Scalebar = 100 µm. 
 

Exploring the possibility of labeling two different epochs of protein synthesis 

The availability of two different methionine surrogates and their respective fluorescent 

tags allows one, in principle, to label two temporally distinct protein pools using a pulse-

chase type of experiment. We thus conducted a sequential labeling using AHA and HPG 

(1.5 hours AHA, then 1.5 hours HPG) followed by the click chemistry reactions using 

the TRA and FLA probes in dissociated neuronal cultures. We tested the various different 

sequential applications of the amino acid (first AHA then HPG, or first HPG then AHA) 

and also labeling order (TRA or FLA tagging). Since both AHA and HPG are incorporated 

into proteins via the same cellular mechanism, we would, for example, incubate the 

neurons first with AHA for 1.5 hours, wash the cells thoroughly, and then apply the 

HPG for 1.5 hours. After fixation, the neurons would be first exposed to the TRA tag and 

undergo a series of thorough wash steps prior to the assembly of the FLA tagging 

reaction. We found that incubating cells with HPG prior to AHA yields the best labeling 

result, since the charging rate of HPG onto the methionyl tRNA is slightly lower than 

that of AHA (Figure 3.4).  
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Figure 3.4. Sequential labeling of newly synthesized proteins with two metabolic 
markers. (A) Dissociated hippocampal neurons (DIV 16-18) were incubated in 2 mM 
AHA for 1.5 hours followed by 4 mM HPG for 1.5 hours and vice versa, and sequentially 
tagged with either 1 µM TRA and 1 µM FLA tag, or FLA tag followed by TRA tag for 
12 hours each. Scalebar = 20 µm. Labeling and detection sequences: AH, FT: first AHA 
then HPG, first FLA then TRA tag; AH, TF: first AHA then HPG, first TRA then FLA 
tag; HA, FT: first HPG then AHA, first FLA then TRA tag; HA, TF: first HPG then 
AHA, first TRA then FLA tag. Images were taken with same acquisition parameters on a 
Zeiss Meta 510 confocal microscope using a 40x objective, postprocessing and analysis 
were done with ImageJ. Graph (B) represents mean ratios of the first to second label 
(AHA or HPG) intensities with standard deviations of the dendrites in 20 µm bins for the 
different detection sequences (TRA or FLA). n = 6-10. Graph (C) represents mean 
intensities of somata for the different labeling and detection sequences. P-values: ** p < 
0.005; * p < 0.05. 
 

 

Temporal sensitivity of FUNCAT 

We next examined how quickly the FUNCAT signal can appear in cultured hippocampal 

neurons. For this, dissociated hippocampal neurons were incubated with AHA for 0, 10, 

20, 30, 40, 50, or 60 minutes, processed via FUNCAT, and also immunostained for 

MAP2, a dendritic protein marker. We found that newly synthesized proteins were 

present in the soma of neurons as early as 10 minutes after AHA exposure (Figure 3.5). 

As the incubation times increased, there was more intense fluorescence in the soma, as 

well as the emergence of signal in the dendrites. In the proximal dendrites, we observed 

newly synthesized proteins following just 20 minutes of AHA incubation. This same 

experiment was done using HPG, and there was no difference in signal between AHA and 

HPG incubated neurons for time points greater than 30 minutes in duration. There is a 

slight discrepancy in early noncanonical amino acid incorporation, which suggests that 

AHA is incorporated into nascent proteins more quickly than HPG, as expected due to 
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different charging rates of AHA and HPG onto methionyl tRNA synthetases (Kiick et al., 

2002).  

 

Figure 3.5. Time-course for the detection of newly synthesized proteins in somata and 
dendrites. (A) Cultures (DIV 16) were incubated for time points indicated with 2 mM 
HPG, 2 mM methionine (Met), or 2 mM HPG in the presence of 40 µM anisomycin 
(Aniso). After cycloaddition with the fluorescent FLA tag, images were taken with same 
acquisition parameters on a Zeiss Meta 510 confocal microscope using a 63x objective. 
Scalebar = 5 µm. Graph (B) represents mean intensities with standard deviation of the 
somata. Per time point, data from 20-50 cells were collected and analyzed using ImageJ. 
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Representative samples are shown in the right panel. (C) Representative straightened 
dendrites of neurons incubated with 2 mM HPG, 2 mM Methionine (Met), or HPG plus 
40 µM anisomycin (Aniso) for time points indicated. Color lookup table indicates 
fluorescence intensity. Left: proximal; right: distal. Scalebar = 10 µm. Graph (D) 
represents mean intensities with standard deviation of the dendrites in 20 µm bins. Per 
time point data from 30-70 dendrites were analyzed. 
 

The effects of BDNF on neuronal proteome dynamics 

Brain-derived neurotrophic factor (BDNF) is a neurotrophin that is part of the TrkB 

signaling pathway and is required for normal neuronal development. There is a 

requirement for BDNF in the maintenance of protein synthesis-dependent long-term 

potentiation (LTP) (Kang and Schuman, 1996; Kang et al., 1997refs), the mechanism that 

is responsible for the establishment and maintenance of memories. Furthermore, previous 

work in our group has demonstrated that BDNF stimulates local protein translation 

(Kang and Schuman, 1996; Aakalu et al., 2001). In bath application experiments, we 

sought to investigate the effects of synaptic stimulation on protein translation and on the 

localization of newly synthesized proteins.  In the presence of BDNF and AHA for 1 

hour, we found a 60 % increase in FUNCAT-derived fluorescence signal in the proximal 

dendrites when compared to control neurons that were only incubated with AHA (Figure 

3.6). 
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Figure 3.6. BDNF-induced increases in protein synthesis. (A) Hippocampal neurons 
(DIV 16) were incubated for 1 hourr with 2 mM AHA (vehicle control) or with 2 mM 
AHA in the presence of 50 ng/ml BDNF. After a 15 min chase with 2 mM methionine, 
cells were fixed, tagged with 1 µM fluorescent tag and immunostained for the dendritic 
marker protein MAP2. For quantitative analysis, dendrites of both groups were 
straightened and fluorescent intensities of binned 40 µm segments were measured using 
ImageJ. Representative images for both groups are shown. Color lookup table indicates 
fluorescence intensity. Note the increase in signal intensity in both cell body and 
dendrites in BDNF-treated versus control cells. Left: proximal; right: distal. Scalebar = 
20 µm. (B) Graph shows the change of TRA-signal of BDNF-treated cells normalized to 
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controls (vehicle). Numbers of dendritic segments included in the analysis are specified 
at the bottom. P-values: *** p < 0.000005; ** p < 0.005; * p < 0.05.  
 

Next, we employed a technique called local perfusion, in which we applied 

chemical stimuli and the noncanonical amino acids in a limited locale in the neuron—either 

over the cell body or a dendritic segment— using glass micropipettes. In order to ensure 

that AHA could be taken up across the dendritic membrane in the local perfusion 

experiments, we immunostained dissociated neuronal cultures for the localization of the 

amino acid transporter LAT1 as well as the methionyl tRNA synthetase. We found that 

both were distributed in the soma and dendrites— suggesting the ability to both take up 

amino acid and charge the tRNA in the dendrites (Figure 3.7).  We then proceeded with 

the local perfusion experiments by locally applying anisomycin over the cell bodies while 

AHA was bath-applied with and without BDNF (Figure 3.8). By perfusing anisomycin, 

we are able to eliminate the somatic contribution to the neuronal proteome, thus allowing 

for the exclusive visualization of dendritic protein synthesis. The somatic perfusions of 

anisomycin were initiated 20 minutes prior to the bath application of AHA or AHA and 

BDNF so that we could decrease the translational contribution from the soma to a 

minimum. After that, the bath application proceeded for 30 minutes until fixation and 

FUNCAT processing. We found that there were comparable levels of newly synthesized 

proteins in the distal regions of the dendrites in both the anisomycin perfused and non-

perfused neurons. This suggests a bona fide dendritic contribution to the neuronal 

proteome. Also, as was observed earlier, there was a statistically significant increase in 
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the amount of newly synthesized proteins in neurons simultaneously treated with 

BDNF.  

 

 

Figure 3.7. The methionyl tRNA synthetase MetRS and the amino acid transporter LAT1 
are present in dendrites. Immunostaining of dissociated hippocampal neurons (DIV 17-
20) for the dendritic marker protein MAP2 and the large amino acid transporter LAT1 
(A), and methionyl tRNA synthetase (B). Arrowheads indicate dendritic processes. 
Scalebars = 20 µm (A) and 50 µm (B) in the overviews, scalebars = 10 µm in close-up 
images (A) and (B). 
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Figure 3.8. BDNF-induced increase in dendritic protein synthesis. (A) General local 
microperfusion set up showing a local perfusion stream (AlexaFluor 488 hydrazide in 
HibA) applied on the soma of a hippocampal neuron using a perfusion pipet (right) and a 
suction pipet (left). Scalebar = 50 µm. (B) Hippocampal neurons for somatic local 
perfusions were pre-incubated in HibA media without methionine for 10 min during 
which time the perfusion with 40 µM anisomycin plus 2 mM AHA in HibA was initiated. 
Twenty minutes after starting the perfusions, AHA (final concentration 2 mM), in 
combination with or without BDNF (final concentration 50 ng/ml), was added to the 
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dishes for another 30 min. After fixation, FUNCAT using 1 µM TRA tag, and 
immunostaining for MAP2 was performed. Newly synthesized proteins of non- 
anisomycin-perfused (I, AHA plus BDNF; II, AHA) and anisomycin-perfused (III, AHA 
plus BDNF; IV, AHA) cells from same dishes, as well as anisomycin-bath applied dishes, 
(V) were imaged with a Zeiss Meta 510 confocal microscope using a 40x objective, 
postprocessing and analysis were done with Imaris software. Images in (B) show TRA 
signals of representative somata from groups I-V in 3D. n = 6-9. Large grid tick marks = 
20 µm. Graph on the right shows TRA-signal to volume ratios (based on MAP2 staining) 
for the different groups. (C and D) Analysis of newly synthesized proteins in dendrites 
originating from cells of treatment groups I-IV. Images on the left show the TRA signal 
intensity of representative dendrites. Left, proximal; right, distal. For quantitative analysis 
dendrites were first straightened with ImageJ and then analyzed using Imaris. Graphs in 
each image display the individual TRA signal / volume profile along the dendrite). 
Summary graphs shows TRA-signal to volume ratios (based on MAP2 staining) for the 
different groups; BDNF plus AHA, white boxes; AHA, dark boxes. Color lookup table 
indicates fluorescence intensity. Large grid tick marks = 10 µm. n= 6-9. P-values: *** p 
< 0.0005; ** p < 0.005; * p < 0.05 using 2-way ANOVA statistical analysis. 
 

In summary, we have established FUNCAT as a sensitive method to visualize 

newly synthesized proteins in both neuronal somata and dendrites.   
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Chapter IV 

DEVELOPMENT OF DISULFIDE-BEARING PROBE FOR IMPROVING 

BONCAT  
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Recent developments in bioorthogonal chemistry have allowed the investigation of 

specific cell biological events with minimal perturbation, thus giving a more accurate 

picture of what is occurring within the cell. Though the use of small biomolecules, such 

as green fluorescent protein and FLAG and histidine epitopes, are effective tools, they 

can add significant size to the molecules of interest. On the other hand, small molecules 

that can be metabolically incorporated into proteins, RNA, and DNA are not as large. 

Such small molecules are generally noncanonical amino acids or unnatural nucleotides 

that bear novel chemical handles that allow for their selective isolation or visualization 

following incorporation into DNA, RNA or protein.  

 In this study, we sought a chemical functional group that was not readily found in 

organisms. This led us to pursue an azide-containing species (Kiick et al., 2002), which 

can undergo three major different types of chemical reactions, all with varying degrees of 

specificity. In the Staudinger ligation, an azide is reacted with a triphenylphosphine to 

form an amine bond (Saxon and Bertozzi, 2000). Although this reaction fulfills the 

specificity and bioorthogonality requirements, the reaction kinetics are slow compared to 

other chemical reactions. In copper-catalyzed [3+2] cycloaddition, or click chemistry, 

azides and alkynes are reacted to form a triazole (Kolb and Sharpless, 2003). This same 

principle also occurs in strain-promoted cycloaddition, in which azides are reacted to 

cyclooctynes in a copper catalyst-free environment for in vivo labeling in cells (Agard et 

al., 2004; Baskin et al., 2007). However, we preferred the faster reaction rate found in 

click chemistry and the opportunity for having our substrates of interest bear either an 

azide or alkyne was appealing as cyclooctynes provided some unwanted properties such 

as rapid degradation in our hands (Dieterich, Hodas, Schuman, unpublished results).  
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 In order to identify and visualize newly synthesized proteins, we used an azide-

bearing noncanonical methionine surrogate, azidohomoalanine (AHA). Previous work 

demonstrated cell surface labeling in E. coli, in which newly synthesized proteins were 

detected using a biotin alkyne probe (Link et al., 2004). This showed that AHA could be 

readily incorporated into the prokaryotic proteome.  In our initial experiments we 

attempted to obtain labeling in a eukaryotic system followed by identification of newly 

synthesized proteins with mass spectrometry.  The resulting technology, bioorthogonal 

noncanonical amino acid tagging (BONCAT), demonstrated the ability to enrich for and 

identify a complex mixture of proteins in an unbiased manner. In the initial experiments, 

following incubation of HEK293 cells with AHA, a diverse set of proteins were detected 

(Dieterich et al., 2006). 

In the first demonstration of BONCAT, we used a biotinylated FLAG peptide 

alkyne probe to purify newly synthesized protein using an avidin resin.  Upon trypsin 

digestion, tryptic peptides, comprising those derived from the newly synthesized proteins 

as well as avidin, were released (Dieterich et al., 2006; Dieterich et al., 2007). In 

subsequent proteomic experiments, we found that the removal of the avidin-derived 

peptides increased the number of novel peptide spectra detected, resulting in the 

identification of more low-abundant proteins. As a result, we sought to develop a 

chemically cleavable probe that would reduce the number of avidin-derived peptides 

present in the sample, allowing for better identification of complex protein mixtures. 

Moreover, with the ongoing expansion of the noncanonical amino acid library, it is clear 

that the incorporation of several distinct noncanonical amino acids into a system would 

be a powerful tool for evaluating different protein populations over time. For example, 
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the introduction of another methionine surrogate, azidonorleucine (ANL), was recently 

shown to be useful for the differential labeling of two distinct cell types (Ngo et al., 

2009). Therefore, we compared the utility and biocompatibility of the alkyne-bearing tag 

we developed to an identical tag that bears an azide group. 

 

Synthesis and use of biotinylated disulfide alkyne and azide probes 

We developed a biotinylated probe that features a disulfide bond in the center, using a 

commercially available NHS ester conjugated to a biotin with propargylamine (Figure 4.1 

A). This alkyne probe utilizes [3+2] copper-catalyzed cycloaddition to covalently bind to 

the azide of azidohomoalanine.  Using a similar strategy, the alkyne of 

homopropargylglycine can be linked to a similar disulfide-bearing azide probe 

(Szychowski et al., 2009, submitted). We refer to these probes as “disulfide tag-alkyne” 

(DST-alkyne) and “disulfide tag- azide” (DST-azide), respectively. Both amino acid and 

probe combinations (AHA+ DST-alkyne or HPG + DST-azide) can be distinguished 

from methionine in mass spectrometry experiments, as there is a triazole modification 

that lends a mass increase to either AHA- or HPG-bearing peptides (Figure 4.1 B).  
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Figure 4.1. Synthesis and application of disulfide-bearing tags for click chemistry. (A) 
An alkyne-bearing amine is reacted with a biotinylated disulfide ester in the presence of 
diethyl ether. (B) The alkyne- and azide-bearing disulfide tags (DST) undergo copper-
catalyzed [3+2] cycloaddition with the methionine surrogates azidohomoalanine (AHA) 
and homopropargylglycine (HPG), respectively.  
 

 

Pre-alkylation abolishes background signal and prevents disulfide exchange 

With the introduction of the DST-azide and –alkyne probes, we were aware of the 

potential nonspecific disulfide exchange that might occur between the probes’ disulfide 

bond and any exposed cysteine residues of non-labeled proteins. This problem would 

lead to the purification of some preexisting proteins instead of exclusively newly 

synthesized proteins. In addition, the resulting alkyne probe product might react with 
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AHA residues during the click chemistry, if not removed (Figure 4.2 A). We sought to 

use an alkylation method that would be compatible with currently used mass 

spectrometry techniques, so as to limit the number of modification searches that would be 

needed for peptide and protein identification. Prior to alkylation, we reduced all disulfide 

bonds with 2% β-mercaptoethanol. [Note: though TCEP is widely used in proteomic 

sample preparation, the presence of the triphenylphosphine could convert the azide of 

AHA to an amine (Scriven and Turnbull, 1988) and thus interfere with the click 

chemistry].  Following reduction with β-mercaptoethanol, the reducing agent was 

removed by performing an acetone precipitation. After that, samples were alkylated with 

11mM iodoacetamide, which was also subsequently removed using acetone precipitation. 

Using Western blot analysis, we compared the biotinylation signal from COS7 cell 

lysates incubated for 2 hours in either methionine or AHA (4 mM) and then alkylated or 

not prior to click chemistry with the DST-alkyne probe. The addition of the alkylation 

step resulted in a dramatic reduction of the biotin signal in the tagged, alkylated 

methionine sample, when compared to the tagged, non-alkylated methionine lysate.   The 

biotinylation signal from the AHA signal was not changed by the alkylation step 

suggesting that most, if not all, of the biotinylation signal in AHA samples is derived 

from linkage with AHA-containing peptides (Figure 4.2 B).   
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Figure 4.2. Alkylation prior to click chemistry reaction significantly reduces non-specific 
protein labeling. (A) Disulfide bonds from cysteines are first reduced and then protected 
using iodoacetamide, preventing possible disulfide exchange with the disulfide alkyne or 
azide tag. (B) COS7 cells that were incubated in either 4mM methionine or 4mM AHA 
were lysed and either not alkylated or alkylated prior to reaction with the DST-alkyne. 
They were analyzed via Western blot using an antibody against biotin. 
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Click chemistry reaction of AHA and HPG with their respective disulfide-bearing 

probes is comparable 

With the development of these two novel disulfide-bearing probes, we aimed to 

determine the relative efficiency of the click chemistry reaction for azide- or alkyne-

bearing proteins.  In order to evaluate these probes and their AHA or HPG-labeled 

proteins, we generated a purified green fluorescent protein (GFP modified to contain a 

single N-terminal methionine codon followed by a histidine tag). We incubated E.coli 

constitutively expressing this construct with either AHA or HPG for 4 hours and then 

purified GFP from cell lysates.  We conjugated the AHA or HPG protein with their 

respective alkyne or azide probes and compared the total amount of GFP protein with the 

level of biotin signal resulting from the probe conjugation. In comparing the two, we 

found that AHA and HPG yield comparable levels of reactivity to their respective probes 

(Figure 4.3).  
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Figure 4.3. Click chemistry of AHA or HPG yield similar reaction efficiencies. (A) 
Methionine, AHA, or HPG-labeled GFP was reacted with either the DST-alkyne or DST-
azide probe. The same Western blot was probed simultaneously for successfully labeled 
GFP (α-biotin) and total GFP (α-penta His). (B) Each probe’s efficacy was assessed by 
normalizing the AHA- or HPG-GFP biotin signal to the Met-GFP signal for each probe. 
 

AHA and HPG are incorporated into proteins at similar rates 

The complimentary chemistry of AHA and HPG could, in principle, allow for two 

protein populations to be labeled in a pulse-chase type of experiment, allowing one to 

monitor proteome dynamics over time.  In order to interpret such an experiment, we 

determined whether AHA and HPG affect cellular growth and protein synthesis similarly. 

First, we compared the growth rates of bacteria exposed to media containing either AHA 

or HPG. We used E. coli with IPTG-inducible expression of GFP containing one 

methionine residue at the initiator codon (same construct as above). These auxotrophic 

bacteria were then exposed to synthetic M9 medium supplemented with methionine, 

AHA, or HPG as well as the 19 other essential amino acids. The proliferation rates of 

these three groups were monitored over the course of 5 hours at 20-minute intervals. We 

found that the E. coli incubated in AHA and HPG grew at statistically indistinguishable 

rates.  As expected, E. coli grew over 90% faster in the presence of methionine (Figure 
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4.4 A). We also explored the incorporation of the amino acids into protein by monitoring 

the GFP fluorescence over the same period of time. AHA and HPG produced near-equal 

levels of GFP fluorescence, while methionine-labeled cells had a 65% higher level of 

fluorescence (Figure 4.4 B).  Taken together, these results indicate that AHA and HPG 

support cell growth and protein synthesis at similar rates.  

 

 

Figure 4.4. E. coli incorporates azidohomoalanine and homopropargylglycine into newly 
synthesized protein at comparable rates. E. coli expressing GFP bearing a single 
methionine residue were incubated in media containing 19 amino acids plus either 
methionine, AHA, or HPG for 4 hours after IPTG induction. (A) Methionine-incubated 
bacteria grow at a significantly higher rate, while AHA- and HPG-incubated bacteria 
grow at near-identical rates. (B) The level of GFP fluorescence depends upon whether 
methionine, AHA, or HPG is present in the media. Less GFP is synthesized in the 
presence of the non-canonical amino acids. 
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Bioorthogonal chemistry, which utilizes endogenous cellular machinery, has 

allowed for the exploration of protein translation in situ. With the establishment of 

BONCAT (Dieterich et al., 2006), the non-canonical amino acid AHA coupled with 

[3+2] copper-catalyzed cycloaddition allowed for the identification of a complex mixture 

of newly synthesized proteins in an unbiased manner. In an effort to improve the method, 

we sought to improve the detection of low-abundance proteins by developing a novel 

probe with a protocol that is compatible with proteomic sample preparation. In addition, 

we did a side-by-side comparison of AHA with another widely used methionine 

surrogate, HPG, to observe their effects on cell growth and protein expression. 
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Chapter V 

ELUCIDATING THE DENDRITIC DOPAMINERGIC SUBPROTEOME IN THE 

HIPPOCAMPUS USING BONCAT 
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The importance of the dendritic contribution to the neuronal proteome and learning and 

memory has been well established, whether by electron microscopy (Ostroff et al., 2002), 

local perfusion (Aakalu et al., 2001), or microdissections coupled with electrophysiology 

(Kang and Schuman, 1996). In addition, there have been efforts to characterize the 

synaptic proteome by using biochemical fractions containing synaptoneurosomes in 

which ribosomal particles have been identified. However, it is difficult to resolve just the 

dendrites, as there are no biochemical preparations that selectively isolate a single 

neuronal compartment.  

We decided to investigate the effects of the D1/D5 dopamine receptor agonist 

SKF81297 on the hippocampal dendritic proteome. Stimulation of the D1-like 

dopaminergic receptors has been shown to be necessary and sufficient for the 

maintenance of L-LTP (Frey et al., 1991; Frey et al., 1993; Huang and Kandel, 1995; 

Matthies et al., 1997; Swanson-Park et al., 1999), which is a protein synthesis-dependent 

process. Previous work by Smith and colleagues (2005) demonstrated an increase in 

dendritic protein synthesis after the application of a D1/D5 dopamine receptor agonist, 

SKF81297. They also observed the upregulation in surface expression of GluR1, an 

AMPA receptor subunit. This, in turn, resulted in the increased frequency of miniature 

excitatory postsynaptic currents (mEPSCs, or minis), which are able to regulate local 

protein synthesis (Sutton et al., 2004). In this study we sought to determine the proteins 

that are rapidly synthesized in the dendrites of the hippocampus.  

Using BONCAT, we were able to purify and enrich for newly synthesized 

proteins. The initial demonstration of this technique was done in HEK293 cells labeled 

with AHA (Dieterich et al., 2006). We later demonstrated this to be an effective 
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technique for studying more sensitive cell preparations— first in primary hippocampal 

neurons, organotypic slice cultures, and finally in acute hippocampal slices. Likewise, 

with the development of FUNCAT, we also showed the possibility of visualizing these 

AHA-labeled proteomes with a high degree of sensitivity and specificity. In order to 

study the dopaminergic hippocampal subproteome, we decided to first visualize the 

newly synthesized proteome using FUNCAT to assess whether a change in the amount of 

newly synthesized proteins could be detected in dendrites after stimulation of the D1-like 

dopaminergic receptors using SKF81297.  

 

SKF81297 produces an increase in dendritic protein synthesis in hippocampal neurons 

Primary hippocampal cultures were first incubated with methionine-free media for 30 

minutes and then incubated with AHA for 1 hour, with and without SKF81297. This 

incubation was immediately chased with a methionine incubation for 10 minutes to 

terminate the charging of AHA onto tRNAs. Then, the neurons were immediately fixed, 

tagged with a fluorescent probe using click chemistry, and immunostained for MAP2, a 

dendritic protein marker. In dissociated hippocampal cultures treated with the D1 agonist, 

there was a 25-60% increase in FUNCAT fluorescence in the distal dendrites (Figure 

5.1).  
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Figure 5.1. SKF81297 stimulation produced an increase in newly synthesized proteins in 
the distal dendrites. (A) Representative images from dissociated hippocampal cultures 
(DIV 21) incubated with 4 mM AHA in HBS for 1 hour and stimulated with 40 µM 
SKF81297 as applicable. Straightened representative dendrites are shown to the right for 
each condition. Scalebar = 10 µm. (B) Dissociated hippocampal cultures were incubated 
with varying concentrations (25 µΜ, 50 µΜ, 75µΜ) SKF81297 for 1 hour in 4 mM AHA 
in HBS. * denotes p <0.05. 
 

Isolating the dendritic compartment 

In order to isolate the dendritic proteome, we first attempted to use a Transwell culture 

system to separate cell bodies from their processes. These cultures utilize a polycarbonate 
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mesh with a diameter wide enough to permit dendrites, but not cell bodies, to extend 

through the mesh. We first labeled these cultures with AHA and processed them using 

FUNCAT to visualize the extent of separation between the somatic and dendritic 

compartments (Figure 5.2). We found that the majority of dendrites remained on the 

somatic side of the membrane with minimal extension to the other side. For our mass 

spectrometry experiments, this preparation would not yield enough material, so we 

sought another method for the isolation of the dendrites.  

 

 

Figure 5.2. Transwell culture system for the isolation of the dendritic compartment. (A) 
Top and side views of the Transwell culture system. (B) Hippocampal neurons (DIV 14) 
were incubated with 4 mM AHA for 1.5 hours, processed via FUNCAT, and stained for 
MAP2. The polycarbonate membrane separating the somatic and dendritic layers is 3 µm 
thick. Scalebar = 20 µm. 
 

We proceeded to try microdissections in acute hippocampal slices. In Kang and 

Schuman (1996), dendrites were physically separated from the cell bodies by a 
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transection along the separation between the stratum pyrimidale and stratum radiatum in 

the CA1 region of the hippocampus. Using this preparation for our proteomic studies 

would ensure that the proteins observed would originate dendrites and axons. To modify 

this preparation for our purposes, we made three additional cuts to completely isolate a 

chunk of tissue that includes the synaptic neuropil of stratum radiatum, but no principal 

cell bodies. (Figure 5.3).  

 

 

Figure 5.3. Microdissection of a dendritic segment from an acute hippocampal slice. 500 
µm-thick acute hippocampal slices isolated from Sprague-Dawley rats (P24-26) are 
microdissected under a microscope in sequence, from panels A to D. The dissected 
stratum radiatum is shown in the top right of (D). Scalebar = 1 mm. 
 

The use of 13C –arginine instead of d10-leucine in BONCAT 

In our initial experiments, we determined that each condition (control/vehicle and 

SKF81297-treated) would require the sacrifice of one to two rats to ensure sufficient 
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material for the mass spectrometry analysis and also for the subsequent candidate 

confirmation experiments. Dendritic slices (500 µm-thick) were recovered on aCSF for 2 

hours prior to noncanonical amino acid incubation and SKF81297 stimulation. In our 

previous applications of BONCAT, we co-incubated the cells with d10-Leu to provide an 

additional indication of whether detected proteins were newly synthesized. We initially 

opted for leucine since it is the most abundant amino acid in the mammalian proteome. In 

these experiments, we used a different isotopic amino acid, 13C-arginine (13C -Arg). The 

use of 13C –Arg limits the arginine content of each trypsin-digested peptide to 2, thus 

reducing the number of potentially modified peptides and the search time during the 

analysis. 

 

BONCAT for dendritic slices 

After recovery on aCSF for 2 hours, the dendritic slices were incubated with 4 mM AHA 

and 4 mM 13C –Arg in aCSF with and without 40 µM SKF81297 for 2.5 hours before 

they were harvested and flash-frozen until further processing. Much of the original 

BONCAT procedure is the same as previously described (Dieterich et al., 2006; Dieterich 

et al., 2007) until the release of the enriched newly synthesized proteins from the 

NeutrAvidin agarose resin. For these experiments, we used the DST-alkyne probe to 

minimize avidin contamination that would result from on-resin trypsination. This allowed 

for the reduction of the newly synthesized proteins off the resin using β-Me. We found 

that the mass differences resulting from this probe were detectable via the LTQ-FT and 

matched when analyzed by the SEQUEST Sorcerer. In the instance of a failed tagging 

event, there was still a 5.08 atomic mass unit loss compared to methionine. Since the 
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chemical reduction of the disulfide bond in the DST-alkyne is a reliable event, we do not 

search for a failed cleavage event, which is an additional benefit to using the DST-alkyne 

probe instead of the biotin-FLAG-alkyne probe. For a successful cleavage event, there is 

a 195.18 atomic mass unit gain over methionine. In addition to these modifications, we 

still search for lysine alkylation, cysteine alkylation, and methionine oxidation, which are 

standard for proteomics experiments due to the reduction and alkylation of all peptides 

prior to trypsin digestion. 

 After trypsin digestion, we also desalt our samples using an HPLC coupled to a 

reverse-phase resin peptide macrotrap column to remove the urea that is necessary for the 

denaturation of the proteins. In a MudPIT experiment, the urea can often precipitate and 

result in clogging of the spray tip, which can often be remedied easily, but can also 

equally cause a premature termination of the experiment. Though this additional step can 

potentially cause peptide loss from the extra manipulation and the lack of an in-line 

delivery system to the LTQ-FT, the advantage consistency between experiments 

outweighs the disadvantage of potential sample loss. 

 

Bioinformatics processing and criteria 

To analyze our data for peptide assignment and protein validation in the past, we 

conducted post-processing of the data using one of many different types of software 

bundles that are available to the proteomics community. We primarily used SEQUEST 

Sorcerer, which automatically processes our data through the Trans-Proteomic Pipeline 

(TPP), an open-source software package made available by the Institute for Systems 

Biology. The two components that provide peptide and protein probabilities are 
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PeptideProphet and ProteinProphet, respectively. After this processing, we assess our 

data in two different groups: (1) 80% peptide and protein probabilities, doubly tryptic, 

and at least one peptide for each protein identification; and (2) 90% peptide and 95% 

protein probabilities, doubly tryptic, and at least two peptides for each protein 

identification. This allows us to assess both medium and high stringency data sets. 

 We have completed three complete sets of experiments, each with one vehicle and 

one SKF81297-treated groups. Ultimately, we only consider the proteins that are present 

in at least two sample groups by comparing the low-confidence protein lists and the high-

confidence protein lists amongst themselves, and also the low and high lists to one 

another. We have found that there are very few protein identifications from the low-

confidence lists that yield interesting protein candidates. In order to compare these lists, 

we utilize two different programs. The first is Scaffold, a program that is distributed by 

Proteome Software and is compatible with a number of different database search 

algorithm output formats (Keller et al., 2002; Nesvizhskii et al., 2003). Scaffold not only 

allows for the comparison of different datasets side-by-side but also makes it possible to 

see the different protein identifications with their various modifications and determine the 

amount of sequence coverage from the various datasets. We also use Cytoscape, which is 

an open-source software platform that allows for the visualization of proteomic data in a 

graphical manner (Shannon et al., 2003). It also makes it possible to see the data in the 

context of molecular interaction networks. 
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The hippocampal dopaminergic subproteome 

Across the three complete datasets that we acquired on the LTQ-FT using MudPIT, we 

identified a total of 819 unique proteins with 526 of them present in at least two samples 

(Figure 5.4). One hundred and eleven proteins were common to both the vehicle and 

SKF81297-treated samples, but there were 177 proteins that were unique to the vehicle 

group and 179 that were found only in the agonist-treated sample. This difference 

suggests that either the proteins were in very low abundance and could not be detected 

even with the enrichment that occurs in BONCAT, or these proteins were selectively 

expressed or suppressed due to the stimulation of the D1/D5 receptors in the dendrites of 

the hippocampus. 

 

 

Figure 5.4. Schematic summary of three complete MudPIT experiments. The large gray 
box represents the 819 unique proteins that were found in the three experiments. The 177 
proteins that were found solely in the control group are represented in pink, the 170 
proteins unique to the SKF 81297-stimulated group in blue, and the 111 proteins found in 
both groups in green. 
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 This list of proteins encompasses a variety of different categories. In addition to 

standard housekeeping proteins, such as those found in glycolysis, there are a number of 

proteins specific to LTP induction, such as those relevant for excitatory response. A 

candidate protein that was identified in previous work (Smith et al., 2005), GluR1, was 

also present in this data as a protein that is expressed in both conditions, but with greater 

sequence coverage in the agonist-treated sample. In addition, we identified many 

ribosomal subunits specifically in the D1/D5 agonist-treated sample, with an emphasis on 

the 60S larger subunit. This, along with the identification of some translation elongation 

and initiation factors, confirms the dendritic protein synthesis-dependent response of 

dopaminergic signaling that we observed using FUNCAT (Figure 5.1). Though 

cytoskeletal proteins are widely abundant, we noticed a marked increase in the number of 

identified structural proteins, perhaps to accommodate an increase of synaptic contacts 

induced by the stimulation of the D1/D5 receptors. The more interesting proteins that we 

observed were from the presynaptic terminal or for cell adhesion. We confirmed some 

candidates using Western blots. Samples were prepared in the same manner as they were 

for the proteomic analysis, but in the end they had the additional step of being 

precipitated so that all of the material could be used for a single blot to maximize 

detection. Using this approach, we confirmed the the upregulation or selective expression 

of not only GluR1, but also synapsin I, β-catenin, and N-cadherin (Figure 5.5). A number 

of other proteins were specific to SKF81297-stimulation, such as PKA and CREB, both 

to be expected due to the D1-like receptors’ role in the cAMP pathway. Interestingly, 

there were also proteins involved in synaptic plasticity, such as the presynaptic proteins 

bassoon and piccolo, as well as those involved in protein translation, Eef1/2 and Eif4b/e. 



 71 

In addition, we detected the selective translation of a FMR1-interacting protein (Schenck 

et al., 2001). This work confirms previous work that there is an upregulation in dendritic 

protein translation upon the activation of the D1/D5 dopaminergic receptors in the 

hippocampus. Furthermore, the candidates that we have identified provide greater insight 

into the wide range of proteins that are potentially involved not only in the maintenance 

of L-LTP, but also possibly integral to dopaminergic signaling and the treatment of 

neurodegenerative disease.  

 

 

Figure 5.5. Confirmation of candidate proteins via Western blot. Newly synthesized 
proteins were isolated from dendritic segments incubated with aCSF and 4 mM AHA 
with and without 40 µM SKF81297 stimulation for 2.5 hours and Western blotted. The 
same blot was probed with antibodies against synapsin I, β-catenin, GluR1, and N-
cadherin. 
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The dopaminergic pathway in the hippocampus is thought to participate in the 

manifestation of neurodegenerative diseases that are characterized by symptoms of 

memory loss. By utilizing a combination of bioorthogonal chemistry, proteomics, and 

traditional molecular biology techniques, we have examined two important questions: 

how much dendritic protein synthesis contributes to the overall neuronal proteome and 

what is the identity of the proteins influenced by the D1/D5 dopaminergic receptors. 

Moreover, we have streamlined and improved BONCAT, a method that can be used for 

proteomic analysis in cell lines as well as in dissociated neuronal cultures and acute 

hippocampal slices.  We also describe the development of FUNCAT for the visualization 

of newly synthesized proteomes and provide further evidence for local dendritic protein 

synthesis.  

 

Use of bioorthogonal chemistry in biological applications 

There are a number of different methods available that allow researchers to gain further 

insight into cellular mechanisms, but these often involve genetic manipulation. This not 

only can produce technical issues of toxicity, but also perturbations to the system under 

investigation. For example, GFP and other genetically encoded fluorescent proteins need 

to be overexpressed in a cell, thus upsetting the metabolic balance of the cell. In addition, 

they are often bulky and can hinder the trafficking or functionality of the protein being 

studied. Finally, this particular technique is limited to the study of proteins and cannot 

extend to nucleic acids or posttranslational modifications. There are other options, such 

as quantum dots, that do not require genetic manipulation, but these present other 

challenges that do not provide a clear window into the inner workings of the cell. 
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 The concept of bioorthogonal chemistry provides an alternative to these methods 

since it lends novel chemical functionality to molecules using chemical groups that are 

not readily found living organisms. Azide-alkyne chemistry has recently come to the 

forefront due to its specific reactivity and reliability. It has been used to study surface 

proteins in E.coli (Link and Tirrell, 2003; Link et al., 2004), enzymatic reactions (Speers 

and Cravatt, 2004), protein glycosylation (Agard et al., 2004), and also nucleic acids (Jao 

and Salic, 2008; Salic and Mitchison, 2008). In addition, a similar type of chemistry that 

is independent of copper-mediated catalysis, strain-promoted cycloaddition (Baskin et al., 

2007), has added to the azide-alkyne arsenal allowing in vivo labeling of surface 

molecules. The widespread interest in azide-alkyne chemistry is primarily due to the 

nontoxic nature of the azide and alkyne-containing molecules that are introduced to the 

cell. These noncanonical sugars, amino acids, lipids, metabolites, and nucleic acids do 

not sterically hinder regular cellular processes, thus providing a more accurate readout of 

the system under investigation.  

 With BONCAT, we demonstrated the labeling of mammalian cells with AHA to 

selectively label newly synthesized proteins (Dieterich et al., 2006; Dieterich et al., 

2007). This technique allows for the enrichment of proteins in an unbiased manner, 

regardless of their molecular weight, relative abundance, and isoelectric point. In Chapter 

Two, we described the applicability of BONCAT to analyze proteomes in dissociated 

neuronal cultures and later in organotypic slice cultures and acute hippocampal slices. 

Then, in Chapter Five, we utilized BONCAT to selectively identify dendritic proteins 

after a microdissection preparation from acute hippocampal slices. Some protein-labeling 

techniques are incompatible for use in post-mitotic cells, such as neurons, but since 
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BONCAT utilizes the endogenous translational machinery this is not an issue. Since the 

first demonstration of BONCAT, we have established a streamlined protocol that is 

accessible for different applications (Dieterich et al., 2007). We also have incorporated a 

mid-protocol control to ensure that the click chemistry reaction worked prior to the 

affinity purification procedure in which newly synthesized proteins are enriched and 

isolated for subsequent analysis. 

Though the final output of this method can be for Western blot analysis, it is 

designed to produce a complex sample to be analyzed via mass spectrometry in a top-

down approach. To provide the optimal amount of separation of our sample, we use 

MudPIT (Link et al., 1999; Washburn et al., 2001). MudPIT is preferable to the other 

options used in the proteomic community (e.g., one-dimensional in-gel trypsination) 

because it provides the additional benefit of maximum peptide recovery and good 

resolution for low-abundance proteins. As a result, BONCAT is an excellent technique 

for the identification of proteins in a complex sample in an unbiased, bioorthogonal 

manner.  

 

Development of a disulfide-bearing alkyne probe 

In Chapter Four, we described the development of a new probe for use with the 

BONCAT strategy, as an alternative to the biotin-FLAG-alkyne tag. The original biotin-

FLAG-alkyne tag was designed to provide two different methods for the purification of 

the newly synthesized proteins, either using the biotin against an avidin matrix or an 

antibody-based approach against the FLAG epitope. We found that a second purification 

step following purification via biotin was unnecessary. In addition, we discovered that 
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there were a large number of avidin peptides in our proteomics analysis due to the on-

resin trypsination step. As a result, we developed a disulfide-bearing alkyne probe that 

utilizes the biotin-avidin purification as previously described, but allows for the release of 

the newly synthesized protein from the avidin matrix via chemical reduction by β-Me.   

 Though in our preliminary experiments there appeared to be no disulfide 

exchange between cysteines of preexisting or methionine-labeled proteins and the DST-

alkyne, we proceeded to develop a strategy to ensure that the high specificity of the 

azide-alkyne reaction was retained. This revised strategy involved the reduction and 

subsequent alkylation of cysteine residues prior to the click chemistry reaction. As a 

result, the cysteines are protected in a manner compatible with proteomic analysis and are 

not reactive with the DST-alkyne. This improves the ability of BONCAT to be used in 

the study of complex mixtures, due to the increased chance of identifying low abundance 

proteins from the removal of the previously confounding and abundant avidin peptides.  

 

AHA versus HPG for BONCAT experiments 

Though our experiments have focused on the use of AHA for the labeling of newly 

synthesized proteomes, there is the possibility of labeling a second protein population 

with HPG, another methionine surrogate with a terminal alkyne.  Previous work 

suggested that HPG might be at a relative disadvantage in being charged onto the 

endogenous methionyl tRNA (Kiick et al., 2002). In Chapter Four, we compared the click 

chemistry reactions of AHA and HPG, side-by-side, using their respective DST probes 

and observed that there was virtually no difference in incorporation (Figure 4.3).  In 

addition, we found that AHA and HPG application had similar effects on growth rates 
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(Figure 4.4).  Therefore, labeling two protein populations in a pulse-chase style of 

experiment is a possibility and would provide a powerful tool for investigating the 

changes that a stimulus can effect upon a proteome. 

 

Development of FUNCAT 

We used the same biorthogonal chemistry of BONCAT to develop FUNCAT for the 

visualization of newly synthesized proteins. We developed a fluorescent alkyne probe, 

TRA, for the ligation to AHA-labeled proteins. Though there was previous work 

describing the visualization of Chinese hamster ovary cells labeled with HPG (Beatty et 

al., 2007), two-photon microscopy is necessary to visualize the 3-azido-7-

hydroxycoumarin tag that is used, which eliminates the possibility for in vivo imaging. In 

addition, there is a high degree of background signal, owing to the stickiness of the 

coumarin molecule, which makes it more difficult to use. To overcome these issues, we 

developed a different fluorescent tag that could be imaged using conventional 

fluorescence microscopy, while having greater photostability and significantly lower 

background.  

In Chapter Three, we described FUNCAT and its application for the visualization 

of the neuronal proteome. In addition, we demonstrated the temporal resolution of 

FUNCAT. We observed that there are newly synthesized proteins in the soma as early as 

10 minutes after AHA application, and in the dendrites after 20 minutes (Figure 3.5). 

With longer incubations, we could clearly resolve newly synthesized proteins in the distal 

dendrites. Initial experiments were performed in dissociated neuronal cultures, but we 

also applied FUNCAT to organotypic slice cultures.  
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We also extended FUNCAT to include another fluorescent tag that could be 

conjugated to HPG-labeled proteins, resulting in the ability to image proteins in two 

different colors, both with high specificity and high signal-to-noise. With these two 

methionine surrogates and respective fluorescent tags available, we proceeded to 

investigate the possibility of visualizing two distinct proteomes. We show that HPG 

labeling prior to AHA incubation yields the best results, and that the ligation of the TRA 

tag prior to the FLA tag is preferable (Figure 3.4). With FUNCAT, we have developed a 

method for the visualization of newly synthesized proteomes with temporal resolution. 

 

Visualization of locally dendritic proteomes using FUNCAT 

In order to explore the spatial resolution of FUNCAT, we decided to utilize local 

perfusion techniques to locally apply chemical stimuli as well as AHA to demonstrate 

dendritic protein synthesis. For this, we explored the effects of the BDNF, a neurotrophic 

factor that has been demonstrated to be critical for LTP and for the stimulation of local 

protein translation (Kang and Schuman, 1996; Aakalu et al., 2001). Our initial 

experiments displayed a 60% increase of FUNCAT-derived protein synthesis signal in 

the distal regions of the dendrites (Figure 3.6), thus setting the stage for our local 

perfusion experiments.  

 By locally perfusing the protein synthesis inhibitor anisomycin over the cell body, 

we effectively prevented the somatic contribution to the dendritic proteome. We applied 

AHA with and without BDNF in the bath of dissociated hippocampal neurons to discern 

whether BDNF would produce a change in the distal regions of the dendrites. In 

comparing the neurons that were perfused, we observed a significant increase in the 
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levels of protein synthesis in BDNF-stimulated dendrites (Figure 3.8). As a result, we 

demonstrated the ability to use FUNCAT to resolve a localized region of the neuron and 

the phenomenon of dendritic translation. This provides evidence for the quick 

translational response that is necessary for synaptic plasticity. 

 

Elucidating the hippocampal dopaminergic subproteome 

With the ability to identify and visualize newly synthesized proteomes, we decided to 

explore the dendritic hippocampal proteome under the effects of D1/D5 dopaminergic 

receptor stimulation. As described in Chapter Five, we used FUNCAT to visualize a 

dendrite-specific increase in protein synthesis upon the application of the D1-like 

receptor agonist SKF81297 (Figure 5.1), which confirmed previous observations (Smith 

et al., 2005). In order to specifically identify these dendritically synthesized proteins, we 

performed microdissections of the stratum raditatum in the CA1 of rat hippocampi. The 

tissue was then subjected to stimulation by SKF81297 concurrently applied with AHA 

and 13C-Arg for labeling of the newly synthesized proteins. The SKF81297-stimulated 

and control samples were processed via BONCAT and analyzed by mass spectrometry. 

We found nearly 200 proteins that were unique to either the control or stimulated 

samples, with just over 100 proteins that were shared between the two groups. Strikingly, 

we identified a total of 819 unique proteins over three independent experiments.  

 This work represents the first full demonstration of the modified BONCAT 

strategy with the incorporation of the 13C-Arg as an internal control as well as the use of 

the DST-alkyne probe, which prevents no avidin contamination. Previously published 

BONCAT-related work describes the HEK293 proteome (Dieterich et al., 2006), but we 
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have shown the technique’s applicability in acute hippocampal slices. Furthermore, this is 

the first proteomic glimpse into the dendrite-specific contribution to the overall neuronal 

proteome. With just over 800 unique proteins synthesized over the course of 2.5 hours, 

we bolster the importance of the immediate translational response in the dendrites. 

Finally, we also provide a series of new candidates that are separate from the previously 

identified PKA/cAMP pathway that is implicated in D1-like receptor signaling. From our 

preliminary observations, stimulation of the D1/D5 receptors results in the synthesis of 

presynaptic proteins and cell adhesion molecules.  

 

Future directions 

With the exciting development of BONCAT and FUNCAT, this work reveals a few of 

the applications in which they can increase the experimental reach of more limited 

traditional techniques. One major improvement would be to adapt BONCAT for the 

quantification of proteins to supplement the identification that is already possible. We 

utilize one reagent that is commonly used in SILAC in this work, 13C-Arg, but due to the 

post-mitotic state of neurons, it is a very expensive endeavor to achieve the required 

complete amino acid exchange. Perhaps a similar strategy to ICAT could be used for the 

labeling of the proteins, but it would need to be compatible with the alkylation protocol 

that should be used in conjunction with the DST probes. The quantification of proteins 

would provide a more precise view of the effects of stimuli. 

 FUNCAT can also benefit from additional developments, especially for in vivo 

intracellular imaging. Though there is progress with the difluoronated cyclooctyne probes 

(Baskin et al., 2007), these are currently limited to the visualization of surface molecules, 
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such as receptors, and cannot access the intracellular space. In addition, the cyclooctynes, 

due to their ring strain, are highly reactive and could result in greater background signal. 

Perhaps a patch-pipette delivery of a modified, copper catalysis-independent fluorescent 

probe would provide the access that is necessary. Permeabilization using detergents can 

often be deleterious to cellular health and result in poor molecular trafficking that is not 

indicative of endogenous states. The development of an intracellular, in vivo version of 

FUNCAT coupled with local perfusion would allow for the investigation of the fates of a 

local proteome. 

 Aside from technique development, it would be interesting to further study the 

effects of D1/D5 dopaminergic receptors on learning and memory by combining 

BONCAT with behavioral studies. Transgenic mice with modifications to the receptors 

and fed with AHA-containing chow (as well as those lacking this receptor class) would 

yield interesting information about their proteomes. This series of experiments would 

provide information that cannot be obtained otherwise by chemical stimuli, which is a 

more transient change. After this initial baseline assessment of the proteome, behavioral 

tasks would presumably induce small changes in the proteome that perhaps could be 

captured with BONCAT. It would be interesting to harvest tissue from the different 

regions of the murine brain to examine protein synthesis in other brain areas during 

learning. This sort of work would give insight into the overall plasticity of the brain to 

adapt to deficiencies in signaling and also the different mechanisms for memory 

formation and storage. 
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Materials and Methods 

Chapter II 

Please refer to Dieterich et al. (2007) for complete protocol. It is appended to this thesis. 

 

Chapter III 

Reagents 

All reagents were ACS grade and purchased from Sigma unless noted otherwise. BDNF 

was purchased from Promega, and used at a concentration of 50 mg/ml. HPG was 

purchased from Chiralix (The Netherlands). 

 

Organic Synthesis 

AHA and the triazole ligand were prepared as described previously (Link et al., 2007; 

Wang et al., 2003). TexasRed-PEO2-Alkyne was prepared by dissolving TexasRed-PEO2-

propionic acid succinimidyl ester (Biotium Inc.) in excess neat propargylamine. After 30 

minutes, the solution was added dropwise to diethyl ether.  A precipitate was formed and 

collected by centrifugation. The precipitate was dried and characterized by ion spray MS 

to confirm the formation of the product with a molecular weight of 802.96 g/mol. The 

azide-bearing fluorescein tag was synthesized using the amine-reactive 5-

carboxyfluorescein-PEO8-propionic acid succinimidyl ester (Biotium Inc.) and 3-

azidopropan-1-amine prepared as described in Carboni et al. (Carboni et al., 1993) to 

yield a product with a molecular weight of 896.89 g/mol.  

 

Cultured Hippocampal Neuron and Organotypic Hippocampal Cultures  
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Dissociated hippocampal neurons were prepared and maintained as previously described 

(Aakalu et al., 2001). Briefly, hippocampi from postnatal day 0 to 2 were dissected out 

and dissociated by either trypsin or papain and plated at a density of 40,000 cells/cm2 

onto poly-D-lysine-coated glass-bottom Petri dishes (Mattek). Cultures were maintained 

in Neurobasal A medium containing B-27 and Glutamax supplements (Invitrogen) at 

37°C for 18–24 days before use. Organotypic hippocampal cultures were prepared 

according to Gogolla et al. (Gogolla et al., 2006), and maintained in culture for three 

weeks before use. 

 

Acute hippocampal slices 

500 µm hippocampal slices are isolated from 22-24 day old male Sprague-Dawley rats 

using a vibrating microtome (Leica). The slices are maintained in artificial cerebrospinal 

fluid (aCSF; containing [in mM] 119 NaCl, 2.5 KCl, 1.3 MgSO4, 2.5 CaCl2, 1.0 

NaH2PO4, 26.3 NaHCO3, 11 glucose [pH 7.2]) in a chamber filled with 95% O2/5% CO2. 

Slices are allowed to recover for 1.5 hours at room temperature (RT) before stimulation 

and further manipulation. 

 

Immunohistochemistry in acute slices  

The 500 µm slices were fixed in 4% paraformaldehyde and 0.2% glutaraldehyde in PBS 

for 2 hours on ice. Then they were incubated in PBS at 4°C overnight and then mounted 

in 2.5% agarose and sliced to 50 µm using a vibrating microtome (Leica). The slices were 

permeabilized in 5% normal goat serum and 0.05% Triton X-100 in PBS overnight at 

4°C. Immunocytochemistry was done using rabbit anti-microtubule-associated protein 2 
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(anti-MAP2) polyclonal (1:800; AB5622; Chemicon) and anti-rabbit Alexa Fluor 488 

(1:500; Invitrogen). The slices were then mounted onto Silane-prep glass slides (Sigma) 

with MOWIOL solution, dried at RT overnight, and kept at 4°C until imaged. Images 

were acquired using a Zeiss LSM 510 laser scanning confocal microscope with a Plan-

Apochromat 10x or 40x/1.3 oil objective. 

 

Copper-Catalyzed [3+2]-Azide-Alkyne-Cycloaddition Chemistry (CuAAC) and Detection 

of Tagged Proteins 

In all culture experiments, growth medium was removed from neuronal cultures and 

replaced with either HEPES-buffered solution (HBS) (Malgaroli and Tsien, 1992) or 

methionine-free Hibernate A (HibA) medium (BrainBits LLC.) for 30 minutes to deplete 

endogenous methionine.  For AHA labeling, HBS and HibA were supplemented with 2 

mM AHA, 2 mM AHA plus 40 mM anisomycin, or 2 mM methionine.  After incubation 

at 37°C, 5% CO2, cells were washed with chilled PBS-MC (1mM MgCl2 and 0.1 mM 

CaCl2 in PBS) on ice to remove excess amounts of AHA and methionine followed by 

immediate fixation with chilled 4% paraformaldehyde, 4% sucrose in PBS-MC for 20 

minutes at RT.  

For CuAAC, in order to avoid copper bromide-derived precipitates, we used 

TCEP in combination with copper sulfate to generate the Cu(I) catalyst during the 

CuAAC reaction (Link et al., 2004). The triazole ligand, TCEP, fluorescent tag (TRA or 

FLA), and copper sulfate were added to PBS pH 7.6 at 1/1000 dilution. The CuAAC 

reaction was incubated overnight at RT. The reaction was promptly removed and cells 
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were washed twice with 0.5 mM EDTA, 1% Tween-20 in PBS pH 7.6, followed by three 

washes with PBS pH 7.6. 

For immunolabeling after AHA-incorporation and cycloaddition, cells were 

treated sequentially with PBS, blocking solution (0.1% Triton X-100, 2 mg/ml BSA, 5% 

sucrose, 10% normal horse serum in PBS), primary Ab in blocking solution at 4OC 

overnight or at RT for 2 hours, PBS-Tx (0.1% Triton X-100 in PBS), Alexa488- or 

Alexa568-conjugated secondary Ab in blocking solution, PBS-Tx and PBS, and mounted 

in Gold Prolonged Antifade reagent (Invitrogen) prior to imaging. The following primary 

antibodies were used: rabbit anti-microtubule-associated protein 2 (anti-MAP2) 

polyclonal (1:1000; AB5622; Chemicon); mouse anti-bassoon monoclonal (1:1000; 

VAM-PS003; Stressgen Bioreagents Corp.).  For secondary antibodies, we used anti-

rabbit or anti-mouse conjugated Alexa Fluor 488, 568, or 647 (1:500; Invitrogen). 

 

Local Perfusion  

All local perfusion experiments are performed with an Olympus IX-70 confocal laser-

scanning microscope using Plan-Apochromat 40x/0.95 air or 40x/1.0 oil objectives.  

Alexa 488 was excited with the 488 nm line of an argon ion laser, and emitted light was 

collected between 510 and 550 nm. For restricted treatment of isolated somata or 

dendritic segments, we used a dual micropipette local delivery system.  The delivery 

micropipette was pulled as a typical whole-cell recording pipette with an aperture of ~ 

0.5 µm.  The area of local perfusion was controlled by a suction pipette, which was used 

to draw the treatment solution across one or more dendrites and to remove the perfusion 

solution from the bath.  Alexa 488 hydrazide (1 µg/ml, Invitrogen) was included in the 
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perfusion solution to visualize the affected area.  The stability of the perfusion was 

monitored periodically throughout the experiment, and only experiments in which the 

affected area changed by less than 20% were used for analysis.  In all local perfusion 

experiments, the set-up was maintained at 32ºC with a closed box-incubator around the 

microscope. Multiple small water pans were used to keep the system humid. For analysis 

of local perfusion experiments, dendrites of treated neurons were first linearized using 

Image J.  The size of the treated area for each soma or dendrite was determined based on 

Alexa 488 fluorescence integrated across all images (typically 6-10) taken during local 

perfusion. 

 

 

Chapter IV 

Reagents 

Azidohomoalanine was prepared as described by Link et al., 2007. 

Homopropargylglycine was purchased from Chiralix, Inc. (The Netherlands).  

 

Organic Synthesis 

The DST-azide was prepared as described in Szychowski et al., 2009 (submitted). DST-

alkyne was synthesized using the same protocol with this small modification: 1-

azidopropylamine was replaced by propargylamine;  1H NMR (500 MHz, CDCl3), δ 

(ppm): 6.97 (s, 1H), 6.35 (s, 1H), 5.52 (s, 1H), 4.57-4.44 (m, 1H), 4.33 (dd, J = 7.29, 

4.87 Hz, 1H), 4.05 (dd, J = 5.22, 2.49 Hz, 2H), 3.75 (t, J = 5.81, 5.81 Hz, 2H), 3.69-3.60 

(m, 16H), 3.56 (m, 4H), 3.44 (dd, J = 7.15, 3.78 Hz, 2H), 3.20-3.07 (m, 2H), 3.03-2.97 
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(m, 2H), 2.91 (dd, J = 12.80, 4.88 Hz, 1H), 2.85 (t, J = 6.51, 6.51 Hz, 2H), 2.75 (d, J = 

12.76 Hz, 1H), 2.65 (t, J = 7.17, 7.17 Hz, 2H), 2.51 (t, J = 5.81, 5.81 Hz, 2H), 2.37-2.16 

(m, 4H), 1.82-1.60 (m, 4H), 1.43 (td, J = 21.27, 7.37, 7.37 Hz, 2H), 1.25 (s, 1H); 13C 

NMR (126 MHz, CDCl3), δ (ppm): 173.5, 172.0, 171.0, 163.9, 80.0, 71.3,  70.2 (m 8C), 

67.3, 61.8, 60.2, 55.6, 45.9, 40.6, 39.2, 38.4, 36.9, 36.0, 34.4, 29.1, 28.1, 25.6, 8.6; m/z 

calcd for C29H49N5O8S3 [M+H]+: 692.2822, MS found: 714.2 (M+Na), HRMS found: 

692.2822. 

 

GFP Protein expression and purification 

pJS2 (described in Szychowski et al., 2009) was transformed into the methionine 

auxotrophic E. coli strain M15MA/pREP4 and selected for on LB-agar plates containing 

kanamycin and ampicillin. A single colony was used to inoculate an overnight 5 mL 

culture in LB containing kanamycin and ampicillin. The following morning, 1 mL of the 

culture was diluted in 49 mL of M9 minimal medium (M9 salts, 0.2 % glucose, 1 mM 

MgSO4, 0.1 mM CaCl2, 25 mg/mL thiamine) and supplemented with 40 mg/L of each of 

the twenty natural amino acids in addition to kanamycin and ampicillin. Cells were 

grown until OD600 reached 1.0 (4-5 h), pelleted at 2000 g for 10 minutes at 4°C, and 

washed twice in cold, sterile 0.9% NaCl. Cells were resuspended in M9 (-Met) medium 

(M9 medium supplemented with 40 mg/L of each of the natural amino acids except 

methionine). Either homopropargylglycine, azidohomoalanine, or methionine was added 

to a final concentration of 1 mM. IPTG was added to a final concentration of 1 mM to 

induce synthesis of GFP. Cells were induced for 4 h at 37°C and pelleted at 2000 g for 10 

minutes at 4°C; the supernatant was removed and cells were frozen at -80°C overnight. 
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The His-tagged GFP was purified by a Qiagen Ni-NTA resin under native conditions 

according to the manufacturer’s recommendations. The purified protein was subjected to 

buffer exchange into PBS pH 7.8, using GE Healthcare PD10 columns according to the 

manufacturer’s protocol. Glycerol was added to the protein sample at a final 

concentration of 50%, and the protein was stored in 50% glycerol at -20°C until used. 

 

Click chemistry and alkylation 

For alkylation experiments, COS7 cells were grown to 80% confluence in DMEM++ 

media. Cells were washed and incubated for 30 minutes in HBS pH 7.4, followed by a 2-

hour incubation in either 4 mM methionine in HBS, 4 mM AHA in HBS, or 4 mM HPG 

in HBS. Cells were pelleted and lysate was prepared as described in Dieterich et al., 

2007. Cell lysate was reduced in 2% β-mercaptoethanol for 1 hour in the dark at 25ºC 

and then proteins were acetone precipitated. Upon resuspension, proteins were alkylated 

using 11mM iodoacetamide for 1 hour in the dark at 25ºC, then acetone precipitated. 

After a second resuspension, the click chemistry reaction was assembled as described in 

Dieterich et al., 2007.  

 

E. coli growth and measurement of GFP fluorescence 

In the GFP protein expression described above, OD600 was monitored by taking 0.1 mL 

of the culture media for every time point before and after media shift. All OD600 

measurements were recorded in triplicates with a Varian Cary 50 Bio spectrometer. At 

the same time points, 0.5 mL aliquots of the culture were taken and the cells were 

pelleted at 2000 g for 5 minutes. Following resuspension in 0.5 mL cold, sterile 0.9% 
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NaCl containing 75 µg/mL of chloramphenicol, the cells were kept at 4 °C for at least 30 

minutes to ensure completion of GFP maturation. GFP fluorescence was measured in 

triplicate using 100 µL using a Tecan Safire2 plate reader (excitation: 485 nm, emission: 

535 nm, bandwidth: 20 nm).  

 

Chapter V 

Transwell culture system 

Hippocampi from newborn Sprague-Dawley rat pups (P0) were prepared as described by 

Aakalu et al. (2001). The neurons were plated at a density of 1x106 cells/well onto 

semiporous polycarbonate membranes sitting in a 6-well format cell culture dishes. The 

membranes were coated with poly-D-lysine and growth factor reduced Matrigel.  The 

cultures were grown and matured in Neurobasal A growth serum with B27 and 

GlutaMAX-1 for 18-21 days at 37°C with 5% CO2 prior to use.  

 

FUNCAT of cultured hippocampal neurons 

Dissociated hippocampal cultures (21-24 DIV) were incubated in HibA without 

methionine (HibA – Met) for 30 minutes, followed by incubation with HibA – Met with 4 

mM AHA for 1 hour. Stimulation was achieved with concurrent bath applications of 

varying concentrations of SKF81297 (Tocris, dissolved in DMSO). The cultures were 

then incubated for 15 minutes with Hib – Met with 4 mM methionine. They were 

immediately fixed on ice with 4% paraformaldehyde and 4% sucrose (w/v) in PBS-MC 

for 15 minutes. FUNCAT and immunocytochemistry were performed as described above 

in Chapter III.  
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Microdissection of acute hippocampal slices 

500 µm hippocampal slices were isolated from 24-26 day-old male Sprague-Dawley rats 

using a tissue chopper. The slices were maintained in artificial cerebrospinal fluid (aCSF; 

containing [in mM] 119 NaCl, 2.5 KCl, 1.3 MgSO4, 2.5 CaCl2, 1.0 NaH2PO4, 26.3 

NaHCO3, 11 glucose [pH 7.2]) in a chamber filled with 95% O2/5% CO2 until 

microdissection. After microdissection, dendritic slices were allowed to recover for 1.5 

hours at room temperature before stimulation and further manipulation. 

 

Sample preparation for mass spectrometry 

Dendritic slices were incubated for 2.5 hours in aCSF plus 4 mM AHA and 4 mM 13C-

Arg in a chamber filled with 95% O2/5% CO2. Stimulation was achieved by concurrently 

applying 40 µM SKF81297 to the incubation solution. Slices were immediately flash 

frozen and stored at -80°C until use. Frozen slices were thawed on ice and prepared as 

previously described (Dieterich et al., 2007) except for a few changes due to the nature of 

the DST-alkyne tag that was used. Prior to click chemistry, the lysate was reduced and 

alkylated as described in Chapter IV. To elute newly synthesized proteins from the 

NeutrAvidin resin, protein-bound slurry was incubated with 2% β-Me for 1 hour in the 

dark with agitation. The supernatant was removed and acetone precipitated and processed 

for mass spectrometry as described in Dieterich et al., 2007. Digested peptides were 

desalted using an Alliance HPLC (Waters) coupled to a reverse-phase resin macrotrap at 

the Protein Exploration Laboratory (Caltech). Peptides were eluted from the resin using a 
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stepwise gradient ranging from 0-85% acetonitrile. Eluted, desalted peptides were 

subsequently lyophilized for mass spectrometry analysis. 

 

Multidimensional Protein Identification Technology (MudPIT) 

A triphasic microcapillary column containing back-to-back reverse phase (RP) resin (5 

micron C-18 coated beads), strong cation exchange (SCX) resin, and more RP resin was 

used. The relative ratios of each resin varied slightly, but the assembly was as described 

previously (Dieterich et al., 2006).  

 

Mass spectrometry and bioinformatics 

We used a ThermoFinnigan LTQ-FT at the Protein Exploration Laboratory at Caltech for 

data acquisition. Subsequent analysis was performed using the SEQUEST Sorcerer (Eng 

et al., 1994) and Mascot (Perkins et al., 1999) to execute the database searches. 

Determination of AHA or 13C-Arg peptides were done using a custom-made parser. 

Further analysis was done using the PeptideProphet (Keller et al., 2002) and 

ProteinProphet (Nesvizhskii et al., 2003) from the Trans-Proteomic Pipeline as well as 

Scaffold (Proteome Software, Inc.) and Cytoscape, allowing efficient comparison of 

individual experiments and data mining.  
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Publication (Dieterich et al., 2007) 
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