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Protein-protein interactions are of great importance to a number of essential 

biological processes including cell cycle regulation, cell-cell interactions, DNA 

replication, transcription and translation. Thus, an understanding of protein-protein 

interactions is critical for understanding many facets of cell function. Unfortunately, the 

tools and methods currently in use to identify and study protein-protein interactions focus 

largely on high affinity, stable interactions. However, the majority of the protein-protein 

interactions involved in regulatory processes have weak affinities and are transient in 

nature. Therefore, it is important to develop new biotechnology capable of detecting 

weak and/or transient protein-protein interactions in vivo. 
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Here, we describe four new methods that allow for the identification and study of 

weak and/or transient protein-protein interactions in vivo. First, we developed a rapid 

method to convert Escherichia coli orthogonal tRNA/synthetase pairs into an orthogonal 

system for mammalian cells in order to site-specifically incorporate unnatural amino 

acids into any gene of interest using stop codon suppression. This method will allow the 

expression and purification of proteins that carry normally transient post-translational 

modifications. Second, we successfully employed site-specific unnatural amino acid 

incorporation to chemically cross-link a known homodimer, Sortase A, in vivo. Third, we 

developed a novel tetracycline repressor-based mammalian two-hybrid system and 

successfully detected homo- and hetero-dimers that are known to have weak binding 

constants. Finally, a synthetic antibody (termed a synbody) that binds weakly to the SH3 

domain of the proto-oncogene Abelson tyrosine kinase was developed. The synbody can 

potentially be used as a first generation drug and/or biomarker. We hope that the methods 

developed in this dissertation will enable the scientific community to better understand 

weak/transient protein-protein interactions in vivo. 
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Chapter 1: Protein-protein Interactions 

Almost a century ago, an innovative experiment designed to determine the 

molecular weight of proteins led to the fortuitous conclusion that proteins may exist in 

complexes with each other (1, 2). Since then, we have come to realize that many proteins 

engage in intricate associations with each other, performing functions that are vital to the 

maintenance of life. For example, several essential cellular processes including DNA 

replication, gene transcription, and translation involve the interaction of many protein 

components. In addition, many signal transduction cascades that regulate the responses of 

eukaryotic cells to external stimuli rely on numerous protein-protein interactions (3-9). In 

some cases, disruption and/or deregulation of a single protein-protein interaction can 

have drastic effects on the viability of a cell.  For instance, proto-oncogene MdM2 

interacts with p53 to down-regulate its activity. Deregulation of MdM2 causes p53 to 

become more active, leading to the formation of cancerous cells (10-12). Thus, studying 

and understanding the regulation of protein-protein interaction (PPI) networks will help 

us to understand human health, the origin of numerous diseases that are caused by the 

deregulation of PPIs, and to develop novel therapeutic drugs for treatment of diseases.  

CHARACTERISTICS OF PPIS 

In order to interact, proteins must have complementary shapes and charges 

(Figure 1), and they must form stable hydrophobic interactions, hydrogen bonds, 

electrostatic interactions, and/or Van der Waals contacts (13). According to Phizicky and 
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Fields, protein-protein interactions (PPIs) can be classified by the effects they cause (5). 

First, PPIs can alter the kinetic properties of proteins (5).  Kinetic properties can be 

altered through a change in the binding affinity of substrates, a change in catalysis, or a 

change in the allosteric properties of a complex.  An example of a PPI that alters the 

kinetic properties of an enzyme is the interaction of DNA polymerase δ with the 

proliferating cell nuclear antigen (PCNA).  The association of DNA polymerase δ with 

PCNA leads to an drastic increase in the processivity of DNA polymerase δ during the 

elongation phase of DNA replication (14). Second, PPIs can function to facilitate 

substrate channeling – a phenomenon that is often observed in enzyme catalysis (5, 15). 

A well-studied example of substrate channeling in enzyme catalysis is found in the 

reaction catalyzed by tryptophan synthase. Trp synthase forms a α2β2 tetramer, where the 

α2 subunits catalyze the degradation of indole glycerol-3-phosphate into indole and 

glyceraldehyde-3-phosphate.  The indole is then channeled through a tunnel formed by 

the tetrameric structure of the enzyme to the active site of the β2 subunits, where it 

condenses with serine to form tryptophan.  A third way that PPIs can alter the functional 

properties of proteins is by the creation of new binding sites for other proteins or small 

molecules (5). In one well-studied example, interactions between specific amino acid 

residues in the α and β subunits of the Escherichia coli F1-ATPase are required to form a 

binding site for ADP, which is then converted into ATP during oxidative phosphorylation 

(16).  PPIs can also serve as a means to regulate enzyme activity (5). For instance, the T7 

phage gene 1.2 protein inactivates dGTP triphosphohydrolase (dGTPase) when they 

interact (17). Finally, PPIs can lead to changes in substrate binding affinity (5). As an 
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example of this effect, the interaction of lactose synthase with lactabumin lowers the Km 

for glucose (18). 

 

Figure 1: The general nature of protein-protein interactions. 

Pathway (a) leads to interacting proteins due to complementary shape and charge,  
 wheras pathway (b) does not. 

 

The relative degree to which PPIs can induce the effects summarized by Phizicky 

and Fields depends on differences in composition, affinity, and lifetime of PPIs (3, 6, 7). 

The composition of a PPI refers to the identity and stoichiometry of the proteins that 
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interact. The interaction of identical proteins is termed a homo-interaction, while an 

interaction between different proteins is termed a hetero-interaction (3, 9). In addition, 

PPIs may also differ in their oligomerization state. Oligomerization (dimer, trimer, 

tetramer, etc.) refers to the number of monomers present in an interaction.  

The affinity of PPIs refers to the binding constants (Figure 2) of the proteins that 

compose the interaction. Generally, the interactions between proteins are non-covalent in 

nature (6). A particular PPI is often referred to as obligate or non-obligate. Obligate 

interactions are stable, and the individual subunits (protomers) are often unstable in vivo. 

An example of an obligate interaction is the Arc repressor from a temperate 

bacteriophage P22 (19). The Arc repressor is normally in a dimer state, and many studies 

have revealed a sharp transition from two unfolded monomers to a folded dimer (20-22). 

In contrast, protomers in non-obligate interactions often exist independently at significant 

levels (9). Proteins involved in non-obligate interactions tend to localize in different sub-

cellular compartments; therefore, they need to be able to form stable monomers. 

Antibodies and their cognate antigens are examples of non-obligate interactions (9). 
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Figure 2: Binding equation for two proteins. 

The lifetime of a PPI refers to the duration of the interaction and can be classified 

as permanent or transient (7).  Generally, permanent (stable) interactions can be purified 

by traditional methods and are often amenable to structural studies (3).  Transient 

interactions can be classified as either strong or weak, and they are much more difficult to 

detect and study because the conditions required for the interaction in vivo are usually not 

known or cannot be controlled. Strong transient interactions often require a molecular 

trigger to change the composition of the interaction. A well-known example of a strong 

interaction is the heterotrimeric G protein composed of Gα, Gβ and Gγ subunits. When 

guanosine diphosphate (GDP) is bound to the Gα subunit, the G protein exists as a stable 

trimer.  In contrast, binding to guanosine triphosphate (GTP) acts as a strong trigger, 

allowing the dissociation of Gα from Gβγ (23). Weak transient interactions are usually in 

dynamic equilibrium (9). The enzyme lysin, which is responsible for cleaving 

peptidoglycan bonds, binds to a specific carbohydrate epitope in the cell wall in a 

transient fashion (9, 24). Although lysin has an estimated Kd of 15 nM, it still interacts 

A B C+

Kd = koff/kon = [A][B]/[C]

kon

koff
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with its specific carbohydrate in a weak transient fashion, meaning the interaction is 

broken and formed continuously (9, 24). Unfortunately, the classification of strong versus 

weak transient interactions is somewhat subjective. In reality, transient interactions exist 

in a continuum of obligate and non-obligate interactions. 

EFFECTORS OF PPIS 

Several factors effect the oligomeric state of PPIs and, together, are responsible 

for allowing weak transient interactions to occur (9). The first level at which cells can 

regulate PPIs is by controlling the local concentrations of proteins.  Many factors control 

the effective concentration of proteins including gene-expression/secretion levels, protein 

degradation, local molecular environment, diffusion or viscosity, and anchoring to the 

membrane or to other structural complexes (9). Second, in order for a PPI to occur, the 

interacting proteins must be present at the same time and in the same sub-cellular 

compartment (9). Finally, the local physicochemical environment is also a potent 

regulator of PPIs.  Post-translational modifications (e.g. gylcosylation, phosphorylation), 

the concentrations of ions, chemicals or proteins, and changes in temperature or pH can 

all have an impact on PPIs. 

WEAK, TRANSIENT PPIS 

Identifying and studying stable interactions is fairly straightforward due to the 

ease of purification by traditional methods and the ability to perform structural studies 

(3). However, weak, transient PPIs (defined as interactions between protein that have 
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binding affinities,  Kd, greater than 1 µM) are often not studied (4). This is due not only to 

the lack of robust methods for weak, transient PPI detection, but also to the fact that 

many scientists still do not appreciate the role these specific interactions play in the 

precise temporal control of critical biological processes (4). Transient interactions are 

capable of having significant effects on biological processes through parallel or serial 

binding (4). Parallel binding exists when simultaneous binding takes place between 

multiple ligands on a protein to multiple receptors of another protein as shown in Figure 

3. An example of parallel binding is exhibited by multiple hemagglutinins (HA) present 

on the influenza virus surface binding to multiple carbohydrate sialic acid moieties (25). 

One interaction between HA and sialic acid is fairly weak, but multiple interactions 

causes a firm attachment of the virus to the cell. On the other hand, serial binding occurs 

by repeated (n) weak-binding events as shown in Figure 4 (4). Serial binding typically 

has a larger koff in respect to kon, which accounts for its weak binding. Although binding is 

weak (Keq = kon/koff is very small) the interaction occurs fast (koff + kon = big), which allows 

a single interaction to occur multiple (n) times within a short timeframe. An example of 

serial binding occurs with activation of T cell receptors during immune recognition (26). 

T cell receptors bind to short peptide fragment-major histocompatibilty complexes by 

repetitive binding, similar to knocking on the receptor (26).  
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Figure 3: Parallel binding. 

 

 

Figure 4: Serial binding. 
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Weak, transient interactions are critically involved in cellular networks as shown 

in the examples above. It is apparent that weak, transient interactions are important to 

most biological interactions, but they are less studied than other interactions. Weak, 

transient interactions are not as easily identified due to the small amounts of complex 

present at equilibrium. Also, most methods to identify weak, transient interactions do not 

work when the concentrations of the proteins involved are lower than 1 µM (4). Clearly, 

novel methods to identify and/or characterize weak, transient interactions must be 

developed in order better understand these overlooked interactions. 

TOOLS TO DETECT PPIS 

Physical methods 

Protein affinity chromatography 

The most basic method to identify PPIs is through protein affinity 

chromatography. Briefly, a protein of interest is immobilized by a tag (e.g. glutathione-S-

transferase, maltose binding protein, or green fluorescent protein) onto a column and a 

crude cell extract containing a mixture of proteins is applied to the column. All proteins 

that do not bind to the protein of interest can be washed away under mild conditions. In 

contrast, cognate binding partners of the protein of interest are retained on the column. 

Proteins that engage in stronger interactions with the target protein will be retained on the 

column more than proteins that engage in weaker interactions. The first documented 
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protein affinity chromatography was performed in 1974, when immobilized E. coli RNA 

polymerase was shown to interact with bacterial and phage proteins (27).  

Unfortunately, some interactions require additional factors that are not present in 

vitro, such as post-translational modifications, which can result in unidentified cognate 

binding partners. In addition, weak PPIs are usually not detected with this method 

because the concentration of the weak binding protein in the crude extract is usually 

lower than its Kd to the immobilized target protein. Finally, this method is fairly non-

specific, and a large number of false-positives are usually obtained. Despite these 

shortcomings, protein affinity chromatography has proven to be extremely valuable in 

identifying biologically relevant PPIs and, due to the ease of this experiment, will likely 

continue to be widely used. However, there is still a need for the development of new, 

more robust methods to detect weak, transient PPIs in vivo. 

Affinity blotting 

Affinity blotting is similar to protein chromatography in that protein-binding 

partners of a target protein are identified in crude cell extracts. In contrast to affinity 

chromatography, the target protein is conjugated to some reporter (instead of being linked 

to an affinity tag for chromatography) and is then used to detect its protein-binding 

partners on an electrophoresed crude cell lysate sample. An advantage of this technique is 

that the cell extract does not need to be fractionated prior to gel electrophoresis. Thus, 

this technique has proven to be extremely useful for membrane proteins (5). 
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Immunoprecipitation 

Immunoprecipitation is a commonly employed technique that is also similar to 

affinity chromatography. The main difference between these two techniques is that, in 

immunoprecipitation, an antibody for the protein of interest is used to precipitate that 

protein out of crude cell extracts. If desired, the antibody can also be immobilized via an 

affinity tag to a column. The main limitation to immunoprecipitation is that it is not as 

sensitive as other techniques (5). One of the newly created methods developed in our 

work to detect weak, transient PPIs will attempt to address this problem by utilizing a 

novel chemical cross-linker. This methodology will be discussed in more detail in 

Chapter 2. 

Chemical Cross-linking 

Chemical cross-linking is a powerful tool used to capture cognate binding 

partners of a target protein and has been utilized to study complex and weak, transient 

PPIs, such as those present in the F1-ATPase and in the ribosome (28, 29). In addition, 

this technique is flexible in that it can be applied both in vitro or in vivo (5). Briefly, a 

cross-linking reagent such as an imidoester (1), N-hydroxysuccinimide (NHS)-ester (2), 

1-ethyl-3- (3-dimethylaminopropyl) carbodiimide (EDC, 3), or a photo reactive amino 

acid (4 and 5) is used to chemically modify the protein of interest with a reactive group 

(Figure 5). The reactive groups can then form covalent linkages to proteins that are in the 

direct vicinity of the target protein (i.e. with binding partners of the target protein). While 

many cross-linking reagents have been developed and employed, they all have their 
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advantages and disadvantages. The main advantage of this technique is its sensitivity. On 

the one hand, the covalent nature of the cross-linking ensures that even weak PPIs, 

present in low abundance can be detected. As with the other techniques discussed above, 

the main limitation is the specificity (5). In Chapter 2, we will develop a methodology 

utilizing L-3,4-dihydroxyphenylalanine (L-DOPA; Figure 5, 5) that addresses the 

selectivity problems that have significantly limited the reliability of chemical cross-

linking to identify PPIs. 

 

Figure 5: Commonly used cross-linking reagents. 

Library-based methods 

While the methods discussed to this point are extremely useful tools to detect 

PPIs one at a time, it is estimated that the human protein-protein interaction network (the 

so called interactome) comprises roughly 154,000-369,000 interactions (30). Identifying 
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the range of biologically relevant PPIs one at a time would likely take decades to 

complete. To circumvent the inherent complexity in the interactome, several library-

based methods to screen for PPIs have been developed in recent years.  

Phage, Bacterial, and Cell-free Protein displays 

Identification of PPIs using displays has proven to be an extremely high-

throughput and useful technique for studying PPIs. Traditionally, bacteriophage (M13) 

gene products are displayed as a fusion protein with the viral coat protein on the outer 

surface (31). In general, the phage displayed peptide or protein libraries are incubated 

with the immobilized target proteins or peptides. All interacting phages are eluted (non-

interacting phages are washed away) and enriched by infection into Escherichia coli or 

an other suitable bacterial host. Because individual phage particles display the peptide 

encoded by the recombinant DNA housed within the capsid, this method allows for the 

coding DNA sequence for a particular protein/peptide to be retrieved. Expressing the 

cloned genes can be used to identify all of the relevant PPIs. Figure 6 illustrates a typical 

phage display cycle. One major problem with phage displays occurs when libraries of 

eukaryotic proteins are being analyzed. Namely, eukaryotic proteins expressed in and 

displayed by a phage or bacterial system may not be folded properly and/or could be 

lacking possible post-translational modifications that are important for PPIs. Despite 

these troublesome drawbacks, many important eukaryotic PPIs have been detected using 

these techniques including antibodies that bind to the HIV glycoprotein gp120 (32, 33). 
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Because of their robust, high throughput nature, phage, bacterial, and cell-free protein 

displays will continue to be valuable tools to identify new PPIs. 

 

Figure 6: Phage display scheme. 

Two-hybrid systems 

The original two-hybrid system was developed in Saccharomyces cerevisiae by 

Fields and Song in 1989 (34). Briefly, the DNA binding and activation domains of the 

modular transcriptional activator, GAL4, were separately fused to two proteins whose in 

vivo interaction were able to reconstitute the function of GAL4. This was demonstrated 

by over-expressing a reporter gene under the control of GAL4 (34). Since the 
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introduction of the two-hybrid system, the field of PPIs has expanded rapidly and many 

variations of the two-hybrid system have been developed, including the bacterial two-

hybrid system (35). The straightforward nature and the numerous available variations in 

this method have allowed it to be the most prevalent method used to identify PPIs. 

Unfortunately, as with many of the other techniques discussed, false positive hits are 

often obtained. In order to circumvent the high number of false positives produced by 

two hybrid systems, we have developed a novel small molecule-regulated mammalian 

two-hybrid system, which will be discussed in Chapter 3. 

Protein-fragment complementation assays 

Protein-fragment complementation assays are a relatively new method to detect 

PPIs. In this method, a reporter gene is split into inactive fragments and is then attached 

to the proteins of interest and/or to libraries of proteins. When two interacting proteins 

(that are linked to the two inactive pieces of the reporter) come into close proximity, the 

inactive reporter fragments become a functionally active protein. Based on the desired 

application, a variety of different reporter genes such as murine dihydrofolate reductase, 

green fluorescent protein (GFP), Renilla and Gaussia firefly luciferase, and amino-

glycoside kinase can be used (36). Each reporter gene has its advantages. For example, 

the reconstitution of GFP and other fluorescent protein variants are irreversible, allowing 

trapping and visualization of small amounts of rare, transient complexes. Though this 

method is still in its infancy, the high sensitivity it affords should ensure its widespread 

use in the future.  
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Genetic methods 

Finally, genetic methods can be used to detect PPIs. Here, since only classical 

genetic approaches are used in these methods, the main drawback is that these methods 

can only be applied to organisms that can be manipulated genetically. 

Extragenic suppressors 

 Extragenic suppressors are mutations in one protein that revert the phenotype 

caused by a mutation in a different protein that interacts with the extragenic suppressor 

protein (37). The main concern to identifying PPIs by this method is that it can only be 

used in simple organisms such as phages, bacteria, nematodes, and yeast because these 

organisms can be genetically mutated. Therefore, critical PPIs that require post-

translational modifications in higher eukaryotes are not usually studied with this method. 

Once again, the biotechnology methods developed in this dissertation should help to 

alleviate this problem. 

Synthetic lethal effects 

Synthetic lethal effects occur when two interacting proteins both have mutations 

that prevent binding between the two proteins which, in turn, leads to cell death. If only 

one protein has a mutation, the PPI may be altered, but it is not totally lost and cells are 

still viable to some extent. This technique has been exploited mostly in Saccharomyces 

cerevisiae (5). An interaction that has been identified with this technique is the binding of 

SLK1 to the Spa2 protein, which is necessary for morphogenesis in S. cerevisiae (38). 
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The dilemma with this approach is that cell death may not always be the result of a 

disrupted PPI between the two target proteins (39). For instance, one protein may 

regulate the activity of the other protein without making direct contact. 

Overproduction phenotypes 

 Overproduction of a wild-type protein can sometimes be used to suppress 

phenotypes caused by altered PPIs. In this experiment, the over expressed protein is 

assumed to restore the functional PPI by out-competing the mutated protein that is the 

cause of the mutant phenotype. This technique has been demonstrated with the kinase 

CDC28 and its interaction with cyclin CLN1 (40). Briefly, a genetic screen was 

performed that involved using a temperature-sensitive mutation in the gene for CDC28. 

Elevating the expression of cyclin CLN1 allowed the rescue of the temperature-sensitive 

mutation; therefore, CDC28 and cyclin CLN1 were assumed to interact with each other 

(40). As with synthetic lethal effects, however, there is no guarantee that the restoration 

of the phenotype is due to a PPI between the over-expressed protein and the target 

protein.  

CONCLUSION 

Protein-protein interactions encompass a complex series of interactions that are 

essential for cell viability, but which are oftentimes difficult to identify and study due to 

limitations in currently available technology. More specifically, the so-called weak, 

transient interactions that are finely tuned to function efficiently are extremely important 
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to many biological processes. An additional understanding of the transient PPIs involved 

in protein-protein interaction networks would improve our ability to model and predict 

cell function. 
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Chapter 2: Chemical Cross-linking Via Unnatural Amino Acid 

Incorporation  

INTRODUCTION 

Proteins serve vital roles in the structure and function of all living cells and are 

composed of twenty natural amino acids. By controlling the spatial orientation of these 

twenty natural amino acids, proteins can carry out an astounding number of physiological 

functions. However, the twenty natural amino acids are ultimately limited in their 

chemical and physical properties and are, thus, unable to fulfill all of the demanding 

processes required for the survival of living systems. Nature has provided several 

strategies for enriching the functional properties of proteins. These include post-

translational modifications such as phosphorylation and acetylation, which are often used 

by cells as a means to control protein-protein interactions and/or the activity of enzymes. 

Also, a variety of enzymes bind cofactors, which are usually small organic molecules or 

metal ions that help to greatly extend the diversity of chemical reactions catalyzed by 

enzymes. In recent years, advances in our understanding of molecular biology have 

enabled researchers to incorporate unnatural amino acids into specific locations within 

proteins. This strategy has proven useful not only for engineering enzyme function, or for 

incorporating specific labels into proteins, but also for studying weak, transient protein-

protein interactions. The focus of this chapter is two-fold: 1) to develop a simple, readily 

adaptable system for site-specific incorporation of unnatural amino acids into 
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recombinant proteins expressed in mammalian cells and 2) to develop a site-specific 

chemical cross-linking protocol in Escherichia coli. This work expands the repertoire of 

tools available for studying protein function in mammalian cells and for studying weak, 

transient interactions in bacteria using an unnatural amino acid, 3,4-dihydroxy-L-

phenylalanine (L-DOPA). 

Overview of Translation 

Translation is the process whereby the genetic message encoded by mRNA (the 

product of transcription) is read by the ribosome and is converted into a protein. 

Translation can be broken down into three major steps: 1) initiation, 2) elongation, and 3) 

termination. Before the onset of translation initiation, two events must occur. First, the 

ribosome, which consists of two major subunits, must dissociate to allow the initiation 

complex to form.  Second, tRNA must be acylated with its cognate amino acid by a 

tRNA synthetase. These enzymes catalyze the ATP-dependent esterification of specific 

amino acids onto their cognate tRNAs in a two-step reaction (Figure 7). The recognition 

of the proper cognate tRNA by tRNA synthetases is the first line of defense in ensuring 

the preservation of the genetic code (41). 
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Figure 7: tRNA synthetase catalyzed reaction. 

Translation in Prokaryotes  

After both ribosome dissociation and formation of appropriately charged tRNAs 

have occurred, translation initiation can commence. In prokaryotes, initiation factors 

(IFs) IF-1 and IF-3 aid in dissociation of the 70S ribosome into its 50S and 30S 

components by binding to the small 30S subunit.  During initiation, the 5’ end of mRNA 

forms a complex with the small ribosomal subunit. The 5’-UTR (untranslated region) of 

the mRNA contains a specific nucleotide sequence (the Shine-Dalgarno sequence) which 

base pairs with a complementary sequence present in the 16S rRNA of the small 

ribosomal subunit and positions the initiator AUG codon in the proper position within the 

ribosome for translation initiation. The GTP-bound form of IF-2 then binds to the 
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initiator fMet-tRNA and targets it to the 30S subunit, where the anticodon loop of fMet-

tRNA base pairs with the initiator codon of the mRNA.  IF-3 then dissociates, which 

allows the 50S ribosomal subunit to associate with the initiation complex, forming the 

70S ribosome.  IF-2 then hydrolyzes its bound GTP molecule, causing IF-2-GDP and IF-

1 to dissociate from the initiation complex.  The ribosome is now poised for elongation, 

with the fMet-tRNA bound in the peptidyl-tRNA site (the P-site) of the ribosome and 

with the aminoacyl tRNA site (the A-site) vacant.  

During elongation, the GTP-bound form of elongation factor EF-Tu binds to 

aminoacylated tRNAs and delivers them to the A-site.  When the proper tRNA is present 

in the A-site, appropriate base pairing interactions form between the anticodon loop of 

the tRNA and the mRNA codon present in the A-site.  When the proper aminoacylated 

tRNA is present in the A-site, EF-Tu hydrolyzes its bound GTP.  This results in a 

conformational change that moves the amino acid acceptor arm of the aminoacylated 

tRNA bound in the A-site into the P-site, where a transpeptidation reaction occurs.  The 

guanine exchange factor EF-Ts helps EF-Tu to exchange its GDP for GTP, thus 

reactivating EF-Tu for another round of elongation.  In the transpeptidation reaction, the 

amine group of the aminoacyl tRNA forms a peptide bond with the C-terminal amino 

acid of the peptidyl tRNA. This reaction serves to transfer the nascent peptide from the 

peptidyl tRNA onto the aminoacyl tRNA.  The final step in elongation is translocation.  

Here, GTP-bound EF-G binds to the ribosomal A-site.  Hydrolysis of the GTP leads to 

dissociation of the uncharged tRNA from the exit site (E-site), the translocation of the 

newly generated peptidyl tRNA to the P-site, and the dissociation of the GDP-bound 
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form of EF-G – creating a vacant A-site.  Thus, through iterative rounds of elongation, 

the genetic information encoded in the mRNA will be ‘read’ by the ribosome and 

translated into a protein. 

When a stop codon (either TAG, TGA, or TAA) present in the mRNA occupies 

the ribosomal A-site, there are no aminoacylated tRNAs that are able to form productive 

base pairing interactions.  When this occurs, a releasing factor protein (whose structure 

resembles that of a tRNA) binds to the A site of the ribosome and stimulates hydrolysis 

of the peptide from the peptidyl tRNA in the P-site. The mRNA and newly synthesized 

protein are then released and translation is terminated. 

Translation in Eukaryotes 

In eukaryotes, the overall process of translation is very similar, but several 

important differences in the initiation phase should be noted. First, the initiator tRNA is 

Met-tRNA, rather than fMet-tRNA. Importantly, only Met-tRNA is capable of tightly 

binding the 40S small ribosomal subunit. Similar to prokaryotes, a specific initiation 

factor (eIF2) helps to deliver the initiator Met-tRNA to the 40S subunit. Instead of 

containing an mRNA sequence that binds specifically to the 18S rRNA of the small 

ribosomal subunit, eukaryotic mRNAs bind to the 40S subunit by virtue of their 5′-

methyl caps and 3′-polyadenosine tails. Two initiation factors (eIF4E and eIF4G), help to 

mediate mRNA binding to the 40S subunit. Next, with the help of several ATP-powered 

helicases, the 40S subunit scans the mRNA until the first AUG codon is located. At this 

point, eIF2 hydrolyzes its bound GTP molecule, the initiation factors dissociate, and the 
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large 60S ribosomal subunit binds, forming the mature 80S ribosome. The elongation and 

termination phases of eukaryotic translation are similar to those in prokaryotes.  

Unnatural Amino Acid Incorporation 

A unique tRNA-aminoacyl-tRNA synthetase pair exists for each of the natural 

twenty amino acids and nearly all cells have three stop codons that are not used to 

incorporate amino acids during translation. Based on these canonical principles of 

translation, Schultz and coworkers recognized that if a tRNA synthetase could be 

engineered to charge a specific tRNA with a specific unnatural amino acid, then 

unnatural amino acids could be incorporated into recombinant proteins in response to 

stop codons. In this way, the genetic code could be expanded to introduce a variety of 

amino acids with novel physiochemical properties into desired proteins at specific sites. 

The general principle employed in these studies involves hijacking the translational 

machinery of the cell and using it to incorporate unnatural amino acids into a protein of 

interest. To do so, the gene for the protein of choice is first mutated such that the codon 

for the residue to be modified is changed to a codon that is not recognized by any of the 

natural tRNAs. This could entail changing the codon to a stop codon, a four base codon, 

or a five base codon (42, 43). Next, a tRNA must be mutated to recognize the unnatural 

codon. The cognate synthetase for this tRNA must be evolved so that it will recognize the 

unnatural amino acid and use it to aminoacylate the mutant tRNA. A final restriction for 

this type of system is that it be ‘orthogonal’ to the cellular system utilized, meaning that 
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the mutant tRNA must not be recognized by any endogenous synthetases, and the mutant 

synthetase cannot charge any endogenous tRNAs.   

Despite these daunting technical hurdles, systems for unnatural amino acid 

incorporation have already been used successfully in both prokaryotic and eukaryotic 

cells (44-51).  This approach to unnatural amino acid incorporation has been well-

established in Escherichia coli, where genetic selection assays have now been used to 

incorporate more than two dozen unnatural amino acids site-specifically into proteins in 

response to an amber (TAG) stop codon (45, 52, 53). Typically, the genetic selection in 

these systems involves incorporating a premature amber codon into the coding sequence 

of green fluorescent protein (GFP) or some other selectable marker. If the engineered and 

heterologously expressed tRNA-aminoacyl-tRNA synthetase pair is truly orthogonal, 

then the stop codon should be suppressed (and the selectable marker should be expressed) 

only in cells that are expressing the mutant tRNA-aminoacyl tRNA synthetase pair, and 

which are fed with the unnatural amino acid. Once the orthogonality of the system has 

been validated, the unnatural amino acid can then be incorporated site-specifically into a 

recombinant protein of interest. A genetic assay has also been developed in yeast to site-

specifically incorporate roughly fifteen unnatural amino acids into proteins in response to 

the amber codon (53).  Several established systems for unnatural amino acid 

incorporation into bacteria and eukaryotes will be described in detail in the following 

sections. 
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Unnatural Amino Acid Incorporation in Prokaryotes 

An orthogonal tRNA-synthetase pair from the archaeal organism  Methanococcus 

jannaschii has been developed for unnatural amino acid incorporation in E. coli cells by 

Schultz and coworkers (45, 54). This pair consists of an M. jannaschii tyrosyl-tRNA 

synthetase (TyrRS) and its cognate mutant amber suppressor tRNA (mu Tyr

CUAtRNA ) (54). 

This pair of tRNA and synthetase does not cross-react with any endogenous E. coli 

tRNAs or synthetases and, thus, is functionally orthogonal. To further expand the utility 

of this orthogonal tRNA-synthetase pair, mutant M. jannaschii TyrRS enzymes that 

charge the suppressor tRNA with specific unnatural amino acids were selected from a 

large library of mutant TyrRS clones using a convenient in vivo genetic selection assay. 

The libraries were generated by site-directed mutagenesis of the binding pocket of the 

TyrRS based on the crystal structure of the highly homologous B. stearothermophilus 

TyrRS (49, 55-57). The genetic selection assay was based upon the suppression of amber 

stop codons (TAG) built into reporter genes and provided a high throughput means of 

rapidly identifying mutant tRNA syntheases with the desired amino acid substrate 

specificity.  This single M. jannaschii TyrRS–mu Tyr

CUAtRNA  pair has been demonstrated to 

be very adaptable. It has been manipulated to incorporate more than two dozen unnatural 

amino acids site-specifically into proteins in E. coli (52, 53), and has become the standard 

system for site-specific unnatural amino acid incorporation in bacteria. 
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Unnatural Amino Acids Incorporation in Mammals 

Schultz and coworkers have also created a system orthogonal to mammalian cells, 

utilizing a tRNA and its cognate synthetase from Bacillus subtilis. This system was used 

to incorporate the unnatural amino acid 5-hydroxytryptophan (5-HTPP) into a 

mammalian protein (48). For this system, a new B. subtilis mu Trp

UCAtRNA
 gene was 

created and cloned into the mammalian expression vector pZeoSV2(+). The mu Trp

UCAtRNA  

had several modifications to the natural sequence. In eukaryotes, tRNA genes have 

several internal promoter elements, called A and B boxes, which are not present in 

prokaryotic tRNA genes. The B. subtilis tRNA-Trp gene was modified to contain an A 

box so that it could be transcribed within a mammalian cell. The anticodon of the tRNA-

Trp gene was also changed so that it recognized the opal codon (TGA). Finally, they 

added eukaryotic 5’ and 3’ flanking sequences to the tRNA gene to facilitate transcription 

in mammalian cells. They next demonstrated that the B. subtilis TrpRS-mu Trp

UCAtRNA  pair 

indeed functioned orthogonally in a mammalian system, and successfully suppressed opal 

mutations. To support these results, they mutated the T4 bacteriophage foldon gene by 

changing its fourth codon to the opal stop codon and by adding a 6x-His tag to its C-

terminus. When this mutated foldon gene, mu Trp

UCAtRNA , and the B. subtilis TrpRS gene 

were expressed in mammalian 293T cells, full-length foldon protein was detected by 

western blot analysis. The results also indicated that the B. subtilis TrpRS does not charge 

endogenous tRNAs and that mu Trp

UCAtRNA is not recognized by any endogenous 

synthetases in mammalian cells. Thus, the system is fully orthogonal. 
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To create a B. subtilis TrpRS that specifically recognized the unnatural amino 

acid 5-hydroxy-tryptophan (5-HTPP), they mutated a key amino acid in the binding 

pocket of the synthetase. The binding pocket structure of TrpRS was inferred from the 

crystal structure of the highly homologous B. stearothermophilus TyrRS (55-57). They 

used site-directed mutagenesis to alter this critical amino acid residue (Val144) to each of 

the other nineteen amino acids, before selecting for the ability of the mutated TrpRS to 

specifically charge its cognate tRNA with 5-HTPP. The optimal amino acid was chosen 

based on the results of the in vitro aminoacylation assay. The TrpRS with a proline at 

position 144 was found to selectively aminoacylate its cognate tRNA with 5-HTPP (48). 

While this method or generating an orthogonal tRNA/synthetase pair for mammalian 

cells was successful, it required a considerable amount of labor and rational design. Thus, 

faster and more efficient methods to develop an orthogonal tRNA-aminoacyl-tRNA 

synthetase pairs would be desirable. 

Another method developed by Schultz and coworkers to site-specifically 

incorporate unnatural amino acids in mammalian cells involves using an archaeal tRNA 

synthestase-tRNA pair (from Methanosarcina maize) that naturally incorporates 

pyrrollysine (Pyl) in response to amber codons and which is orthogonal in both E. coli 

and mammalian cells (58) (59-63).  Other groups have shown that Pyl RS can be 

specifically changed by directed evolution methods to incorporate modified Pyl 

analogues in response to amber codons (64-66).  Using this convenient pair, Schultz and 

co-workers first evolved the desired unnatural amino acid substrate specificity in E. coli 

and then transferred the functionally orthogonal pair from E. coli into mammalian cells 
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with only minor alterations in the expression vector system.  In these experiments, they 

first verified the orthogonality of the M. maize Pyl RS-

! 

tRNAUCA

Pyl  pair using in vivo assays 

in E. coli and mammalian cells, where Pyl RS, 

! 

tRNAUCA

Pyl , or Pyl were individually 

omitted from the assay.  Guided by the crystal structure, several Pyl RS variants (Leu305, 

Tyr306, Leu309, Cys348, and Tyr384) were then generated in attempt to engineer the 

PylRS to accept the unnatural amino acid o-nitrobenzyloxycarbonyl-Nε-L-lysine (ONBK) 

as a substrate.  Next, the ONBK Pyl RS-

! 

tRNAUCA

Pyl  pair was evovled in E. coli by positive 

and negative selections. The positive selection relied on expression of a type I 

chloramphenicol acetyltransferase (CAT) gene containing an amber codon at the 

permissive site, Asp112. In the presence of the unnatural amino acid and a functional 

mutant Pyl RS, full-length CAT is expressed and cells are resistant to chloramphenicol, 

providing the positive selection. All cells collected in the positive selection were then 

subjected to a negative selection, which is based on the expression of a toxic barnase 

gene that was also engineered to contain an amber codon. Here, the unnatural amino acid 

was not added into the selection; thus, any cells that suppress the amber codon in the 

barnase gene are presumably capable of charging the mutant tRNA with one of the 

natural amino acids.  In these cells, either the mutant PyrRS or tRNA is not fully 

orthogonal.  These cells will die due to the expression of barnase.  All cells that do not 

suppress the amber codon in the barnase gene survive and presumably express an 

orthogonal PyrRS-tRNA pair.  Multiple round of positive and negative selection were 

used to evolve the ONBK Pyl RS-

! 

tRNAUCA

Pyl  pair, whose efficiency was then determined 
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in E. coli by measuring incorporation of ONBK into a gfp gene mutated to include an 

amber codon. As expected, full-length GFP was only detected in the presence of ONBK 

by SDS-PAGE coomassie staining and electrospray ionization mass spectrometry.  

To transfer the evolved, orthogonal E. coli pair into mammalian cells, the ONBK 

Pyl RS-

! 

tRNAUCA

Pyl  pair was directly shuttled from E. coli cells into mammalian cells.  The 

ONBK Pyl RS-

! 

tRNAUCA

Pyl  pair can be used directly in mammalian cells as long as the 

promoters in the plasmids encoding PylRS and the mutant tRNA are altered such that 

they can be expressed in mammalian cells. Human embryonic kidney (HEK) and chinese 

hamster ovary (CHO) cells were transfected with the ONBK Pyl RS-

! 

tRNAUCA

Pyl  pair, 

GFP37TAG, and the unnatural amino acid, ONBK, to produce full-length GFP. Site-

specific incorporation of ONBK was confirmed by visualizing GFP expression and by 

mass spectrometry.  Thus, in these experiments, Schultz and co-workers capitalized on 

the ease of genetic selection experiments in E. coli to evolve an efficient orthogonal pair 

for mammalian cells.  While this M. maize PylRS-tRNA pair could in theory be used to 

introduce other unnatural amino acids into proteins expressed in mammalian cells, each 

unnatural amino acid pair must still be individually evolved in E. coli and shuttled to 

mammalian cells.  Overall, this approach is time-consuming and cumbersome. 

Convenient Methodology for unnatural amino acid incorporation in mammalian 

cells 

Despite the success of unnatural amino acid incorporation studies in E. coli, yeast, 

and mammalian cells, the existing methodologies to create tRNA-aminoacyl-tRNA 
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synthetase pairs for mammalian cells are limited.  Therefore, altering protein structure 

and function in mammalian cells has been slow to progress. In the first part of this 

Chapter, we develop a general methodology for engineering new tRNA-aminoacyl-tRNA 

synthetase pairs that are orthogonal in mammalian cells. More specifically, the tRNA 

gene of Methanococcus jannaschii 

! 

tRNACUA

Tyr – tyrosyl-tRNA synthetase pair that has been 

extensively used for unnatural amino acid incorporation in E. coli (54, 67, 68), is 

modified by a simple “cut and paste” procedure to become orthogonal in mammalian 

cells through a few simple mutations. The resulting 

! 

tRNACUA

Tyr -tyrosyl-tRNA synthetase 

pair is able to suppress an amber codon in the gene encoding GFP in mammalian cells. 

The methodology reported here is both general and adaptable and, as such, it should 

allow for rapid conversion of the large collection of extant E. coli orthogonal tRNA-

aminoacyl tRNA synthetase pairs to be used in mammalian cells. Importantly, this 

approach avoids the time-consuming genetic selection experiments that are usually 

required to evolve new orthogonal pairs for mammalian cells.  This work has not only 

provided a more facile route for site-specific incorporation in eukaryotic systems, but has 

also set the stage for functional studies of weak, transient protein-protein interactions in 

mammalians cells. 

Utilizing Unnatural amino acid incorporation to study protein-protein interactions 

One of the main limitations to studying weak, transient protein-protein 

interactions is the inability to capture the proteins that interact with the target protein. 

While chemical cross-linking reagents (described in detail in Chapter 1) have proven 
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useful for stabilizing certain weak transient PPIs, most of these reagents react non-

specifically with given amino acids.  In many cases, numerous false-positive hits are 

obtained and it is often difficult to reliably identify protein binding partners that interact 

with a specific domain or binding interface of the protein of interest.  Also, most of these 

chemical cross-linking strategies are performed in vitro using either purified proteins or 

cell free extracts.  Thus, it is not always clear whether a PPI identified in vitro is 

physiologically relevant. 

L-DOPA Chemical Cross-linking 

To bypass the issues associated with these non-specific chemical cross-linking 

reagents, we will employ site specific L-DOPA incorporation, combined with 

chemoselective activation of the L-DOPA moiety to cross-link weak, transient PPIs in 

vivo. L-DOPA is superior to other cross-linking reagents because it can be specifically 

activated by periodate treatment.  Although the mechanism is not fully understood, L-

DOPA is proposed to undergo oxidation by sodium periodate to yield a highly reactive 

ortho-quinone species (Figure 8). The ortho-qunione forms adducts through Michael 

addition or Schiff base formation when held in close proximity to α amino groups present 

at the N-terminus of proteins, ε amino groups of lysine residues, imadazole side chains of 

histidines, and thiol groups of cysteines (Figure 9) (69-72). Importantly, if a suitably 

nucleophilic amino acid group is not in the direct vicinity, the reactive ortho-quinone 

intermediate will be rapidly quenched with water. Combined with the site-specific 

incorporation of L-DOPA into the protein of interest, this technique should be sufficiently 
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sensitive to trap transient PPIs, while simultaneously decreasing the number of false-

positive hits.  
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Figure 8: Formation of highly reactive L-DOPA ortho-qunione. 
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Figure 9: Proposed mechanism of nucleophile cross-linking to L-DOPA ortho-quinone. 

Kodadek et al. were the first to demonstrate that L-DOPA can be utilized as a 

protein cross-linking reagent in the presence of periodate oxidation in vitro (73, 74). In 

their studies, the yeast Gal80 transcriptional repressor was cross-linked to a peptide 
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containing L-DOPA by incubation with sodium periodate followed by quenching with 

dithiothreitol (DTT).  The peptide sequence was taken from a phage display experiment 

that was shown to bind to Gal80.  The cross-linked adduct was anaylzed by SDS-PAGE 

followed by western blotting. Negative controls revealed that only the reaction with 

peptide containing L-DOPA, Gal80 transcriptional repressor, and sodium periodate 

produced a cross-linked adduct (74). To examine the specificity of the reaction, Gal80 

was mixed with a large excess of ten other proteins, peptides containing L-DOPA, and 

sodium periodate. The reaction mixture was anaylzed by western blotting and revealed 

that only Gal80 formed adducts with the L-DOPA containing peptide (74).  Thus, the 

activated ortho-quinone form of L-DOPA apparently does not react non-specifically with 

proteins other that Gal80 in their assay.  In another experiment, the application of L-

DOPA chemical cross-linking was demonstrated by identifying several known Gal4 

activation domain-binding proteins in the 26S proteasome by periodate-triggered cross-

linking (73).  Overall, these experiments highlight the potential utility of periodate-

mediated L-DOPA chemical cross-linking to identify native protein-protein interactions. 

Sortase A 

Staphylococcus aureus sortase A (SrtA) is a membrane localized transpeptidase, 

which recognizes the sorting signal (LPXTG, where X is any amino acid) present in 

surface protein precursors. SrtA cleaves the peptide signal between the threonine and 

glycine residues and then ligates the precursor surface protein to the lipid-II protein (75-

78) in the early stages of cell wall biosynthesis (79-81).  SrtA is therapeutically important 
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due to its role in the pathogenicity of S. aureus. Numerous studies have demonstrated that 

the lack of SrtA activity dramatically lowers S. aureus infection rates (75, 82-84). Due to 

the recent emergence of methicillin-resistant S. aureus (MRSA), which causes an 

estimated 19,000 deaths per year (85), SrtA is an excellent candidate for anti-bacterial 

and/or anti-infective agents. 

In an effort to characterize the biochemical and physiological properties of SrtA, 

our lab has shown that a truncated version of SrtA is a dimer in vitro, with a relatively 

weak dissociation constant (Kd) of 55 µM.  In support of this weak binding constant, a 

single mutation was found to disrupt dimerization (86, 87). Thus, SrtA is an ideal 

candidate as a model protein to validate L-DOPA-mediated cross-linking to identify weak 

PPIs in vivo.  In the second portion of this Chapter, we will use unnatural amino acid 

incorporation to introduce an L-DOPA residue site-specifically into SrtA in E. coli cells.  

L-DOPA  has been previously site-specifically incorporated into sperm whale myoglobin 

(49).  We will then demonstrate the feasibility of in vivo periodate-mediated chemical 

cross-linking to trap the transient, weak interaction that forms SrtA dimers.  Altogether, 

our work demonstrates the utility of combining site-specific unnatural amino acid 

incorporation with chemical cross-linking strategies to identify and study weak PPIs in 

vivo.  It is hoped that similar approaches can eventually be used to identify weak, 

transient PPIs in mammalian cells. 
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RESULTS AND DISCUSSION 

Research Design 

In general, the approach to site-specifically incorporate unnatural amino acids into 

mammalian proteins is to evolve an orthogonal tRNA-synthetase pair that genetically 

encodes the desired unnatural amino acid in response to one of the nonsense codons, 

amber (TAG), opal (TGA), or ochre (TAA). After mammalian cells are transfected with 

this orthogonal tRNA/synthetase pair in the presence of the unnatural amino acid, the 

cellular translation machinery will insert the unnatural amino acid into proteins in 

response to the nonsense codon. Utilizing natural stop codons, there is no way to prevent 

the incorporation of the unnatural amino acids into other proteins that also use the same 

stop codon, therefore to lower the rate if incidence we use an amber codon because it is 

the least used stop codon (53). To help minimize this undesired but unavoidable effect, 

we use an amber codon because it is the least used stop codon. Other ways to eliminate 

this problem are to utilize a frameshift (quadruplet) codon or delete a codon and its 

cognate tRNAs from a bacterium genome (43, 53). 

The main barrier to these studies is to obtain an orthogonal tRNA-synthetase pair 

in mammalian cells that is specific for the unnatural amino acid. Here, we develop a “cut 

and paste” approach to overcome this problem in mammalian cells. This method will 

utilize a previously created M. jannaschii mutant, TyrRS, that specifically recognizes 

both p-methoxy-L-tyrosine and its cognate Tyr

CUAtRNA . As discussed below, we will modify 

this enzyme and its tRNA substrate so that they will be orthogonal to mammalian 
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systems. The method will be developed in order to facilitate the study of weak, transient 

interactions caused by post-translational modifications. 

To date, there are three methodologies reported which incorporate site-

specifically unnatural amino acids into proteins in mammalian cells (48, 50, 58, 88). The 

general applicability of all three methods are limited due to several reasons. The first 

method takes advantage of a chemically aminoacylated suppressor tRNAs, which must be 

introduced into mammalian cells by microelectroporation (88). While this method 

bypasses the need for expression of functional, orthogonal tRNA-synthetase pairs, it is 

limited in that only small amounts of recombinant protein can be obtained. The second 

method utilizes an orthogonal tRNA-synthetase pair to site-specifically incorporate 

unnatural amino acids into a protein (48, 50). In this case, the aminoacyl-tRNA 

synthetase (RS) must be rationally engineered to recognize unnatural amino acids by 

mutating active site amino acid residues. The main limitation to this system is that it is 

difficult to predictably engineer substrate specificity into the desired RS, which makes it 

necessary to mutate each amino acid in the active site one-by-one to find the mutant with 

the desired substrate specificity - making this an inefficient process. Finally, as discussed 

above, orthogonal E. coli 

! 

tRNAUCA

Pyl -Pyl aminoacyl-tRNA synthetase pairs can be shuttled 

into mammalian cells (58). This method is also cumbersome because a tRNA-synthetase 

must still be evolved for each unnatural amino acid to be used. While each of these 

methods has proven feasible for the incorporation of unnatural amino acids into proteins 

expressed in mammalian cells, each method suffers from severe limitations that prevent 

the rapid development of new orthogonal mammalian tRNA-synthetase pairs. 
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Our method for rapid generation of new orthogonal tRNA-aminoacyl-tRNA 

synthetase pairs for mammalian cells will take advantage of the identity determinants that 

are used by tRNA synthetases to recognize their cognate tRNAs. The identity 

determinants consist of 1) a connective polypeptide (CP1) region in the M. jannaschii 

synthetase and 2) a single base pair in the M. jannaschii tRNA (89-91).  Schimmel and 

co-workers have shown that when the CP1 region of an E. coli Tyr tRNA synthetase 

(TyrRS) is replaced with the human CP1 region of TyrRS, the mutant E. coli TyrRS is 

able to act as the sole source of TyrRS in yeast (91). Similarly, when the human CP1 

region of TyrRS is replaced with the CP1 region from E. coli, the mutant human TyrRS is 

able to charge bacterial tRNAs (90). Schimmel et al. also showed that the CP1 region 

discriminates between bacterial and eukaryotic TyrRSs by recognizing a single base pair 

in the tRNA (G1-C72 for bacterial and C1-G72 for eukaryotic tRNAs). Thus, in 

principle, any tRNA-synthetase pair that is orthogonal in E. coli, can be made into an 

orthogonal pair for mamalian cells by simply exchanging these two identity determinants. 

In order to use these identity determinants for the successful conversion of E. coli 

orthogonal pairs into mammalian orthogonal pairs, it is critical that the E. coli CP1 region 

and G1-C72 base pair do not cross-react with eukaryotic CP1 regions and C1-G72 base 

pairs (89, 90). Recently, the X-ray crystal structure of a Saccharomyces cerevisiae TyrRS 

complexed with a tyrosine-adenylate analog and S. cerevisiae 

! 

tRNA
Tyr  was obtained at a 

2.4  

! 

A

o

 resolution (92). This structure was compared to aminoacyl-tRNA synthetase 

structures from bacteria and archaea, and provided structural evidence that the identity 
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determinants of M. jannaschii, namely, the CP1 region and the single base pair in tRNA, 

do not cross-react between eukaryotes/archaea and bacteria (92). More precisely, the Arg 

193 residue of S. cerevisiae TyrRS within the CP1 region recognizes C1 and is 

structurally equivalent to the Arg174 residue in the CP1 region of M. jannaschii TyrRS 

(92). Due to the high level of structural similarity between the archaeal and eukaryotic 

identity determinants, archaeal tRNA-synthetase pairs are not expected to be orthogonal 

in eukaryotic cells. However, there are marked differences in the active site interactions 

between bacterial tRNAs and their cognate synthetases. The bacterial identity 

determinants are structurally different from archaeal/eukaryotic identity determinants 

mainly in the acceptor stem and anticodon recognition domains (45, 54). Thus, we 

envision that the structural differences that govern tRNA recognition by bacterial and 

eukaryotic/archaeal tRNA synthetases, can be exploited to rapidly convert the M. 

jannaschii-derived tRNA-synthetase pairs that are orthogonal in E. coli into pairs that are 

orthogonal in mammalian cells.  

Despite the structural evidence discussed above, there has been no direct 

biochemical and/or genetic evidence to demonstrate that the CP1 and G1-C72 identity 

determinants of an E. coli tRNA-synthetase pair are sufficient to confer orthogonality in 

mammalian cells. Thus, before our cut and paste system can be used to incorporate 

various unnatural amino acids into proteins of interest, we must first demonstrate that 

replacing the two identity determinants in the M. jannaschii–derived tRNA-synthetase 

pair with the E. coli identity determinants are indeed necessary and sufficient to confer 

orthogonality of the pair in mammalian cells.  To achieve this, we employ our cut and 
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paste method to convert an M. jannaschii tRNA-TyrRS pair that is orthogonal in E. coli 

into a pair that is orthogonal in mammalian cells, simply by replacing the M. jannaschi 

identity determinants with the E. coli identity determinants.  This system is then used to 

suppress an amber codon within GFP in mammalian cells. Figure 10 shows a general 

scheme to site-specifically incorporate unnatural amino acids. 

 

 

Figure 10: General site-specific unnatural amino acid incorporation into GFP scheme. 
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Evolving the orthogonal M. jannaschii tRNA synthetase 

The M. jannaschii TyrRS is unusual compared to most TyrRS from other 

organisms. Namely, the M. jannaschii TyrRS only uses information in the Tyr

CUAtRNA
 

acceptor stem to identify and bind its cognate Tyr

CUAtRNA  (Figure 11 depicts the crystal 

structure of M. jannaschii tRNA RS).  In contrast, the TyrRSs from most other organisms 

also recognize sequence elements in the anticodon loop and D stems of tRNA (Figure 11) 

(89). This unique property of the M. jannaschii TyrRS makes it an ideal synthetase to 

manipulate for our needs. As mentioned above, there are two critical elements used to 

pair the M. jannaschii TyrRS with its cognate Tyr

CUAtRNA : (1) a thirty-nine amino acid 

connective polypeptide region (CP1) in the TyrRS; and (2) a single base pair (C1:G72) in 

the acceptor stem of the Tyr

CUAtRNA  (89). Because these elements are also found in 

mammalian synthetases and tRNAs, the M. jannaschii TyrRS- Tyr

CUAtRNA  pair is not 

orthogonal in mammalian cells. Thus, these elements were altered to their prokaryotic 

versions using a “cut and paste” approach. Namely, the CP1 region (amino acids 96-152) 

of M. jannaschii TyrRS was replaced with the CP1 region of E. coli TyrRS (amino acids 

128-182) (89, 91). Since the CP1 region of TyrRS is remote from its active site, these 

minimal manipulations had little or no effect on the recognition of Tyr

CUAtRNA  or on the 

amino acid selectivity of TyrRS. 
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Figure 11: Crystal structure of (a) M. jannaschii tRNA synthetase bound to tRNA and (b) 
E. coli tRNA synthetase.  

The CP1 regions of the two enzymes are highlighted in red and blue.  The circle 
denotes the missing region of M. jannaschii tRNA synthetase, which does not make 
critical proof-reading contacts with the tRNA anti-codon region. 

Evolving the orthogonal M. jannaschii  tyrosyl tRNA  

M. jannaschii Tyr

CUAtRNA  was also manipulated in order to be orthogonal in 

mammalian cells (Figure 12). A single base pair, C1:G72, was mutated to G1:C72 to 

allow the E. coli CPI region in M. jannaschii TyrRS to recognize only this specific tRNA. 

In order for the  M. jannaschii Tyr

CUAtRNA  to insert tyrosine at specific sites into GFP, the 

anticodon was mutated to CUA, which recognizes its cognate codon (TAG) in the mRNA 

encoding the GFP protein. A mutation in the anticodon loop (G38 to A38) that is 
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known to enhance suppression was also included (54, 93-95).  Upon transfection of 

HEK 293T cells with the mu Tyr

CUAtRNA  gene, expression levels of full-length GFP were 

low, perhaps because the mutant tRNA gene is transcribed at levels too low to induce 

amber suppression. Therefore, a new vector with six tandemly-arrayed tRNA genes was 

generated and flanking sequences were added to each tRNA gene (Figure 13). The 

human Tyr tRNA 5’- flanking sequence 

(AGCGCTCCGGTTTTTCTGTGCTGAACCTCAGGGGACGCCGACACAC

GTACACGTC) and a 3’ - thymine (T) - rich flanking sequence 

(TTTATTATAAATTATCTA) were added to induce higher levels of transcribed 

tyrosine tRNA (48, 50). A similar problem was encountered when trying to use 

suppressor B. stearothermophilus tRNA in a mammalian system, but this was overcome 

by using nine copies of the suppressor tRNA gene (50).  
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Figure 12: Wild-type M. jannaschii Tyr tRNA compared to the mutant M. jannaschii Tyr 
tRNA used for amber codon suppression in mammalian cells. 

The mutations (highlighted in red) include 1) alteration of the C1:G72 bp to 
 G1:C72, 2) mutation of G35 and G38 in the anticodon loop to C35 and A38, 
 respectively, and 3) addition of 5′ and 3′-flanking sequences to enhance 
 expression. 
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Figure 13: The plasmid map of the mutant M. jannaschii Tyr tRNA. 

Amber Codon Position      

The expression of the mutant GFP was largely dependent on the position of the 

amber codon, TAG, within the GFP coding sequence. Positions Lys4, Asp37, Tyr40, 

Thr50, and Tyr66 were all independently mutated to an amber codon.  These positions 

were not expected to disrupt the folding of GFP based on the tertiary structure of GFP 

and on previous work (Figure 14) (96-98).  Unnatural amino acids have been previously 

incorporated into GFP at the Thr50 and Tyr66 positions in E. coli, therefore, we 

attempted to utilize these positions because they provided promising results previously 

(96-98).  
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Figure 14: Crystal structure of GFP with sites Lys4, Asp37, Tyr40, Thr50, and Tyr66 
labeled. 

The codons at each of these amino acid positions were individually mutated to 
 amber codons to help identify the optimal site for amino acid incorporation in 
 suppression assays.  

 

 The engineered tRNA synthetase-tRNA pair, which is designed to introduce Tyr 

in response to amber codons, was co-transfected into 293T cells and GFP expression 

levels were monitored by fluorescence microscopy. The suppression at position 4 

expressed full-length GFP, but also resulted in high background (Figure 15). The 

background observed may be due to biological autofluorescence. Our lab is currently 
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investigating why position Lys4 of GFP contains the most biological autofluorescence. 

Insignificant amounts of full-length GFP was expressed in the suppression assays for 

position Arg37, Thr50, and Tyr66 (Figure 15). Position 50 was chosen because it is 

located on the surface of GFP and is believed to be unimportant for GFP chromophore 

formation. Suppression at position Tyr66 also did not result in the expression of full-

length GFP.  It has been shown that Tyr66 is able to be mutated to aromatic amino acids 

and still form the GFP chromophore (96, 99), but our results contradict these previous 

findings. Position 40 was shown to be the most optimal site for amber suppression with 

the least amount of background (Figure 15). Currently, it is not known why the choice of 

stop codon position in the GFP gene results in different levels of suppression – especially 

at amino acid positions that are not conserved. One possibility is that certain amino acid 

positions play more crucial roles in the native folding pathway of the protein. 
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Figure 15: Full-length GFP expression (72 hours post transfection) in suppression assays 
for the five permissive amber sites mutated into GFP. 

 Only the Tyr40 mutant resulted in efficient suppression and low levels of 
 background. 
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Tyrosine suppression of mutant GFP 

The most optimal position for amber codon suppression was found to be the 

Tyr40 residue of GFP. The plasmids pMUTyrRS, pMU Tyr

CUAtRNA 6, and p40TAGGFP 

were co-transfected into 293T cells and the cellular translation machinery was used to 

express the full-length GFP. Figure 16 illustrates the suppression of the amber codon 

introduced into amino acid position number 40 of the GFP gene and the orthogonality of 

the engineered M. jannaschii TyrRS- Tyr

CUAtRNA  pair. After transfection, cells were 

monitored for GFP expression at 24, 48, and 72 hours. As time increased, the amount of 

full-length GFP expressed also increased. As a positive control, wild-type GFP was 

expressed in the absence of the M. jannaschii TyrRS- Tyr

CUAtRNA  pair (Figure 16, first 

column). In this positive control, 95% of the transfected cells expressed full-length GFP, 

suggesting that GFP can be efficiently expressed from the pLit-GFP vector in 293T cells 

under our experimental conditions.  To verify that the endogenous mammalian tRNAs 

and tRNA synthetases were not able to suppress the amber codon in our GFP construct, 

the 40TAGGFP vector (encoding GFP with an amber codon at the 40th position) was 

transfected into cells in the absence of the mutant tRNA/synthetase pair (Fig 16, 2nd 

column).  As expected, no GFP expression was observed in this negative control. To 

investigate the orthogonality of endogenous mammalian aminoacyl tRNA synthetases 

towards the mutant tyrosyl tRNA, the mutant Tyr

CUAtRNA 6 was expressed together with 

40TAGGFP. A marginal amount (< 1%) of full-length GFP was detected, which 

indicates that Tyr

CUAtRNA 6 interacts with endogenous tRNA synthetases to a small extent 



50 

(Figure 16, column 3). In the last negative control, we examined the orthogonality of the 

mutant TyrRS. When mutant GFP and mutant TyrRS were present in the 293T cells 

(Figure 16, column 4), the efficiency for expressing the full-length GFP was 5%. This 

suggests that mutant TyrRS interacts with endogenous tRNAs. More specifically, the 

mutant TyrRS can charge endogenous tRNAs that can subsquently be used to read the 

amber codon within GFP transcript, even though the codon and anti-codon are not 

complementary. Finally, Figure 16 (column 5) displays the suppression assay where 

mutant GFP, mutant TyrRS, and mutant Tyr

CUAtRNA 6 were all transfected into HEK 293T 

cells. Roughly 30% of the HEK 293T cells expressed full-length GFP. While some stop 

codon suppression was observed in the negative controls, our results indicate that the ‘cut 

and paste’ method is a valid method for suppressing amber codons in GFP. To reduce 

background the tRNA-tRNA synthetase pair can be further evolved to be more specific 

even at the expense of reducing the amount of full-length GFP suppressed. 
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Figure 16: Tyr suppression with the optimal mutant tRNA and amber codon site. 

To further verify full length GFP expression, all of the cells in the transfection 

experiments described in Fig 16 were harvested at 72 hours, lysed, and then subjected to 

a western blot to detect full-length GFP using an anti-myc antibody (Figure 17). Cells 

expressing the full-length wild-type GFP (positive control) showed a strong band at 28 

kDa. The negative controls that show mutant Tyr

CUAtRNA 6 and mutant TyrRS orthoganility 

only show a faint band since no more than 5% of full-length GFP was expressed under 

these conditions. Although, the N-terminus of GFP (4.4 kDa) is likely being expressed in 

the negative controls, the truncated GFP products are not detected by the western blot 

because the myc epitope is located on the C-terminus of GFP.  In the last lane, 
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suppression of the amber codon in GFP is clearly stimulated relative to the negative 

controls in the presence of both the mutant Tyr

CUAtRNA 6 and mutant TyrRS genes. 

 

Figure 17: Western blot of full-length GFP in Tyr suppression assay. 

HEK 293T lysates transfected with various plasmids were fractionated by SDS-
 PAGE and full-length GFP was detected by probing with anti-myc antibody. 

p-methoxy tyrosine suppression of mutant GFP 

Having successfully demonstrated amber codon suppression with tyrosine in HEK 293T 

cells using a mutated M. jannaschii tRNA-synthetase pair, we next attempted to site-

specifically incorporate an unnatural amino acid into position 40 of GFP. To illustrate 

this concept, we chose to incorporate p-methoxy-L-tyrosine, because an M. jannaschii 

TyrRS mutant that specifically recognizes p-methoxy-L-tyrosine had been previously 

generated for suppression in E. coli (45, 99). Similar to the tyrosyl tRNA-syntheatse pair 

described previously, the CP1 region of the M. jannaschii p-methoxy-L-tyrosyl tRNA 

synthetase was replaced with the CP1 region from E. coli tyrosyl tRNA synthetase to 

generate p-methoxy TyrRSCPI. As shown in Figure 18, the results obtained were similar 
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to the suppression with tyrosine. The difference in tyrosine suppression and p-methoxy-

L-tyrosine suppression is that the mutant p-methoxy TyrRSCPI was less orthogonal than 

the mutant TyrRS and seems to be capable of charging endogenous tRNAs more often. 

To investigate how the suppression depended on the concentration of p-methoxy-L-

tyrosine, these experiments were performed at various concentrations of unnatural amino 

acid (1 mM and 2 mM, Fig 18 and 19). Our results show that the addition of 2 mM p-

methoxy-L-tyrosine led to an additional background signal in the negative controls and 

did not significantly enhance full-length GFP production in the suppression assay. This 

may indicate that endogenous TyrRSs may recognize p-methoxy-L-tyrosine when it is 

present at higher concentrations. The 30% tyrosine and p-methoxy-L-tyrosine 

suppression efficiency is similar to what has been reported in other studies, which 

typically achieve 20-40% suppression (100-102).  
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Figure 18: Genetic data supporting amber suppression with 1 mM p-methoxy-L-tyrosine. 
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Figure 19: Genetic data supporting amber suppression with 2 mM p-methoxy-L-tyrosine. 

L-DOPA Chemical Cross-linking of Sortase A 

Incorporation of unnatural amino acids has been established to be fast and 

straight-forward in mammalian cells. We now demonstrate an application of this 

technique for studying weak, transient interactions. As proof of concept, we incoporate L-

DOPA into S. aureus Sortase A (SrtA) expressed in E. coli cells to show that L-DOPA 

can be utilized as a cross-linking reagent in vivo (103). Truncated SrtA, lacking its N-

terminal transmembrane region, (SrtAΔN59) has been demonstrated to form weak 

homodimers (55 µM) in vitro (86). Also, a single mutation (Lys137Ala) of SrtAΔN59 
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(SrtAΔN59K137A) disrupts dimerization without disrupting its secondary structure or its 

catayltic activity. Thus, Lys137 may somehow facilitate SrtA dimerization through 

electrostatic interactions (87). Residue 137 of SrtAΔN59 was mutated to an amber codon, 

and L-DOPA was incorporated site-specifically in E. coli using a previously evolved 

TyrRS-tRNA pair specific for L-DOPA (49). As a negative control for the cross-linking 

reaction, L-DOPA was site-specifically incorporated at residue 206 (Lys) of SrtAΔN59 

because this site is known not to be involved in dimerization (87). Incorporation of L-

DOPA was confirmed by redox-cycling nitroblue tetrazolium (NBT) staining, which 

detects quino-proteins (Figure 20) (104, 105).  In lane 2 and 4 of Figure 20, 

SrtAK137DOPA and SrtA206DOPA monomers were detected, which provides evidence 

that L-DOPA was incorporated within both SrtAΔN59 variants with high fidelity and yield. 
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Figure 20: Redox-cycling staining of oxidized His6 purified L-DOPA containing proteins, 
SrtA137DOPA and SrtA206DOPA. 

Over-expressed SrtA137DOPA and SrtA206DOPA were oxidized, purified, 
 subjected to SDS-PAGE and transfered to a nitrocellulose membrane. Nitroblue 
 tetrazolium solution detected quinone-containing proteins. 

 
After verification of L-DOPA incorporation, L-DOPA mediated cross-linking was 

performed in vivo with SrtAK137DOPA and SrtA206DOPA. Sodium periodate was 

added to a final concentration of 1 mM to E. coli cultures expressing SrtAK137DOPA 

and SrtA206DOPA. Cells were lysed and supernatants were applied to Ni-NTA resin to 

purify the His6-tagged SrtA variants. Purified proteins were resolved on SDS gels and 

visulaized by anti-His6 western blotting (Figure 21). Comparsion of lanes 1 and 2 
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illustrate the fidelity and high yield obtained for SrtA137DOPA in this suppression assay.  

A small amount of SrtA137DOPA dimer was detected without sodium periodate 

treatment (Figure 21, lane 2). This faint band can likely be attributed to dimer formation 

caused by minimal oxidation of the L-DOPA moiety by atmospheric oxygen (69, 86).  

Bands roughly corresponding to a SrtA 1.5mer could also be detected in the absence of 

periodate treatment. These bands could be the result of heterodimer formation between a 

full-length SrtA137DOPA protein and a truncated SrtA137DOPA protein – perhaps 

derived from translation events where an amber codon was not suppressed. Although 

preliminary mass spectrometry analysis of the 1.5mer band revealed only SrtA peptide 

fragements, SrtA137DOPA could aslo be forming dimers with a separate protein 

expressed in E. coli. A distinct band corresponding to a SrtA137DOPA dimer is clearly 

observable in the sample treated with periodate (Figure 21, lane 3). This result suggests 

that in vivo periodate-mediated cross-linking of L-DOPA containing products will be a 

viable method for detecting native protein-protein interactions. Interestingly, the band 

corresponding to the putative SrtA137DOPA 1.5mer disappears in the sample treated 

with periodate. This could indicate that the SrtA137DOPA homodimer has a tighter 

binding affinity than the proteins comprising the 1.5mer, such that SrtA137DOPA 

homodimer formation is predominant under these conditions. The identity of the larger 

molecular weight bands is unknown, but these could represent SrtA137DOPA 

heterodimers or multimeric SrtA137DOPA aggregates.  

Next, these experiments were repeated with the SrtA206DOPA variant (Figure 

21, lanes 4-6). Consistent with our earlier biochemical studies that failed to detect an 
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effect of K206 mutations on the dimerization constant of SrtA, the levels of 

SrtA206DOPA dimer detected were significantly reduced compared to SrtA137DOPA 

dimers. Assuming that the L-DOPA moiety of SrtA206DOPA is accessible to oxidation 

by periodate, these results suggest that the reactive quinone moiety generated by 

periodate treatment is not within the vicinty of any nucleophilic protein groups. Thus, the 

Lys206 residue is likely not part of the SrtA dimerization interface. These results also 

demonstrate the high sensitivty of this cross-linking methodology and are consistent with 

the in vitro studies perfomred by Kodadek and co-workers (69, 73, 74). Namely, in order 

to successfully cross-link two proteins, the L-DOPA  tag must be incorporated into a 

region of the protein that is actively invovled in protein-protein interactions. Based on the 

high-selectivity and senistivity of this technique, we expect this method to be broadly 

applicable for the study of protein-protein interactions.  
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Figure 21: Western blot of L-DOPA containing proteins, SrtA137DOPA and 
SrtA206DOPA. 

His6-purified SrtAK137DOPA and SrtA206DOPA proteins were resolved by 
 SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was 
 probed with anti-His6   antibody. 

 

CONCLUSIONS 

By making a few subtle changes in an M. jannaschii tRNA-synthetase pair that 

orthogonally incorporates unnatural amino acids in response to amber codons in E. coli, 

we have generated a tRNA-synthetase pair that is orthogonal in mammalian cells.  To 

achieve this, we employed a simple “cut and paste” method where the regions within the 

M. jannaschii tRNA and tRNA synthetase responsible for conferring orthogonality in E. 
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coli, were exchanged with regions that made the pair orthogonal in mammalian cells.  It 

was found that making a single point mutation in the tRNA and switching the CP1 amino 

acid region of the cognate tRNA synthetase were sufficient to confer orthogonality in 

mammalian cells.  To validate the generality of this approach, we applied this strategy to 

successfully suppress amber codons within gfp genes in HEK 293T cells by incorporating 

two different amino acids using two separate tRNA-synthetase pairs.  The largest benefit 

of our new approach is that several dozen M. jannaschii-derived orthogonal tRNA-

synthetase pairs have already been evolved and employed to incorporate unnatural amino 

acids in E. coli.  Our method can now be used to rapidly convert these tRNA-synthetase 

pairs into orthogonal pairs for mammalian cells.  This should circumvent the laborious 

process of tRNA synthetase engineering and selection that are normally required to 

generate mutant RS enzymes.  

We also demostrated an application of unnatural amino acid incorporation to 

study weak, transient protein-protein interactions in E. coli cells. In these studies, an L-

DOPA residue was site-specifically introduced into S. aureus SrtA, a protein that is 

known to form homodimers in vitro with a relatively weak binding constant (86). Next, 

we demonstrated that periodate-mediated chemical cross-linking of SrtA137DOPA 

dimers could be carried out in vivo. Our results also demostrated the high selectivty of 

this cross-linking method, as L-DOPA site-specifically incoporated outside of the SrtA 

dimeriation interface was unable to stably cross-link SrtA dimers.  

These methods (unnatural amino acid incorporation and chemical cross-linking) 

should also facilitate the study of weak, transient protein-protein interactions in 
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mammalian cells. Using our system, L-DOPA can now be genetically encoded into a 

protein of interest site-specifically and chemically cross-linked to weak, transient protein 

binding partners. In the future, we will extend L-DOPA chemical cross-linking into 

mammalian cells. Namely, an orphan G-protein coupled receptor (GPCR), GPR83, will 

serve as our model protein. Through protein-protein interactions, GPCRs regulate many 

physiological processes in mammals including the senses of vision and smell, 

behavioral/mood regulation, immune system regulation, and nervous system regulation. 

The involvement of GPCRs in initiating signal transduction cascades for these numerous, 

fundamental physiological processes makes them a marketable target for drug 

development (106). However, there are many orphan GPCRs whose ligands have not yet 

been identified. The biotechnologies developed in this chapter should help to identify the 

cognate protein ligands for many of these orphan GPCRs. 

MATERIALS AND METHODS  

Strains and Enzymes     

 Chemically competent Escherichia coli (E. coli) TOP10 cells were used for 

propagation and isolation of all plasmids. Human embryonic kidney 293T (293T) cells 

were used for genetic assays. All enzymes were obtained from New England Biolabs 

unless otherwise stated. All primers were synthesized by Invitrogen. 
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Constructing the Mutant TyrRS 

The DNA encoding the wt M. jannaschii tyrosine-tRNA synthetase gene 

(MjTyrRS) was amplified by the polymerase chain reaction (PCR) and cloned into 

pEF6/myc-His (Invitrogen). The connective polypeptide (CP1) region (amino acids 105-

162) of M. jannaschii TyrRS was replaced with the CP1 region of E. coli TyrRS (amino 

acids 129-191). The general scheme is illustrated in Figure 10. Briefly, the 5’ region of 

M. jannaschii TyrRS was PCR amplified with the appropriate primers, EYRS1-

topBamH1 (5’-AAGGATCCACCATGGACGAATTTGAAATGAT-3’) and EYRS1-bot 

(5’-ACATTCATATTGCCGAACCACTGGAATTCACTTCCAT-3’). The 3’ region of 

M. jannaschii TyrRS was PCR amplified using the corresponding primers, EYRS3-top 

(5’-AGGGGATTTCGTTCACTGAGGTTATCTATCCAATAATGCA-3’) and EYRS3-

botEcoR1 (5’-CCCGAATTCTAATCTCTTTCTAATTGGCT-3’). The E. coli CP1 

region was cloned out of the E. coli TyrRS construct, which was obtained from Prof. 

Peter G. Schultz (The Scripps Research Institute), using PCR with EYRS2-top (5’-

ATGGAAGTGAATTCCAGTGGTTCGGCAATATGAATGT-3’) and EYRS2-bot (5’-

TGCATTATTGGATAGATAACTTCAGTGAACGAAATCCCCT-3’). The resulting 

three PCR fragments (1 µg each; M. jannaschii 5’ and 3’ regions, and E. coli CP1 region) 

were combined, denatured for 15 minutes at 85°C, and elongated at room temperature 

with Klenow enzyme for 30 minutes at room temperature. The Klenow product was 

amplified by PCR using EYRS1-topBAMH1 and EYRS3-botEcoR1 primers to create the 

mutant M. jannaschii TyrRS CP1. The mutant TyrRS CPI gene and vector pEF6/myc-His 

were digested with BamHI and EcoRI. The digested pEF6/myc-His was treated with calf 
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intestinal alkaline phosphatase (CIP) for one hour at 37°C. The digested mutant TyrRS 

CP1 gene and CIP treated mammalian vector pEF6/myc-His were ligated by T4 DNA 

ligase at 16°C overnight. The resulting plasmid, pMUTyrRS, was purified and sequenced 

at the University of Texas DNA Core Facility.  

A mutant Tyr RS that recognizes O-methoxy tyrosine was also created in the 

same manner as pMUTyrRS, except that the template used was MjTyrRS-OM (obtained 

from the Schultz lab) instead of MjTyrRS. The resultant plasmid, pMUTyrRS-OM, was 

purified and sequenced at the University of Texas DNA Core Facility.  

Cloning the Mutant Tyr

CUAtRNA  

To generate the desired amber suppressor Tyr

CUAtRNA   in mammalian cells, 

overlapping oligonucleotides 

(AACTGCAGAGCGCTCCGGTTTTTCTGTGCTGAACCTCAGGGGACGCCGA

CACACGTACACGTCGCGGCGGTAGTTCAGCCTGGTAGAACGGCGGACTCT

AAATCCGCATG and 

CCGCTCGAGTAGATAATTTATAATAAATGGTGCGGCGGGCCGGATTTGAA

CCAGCGACATGCGGATTTAGAGTCCGCCGTTCTACCA) were annealed (1 µg 

each) by boiling for 1 minute and cooled slowly to room temperature and subjected to 

Klenow polymerase at room temperature for 30 minutes. The Klenow produced 

mutant was amplified by PCR, digested overnight with PstI and XhoI, and ligated 

with T4 DNA ligase into the pre-digested PstI and XhoI plasmid, pZeoSV2(+) 
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(Invitrogen), which resulted in pMU Tyr

CUAtRNA . This plasmid was then used as a 

template for the six unidirectional copy gene cluster. First, mutant M. jannaschii 

tRNA was amplified by PCR with primers KpnI 1-1 Fwd 

(GGGGTACCAGCGCTCCGGTTTTTCTGTG) and KpnI 1-1 Rev 

(GGGGTACCTAGATAATTTATAATAAATGGTGCGGCGGG). The PCR 

product, mutant M. jannaschii Tyr

CUAtRNA , was digested with KpnI overnight, purified 

with QIAprep Miniprep Kit according to its manual (Qiagen), and ligated with T4 

DNA ligase into the pre-digested KpnI pMU Tyr

CUAtRNA  to yield pMU Tyr

CUAtRNA 2. The 

single copy mutant M. jannaschii tRNA was amplified by PCR with primers EcoRI 1-1 

Fwd (GGAATTCAGCGCTCCGGTTTTTCTGTG) and EcoRI 1-1 Rev 

(GGAATTCTAGATAAATTTATAATAAATGGTGCGGCGGG). The resulting  

PCR product was digested with EcoRI overnight and purified with the QIAprep 

Miniprep Kit as described in the manual (Qiagen). The purified digested PCR product 

was ligated in the EcoRI site of pMU Tyr

CUAtRNA 2 with T4 DNA ligase and resulted in 

pMU Tyr

CUAtRNA 3. Finally, the three copy mutant M. jannaschii Tyr

CUAtRNA  were amplified 

by PCR from pMU Tyr

CUAtRNA 3 using primers NheI 1-1-3 Fwd 

(GGGGCTAGCTTAAGCTTGGTACCAGCGC) and HindIII 1-1-3 Rev 

(GGGAAGCTTGGGCCCTCTAGACTCGAG). The tRNA was digested with NheI and 

HindIII overnight, purified with the QIAprep Miniprep Kit as described in the manual 

(Qiagen), and ligated with T4 DNA ligase into predigested pMU Tyr

CUAtRNA  3 to generate 
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pMU Tyr

CUAtRNA 6. The completion of pMU Tyr

CUAtRNA 6 was confirmed by DNA sequencing 

(University of Texas Core Facility).  

Cloning the Mutant Reporter Protein, Green Fluorescent Protein (GFP) 

Positions Lys4, Asp37, Tyr40, Thr50, and Tyr66 of the GFP gene under control 

of a CMV promoter in a mammalian expression vector, pLit-GFP, were mutated to an 

amber codon (TAG) in parallel using the Quikchange II Site-Directed Mutagenesis Kit 

(Stratagene). Briefly, pLit-GFP was subjected to PCR in order to synthesize the mutant 

strand using a high fidelity PfuUltra polymerase (Stratagene). Primers used for the 

mutant plasmids were FWD37TAGGFP 

(GGCGAGGGCGAGGGCTAGGCCACCTACGGCAAG), REV37TAGGFP 

(CTTGCCGTAGGTGGCCTAGCCCTCGCCCTCGCC),  50TAGGFPFWD 

(CTGAAGTTCATCTGCTAGACCGGCAAGCTGCCCGTG), 50TAGGFPREV 

(CACGGGCAGCTTGCCGGTCTAGCAGATGAACTTCAG). The PCR mixture was 

digested with DpnI and transformed into TOP10 E.coli cells. The recombinant plasmids, 

p4TAGGFP, p37TAGGFP, p40TAGGFP, p50TAGGFP, and p66TAGGFP, were 

purified and sequenced confirmed by DNA sequencing (UT Core Facility). 

Cloning of Sortase A 

The region that encodes Sortase A was cloned from the human P1 genomic 

library (Genome Systems) into pET28b (Novagen) previously to afford pET28-SrtA59 

(86). Mutant SrtAΔN59K137A was also generated previously as described in (87). 
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Additional mutants (SrtAΔN59K137TAG, SrtAΔN59K207A, and SrtAΔN59K207TAG) were 

generated with the following primers: pET28-SrtA59K137TAG FWD 

(CGATCCATGGGCCAAGCTAAACCTCAAATTCC), pET28-SrtA59K137TAG REV 

(CAACTTTAAAGTACACCATACTACCTTTCTAGGCTGCTTTAAG), pET28-

SrtA59K207A FWD (GTAGCTACAGAAGTCGCGCTCGAGCACCACCACC), 

pET28-SrtA59K207A REV (GGTGGTGGTGTCCGAGCGCGACTTCTGTAGCTAC), 

pET28-SrtA59K207TAG FWD 

(GTAGCTACAGAAGTCTAGCTCGAGCACCACCACC), and pET28-

SrtA59K207TAG REV (GGTGGTGGTGCCTCGAGCTAGACTTCTGTAGCTAC) 

using Quikchange Site-Directed Mutagenesis Kit (Stratagene) as directed. The template 

utilized in Quikchange Site-Directed Mutagenesis was pET28-SrtA59. The purified 

mutant plasmids were sequenced (UT Protein Facility) for verification. 

Suppression assay of amber GFP 

Human embryonic kidney (HEK) 293T cells were cultured in Dulbecco's 

modified Eagle's (D-MEM) high glucose medium containing 4.5 g/l glucose, 1.4% 

glutamine, 20 mM HEPES (Invitrogen) supplemented with 10% v/v heat-inactivated 

Fetal Bovine Serum (FBS) Premium Select, Lot # C0136 (Atlanta Biologicals) and 1% 

penicillin-streptomycin (HyClone) at 37°C in a humidified incubator containing 5% CO2 

atmosphere. Transfections were performed at 70-80% confluency in a 6-well plate 

(Corning) using FuGENE 6 (Lot # 93576920; Roche). The pMUTyrRS, pMU Tyr

CUAtRNA , 

and pXXTAGGFP (XX= 4, 37, 40, 50, or 66) constructs were transiently transfected into 
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HEK 293T cells using a FuGENE6 to DNA ratio of 1:3. DNA:FuGene6 complex was 

incubated for 15 minutes at room temperature and added drop wise into cell culture. 

Transfected cells were incubated for 72 hours at 37°C and 5% CO2. Full-length GFP was 

excited at 460-500 nm and detected in the cells by monitoring its emission wavelength 

(510-560 nm) using a Nikon Eclipse TE2000-S microscope with a FITC HyQ filter 

(Chroma). Negative controls lacking each of the aforementioned constructs, and positive 

controls transfected with the wild type GFP were also performed simultaneously. All 

genetic experiments were done in triplicate. 

For incorporation of p-methoxy-L-tyrosine into GFP by the orthogonal 

tRNA/synthetase pair, p-methoxy-L-tyrosine was added to the cell cultures 24 hours after 

transfection and incubated for an additional 48 hours. Full-length GFP was detected in 

the cells by monitoring its emission wavelength (510 nm) using a fluorescent microscope.  

Harvest and Lysis of 293T cells      

The mammalian plasmid harboring the gene that encodes GFP contains a 6x-

histidine tag to facilitate the purification process. The 293T cells were harvested with 1X 

PBS, physically scraped, and centrifuged at 1000 x g. The cells were re-suspended in 

2.5X passive lysis buffer (Promega) supplemented with a Complete Mini Protease 

inhibitor tablet (Roche), and incubated on ice for 30 minutes. The lysed cells were 

centrifuged at 6000 RPM for 10 minutes and the supernatant was collected.  
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Suppression of amber SrtAN59 

Incorporation of 3,4-dihydroxy-L-phenylalanine (L-DOPA) into positions K137 

and K207 were performed similar to (49). First, E. coli BL21 cells were transformed with 

a mutant (K137TAG or K207TAG) SrtAN59 and the resultant cells were made competent 

to yield E. coli BL21*MUSrtA. Then E. coli BL21*MUSrtA cells were transformed with 

pAC-DHPheRS-6TRN (a generous gift from the Peter G. Schultz lab) and were made 

competent to yield E. coli BL21*MUSrtA*DOPARS*tRNA cells. The resultant cell lines 

were grown overnight at 37°C. The overnight culture was collected by centrifugation and 

re-suspended (washed) with sterile de-ionized water and inoculated into M9 minimal 

media (240 mM Na2HPO4, 87 mM K2PO4, 146 M NaCl, 93 mM NH4Cl, 1 M glucose, 1 

M MgSO4, 1 M CaCl2) supplemented with 50 µg/ml kanamycin media and 12.5 µg/ml 

tetracycline. Cells were propagated at 37°C for 14 hours (OD600 of 0.7).  The culture was 

spiked with tetracycline (18.75 µg/ml) and 1 mM of L-DOPA for 40 minutes. Then the 

cells were induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and 

incubated for an additional 5 hours at 30°C. Cells were harvested by centrifugation (6000 

x g for 10 min at 4°C) and stored at -80°C. 

L-DOPA cross-linking and purification 

Frozen cells containing L-DOPA- SrtAN59 were re-suspended in lysed buffer (300 

mM NaCl, 50 nM Na2HPO4, 10 mM imidazole, pH 8.0). To initiate cross-linking 

reaction, sodium periodate (1 mM) was added for 1 hour and incubated on ice. Lysozyme 

(1 mM) was added to the iced reaction for an additional 30 minutes. The sample was 
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sonicated for 6 sec bursts, 45 sec rest for a total of 10 times and centrifuged at 12,000 g 

for 40 min at 4°C. Purification of L-DOPA-SrtAΔN59 from cleared cell lysate was 

performed. First, the cleared cell lysates were incubated with Ni-NTA agarose beads 

(Qiagen) for 2 hours at 4°C. The beads were extensively washed with wash buffer (300 

mM NaCl, 50 nM Na2HPO4, 20 mM imidazole, pH 8.0) and eluted with elution buffer 

(300 mM NaCl, 50 nM Na2HPO4, 500 mM imidazole, pH 8.0). 

Purification of wild-type SrtAAN59 and SrtAAN59 mutants (K137A and K207A) were 

achieved by His6 agarose beads. E. coli BL21 cells were transformed with wild-type 

SrtAAN59 or one SrtAAN59  mutants (K137A and K207A). Cells were grown in Luria-

Bertani (LB) media until OD600 reached 0.7. Expression of the proteins was induced by 1 

mM IPTG and cultures were grown for an additional 5 hours at 37°C. Cells were 

collected and proteins were purified as described above. A notable difference is sodium 

periodate was not added into the cleared lysates. 

Cross-linking and purification were examined by SDS-PAGE and western blot 

probed with anti-His6 (Invitrogen) or stained with coomassie or nitroblue tetrazolium 

redox-cycling solution. Total protein concentration was measured by the absorbance at 

280 nm.  

Western Blots 

The supernatant containing full-length mammalian-derived GFP  and SrtAAN59 

proteins were separated by 12% sodium dodecyl sulphate-polyacylamide gel 

electrophoresis (SDS-PAGE). The proteins were transferred onto an Immobilon PVDF 
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membrane (Millipore) or nitrocellulose membrane in transfer buffer (48 mM Tris, 39mM 

glycine, 20% methanol v/v, pH9.2) using a BioRad Semi-Dry Blotter (BioRad). The 

membrane was then probed with anti-myc primary antibody (Invitrogen) or anti-His6 

primary antibody (Invitrogen) and a goat anti-mouse IgG (H+L)-AP conjugated 

secondary antibody (BioRad). The bands were visualized with a chemiluminscent 

reagent, PhosphaGlo AP (KPL), on Kodak BioMax Light Film. 

All genetic assays and biochemical (western blots) experiments have been 

repeated no less than three times. 
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Chapter 3: Doxycycline-regulated Mammalian Two-Hybrid System 

INTRODUCTION  

Protein-protein interactions (PPIs) are essential to many fundamental biological 

processes including signal transduction, cell cycle control, transcription, translation, 

DNA replication, and apoptosis (107). A comprehensive understanding of protein-protein 

interactions within biological systems is needed to understand and regulate cellular 

functions. As discussed in Chapter 1, the yeast two-hybrid system is a versatile method 

for detecting protein-protein interactions in vivo and has been used to identify numerous 

physiologically relevant PPIs since its introduction in 1989 (34). However, several 

problems arise when using yeast two-hybrid systems to study interactions between 

mammalian proteins.  First, it is unclear whether mammalian proteins behave the same 

when expressed in yeast in the absence of their normal complement of physiological 

protein partners (108).  Second, protein post-translational modifications (PTMs) are often 

times critical for particular PPIs and it is unclear whether many mammalian proteins bear 

the appropriate PTMs when expressed in yeast cells.  To better understand protein-

protein interactions in mammalian cells, a mammalian cell-based two-hybrid system 

should provide more biologically relevant information concerning native PPIs than a 

yeast two-hybrid system.  Herein, we report a newly developed mammalian two-hybrid 

system (termed trM2H) which exhibits not only high sensitivity, but also a low-level 

background. The system can be used to detect protein-protein and peptide-peptide 
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interactions characterized by a broad range of dissociation constants (Kd ranging from 

0.99 nM to 55 µM) in mammalian cells. Thus, this system is suitable for detecting weak, 

transient PPIs as well as strong interactions. In addition, our trM2H system can be 

reversibly regulated in vivo by the small molecule doxycycline. 

The original yeast two-hybrid system 

Approximately twenty years ago, Fields and Song developed ‘a novel genetic 

system to detect protein-protein interactions that revolutionized methods to decipher the 

protein interactome (34). This novel genetic system was subsequently dubbed the yeast 

two-hybrid system because it was first introduced in Saccharomyces cerevisiae and took 

advantage of a modular transcriptional activator, GAL4, that contains both a DNA 

binding and activation domains. GAL4 normally activates transcription in yeast by 

binding to the GAL4 UAS operator and interacting with RNA polymerase. They 

correctly reasoned that if the DNA binding and activation domains of GAL4 were split 

into different protein products, then the transcription of genes under the control of the 

GAL4 UAS operator would be silenced. By separately fusing two target proteins that 

undergo a PPI onto the DNA binding and activation domains of GAL4, the fully 

functional GAL4 transcription factor could be reconstituted as long as the two target 

proteins bind to each other in vivo.  In their experiments, the GAL4 DNA binding domain 

(DBD) was fused to SNF4 and the GAL4 activation domain (AD) fused to SNF1.  It had 

been previously demonstrated that SNF4 interacted with SNF1 and was required for 

SNF1 to have high kinase activity (109). Both fusion proteins were expressed in an S. 
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cerevisiae strain (GGY1::171) that lacked functional GAL4 and GAL80 genes. In 

addition, the yeast strain used for these experiments also contained a GAL1-lacZ fusion 

gene controlled by the UASG operator, which requires a functional GAL4 for expression. 

Thus, in their system, GAL4 function (which occurs only when the target proteins 

interact) could be monitored by beta-galactosidase (LacZ) activity. Indeed, yeast proteins 

SNF1 and SNF4 were able to interact in vivo, reconstitute the functional GAL4 protein, 

and express beta-galactosidase (Figure 22A). Negative controls were also performed by 

introducing GAL4 DBD-SNF4 and GAL4 AD-SNF1 separately, but neither fusion 

protein was able to express beta-galactosidase by itself (Figure 22B and C, respectively) 

(34). This experiment demonstrates that modular proteins (such as GAL4) can be 

functionally reconstituted by means of protein-protein interactions. From these simple 

origins, the basic principles of the yeast two-hybrid system have been expanded to screen 

genome libraries for PPIs (termed global Y2H screening) for several organisms including 

S. cerevisiae, Drosophila melanogaster, Plasmodium falciparum, and Homo sapiens 

(110-116). 

Despite the incredible simplicity and vast utility of this method, the traditional 

yeast two-hybrid system is not without its drawbacks. For example, PPIs requiring post-

translational modifications or more than one binding partner are usually not detected. 

Also, PPIs involving membrane proteins or transcriptional factors are not detected.  In the 

case of a PPI involving a membrane protein or proteins that are targeted to organelles, the 

reconstituted transcriptional activator is not localized in the nucleus, where the reporter 

gene is transcribed.  Transcriptional factors are not ideal for the traditional two-hybrid 
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system because if you fuse a transcriptional factor to the DNA binding domain it will 

automatically activate transcription. Perhaps the most costly disadvantage of yeast two-

hybrid systems is that the PPIs that are detected are not necessarily biologically relevant 

(117).  Therefore, one by one confirmation of each interaction is usually required. 

 

 

Figure 22: Yeast two-hybrid system. 

Schematic illustration of the yeast two-hybrid system developed by Fields and 
 Song. 
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Membrane and cytosolic yeast two-hybrid systems 

Because the traditional yeast two-hybrid system does not detect PPIs involving 

membrane-bound proteins, a new strategy to detect PPIs between membrane proteins was 

developed. The new system is based upon a mutated split-ubiquitin (118, 119). Ubiquitin 

is a small protein that is covalently linked to the N-terminus of proteins targeted for 

destruction by the ubiquitin-specific protease (UBP).  UBP is a cytosolic protein that 

binds to ubiquitin and cleaves the ubiquitin-attached protein. Like the GAL4 transcription 

factor in the yeast two-hybrid system, ubiquitin can be split into two inactive fragments - 

an N-terminal part (NubI) and a C-terminal part (Cub). In addition, the split-ubiquitin 

must also be mutated (I13G) to prevent the spontaneous formation of a split-ubiquitin 

heterodimer. The membrane two-hybrid system was first demonstrated using two yeast 

membrane proteins (Wbp1 and Ost1) that are components of the yeast 

oligosaccharytranferase complex found in the membranes of the endoplasmic reticulum 

(ER) (118). As shown in Figure 23B, Ost1 was fused to Nub1 and Wbp1 was fused to 

both Cub and a reporter protein A-Lex A-VP16 (PLV). When a PPI between Wbp1 and 

Ost1 occurs, the split-ubiquitin fragments dimerize and target the Wbp1-Cub-PLV 

fragment for destruction by UBP. Once the Wbp1-Cub-PLV fusion is cleaved, the 

reporter protein (PLV) is free to relocate to the nucleus and activate transcription of the 

reporter gene, LacZ (cells expressing the product of LacZ, β-galactosidase, will be blue in 

the presence of X-gal) (118). As a negative control, Alg5 was utilized. Alg5, also a 

component of the yeast oligosaccharytranferase complex, is membrane protein located in 

the ER, but does not bind to Wbp1 (Figure 23C) (118).  The drawback to the membrane 
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yeast two-hybrid system is that Nub1 and Cub must be attached to membrane proteins 

such that when the membrane proteins interact, the Nub1 and Cub fragments 

heterodimerize in the cytosol (which is where UBP is located).  

 

 

Figure 23: Yeast membrane two-hybrid system. 

The split-ubiquitin two-hybrid system has also been modified to include detection 

of PPIs in the cytosol.  This is useful for studying PPIs between transcription factors 
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because it is not possible to study all transcriptional factors with the traditional two-

hybrid system due to their intrinsic ability to initiate transcription of the reporter genes 

(120). As a proof of concept, the interaction between the tumor suppressor protein p53 

and the large antigen T was examined. To prevent p53 localization to the nucleus, it was 

fused to a membrane protein, Ost4 (Figure 24). Although not shown in Fig 24, p53 was 

also fused to Cub and the PLV reporter protein.  Similar to the membrane two-hybrid 

system, when the interaction between the Ost4-p53-Cub-PLV fusion and the large T 

antigen-Nub1 fusion occurs, the split-ubiquitin is reconstituted, PLV is cleaved by UBP 

and is transported into the nucleus where it activates transcription of the lacZ and HIS3 

reporter genes.  

 

Figure 24: Yeast cytosol two-hybrid system. 
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Bacterial two-hybrid system 

A bacterial two-hybrid system was also developed to detect PPIs. In the bacterial 

two-hybrid system, the proteins of interest (X and Y) are expressed as hybrids fused to 

the alpha domain N-terminal region of RNA polymerase (RNAP) and to a DNA binding 

protein that lacks a functional transcription activation domain as shown in Figure 25A. If 

the X and Y proteins interact with each other, RNAP becomes stabilized on the promoter 

and is able to initiate transcription of a reporter gene. The bacterial two-hybrid system 

was first demonstrated by utilizing the bacteriophage lambda cI protein, which is a dimer 

that binds to DNA (Figure 25B) (35). Lambda cI dimers can bind to each other to 

mediate cooperative binding. The C-terminal domain of the lambda cI protein is 

responsible for dimer formation and dimer-dimer interactions. The N-terminal domain of 

the lambda cI binds to DNA and also binds to the alpha subunit of RNAP. In this study, 

the C-terminal domain of the alpha subunit of RNAP was replaced with the C-terminal 

domain of lambda cI protein. The reporter gene, lacZ, was under control of the upstream 

lambda operators controlled by lambda cI. The C-terminal domains of lambda cI 

interacted and were able to initiate transcription (35). 
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Figure 25: Bacterial two-hybrid system. 

Mammalian two-hybrid system  

To study PPIs between mammalian proteins, a two-hybrid system conducted in 

mammalian cells should allow the identification of biologically relevant PPIs that can not 

be detected in Y2H systems, such as PPIs that depend on post-translational modifications. 

The first mammalian two-hybrid system developed mimicked the original yeast two-

hybrid system (Figure 26). To confirm that the two-hybrid system could be used in 

mammalian cells, the interaction of mouse p53 with the large T antigen was examined 

(121). The reporter gene, chloramphenicol acetyltrasnferase (CAT), was placed under the 

control of five consensus Gal4 binding sites. The large T antigen was fused to the Gal4 



81 

DNA binding domain and p53 was expressed as a fusion protein to the herpes simplex 

virus VP16 activation domain. The interaction of p53 with the large T antigen was able to 

reconstitute a functional transcriptional activator that over-expressed CAT (121). Just like 

the original yeast two-hybrid system, the mammalian two-hybrid system has been 

extended to include high-throughput screening of libraries to simultaneously identify 

numerous PPIs  (122).  

 

Figure 26: Mammalian two-hybrid system. 

Reverse two-hybrid systems 

In contrast to canonical two-hybrid systems where the formation of PPIs between 

two proteins are monitored, reverse two-hybrid systems utilize a tightly regulated reporter 

gene that is toxic when expressed in order to identify how mutations or small molecules 

disrupt PPIs.  The reverse two-hybrid system was first demonstrated by analyzing the 
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pRB-E2F1 interaction (123, 124). Similar to the other systems described above, pRB was 

fused to the GAL4 DNA binding domain and E2F1 was fused to the GAL4 activation 

domain.  In this experiment, the reporter gene used was URA3, which converts 5-

fluoroorotic acid (FOA) into a toxic compound, allowing for negative selection in the 

presence of transcriptionally active GAL4. When a PPI occurs between pRB and E2F1, 

URA3 will be over-expressed and cells will not survive in the presence of FOA. When 

the PPI between pRB and E2F1 is disrupted, URA3 levels will decrease and cells will no 

longer be sensitive to the presence of FOA.  Thus, by using this negative selection, the 

experiment detects the dissociation of two proteins (pRB and E2F1) and, hence the assay 

is referred to as a “reverse” two-hybrid system.  When the p107 protein (which is known 

to competitively interact with pRB) was also expressed with the hybrid proteins, no toxic 

effects were seen, illustrating that p107 indeed disrupts the interaction between pRB and 

E2F1 in vivo.  Thus, this type of system is ideally suited to determine how mutations 

within a PPI or how small molecules disrupt PPIs.  The reverse two-hybrid system 

provides another variant of the two-hybrid system that may be used to further our 

understanding of the complex interactome. 

 

Although all the variants of two-hybrid systems described have been extremely 

successful in identifying native PPIs, they all share a common drawback – a high 

incidence of false-positives. In the following discussion, we develop a mammalian two-

hybrid system that can be reversibly regulated by a small molecule, which may allow a 

lower number of false positives. 



83 

RESULTS AND DISCUSSION 

Research Design 

The design of the tetracycline R mammalian two-hybrid (trM2H) system (Figure 

27) is based upon the reconstruction of the functional tetracycline repressor, TetR, which 

is a transcriptional regulator whose dimeric form binds specifically to the tet operator 

(tetO) to inhibit the downstream gene expression of tetracycline resistance genes (125). 

The dimerization of TetR is controlled by the specific interaction of its C-terminal 

dimerization domain (DD) (126, 127). In a commercial Tet-Off ® Inducible Gene 

Expression System (Clontech), TetR is connected to three nominal transcriptional 

activation domains (AD) taken from herpes simplex virus VP16 (128, 129). Dimerization 

of the TetR-VP16 fusion allows the N-terminal TetR domain to bind to the Tet-

Responsive Element (TREmod), while the C-terminal VP16 is free to recruit the 

transcriptional machinery (130, 131). This system was designed to tightly regulate the 

expression of protein levels in mammalian cells with a signal to noise ratio reaching 

1000:1 in the absence of tetracycline (128, 129, 132, 133). Our approach is to replace the 

TetR C-terminal dimerization domain with “bait” and “prey” protein molecules (X and Y 

in Figure 27). When the bait and prey interact through a PPI, the resulting TetR-VP16 

will dimerize to reconstitute the functional transcriptional activator and to initiate 

transcription of a reporter gene (green fluorescent protein (GFP), in our case). In contrast, 

the absence of the GFP signal indicates that there is no interaction between bait and prey 

molecules, as the monomeric TetR-VP16 cannot initiate transcription of the GFP gene. 
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Our system will have an advantage over existing mammalian two-hybrid systems because 

it can be controlled by a small molecule, doxycycline. 

 

Figure 27: Doxycycline-regulated mammalian two-hybrid system 

Validation of the assay 

TetR consists of ten alpha helices as shown in the crystal structure (Figure 28).  

The functional roles of each of the 10 helices are indicated in  Figure 29 (126).  Helices 

1-3 are responsible for the sequence-specific binding to the TRE operator. Disruption of 

α1-α3 is undesirable, because this would result in deregulation of TetR due to its lack of 

DNA recognition.  Helix α4 connects the DNA binding domain to the core region 

(composed of helices α5-α10).  The core region (also referred to as the regulatory region) 

contains the small molecule (doxycycline) binding pocket formed by helices α5-α6 as 

well as the dimerization surface, which is formed from helices α7-α10 (126). 
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Figure 28: Crystal structure of tetracycline repressor (TetR). 

Alpha (α) helices 1-10. α1-darkest blue, α2-medium blue, α3-light blue, α4-
 aqua, α5-green/blue, α6-green, α7-bright green, α8-yellow, α9-orange, α10-red. 
 Doxycycline bound in helices α5-α6. 

 

Figure 29: Organization of the TetR alpha helices. 



86 

The first obstacle in redesigning the two-hybrid system was to locate the minimal 

dimerization region of TetR, which must be removed before TetR can be used to identify 

PPIs between bait and prey proteins.  Otherwise, if TetR retains the ability to dimerize in 

the absence of bait and/or prey proteins, our assay would suffer from a high, non-specific 

level of background GFP expression. To locate the minimal region within TetR that is 

responsible for dimerization, the C-terminal α–helices (α4-α10) were sequentially 

deleted and replaced with the homodimeric yeast GCN4 leucine zipper (GCN4LZ), 

which has a Kd of 0.5 µM (134, 135). Based on the crystal structure of TetR (Figure 28), 

and the organizational layout of TetR’s alpha helices (Figure 29), four regions were 

chosen to be replaced with GCN4LZ. In these constructs  (CΔ480, CΔ439, CΔ339 and 

CΔ240), helices 4-10, 5-10, 6-10, and 8-10, respectively, were replaced with either 

GCN4LZ (Figure 30, left column) or a dimerization-deficient GCN4LZ mutant (Figure 

30, right column).   

GFP expression was then monitored in (HEK) 293H cells to determine the 

optimal site for GCN4LZ incorporation to reconstitute TetR dimerization. In a typical 

experiment, HEK 293H cells were transfected at 70-80% confluency using FuGene6. The 

effectiveness of this trM2H system was studied using fluorescence microscopy, based on 

the expression of GFP in vivo. Our results indicate that TetRCΔ240 (with helices 8-10 

replaced by GCN4LZ; Figure 31) was able to initiate the highest level of GFP expression 

(Figure 32B).  Importantly, when GCN4LZ was replaced with a dimerization-deficient 

GCN4LZ mutant (31) in the TetRCΔ240 construct (Figure 32C), we observed no GFP 

expression, indicating that the GFP expression observed with wild type GCN4LZ as the 
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bait and prey is indeed due to the dimerization of GCN4LZ.  This experiment 

demonstrates that the background signal in our assay is negligible.  Namely, using the 

TetRCΔ240 construct, GFP is only expressed in the presence of a functional bait-prey PPI.  

The negligible background GFP expression was also demonstrated by western blots 

(Figure 32D and E).  Deletion of additional TetR alpha helices (as in the CΔ480, CΔ439, 

CΔ339 constructs) either completely destroyed the functions of TetR-VP16 (CΔ439) or 

were unable to dissociate the TetR dimer (CΔ480 and CΔ339).  For these latter two 

constructs, GFP expression was still observed when the dimerization-deficient mutant of 

GCN4LZ was used as the bait and prey (Figure 30, right column).  This indicates that α-

helical regions of TetR are causing the observed dimerization, which would lead to an 

unwanted background signal.  This set of experiments not only helped to identify the 

most appropriate site for the incorporation of prey and bait molecules into the C-terminus 

of TetR, but also demonstrated that interactions between prey and bait (the GCN4LZ 

homodimer in this case) can successfully reconstruct the functional TetR-VP16 

transcriptional activator. 
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Figure 30: Genetic data for TetRΔC480, TetRΔC439, TetRΔC339 and TetRΔC240. 

HEK 293H cells were transfected with AcGFP, which is under the control of a 
 functional tetracycline repressor. Four tetracycline repressors with different alpha 
 helices deleted were replaced with a functional yeast GCN4 leucine zipper. 
 TetRΔC240 retained function after yeast GCN4 leucine zipper replaced the 
 dimerization domain. 
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Figure 31: Deletion of the dimerization domain. 

 
Tetracycline repressor (DNA binding domain) was expressed as a fusion protein 

with the activation domain VP16. The dimerization domain (α8-α10) of TetR was 
replaced with bait and prey. Protein-protein interactions between bait and prey generate a 
functional transcriptional  regulator. 
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Figure 32: GCN4LZ genetic and biochemical data. 

HEK 293H cells were transfected with GFP and a variant of tetracycline 
 repressor. GFP was expressed in the presence of a functional TetR as shown in 
 (A) WT TetR, (B) WT GCN4LZ and (C) MU GCN4LZ. HEK 293H cells were 
 lysed and subjected to SDS-PAGE then transferred to a nitrocellulose membrane. 
 The membrane was probed with anti-GFP to detect the expression of GFP as 
 shown in (D) WT TetR dimerization domain and (E) WT GCN4LZ (lane 1) and 
 MU GCN4LZ (lane 2).  

Fos-Jun interaction 

To examine whether our trM2H system can also be applied to detect formation of 

heterodimers, we used Fos and Jun (which has a known Kd of 0.99 nM) as the bait and 

prey. Fos and Jun peptides were cloned as bait and prey into a multiple cloning site 

(MCS) that was introduced into TetR-VP16 (136, 137). Plasmids encoding TetR-Fos-

VP16 (pWTFos) and TetR-Jun-VP16 (pWTJun) were co-transfected into HEK 293H 
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cells containing pTRE-Tight-AcGFP. As in the case with GCN4LZ, interaction of Fos 

and Jun dimerized TetR-VP16 and created a functional transcriptional regulator that 

promoted the expression of GFP in mammalian cells (Figure 33B). As a control, Fos was 

mutated at sites that abolish its binding to Jun (138). This pair of mutant Fos and Jun 

peptides was unable to restore the functional TetR-VP16 dimer. However, it is known 

that Jun can form a relatively weak homodimer (Kd of 0.27 µM), which results in the 

formation of homo-dimeric TetR-Jun-VP16 transcription activator (Figure 33C) (139). 

Western blot experiments were used to confirm the genetic data (Figure 33D and E).  It is 

interesting that the expression level of GFP in the cells containing the homodimeric Jun-

Jun PPI is lower than in cells containing the stronger Fos-Jun interaction (compare Figure 

33B and C). This comparison suggests that there is a direct correlation between the 

amount of GFP expressed in our assay and the value of the dissociation constant between 

the bait and prey.  Thus, our assay appears to be semi-quantitative and it is sensitive 

enough to detect PPIs over a wide range of dissociation constants. 
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Figure 33: Fos-Jun genetic and biochemical data. 

GFP expression was montiored in HEK 293H cells for (A) WT TetR, (B) WT 
 Fos-WT Jun and (C) MU Fos-WT Jun interactions. The cell lysates were 
 collected and GFP was visulaized by western blot using anti-GFP as shown in (D) 
 WT TetR, and (E) WT Fos-WT Jun and MU Fos-WT Jun. 

Sortase A interaction 

As suggested by our successful detection of Jun-Jun homodimers (Kd = 0.27 µM), 

the trM2H system seems to be highly sensitive towards weak protein-protein interactions 

in mammalian cells. Sortase A (SrtA), a transpeptidase, has recently been shown to be a 

dimeric protein with a Kd of 55 µM in vitro (140). A single mutation (K137A) on the 

surface of the enzyme has been shown to disrupt the dimerization of SrtA in vitro (87). A 

truncated sortase A with the N-terminal 59 amino acids deleted (SrtAΔN59), can be 
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expressed readily in mammalian cells (Figure 34). The gene encoding SrtAΔN59 was 

cloned into the MCS of TetR-VP16 to afford plasmid pWTSrtAΔN59. As a negative 

control, a gene encoding the mutant SrtAΔN59K137A was cloned into the same position of 

TetR-VP16 to afford plasmid pMUSrtAΔN59. HEK 293H cells co-transfected with 

plasmids pWTSrtAΔN59 and pTRE-Tight-AcGFP showed strong GFP signals (Figure 

35B), illustrating that association of SrtAΔN59 induces the dimerization of TetR-SrtAΔN59-

VP16 and activates the transcription of GFP. In contrast, HEK 293H cells co-transfected 

with plasmids pMU SrtAΔN59 and pTRE-Tight-AcGFP showed little or no background 

signal (Figure 35C). In this case, the SrtAΔN59 mutant K137A was unable to dimerize 

TetR-K137A-VP16 to initiate the transcription of GFP gene. Thus, the genetic data for 

SrtA from the trM2H system matches and supports the in vitro results (87, 140).  

Furthermore, the successful detection of the weak PPI leading to SrtA dimerization (Kd = 

55 µM in vitro), suggests that our trM2H assay is highly sensitive towards weak PPIs. 

 

Figure 34: Western blot of SrtAΔN59 expressed in mammalian cells. 

 SrtAΔN59 was expressed in HEK 293H cells and the cell lysate was subjected to a 
 western blot probed with anti-His6. Only one band was detected. 
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Figure 35: SrtAΔN59 genetic and biochemical data. 

SrtAΔN59 and GFP were transfected in HEK 293H cells. The expression of GFP 
 was visualized in (A) WT TetR, (B) WT SrtAΔN59 and (C) MU SrtAΔN59. The cells 
 containing GFP were collected and further analyzed with western blot (anti-GFP) 
 shown in (D) WT TetR, and (E) WT  SrtAΔN59 and MU SrtAΔN59. 

Doxycycline-regulated trM2H system 

Small molecules such as tetracycline and doxycycline (Dox) can specifically 

disrupt the trM2H system, since they are known to allostrically regulate the binding of 

TetR to the tetO transcriptional element (133). Previous structural studies have 

demonstrated that doxycycline binds to the α4 and α5 helices of TetR, which are retained 

in the truncated TetR construct being used in our studies (126).  Thus, disruption of GFP 

fluorescence by Dox can be used as a sensitive means to verify that a given bait and prey 
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are indeed dimerizing and activating TetR.  To test the ability of Dox to regulate TetR 

dimerization in our system, HEK 293H cells were co-transfected with pWTGCN and 

pTRE-Tight GFP, which encode TetR-GNC4-VP16 and GFP, respectively.  In the 

absence of Dox, the cells showed a positive GFP signal after 72 hours (Figure 36A). In a 

separate experiment, Dox was added to the culture 24 hours post-transfection. After an 

additional 48 hour incubation, only about 1% of the HEK 293H cells were fluorescent 

(Figure 36B). In this case, Dox disrupted the dimerization of TetR-GCN4-VP16, and 

GFP expression was turned off.  In another experiment, Dox was added immediately after 

the co-transfection. After 72 hours, less than 1% of the HEK 293H cells expressed GFP 

(Figure 36C). In this case, after 24 hours Dox was used up (the Dox half-life (t1/2) = 24 

hrs) and the TetR-GCN4-VP16 was allowed to dimerize. 

 

Figure 36: Dox-regulated trM2H system. 

GFP expression was monitored to show doxycycline regulates the TetR-GCN4-
 VP16 fusion protein. (A) No doxycycline was added to the co-transfection of 
 GFP and TetR-GCN4-VP16 fusion protein. Doxycycline (1 mM) was added to 
 the co-transfection of GFP and TetR-GCN4-VP16 fusion protein at (B) 
 transfection and (C) 24 hrs post-transfection. 
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Regulation of TetR dimerization by Dox in our trM2H system makes our system 

unique because we can now create an in vivo genetic selection (a simple selection scheme 

is shown in Figure 37). The in vivo genetic selection will be extremely useful for two 

purposes.  First, we can use it to lower the number false positive hits that are observed in 

traditional two-hybrid systems.  Namely, a true positive hit (indicating a PPI between bait 

and prey) will have to fulfill two criteria:  it will have to induce GFP expression in the 

absence of Dox and GFP expression will have to be turned off in the presence of Dox.  

Second, a similar methodology could be used in cell-based screens to identify small 

molecule or peptide inhibitors that disrupt (or strengthen) a particular PPI.  

 

Figure 37: Disruption assay utilizing trM2H system. 
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CONCLUSIONS 

In conclusion, we have developed a small molecule-regulated mammalian two-

hybrid system (trM2H) to detect peptide-peptide and protein-protein interactions in vivo. 

Both homo- and hetero-dimerization can be detected using this system and the assay is 

sensitive to a range of dimerization constants (from 0.99 nM to 55 µM, estimated from 

the known dimerization constants of Fos-Jun and SrtA, respectively). To the best of our 

knowledge, this system is the most sensitive genetic assay in mammalian cells to have 

been developed to date, and is capable of detecting weak PPIs with dissociation constants 

in the high micromolar range with excellent levels of background signal. The trM2H 

system can be extended as an efficient genetic selection assay in mammalian cells to 

identify library-derived ligands that bind specifically to the target protein (forward assay) 

or to specifically disrupt protein-protein interactions (reverse mammalian two-hybrid 

system). The trM2H system should facilitate the study of protein-protein interactions in 

mammalian systems, and could help to build protein-protein interaction maps for 

mammalian cells that contain contributions from weak, transient PPIs that are not 

detectable in other two-hybrid assays. 

MATERIALS AND METHODS 

Strains and Enzymes  

Chemically competent Escherichia coli (E. coli) TOP10 cells were used for 

propagation and isolation of all plasmids. Human embryonic kidney (HEK) 293H cells 
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were used for genetic assays. All enzymes were obtained from New England Biolabs 

unless otherwise stated. 

Cloning the parent two-hybrid plasmid 

Restriction sites AgeI and KpnI were inserted flanking the dimerization domain 

(alpha helices 8-10) of the tetracycline repressor gene located in the pTetOff (Clontech) 

using the Quikchange II Site-Directed Mutagenesis Kit (Stratagene). Sites were added in 

sequentially using the primers RCIII62A 

(TGAAAGTGGGTCCACCGGTGCGTACAGCCGCG) and RCIII62B 

(CGCGGCTGTACGCACCGGTGGACCCACTTTCA) for the Age1 restriction site and 

RCIII113A (CAAGGTTTTTCACTAGGTACCGAGAATGCATTATATG) and 

RCIII113B (CATATAATGCATTCTCGGTACCTAGTGAAAAACCTTG) for the Kpn 

I restriction site. The sequence of the resulting pTOAgeIKpnI plasmid was confirmed by 

DNA sequencing (University of Texas Core Facility). 

Cloning wild-type and mutant GCN4 leucine zipper 

To generate “bait,” overlapping oligonucleotides (RCIII64A-

AAGGTACCAGAATGAAACAACTTGAAGACAAGGTTGAAGAATTGCTTTCGA

AAAATTATCACTTGG and RCIII64B-

AAACCGGTGCGTTCGCCAACTAATTTCTTTAATCTGGCAACCTCATTTTCCAA

GTGATAATTTTTC) were designed for the yeast wild-type GCN4 leucine zipper. 

The oligonucleotides (1 µg of each) were annealed by boiling for 1 minute and cooled 
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down at room temperature slowly. The annealed oligonucleotides were then subjected 

to a Klenow reaction at room temperature for 25 minutes and were TOPO cloned into 

pCR-BluntII-TOPO (Invitrogen) according to the manual, resulting in 

pWTGCN4LZTOPO plasmid. pTOAgeIKpnI and pWTGCN4LZTOPO plasmids were 

digested with Age I and Kpn I for 2 hours at 37°C. Digested pTOAgeIKpnI was 

treated with calf intestinal alkaline phosphatase (CIP) for 1 hour at 37°C and purified. 

The digested wt GCN4LZ fragment was purified by QIAquick gel extraction kit 

(Qiagen). The digested products were ligated at room temperature for 3 hours using 

T4 DNA ligase (Promega) and transformed into TOP10 chemically competent cells to 

afford the resulting plasmid, pWTGCN4LZ. 

The mutant yeast GCN4LZ was constructed as above except the oligonucleotides 

used were RCIII64 

(AAGGTACCAGAATGAAACAACCAGAAGACAAGGTTGAAGAACCACTTT

CGAAAAATTATCACCCAG) and RCIII64D 

(AAACCGGTGCGTTCGCCAACTAATTTCTTTGGTCTGGCAACCTCATTTTC

TGGGTGATAATTTTTC). The resulting plasmid, pMUGCN4LZ, was confirmed by 

sequencing. 

Cloning wild-type Fos, mutant Fos and wild-type Jun 

pWTFos, pMUFos and pWTJun were cloned with the same protocol described 

above for pWTGCN4LZ. The following primers were used to clone pWTFos, pMUFos 
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and pWTJun GTVI14C 

(GGGGTACCCTGACTGATACACTCCAAGCGGAGACAGACCAACTAGAAGATG

AGAAGTCTGCTTTGCAGACCGAGA), GTVI14D 

(GGCCGGCAAACCGGTAGCTGCCAGGATGAACTCTAGTTTTTCCTTCTCCTTC

AGCAGGTTGGCAATCTCGGTGTCCAAAGCA), GTVI14E 

(GGGGTACCCTGACTGATACACTCCAAGCGGAGACAGACCAACTAGAAGATG

AGAAGTCTGCTGTGCAGACCGAGA), GTVI14F 

(GGCCGGCAAACCGGTAGCTGCCAGGATGAACTCTACTTTTTCCTTCTCCTTC

AGCGCGTTGGCAATCTCGGTCTGCACA), GTVI14G 

(GGGGTAACAGAATCGCCCGGCTGGAGGAAAAAGTGAAAACCTTGAAAGCT

CAGAACTCGGAGCTGGCGTCCACGGCCA) and GTVI14H 

(GGCCGGCAAACCGGTGTGGTTCATGACTTTCTGTTTAAGCTGTGCCACCTGT

TCCCTGAGCATGTTGGCCGTGGACGCCAGC). All plasmids were confirmed by 

sequencing (University of Texas Core Facility). 

Cloning wild-type and mutant sortase AΔN59 

The DNA encoding the wt Sortase AΔN59 (SrtAΔ59) gene was amplified by the 

polymerase chain reaction (PCR) from SrtAΔN59:pET28b (140) using primers GMVI17A 

(GGGGTACCATGGGCCAAGCTAAACCT) and GMVI17B 

(GGAAATTTTACCGGTCTCGAGTTTGACTTCTGT). The PCR product was digested 

with Age I and Kpn I overnight at 37°C and purified with QIAquick PCR purification 

kit (Qiagen). Purified digested pTOAgeIKpnI (described above) and the purified 
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digested wt SrtAΔN59 gene were ligated at room temperature for three hours with T4 DNA 

ligase (Promega) and transformed into TOP10 chemically competent cells. The plasmid 

constructed yielded pWTSrtAΔ59. 

The plasmid pMUSrtAΔ59 was constructed identically to pWTSrtAΔ59 except the 

mutant SrtA was cloned out of SrtAΔN59K137A:pET28b (140). pWTSrtAΔ59 and 

pMUSrtAΔ59 were both confirmed by sequencing (University of Texas Core Facility). 

Cell Culture and transfections      

HEK 293H cells were cultured in D-MEM high glucose medium (Invitrogen) 

supplemented with 10% v/v heat-inactivated Fetal Bovine Serum (FBS) Premium Select, 

Lot # C0136 (Atlanta Biologicals) and 1% penicillin-streptomycin (HyClone) at 37°C in 

a humidified incubator containing 5% CO2 atmosphere. Transfections were performed at 

70-80% confluency in a 100 mm plate (Corning) using FuGENE 6 (Lot # 93576920; 

Roche). The pTRE-Tight-AcGFP, pTetOff, and pTetOff hybrid constructs were 

transiently transfected into HEK 293H cells as described in the FuGENE 6 manual. All 

transfections used a reagent:DNA ratio of 3:1. Full-length GFP was excited at 460-500 

nm and detected in the cells by monitoring its emission wavelength (510-560 nm) using a 

Nikon Eclipse TE2000-S microscope with a FITC HyQ filter (Chroma). All genetic 

experiments were performed in triplicate. 
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Harvest and lysis of HEK 293H cells 

HEK 293H cells were harvested with 1X PBS, trypsinized, and centrifuged at 

1000 x g. The cells were re-suspended in 2.5X passive lysis buffer (Promega) 

supplemented with a  Complete Mini Protease inhibitor tablet (Roche) and incubated on 

ice for 30 minutes. The lysed cells were centrifuged (1000 x g) to collect the soluble 

fraction. The proteins were visualized by western blot.  

Western Blots      

The supernatant containing GFP was separated by 12% sodium dodecyl sulphate-

polyacylamide gel electrophoresis (SDS-PAGE). The proteins were transferred onto a 

nitrocellulose membrane (Millipore) in transfer buffer (48 mM Tris, 39mM glycine, 20% 

methanol v/v, pH 9.2) using a BioRad Semi-Dry Blotter for 30 minutes at 10 V. The 

membrane was then blocked with 4% dry milk, probed with anti-GFP antibody (Applied 

Biological Materials) and a rabbit anti-goat IgG (H+L)-HRP conjugated secondary 

antibody (Santa Cruz) for 1 hour each at 4°C. The bands were visualized with a 

chemiluminscent reagent, Amersham ECL Plus (GE Healthcare), on Kodak BioMax 

Light Film. 

All genetic assays and biochemical (western blots) experiments have been 

repeated no less than three times. 
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Chapter 4: Generating a Peptide-Antibody Substitute 

INTRODUCTION 

Monoclonal antibodies have been progressively gaining more attention in the last 

decade due to the importance of their therapeutic abilities and use in laboratories (141). 

Since antibodies are highly specific, their use as therapeutics generally leads to fewer 

toxic side effects (142, 143). Unfortunately, the high cost of producing potentially 

therapeutic monoclonal antibodies is unfavorable. In order to offset the cost of producing 

large amounts of therapeutic antibodies, antibody engineering efforts have focused on 

optimizing expression systems to produce functional antibodies (144). The drawback to 

this approach is that the typical expression systems employed are not general.  Thus, 

while a given system may increase the yield for one antibody, it cannot always increase 

the yield for others (144). Another disadvantage for using monoclonal antibodies as 

potential drugs is their large size, which limits their use for targeting membrane-

associated epitopes (141). The ideal antibody, therefore, would be something that is small 

enough to produce in a cost effective manner, but which still retains specificity to the 

desired target.   

Herein, we propose creating a ‘synbody’ to overcome these problems. A synbody 

is a small peptide that mimics the specificity of a monoclonal antibody, yet is small 

enough to aid in therapeutic applications and is cheap to produce. Our studies will focus 

on engineering a synbody to bind to the Src-homology (SH3) domain of the proto-
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oncoprotein, Abl tyrosine kinase. The SH3 domain of Abl kinase is responsible for PPIs 

that help down regulate Abl.  Regulation of these PPIs with a synbody could potentially 

enable the kinase activity of Abl to be manipulated.  The importance of the Abl SH3 

domain specificity in the human protein-protein interaction network is vital to 

understanding several human diseases, such as chronic myelogenous and lymphocytic 

leukemias (145). In this chapter, we will use proteome wide-computational programs to 

identify binder and non-binder peptides (synbodies) for the Abl SH3 domain and will 

confirm these predictions by in vitro and in vivo biochemical and genetic studies.  

Src homology 3 (SH3) domains  

SH3 domains are protein-protein interaction motifs that were first recognized as 

‘sequence similar regions’ in phospholipase C and tyrosine kinases (146). SH3 domains 

consist of approximately sixty amino acids, which form five anti-parallel β-strands 

(Figure 38). The five anti-parallel β-strands fold into two anti-parallel β-sheets at right 

angles to one another with one β-strand that is shared. The SH3 domain also contains two 

variable loops (147-149). The human genome has 296 different SH3 domains (150). 

These modular SH3 domains serve primary roles in the assembly of functional protein 

complexes and in the regulation of protein function.  Not surprisingly, SH3 domains are 

responsible for mediating important cellular processes such as cell movement, cell 

growth and differentiation, immune responses, intracellular signaling, cell-environment 

communication, and cytoskeletal rearrangements (151). Thus, SH3 domains mediate 

some of the most important protein-protein interactions within cells. 
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Figure 38: Crystal structure of the SH3 domain of Abl tyrosine kinase 

The vast majority of SH3 domains bind to proline-rich sequences containing a 

core element, PxxP, where x denotes any amino acid (147-149). Because about 25% of 

the proteins encoded in the human genome contain proline-rich sequences, it is possible 

that the 296 putative SH3 domains found in human proteins could form PPIs with 

multiple proteins in vivo.  Indeed, some SH3 domains seem to have highly promiscuous 

binding patterns in vitro, and have been demonstrated to bind to diverse sets of protein 
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ligands (152-154). The proline-rich sequences bound by SH3 domains can be divided 

into class I ([R/K]xXPxXP) and class II (XPxXPx[R/K]) motifs, where X denotes a non-

glycine, hydrophobic residue and x denotes any naturally occurring amino acid (155, 

156). Both of these motifs form left-handed helices (referred to as polyproline type II 

helices, PPII) that are characterized by three amino acid residues per helical turn (157, 

158). Two features of the PPII helix are thought to make it highly adaptable as a PPI 

recognition motif.  First, both the side chains groups and the backbone carbonyls of the 

PPII motif radiate outward from the helical axis, which allows for the physiochemical 

properties of the motif to be highly diverse.  Thus, slight alterations in the amino acids 

that compose the PPII motif can confer binding specificity to specific SH3 domains. 

Second, the constrained backbone structure of the PPII helix is thought to reduce the 

entropic cost of binding to SH3 domains (147). The conserved basic and hydrophobic 

residues in the proline-rich peptide generally make specific electrostatic and hydrophobic 

interactions with conserved residues in the SH3 domain (154). Finally, XP dipeptide units 

in the proline-rich motif also contribute to SH3 binding specificity. The XP dipeptide 

units occupy two shallow binding pockets on the SH3 domain (159). Thus, binding 

specificity can be regulated by altering the depth of the binding pocket on the SH3 

domain as well as the identity of the “X” residue in the XP dipeptide unit.  

While the vast majority of SH3 domains bind to proline-rich motifs, a few SH3 

domains bind to atypical motifs (153, 155-157). Several established examples of these 

non-canonical motifs include PxxDY, RxxK, and Arginine-Serine-rich sequences which 

bind to SH3 domains from Eps8, Gads, and Fus1, respectively (160-162). Other atypical 



 107 

motifs involve binding specificity due to tertiary contacts.  Here, the SH3 binding pocket 

does not bind directly to a specific protein motif.  Instead, other regions of the SH3 

domain engage in PPIs.  As one example, the human immunodeficiency virus (HIV) 

protein Nef is known to bind to SH3 domains via tertiary interactions (163). 

Unfortunately, the atypical SH3 binding modes are not well studied.  Thus, it is unclear 

what factors contribute to the specificity of the PPIs in these cases. It is generally 

believed that these atypical binding modes may serve to expand the number of functional 

interactions available to SH3 domains, making them a more pliable and adaptable PPI 

motif. 

Regardless of the SH3 binding partner specificity, the majority of binding 

interactions mediated by SH3 domain are characterized by moderately weak affinities - 

usually in the range of 1 to 100 µM (164). These low affinities may allow for the tight 

temporal regulation of the PPIs mediated by SH3 domains in order for cells to respond 

rapidly to environmental cues. Here, we will attempt to develop a tight-binding peptide 

(termed a synbody) for SH3 domains that is capable of out-competing endogenous SH3 

protein ligands.  This could enable us to regulate the range of PPIs mediated by the Abl 

SH3 domain.  The synbody could possibly be used as a 1st generation drug and/or 

biomarker for diseases that are caused by unregulated SH3 domains. 

Abelson Tyrosine Kinase 

The eukaryotic protein kinase superfamily contains the Abl family, which 

includes the non-receptor tyrosine kinase Abelson  (c-Abl) (165). The c-Abl kinase is  
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localized primarily in the nucleus and cytoplasm (166) and has been linked to pathways 

involving the regulation of cell growth and survival, cell migration, and the sensing of 

oxidative stress and DNA-damage (167-169).  The structural organization of the abl gene 

is shown in Figure 39. The kinase, SH2, and SH3 domains of the Abl family are 

conserved among other kinase families, including the Src and Tec families (170, 171). As 

mentioned above, the SH3 domain binds to proline-rich sequences within proteins in 

order to down-regulate the activity of the kinase domain. The conserved SH2 domain 

binds to phosphorylated tryosines within the kinase domain of c-Abl to stabilize the 

inactive conformation as well as to other c-Abl binding partners that contain phosphate 

groups (172). The kinase domain of c-Abl is conserved among all protein tyrosine 

kinases (PTKs) and is responsible for transferring a γ-phosphate from adenosine 

triphosphate (ATP) to tyrosine residues of substrate proteins (173, 174). 

In addition to the conserved kinase, SH3, and SH2 motifs, there are several non-

conserved domains in c-Abl located in the N- and C-terminal regions. The N-terminal 

region consists of a ‘Cap’ domain, which is responsible for membrane anchoring via 

myristol groups. The myristol groups have also been shown to contribute to the 

autoinhibited conformation by binding to a deep hydrophobic pocket in the kinase 

domain (172, 175). The C-terminal region contains motifs responsible for localization 

(including three nuclear localization and one nuclear export signal) and proline-rich 

sequences that bind to the SH3 domains of other proteins (176-178).  In addition, there 

are binding sites for F-actin and globular (G)-actin in the C-terminal domain, implicating 

c-Abl in actin reorganization (168). A feature that makes c-Abl unique among receptor 
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tyrosine kinases is its ability to bind DNA via a HMG-like motif located in its C-terminal 

domain (179). The DNA binding site was found to interact with distorted DNA structures 

(four way junctions and DNA with large single-stranded loops) and to A/T rich DNA 

sequences within chromatin (176-178, 180, 181). The ability of c-Abl to bind to DNA has 

implicated c-Abl in cell growth inhibition and apoptosis (182).  

 

Figure 39: Structural domains of c-Abl 

The regulation of c-Abl is accomplished through a myriad of extracellular and 

intracellular stimuli that control intra- and inter-molecular interactions, which in turn 

favor either an active or an inactive c-Abl conformation (171). Auto-inhibition of c-Abl 

via an intricate network of intramolecular protein-protein interactions is one form of 

regulation. Any disruption of the tightly controlled auto-inhibition is thought to lead to 

activation. Through site-directed mutagenesis and domain deletion studies, the c-Abl SH3 

domain has been shown to be crucial for the auto-inhibition of the kinase activity (183-

185). Mutations in (or deletion of) the SH3 domain lead to constitutive kinase activity 

and to cell proliferation.  Altering the position of the SH3 domain within the full-length 

protein also leads to constitutive kinase activity (186). The mechanism of auto-inhibition 

involves binding of the SH3 domain to the linker region between the SH2 and kinase 
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domains, forming the SH3-SH2 clamp (171). The SH3 domain also binds to the N-

terminal region of the kinase domain (187). In addition, the SH2 domain makes crucial 

hydrogen-bonding interactions with the C-terminal end of the kinase domain.  These 

interactions also serve to stabilize the auto-inhibited form of the kinase (172). Because 

the SH3 and SH2 domains are both required for stabilization of the inhibited state, and 

because these two domains are connected by a short amino acid linker, it is thought that 

their conformations are dynamically coupled (44). Thus, stabilization or disruption of one 

domain leads to stabilization or disruption of the other domain.  The SH3-SH2 clamp is 

initiated by the binding of the myristoyl groups on the N-terminus of c-Abl to the kinase 

domain (172, 175). 

Growth factors and mitogenic receptors of the non-tyrosine kinase type can also 

activate c-Abl by trans-phosphorylation of Tyr412 and Tyr245 in the activation loop of 

the kinase domain (188-190). It has been confirmed by mutagenesis studies that Y412 

and Y245 are required for the activation of c-Abl (189). Trans-phosphorylation of c-Abl 

is achieved through the platelet-derived growth factor activating Src kinases, 

transforming growth factor β, angiotension subtype 1, and phosphoinositide 3-kinase 

(189-193). Once Y412 is phosphorylated, the activation loop opens up and the active site 

of the kinase domain can bind to c-Abl substrate proteins (194).  

Role of Abl kinase in disease 

The abl gene is involved in a reciprocal chromosomal translocation with the 

breakpoint cluster region (Bcr) to generate the Philadelphia chromosome. The 

Philadelphia chromosome contains genes encoding the breakpoint cluster region fused to 
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the N-terminus of c-Abl. The gene encoding c-Abl is preserved except for the N-terminal 

‘cap,’ which is deleted after the translocation. As stated above, the cap is responsible for 

initiating the formation of the SH3-SH2 clamp; therefore, regulation of Bcr-Abl is 

destroyed, and the kinase activity of Abl becomes constitutive (195). The constitutive 

kinase activity of the Bcr-Abl fusion is associated with acute lymphocytic leukemia 

(ALL), chronic myelogenous leukemia (CML), and chronic neutrophilic leukemia (CNL) 

(196). The oncogenicity of the Bcr-Abl fusion protein is caused by activating several 

signaling pathways, which include Ras, MAPK/ERK, Myc, c-Raf, SAPK/JNK, Stat, and 

PI-3 kinase (197-203). These signaling pathways are activated by the de-regulation of 

Abl tyrosine kinase activity, which leads to the phosphorylation of additional substrate 

proteins and to the recruiting of adaptor molecules (204-206). It has been shown that 

inhibition of these activated signaling pathways impairs the oncogenic ability of Bcr-Abl 

(201, 203, 207, 208).  

Due to the critical role played by Abl kinase in the aforementioned diseases, 

strategies to control the activity of Abl kinase are desirable.  We will attempt to tackle 

this issue by modulating the protein-protein interactions that are required for the binding 

and phosphorylation of Abl kinase substrate proteins.  Namely, we will develop a small 

peptide antibody (a synbody) that binds with high affinity and specificity to the Abl SH3 

domain.  Because the majority of SH3-mediated PPIs have relatively weak affinities, a 

tight binding synbody could be used to effectively down-regulate Abl kinase.  In 

addition, the small size and facile large-scale production of the synbody will help to 
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circumvent several major problems associated with the development of therapeutic 

anitbodies. 

RESULTS AND DISCUSSION 

Computational studies 

In collaboration with Wei Wang (University of California at San Diego), several 

computational programs were employed to identify 10-amino acid long peptides within 

the human proteome that contain a PxxP motif. All of the identified peptides were ranked 

based on their predicted peptide binding affinities to Abl SH3 using the position specific 

scoring matrix (PSSM) (209). Binding affinities were calculated by using the difference 

between the peptide binding free energies of the peptide and the template peptide, 

APSYSPPPPP. The top 10,000 peptides from the PSSM results were further analyzed to 

remove false-positives based on the fact that peptides that bind to the Abl tyrosine kinase 

SH3 domain should be more conserved than random peptides across eukaryotic 

organisms. This was accomplished by conducting a conservation analysis between the 

10,000 member peptide library and 7 different species, which included Homo sapiens, 

Mus musculus, Bos taurus, Canis familiaris, Rattus norvegicus, Pan troglodytes, and 

Macaca mulatta. Peptide sequences that were conserved within at least 4 other species 

were considered to be true binding partners for the Abl tyrosine kinase SH3 domain. Out 

of the 10,000 possible peptide binders, the conservation analysis deemed more than half 

(5,909) of them to be false-positives. The resultant 4091 peptides from the conservation 
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analysis were further analyzed to assign whether each peptide was a binder or non-binder 

for the Abl tyrosine kinase SH3 domain. A previously developed computational model, 

MIEC-SVM,  was utilized for this task (210). The MIEC-SVM model analyzes the 

interaction free energy patterns between the protein (Abl SH3) and peptide. After this 

model was applied, only 1,394 peptides were classified as true binders for the Abl 

tyrosine kinase SH3 domain. Examination of Table 1 reveals that many known Abl 

binding peptides were predicted as true binders.  TOP3 peptide is within the EVL protein 

that is invovled in actin regulation. The polyproline rich sequence within the EVL protein 

has been shown to bind to c-Abl SH3 domain, which corroborates the computational 

studies (211). Also, TOP4, (WASF1) TOP5 (WBP1), TOP7 (SHAN3), and TOP9 

(WASP) peptides are known to interact with the c-Abl protein (212-215). More 

specifically the results strongly imply that the peptides (TOP 4, 5, 7, and 9) interact with 

c-Abl via the SH3 domain. The TOP1 peptide (DOS) has been linked to cell lines that 

overexpressed the c-Abl protien, but the interation of TOP1 to c-Abl has not been 

confirmed (216). Therefore, biochemical and genetic analysis were performed to further 

validate this proteome-wide computational approach. 
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Table 1. Top ten predicted binders to the c-Abl SH3 domain 

ID Sequence Score Position Protein Name 

TOP1 APAFPPPSPP -3.24 497-506 DOS_HUMAN 

TOP2 PPAMPSPPPP -3.24 685-694 PRR12_HUMAN 

TOP3 PPPPPVPPPP -2.65 185-194 EVL_HUMAN 

TOP4 TPPPPVPPPP -2.65 347-356 WASF1_HUMAN 

TOP5 PPPLPSPPPP -2.64 438-447 WBP7_HUMAN 

TOP6 PPGYPYPPPP -2.36 167-176 WBP2_HUMAN 

TOP7 PPAFSPPPPP -1.40 836-845 SHAN3_HUMAN 

TOP8 TPPMPPPPPP -0.54 549-558 FMNL2_HUMAN 

TOP9 GPPMPPPPPP -0.54 390-399 WASP_HUMAN 

TOP10 GPPPPPPAPP -0.25 561-570 DIAP_HUMAN 

 

GST pull-down assays 

To validate our computational approach to identifying small peptide ligands for 

the Abl SH3 domain, we choose to study the peptide binder with the best binding score 

from the library of 1,394 “true” binding peptides using in vitro pull down assays. The 

peptide that was identified to be the optimal binder for the Abl kinase SH3 domain was 

termed TOP1 (APAFPPPSPP).  As a negative control for these assays, we used the 

peptide predicted to have the lowest binding affinity (termed BOT1, AAAMQKPSLP) 
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from the initial 10,000 member peptide library. The Abl SH3 domain was expressed as an 

MBP fusion protein and both TOP1 and BOT1 were expressed as GST fusions. After 

expression and purification, GST-TOP1 was incubated with glutathione beads, loaded 

onto a column, and washed. Cell lysates containing the over-expressed MBP-SH3 fusion 

protein were then applied to the GST-TOP1 bound glutathione beads and washed.  

Proteins bound to the GST beads (GST-TOP1 and any proteins that interact with it) were 

then eluted and visualized by western blot probed with an anti-MBP antibody (Figure 40, 

lane 4). Our results indicate that MBP-SH3 bound to GST-TOP1 and was retained on the 

column during the binding and wash steps. To confirm the specificity of the MBP-

SH3/GST-TOP1 binding interaction, four negative controls were also analyzed in parallel 

(Figure 40, lanes 1-3 and 5).  These controls demonstrate that MBP and GST are not 

interacting (lane 1) and that the SH3 domain of the MBP-SH3 fusion does not bind to 

either GST-BOT1 (Figure 40, lane 2) or to GST (Figure 40, lane 3). A small amount of 

MBP was detected in the last control (Figure 40, lane 5) indicating a weak interaction 

between TOP1 and MBP.  However, in comparison to the signal obtained when GST-

TOP1 was incubated with MBP-SH3 (Figure 40, lane 4), the background detected in lane 

5 is negligible.  

Western blots probed with anti-MBP cannot be used to detect the levels of resin-

bound GST or GST fusion proteins.  Therefore, to verify that the amount of GST or GST 

fusion proteins present on the resin beads in the column were similar for all experiments, 

proteins eluted from the column after the binding and wash steps were also analyzed by 

SDS-PAGE and coomassie blue staining (Figure 41). Based on the gel (Figure 41) the 
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GST protein had a higher expression level than either of the GST fusion proteins (GST-

TOP1 and GST-BOT1), which appeared to be expressed at similar levels.  Even with the 

increased amount of GST in these lanes (lans 1 and 3), we were still unable to detect an 

interaction between GST and MBP or MBP-SH3.  In contrast, even though the 

expression level of GST-TOP1 was much lower, a clear MBP-SH3 band can be observed 

in both the western blot and coomassie stain (lane 4).  Together, these data indicate that 

the TOP1 synbody binds specifically to the Abl kinase SH3 domain, while the BOT1 

peptide does not.  These results are in line with the predictions made by our 

computational method.  

 

Figure 40: Western blot (anti-MBP) of proteins purified by GST-fusion affinity 

chromatography. 
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Figure 41: Coomassie stain of proteins purified by GST-fusion affinity chromatography. 

Tetracycline repressor-based mammalian two-hybrid (trM2H) assay 

In vitro preliminary results indicated that TOP1 binds to the Abl tyrosine kinase 

SH3 domain.  Next, we investigated the interaction of Abl tyrosine kinase SH3 domain 

and TOP1 or BOT1 in vivo using the previously developed tetracycline repressor-based 

mammalian two-hybrid (trM2H) system (217). Briefly, the tetracycline repressor will 

dimerize due to the interaction of bait and prey and initiate transcription of the reporter 

gene, green fluorescent protein. In this case, bait and prey are the TOP1 or BOT1 

peptides and the Abl tyrosine kinase SH3 domain, respectively. HEK 293H cells were 

transfected with plasmids pTre-Tight-AcGFP, pTetR, pTetR-SH3-VP16, pTetR-TOP1-

VP16 or pTetR-BOT1-VP16. Figure 42A illustrates that no GFP was detected when only 

pTRE-Tight-AcGFP was transfected. This was expected since TetR is not present to 
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initiate transcription. No fluorescence signal was detected in Figure 42B and c indicating 

that TOP1 and BOT1, respectively, do not form homodimers. Figure 42D shows the 

positive control, where TetR is in its native dimer form, which initiates transcription of 

GFP. Figure 42E demonstrates that the Abl tyrosine kinase SH3 domain recognizes only 

specific peptide sequences and not random peptides, such as BOT1. The TOP1 peptide 

interacts with the Abl tyrosine kinase SH3 domain as shown indirectly by the expression 

of GFP (Figure 42F). TetR dimerization and the TOP1-SH3 interaction (Figure 42D and 

F) seem to express similar levels of GFP, but this is not the case. TetR dimeriztion 

(Figure 42D) leads to a higher total amount of fluorescent cells than the interaction of 

TOP1 with SH3. This discrepancy is due to the local confluency at the site these images 

were taken and can be seen in the bright field images in Figure 43D and F. Nevertheless, 

our genetic data indicates that Abl tyrosine kinase binds specifically to the TOP1 peptide 

and not to the BOT1 peptide. The in vivo results confirm the computational  and in vitro 

pull-down studies.  
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Figure 42: Genetic data for TOP1 and BOT1 peptides. 

GFP expression was monitored in HEK 293H cells. Controls (A-E). (A) GFP was 
 transfected. (B) BOT1 and GFP were co-transfected. (C) TOP1 and GFP were co-
 transfected. (D) Wild-type TetR and GFP were co-transfected. (E) BOT1 peptide 
 and SH3 domain were co-transfected. (F) TOP1 peptide and the SH3 domain 
 were co-transfected with GFP and were shown to interact, which allowed 
 expression of GFP. 
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Figure 43: Bright-field view of HEK 293H cells in Figure 42 to confirm confluency. 

Fluorescence polarization (anisotropy) 

While our in vitro and in vivo studies confirm the presence of an interaction 

between the TOP1 peptide and the Abl tyrosine kinase SH3 domain, the affinity of this 

binding interaction cannot be determined from these data. Thus, to see how the binding 

affinity of TOP1 to Abl SH3 compares to the known binding constant of proteins 

containing proline-rich peptide sequences to SH3 domains, we determined the 

dissociation constant (Kd) between TOP1 and SH3 using fluorescence anisotropy. The 

TOP1 peptide was labeled with a fluorescin isothiocyanate (FITC) moiety and was 
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incubated with various amounts of a His-tagged SH3 protein (4-426 µM) purified from E. 

coli. Each sample was excited at 495 nm and the fluorescence anisotropy was measured 

and plotted against the corresponding SH3-His concentration (Figure 44). A Kd value of 

16 µM was determined for SH3-His by fitting the data to a hyperbola.  The dissociation 

constant for TOP1-FITC compares favorably to previously reported SH3 domain 

dissociation constants, which are typically in the µM range (218-221). The similarity 

between the dissociation constants of TOP1 and other SH3 binding proteins suggests that 

our computational method is capable of accurately predicting true SH3 binding peptides.  

In addition, these results suggest that the protein-protein interactions responsible for SH3-

protein/peptide binding are largely derived from the short peptide sequences in the direct 

vicinity of the PxxP motif. 
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Figure 44: Determination of equilibrium dissociation constant (Kd) between Abl SH3 
domain and TOP1-FITC peptide. 

Immunoblot (Far Western) 

To demonstrate the utility of synbodies as a diagnostic tool, we investigated the 

ability of TOP1 to recognize and bind to the Abl tyrosine kinase SH3 domain in a far 

western blot.  A general scheme for our far western blots is shown in Fig 45.  Purified or 

crude cell lysates containing the MBP-SH3 fusion protein was resolved on a native gel 

and were transferred to a nitrocellulose membrane. As a positive control, purified GST-
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TOP1 was resolved on the gel in parallel to MBP-SH3. After blocking, the membrane 

was exposed to the purified TOP1-GST synbody (referred to as SynAbz-TOP1 to denote 

its antibody-like function in this experiment). Subsequently, anti-GST was incubated with 

the membrane to detect GST fusions.  

 

Figure 45: Far western scheme. 

 
Similar to traditional antibodies, our results indicate that SynAbz-TOP1 was able 

to detect MBP-SH3 on a nitrocelluose membrane (Fig 46).  Unfortunately, no MBP-SH3 

band was detected in crude cell lysates (lane 1).  This is likely due to the low amount of 

MBP-SH3 fusion protein in crude cell lysates and to the moderately weak affinity of the 

TOP1-SH3 interaction (16 μM).  In comparison, a faint band was detected when 
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concentrated, purified MBP-SH3 fusion protein was probed with SynAbz-TOP1 (lane 2).  

Two distinct bands were detected in the lane containing GST-TOP1 (lane 3), which is 

likely due to the truncation of the fusion protein (one band is GST-TOP1 and the other 

band is GST only). Although we were able to specifically detect the Abl SH3 domain 

using TOP1 as an antibody, the labeling efficiency was weak, most likely due to the 

moderate binding affinity of the synbody to the SH3 antigen.  In contrast, monoclonal 

antibodies typically exhibit much tighter binding to their antigens (typically in the low 

nM range) (144, 222).  While further optimization is required, the far western analysis 

provides a glimpse of how small peptides may eventually provide a suitable substitute for 

antibodies. 
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Figure 46: Far western blot. 

Cell lysate containing MBP-SH3 fusion protein (lane 1) and purified MBP-SH3 
 fusion protein (lane 2) were resolved by native PAGE and transferred to a 
 nitrocellulose membrane. The membrane was probed with a synthetic antibody 
 (GST-TOP1 fusion protein) and anti-GST. A positive control (lane 3; GST-TOP1) 
 was also included in the far western blot. 

Immunoblot (cross-linking) 

The far western blots performed above prompted to us to search for alternative 

methods to increase the sensitivity of SH3 detection using the TOP1 synbody (SynAbz-

TOP1). To accomplish this, we site-specifically incorporated a chemical cross-linking 

agent (L-1,3-dihydroxyphenylalanine, L-DOPA) into the linker region of a GFP-TOP1 

fusion protein (103).  The non-natural amino acid incorporation was performed in E. coli 

cells using a procedure similar to those described in Chapter 2.  Incorporation of L-DOPA 

into GFP-TOP1 was verified by coomassie blue and redox-cycling stains (Figure 47). 

Once the incorporation of L-DOPA was confirmed, purified MBP-SH3, SH3-His and 
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MBP were resolved by non-denaturing PAGE and were transferred to a nitrocellulose 

membrane following standard protocols. After blocking, the membrane was exposed to 

the purified GFP-L-DOPA-TOP1 fusion protein overnight. Sodium periodate (NaIO4) 

was then added to the membrane to initiate L-DOPA cross-linking as described in 

Chapter 2 (103). Briefly, sodium periodate reacts with the L-DOPA moiety of the GFP-L-

DOPA-TOP1 fusion, forming a highly reactive ortho-quinone that reacts with nearby 

nucleophiles in the Abl SH3 domain to form covalent cross-linkages.  The membrane was 

then washed, visualized under ultra-violet light (GFP λex 489 and λem509 ), and stained 

with coomassie blue (Figure 48A and B, respectively). 
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Figure 47: TOP1-GFP containing L-DOPA (a) coomassie blue stain (b) NBT stain. 

To verify L-DOPA was incorporated into TOP1-GFP, purified TOP1-DOPA-GFP 
 was resolved with SDS-PAGE and stained with commassie and NBT. 
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Figure 48: GFP-L-DOPA-TOP1 chemical cross-linked with SH3-His6. 

Purified GFP-L-DOPA-TOP1 chemical cross-linked with SH3-His6 was resolved 
 with SDS-PAGE and transferred to a nitrocellulose membrane. (A) Proteins were 
 visualized under ultraviolet light to detect GFP bound protein. (B) Proteins were 
 stained with commassie blue to visualize total protein present. 
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The results confirm that the GFP-L-DOPA-TOP1 fusion interacts with the SH3 

domain (Figure 48A, lanes 2-7).  To verify the specificity of the TOP1-SH3 interaction in 

this assay, sortase A (negative control) was also subjected to L-DOPA cross-linking 

(Figure 48A, lane 1), but no GFP signal was detected.  Providing additional support for a 

specific interaction between TOP1 and SH3, the level of TOP1-SH3 complex detected 

was found to be proportional to the amount of SH3-His loaded onto the gel (Figure 48A, 

lanes 2-7).  Unexpectedly, two bands were revealed in this analysis (Figure 48, lanes 2-

7).  In-gel trypsin digestion coupled with matrix-assisted laser desorption ionization-time-

of-flight (MALDI-TOF) mass spectrometry was performed to identify the proteins 

present (Figure 49A and B).  Both bands were found to contain amino acid sequences 

present in the Abl tyrosine kinase SH3 domain. However, the mass spectrometry analysis 

revealed that the minor upper band did not contain the N-terminal SH3 tryptic peptide 

(mass = 3188.46 Da), suggesting that this band is most likely derived from an N-terminal 

degradation product of SH3-His. The lower mobility of this band (relative to full length 

SH3-His) may be due to the loss of the His tag, which may drastically affect the charge of 

the truncated protein and hence, its electrophoretic mobility on the non-denaturing gel.  

To date, the lowest detection limit reported for a non-covalent (peptide) antibody 

substitute is 5 mg/mL (141). We were able to show that the SynAbz-TOP1 synbody was 

able to detect the Abl SH3 domain at concentrations as low as 0.2 mg/mL, which is 

significantly lower than the reported value. 
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Figure 49: MALDI-TOF mass spectrometry spectrum identifying Abl tyrosine kinase 
SH3 domain. 
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CONCLUSION 

In summary, we have employed a novel proteome-wide computational screening 

method to identify a peptide (TOP1) that binds specifically to the SH3 domain of Abl 

tyrosine kinase with a binding affinity comparable to other known SH3 binding partners 

(218-221). This TOP1 “synbody” (also called SynAbz-TOP1) can be used to purify SH3 

fusions from crude cell extracts in pull-down assays and can also be used to detect the 

Abl tyrosine kinase SH3 domain in western blots in a manner similar to traditional 

antibodies. In an attempt to increase the binding affinity of our synbody to its Abl SH3 

antigen, we employed site-specific non-natural amino acid incorporation and the cross-

linking reagent, L-DOPA, to covalently link TOP1 to the Abl tyrosine kinase SH3 

domain. This was found to enhance the sensitivity of SH3 domain detection in 

immunoblotting assays to levels that have not yet been achieved with other synthetic 

peptide antibodies. We are currently investigating the ability of SynAbz-TOP1 to 

immunoprecipate the Abl tyrosine kinase SH3 domain from mammalian cell lysates. Due 

to their small size and their easy, inexpensive production, synbodies could eventually 

provide an attractive alternative to traditional antibodies for many applications.  Finally, 

we expect that the proteome-wide computational screening method developed during the 

course of these studies could be applied to identify small peptide ligands for other 

protein-protein interaction domains in the future. 
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MATERIALS AND METHODS 

Strains and media 

Human embryonic kidney (HEK) 293H (Invitrogen) cells were used for all tissue 

culture experiments. HEK 293H cells were cultured in 1X Dulbecco’s Modified Eagle 

Medium (D-MEM) supplemented with 10% fetal bovine serum (FBS), penicillin-

streptomycin, and L-glutamine.  All other experiments were performed using Escherichia 

coli (E. Coli) strains TOP10 (for plasmid construction) and BL21 (for expression of 

proteins).  E. coli strains were cultured in Luria-Bertani (LB) broth with appropriate 

antibiotics. 

Plasmid construction 

Cloning TetR-TOP1-VP16 

The TOP1 sequence, APAFPPPSPP, was created by annealing oligos TOP1FWD 

GGGGTACCGCCCCCGCCTTCCCCCCTCCCAGCCCCCCTACCGGTCGC (1 µg) 

and TOP1REV  

GCGACCGGTAGGGGGGCTGGGAGGGGGGAAGGCGGGGGCGGTACCCC (1 

µg). TOP1FWD and TOP1REV were mixed with 1X New England Biolabs (NEB) buffer 

1 (10 mM Bis-Tris-Propane-HCl, 10 mM MgCl2, 1 mM dithiothreitol, pH 7.0) and boiled 

for one minute. The annealed oligos were allowed to cool to ambient temperature before 

proceeding to digestion. The cooled mixture of annealed oligos were digested by 

restriction enzymes, KpnI and AgeI, overnight at 37 °C. Concurrently, the plasmid 
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pTOAgeIKpnI, which was constructed and discussed in Chapter 2, was also digested with 

the same enzymes, KpnI and AgeI, for two hours at  37 °C. Digested pTOAgeIKpnI was 

then de-phosphorylated with calf intestinal alkaline phosphatase (CIP) for one hour at 37 

°C. The CIP treated digested pTetOff KpnI1155 and digested TOP1 were purified by gel 

extraction utilizing the Qiagen QIAquick Gel Extraction Kit. The purified digested 

products were ligated together using T4 DNA ligase for sixteen hours at 15°C. The 

ligation mixture was subjected to a chemical transformation using E. coli TOP10 cells. 

The resultant plasmid, TetR-TOP1-VP16, obtained was confirmed by UT core facilities 

using an Applied Biosystems automatic DNA sequencer.  

Cloning TetR-BOT1-VP16 

Plasmid TetR-BOT1-VP16 was cloned in the same manner as described above for 

TetR-TOP1-VP16 with the exception of the oligos used. To synthesize the BOT1 

sequence, AAAMQKPSLP, oligos BOT1FWD 

(GGGGGTACCCCCCCTGCCATGCCCAGCCCCCCTCCCCCTACCGGTCGC) and 

BOT1REV 

(GCGACCGGTAGGGGGAGGGGGGCTGGGCATGGCAGGGGGGGTACCCCC) 

were used. The plasmid, pTetR-BOT1-VP16, obtained at the end was checked by DNA 

sequencing. 
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Cloning TetR-SH3-VP16 

The SH3 sequence of the Abl tyrosine kinase was amplified by polymerase chain 

reaction (PCR) using primers GMVII137A (AAGGTACCACCGGTGCGTACAGC) 

and GMVII137B (CCGGTACCTAGTGAAAAACCTTGTTGG). The template 

purchased and used in PCR was BC117451.1:pCR4-TOPO (Open Biosystems). The SH3 

PCR product was purified by QIAquick PCR purification kit and digested with KpnI  and 

AgeI enzymes. The purified digested SH3 PCR product was ligated into CIP treated 

digested pTOAgeIKpnI (as described above for TetR-TOP1-VP16) and transformed into 

E. coli TOP10 cells. The newly cloned plasmid, pTetR-SH3-VP16, was confirmed by 

DNA sequencing. 

Cloning GST-TOP1 

For the biochemical studies, TOP1 was cloned into pET41a (Novagen), which 

contains the glutathione-S-transferase gene. This plasmid was prepared in the same 

manner as TetR-TOP1-VP16 except the restriction sites were different due to the 

different plasmid being utilized (pET41a rather than pTOAgeIKpnI). Briefly, primers 

GTVII174A 

(CATGCCATGGGCCCCCGCCTTCCCCCCTCCCAGCCCCCCCTCTCGAGCGC) 

and GTVII174B 

(GCGCTCGAGAGGGGGGCTGGGAGGGGGGAAGGCGGGGGCCCATGGCATG) 

were used to construct TOP1 and digested with NcoI and XhoI. The plasmid pET41a was 

also digested with NcoI and XhoI and de-phosphorylated with CIP. The purified digested 
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products, Abl kinase SH3 and pET41a, were ligated with T4 DNA ligase at 15°C 

overnight. The subsequent plasmid cloned, pGST-TOP1, was verified with DNA 

sequencing (University of Texas DNA Core Facility). 

Cloning GST-BOT1 

The plasmid GST-TOP1 was prepared as described above for the GST-TOP1 

clone with the exception of oligonucleotides used. To construct BOT1 the following 

oligonucleotides were used: GTVII174G 

(CATGCCATGGGCCGCTGCCATGGAGAAGCCCAGCCTGCCCCTCGAGCGC) 

and GTVII174H 

(GCGCTCGAGGGGCAGGCTGGGCTTCTCCATGGCAGCGGCCCATGGCATG). 

The final construct, pGST-BOT1, was authenticated by sequencing (University of Texas 

DNA Core Facility). 

Cloning MBP-SH3 

Abl kinase SH3 domain was amplified by PCR from TetR-SH3-VP16 (described 

above) using the following primers: KMF (AAGGTACCAAATGACCCCAACCTTTT) 

and KMR (CGGGATCCGTACCACTGTTGACT). Amplified Abl kinase SH3 was 

purified via QIAquick PCR purification kit (Qiagen), digested with KpnI and BamHI 

(overnight at 37°C) and subsequently purified again with the QIAquick PCR purification 

kit. The vector pMAL-c4E was digested with the same restriction sites (KpnI and 

BamHI), for 2 hours at 37°C then de-phosphorylated for one hour at 37°C. The plasmid 
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was purified by agarose gel purification. Purified products, Abl kinase SH3 and pMAL-

c4E, were ligated overnight at 16°C with T4 DNA ligase (Promega) and transformed into 

TOP10 chemical competent cells. The correct clone, pMBP-SH3, was obtained and 

sequenced for verification (University of Texas Core Facility). 

Cloning SH3-His 

Abl tyrosine kinase SH3 domain was amplified by PCR using the following 

primers: AU_EC5NcoSH3 (ATACCATGGAAAATGACCCCAACCTTTTCG) 

AU_EC3NcoSH3 (GTGCTCGAGACTGTTGACTGGCGTGATGTAG). The purified, 

digested Abl tyrosine kinase SH3 domain was cloned into pET28b (Novagen) at 

restriction sites NcoI and XhoI in a similar fashion as pMBP-SH3. The resultant plasmid, 

pSH3-His was verified with sequencing (University of Texas Core Facility). 

Cloning SH3-GFP 

GFP was amplified by PCR using primers GMVIII37A 

(CCGCTCGAGATGAATGACCCCAACCTT) and GMVIII37B 

(CCCAAGCTTACTGTTGACTGGCGTGAT). The gfp gene PCR product was purified 

and digested at 37°C overnight with HindIII and XhoI. The plasmid, pEGFP-N1 

(Clontech), was also digested with HindIII and XhoI for 2 hours at 37°C, de-

phosphorylated with CIP for 1 hour at 37°C and purified. The purified GFP and plasmid 

were ligated with T4 DNA ligase (overnight at 16°C) and transformed into TOP10 
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chemically competent cells. The newly created plasmid, pSH3-GFP, was purified and 

verified by sequencing (University of Texas Core Facility). 

Expression and purification of fusion proteins (MBP, GST, MBP-SH3, GST-TOP1, 

GST-BOT1, SH3-6xHis, and GFP- L-DOPA-TOP1) 

Overnight cultures of E. coli BL21 (DE3) cells transformed with glutathione-S 

transferase (GST) constructs (GST, GST-TOP1, GST-BOT1) were diluted 1:1000 in 1 L 

of fresh LB supplemented with 50 µg/ml kanamycin media and grown at 37°C to an 

OD600 of 0.7.  The cells were induced with 1 mM isopropyl β-D-1-thiogalactopyranoside 

(IPTG) and incubated for an additional 3 hours. Cells were harvested by centrifugation 

(6000 x g for 10 min at 4°C). Pellets were re-suspended and lysed in GST buffer (140 

mM NaCl, 2.7 nM KCl, 10 nM Na2HPO4, 1.8 mM KH2PO4, pH 7.3, 1 mM PMSF, 1 

mg/mL lysozyme) and incubated on ice for 1 hour. The cells were subjected to sonication 

of 6 sec bursts, 45 sec rest for a total of 10 times. Lysed cells were centrifuged at 12,000 

g for 40 min at 4°C. The supernatant was subsequently used for GST pull-down assays or 

purified by incubation with 1 mL of glutathione-sepharose 4 fast flow beads (GE 

Healthcare) at 4°C for 1 hour. Proteins bound to glutathione beads were washed with 

GST binding buffer 10 times bed bead volume. Protein was eluted from glutathione beads 

with GST with elution buffer (50 mM Tris-HCl, 10mM reduced glutathione, pH 8.0). 

Purification was examined by sodium dodecyl sulfate polyacylamide gel electrophoresis 

(SDS-PAGE) and western blot probed with anti-GST (Santa Cruz Biotechnology). Total 

protein concentration was measured by the absorbance at 280 nm.  
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Maltose-binding protein (MBP) and MBP-SH3 were purified in a similar manner 

as the GST proteins except the beads used were amylose resin high flow beads (New 

England Biolabs) and lysis/wash and elution buffers were amylose column buffer (20 

mM Tri-HCl, 200 mM NaCl, 1 mM EDTA) and amylose elution buffer (20 mM Tri-HCl, 

200 mM NaCl, 1 mM EDTA, 10 mM maltose), respectively. 

Overnight cultures of E. coli BL21 (DE3)*RS*tRNA cells (cells described in 

Chapter 2) transformed with GFP-L-DOPA-TOP1 constructs were diluted 1:1000 in 1 L 

of fresh 5X M9 minimal media (240 mM Na2HPO4, 87 mM K2PO4, 146 M NaCl, 93 mM 

NH4Cl, 1 M glucose, 1 M MgSO4, 1 M CaCl2) supplemented with 50 µg/ml kanamycin 

and 12.5 µg/ml tetracycline media and grown at 30°C to an OD600 of 0.7.  Cultures were 

then incubated with a increased amount of tetracycline (18.75 µg/ml) and 3,4-dihydroxy- 

L-phenylalanine (L-DOPA; 1 mM) and grown for 40 minutes at 30°C with shaking. The 

cells were induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and 

incubated for an additional 6 hours at 30°C with shaking. Cells were harvested by 

centrifugation (6000 x g for 10 min at 4°C). Pellets were re-suspended in lysis buffer 

(300 mM NaCl, 50 nM Na2HPO4, 10 mM imidazole, pH 8.0) and incubated on ice for 1 

hour with 1 mM sodium periodate (Arcos Organics). The cells were incubated on ice for 

an additional 40  minutes with 1 mg/mL lysozyme. The cells were subjected to sonication 

of 6 sec bursts, 45 sec rest for a total of 10 times. Lysed cells were centrifuged at 12,000 

g for 40 min at 4°C. The supernatant was applied to 1 mL of Ni-NTA beads (Qiagen) at 

4°C for 1 hour. Proteins bound to beads were washed with 10 column volumes of wash 

buffer (300 mM NaCl, 50 nM Na2HPO4, 20 mM imidazole, pH 8.0). Protein was eluted 
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from beads with elution buffer (300 mM NaCl, 50 nM Na2HPO4, 500 mM imidazole, pH 

8.0). Purification was examined by sodium dodecyl sulfate polyacylamide gel 

electrophoresis (SDS-PAGE) and western blot probed with anti-His (Invitrogen). 

Expression and preparation of cell lysate of GFP and SH3-GFP fusion protein 

HEK 293H cells were plated to 80% confluency and transfected with FuGene6 

(Roche) and pEGFP-N1 (or pSH3-GFP) with a FuGene6 to DNA ratio of 3:1. Briefly, 25 

 µg of pEGFP-N1 (or pSH3-GFP) was diluted with 750 µL of OPTI-MEM (Invitrogen) 

and incubated for 5 minutes at room temperature under sterile conditions. FuGene6 was 

mixed with DNA and incubated at room temperature for an additional 20 minutes. The 

DNA:FuGene6 complex was added to a T-75 flask (Corning) drop wise and incubated for 

an additional 48 hours. Cells were monitored by visualization of GFP fluorescence and 

western blot. 

At 48 hours post-transfection  HEK 293H cells were harvested and lysed. Briefly, 

cells were washed two times with 10 mL of PBS (Invitrogen) and incubated with 5 mL of 

trypsin (Invitrogen) for 2 minutes at 37°C in a humidified incubator supplemented with 

5% CO2. Cells were then collected and centrifuged at 1000 x g for 5 minutes and washed 

twice with PBS. Cells were lysed with 2.5X passive lysis buffer (Promega) supplemented 

with a Complete Mini Protease tablet (Roche) for 30 minutes on ice. Lysed cells were 

centrifuged at 6000 RPM for 10 minutes and the supernatant was collected and analyzed. 
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GST pull-down assays 

GST and GST-fusion cell lysates containing GST-TOP1 and GST-BOT1, 

prepared from 1 L of cell culture, were applied to 1 mL of pre-washed glutathione–

sepharose 4 fast flow beads (GE Healthcare) and incubated at 4°C for one hour. The 

immobilized proteins were sedimented by centrifugation at 500 x g for 5 minutes and 

washed with GST binding buffer (140 mM NaCl, 2.7 nM KCl, 10 nM Na2HPO4, 1.8 mM 

KH2PO4, pH 7.3) using a volume of ten times the bed bead volume, and were then 

applied to an Econo-Prep gravity-flow column (BioRad). MBP and cell lystaes 

containing MBP-SH3 fusion prepared from 1 L of culture were applied to the GST and 

GST fusion bound protein columns and washed with GST binding buffer ten times the 

bead bed volume. Protein-bound glutathione was eluted with 10 mL of GST elution 

buffer (50 mM Tris-HCl, 10mM reduced glutathione, pH 8.0) and were analyzed by 

SDS-PAGE and western blot probed with an anti-MBP HRP-conjugated antibody (New 

England Biolabs). All columns were run under gravity flow in order to maximize the 

association time of SH3 and TOP1.   

Tetracycline repressor-based mammalian two-hybrid (trM2H) assay 

Human embryonic kidney (HEK) 293H cells were cultured as described in 

Chapter 2 for HEK 293T cells.  All transfections were performed at 60-80% confluency 

in a tissue-culture treated 6-well plate (Corning). Plasmids containing GFP, TetR, TOP1, 

BOT1, and SH3 were transiently transfected into HEK 293H cells using FuGene6 

transfection reagent (Roche) with a FuGene6 to DNA ration 3:1. Briefly, the DNA was 
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diluted with OPTI-MEM (Invitrogen) and incubated for five minutes at room temperate 

under sterile conditions. FuGene6 was added to the diluted DNA and incubated for an 

additional 20 minutes. The FuGene6:DNA complex was added to HEK 293H cells drop 

wise and incubated for 72 hours at 37°C in a humidified incubator containing a 5% CO2 

atmosphere. GFP expression was monitored at 72 hours with a Nikon Eclipse TE2000-S 

microscope equipped with a FITC HyQ filter (Chroma). The excitation and emission 

wavelengths were set to 460-500 nm and 510-560 nm, respectively. 

Fluorescence polarization (anisotropy) and data analysis 

The TOP1 peptide covalently linked to fluorescein isothiocyanate (FITC) was 

purchased from Celtek Peptides. Fluorescence anisotropy measurements were made at 

25°C. The experimental samples were excited at their maxima (495 nm for fluorescien) 

and fluorescence intensity was measured at the corresponding emission maximum (525 

nm). The excitation slit widths were set to 5 nm and emission slit widths were set at 10 

nm. The integration time for each reading was 300 msec. Measurements were taken every 

fifteen seconds for a total of sixty seconds for each sample. Binding experiments were 

carried out on a Fluorolog model FL3-11 fluorometer (Jobin Yvon, Edison, NJ) using a 

three-window quartz cuvette with a 1.0 cm path length (Hellma, Plainview, NY).  

Samples were prepared with a final volume of 60 µl. Peptide TOP1-FITC (215 nM) was 

incubated with variable concentrations (2.5 µM - 500 µM) of MBP-SH3 or SH3-His 

fusion proteins in phosphate buffered saline (PBS; 5 mM NaH2PO4, 140 NaCl, pH 7.3). 

The reaction was incubated on ice for 1 hour and measurements were made. Multiple 
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data sets were fitted to the equation !!
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(Erithacus Software), where r  is anisotropy, fr  and 
b
r  are the anisotropies of free and 

bound TOP1-FITC, respectively, 
t
E  is the total concentration of SH3-His and 

d
K  is the 

equilibrium dissociation constant. 

Immunoblot (far western) 

Purified MBP and MBP-SH3 fusion protein (50 µM) was resolved by non-

denaturing poly-acrylamide gel electrophoresis (PAGE) for 12 hours at 125 V, 4°C. 

Proteins in the gel were transferred to a nitrocellulose membrane for 2 hours at 25 V, 

4°C.  The membrane was blocked with 4% dry milk for 1 hour and rinsed with TBST 

(100 mM Tris-HCl, 150 mM NaCl, 0.1% Tween 20, pH 7.5) for 10 minutes 3 times. The 

membrane was incubated with purified GST-TOP1 (80 µM) overnight at 4°C. The 

membrane was washed for 10 minutes 3 times and incubated for 1 hour with goat anti-

mouse IgG (H+L)-AP conjugated secondary antibody (BioRad) at 4°C. The bands were 

visualized with a chemiluminscent reagent, Amersham ECL Plus (GE Healthcare), on 

Kodak BioMax Light Film. 

Immunoblot (cross-linking western) 

Purified MBP-SH3 and SH3-His (7-108 µg) were subjected to non-denaturing 

PAGE for 6 hours at 175 V, 4°C. The proteins were visualized with coomassie blue 

staining and by western blot. For the western blot, all proteins were transferred to a 



 143 

nitrocellulose membrane for 3 hours at 50 V, 4°C.  The membrane was blocked with 5% 

dry milk in TBST for 1 hour and rinsed with TBST (100 mM Tris-HCl, 150 mM NaCl, 

0.1% Tween 20, pH 7.5) for 10 minutes 3 times. The membrane was incubated with 

purified GFP-L-DOPA-TOP1 (SynAbz-TOP1; 1.74 mg) overnight at 4°C. The membrane 

was washed for 10 minutes 3 times and incubated with sodium periodate (NaIO4; 2 mM) 

for 2 hour. The membrane was washed and visualized under ultra-violet light at 365 nm 

to detect GFP. 

 

 

 

 



 144 

 References 

 

1. T. Svedberg, Nature 123, 871 (1929). 
2. T. Svedberg, R. Fahraeus, Journal of the American Chemical Society 48, 430 

(1926). 
3. M. Z. Atassi, Protein Reviews. G. Waksman, Ed., Proteomics and Protein-Protein 

Interactions (Springer, New York, ed. 1st, 2005), pp. 
4. S. Ohlson, Drug Discov Today 13, 433 (May, 2008). 
5. E. M. Phizicky, S. Fields, Microbiol Rev 59, 94 (Mar, 1995). 
6. Y. Ofran, B. Rost, J Mol Biol 325, 377 (Jan 10, 2003). 
7. A. Zhang, Protein Interaction Netowrks: Computational Analysis (Cambridge 

University Press, New York, ed. 1st, 2009), pp. 
8. T. Yago et al., J Cell Biol 166, 913 (Sep 13, 2004). 
9. I. M. Nooren, J. M. Thornton, Embo J 22, 3486 (Jul 15, 2003). 
10. S. N. Jones, A. R. Hancock, H. Vogel, L. A. Donehower, A. Bradley, Proc Natl 

Acad Sci U S A 95, 15608 (Dec 22, 1998). 
11. T. J. McDonnell et al., J Pathol 188, 322 (Jul, 1999). 
12. A. Bouska, C. M. Eischen, Cancer Res 69, 1697 (Mar 1, 2009). 
13. S. Jones, J. M. Thornton, Prog Biophys Mol Biol 63, 31 (1995). 
14. G. Prelich et al., Nature 326, 517 (Apr 2-8, 1987). 
15. X. Huang, H. M. Holden, F. M. Raushel, Annu Rev Biochem 70, 149 (2001). 
16. J. Weber, R. S. Lee, S. Wilke-Mounts, E. Grell, A. E. Senior, J Biol Chem 268, 

6241 (Mar 25, 1993). 
17. H. Nakai, C. C. Richardson, J Biol Chem 265, 4411 (Mar 15, 1990). 
18. R. L. Hill, K. Brew, Adv Enzymol Relat Areas Mol Biol 43, 411 (1975). 
19. R. T. Sauer, M. E. Milla, C. D. Waldburger, B. M. Brown, J. F. Schildbach, Faseb 

J 10, 42 (Jan, 1996). 
20. G. A. Papoian, P. G. Wolynes, Biopolymers 68, 333 (Mar, 2003). 



 145 

21. Y. Levy, P. G. Wolynes, J. N. Onuchic, Proc Natl Acad Sci U S A 101, 511 (Jan 
13, 2004). 

22. Y. Levy, S. S. Cho, J. N. Onuchic, P. G. Wolynes, J Mol Biol 346, 1121 (Mar 4, 
2005). 

23. J. P. Vilardaga et al., Mol Endocrinol 23, 590 (May, 2009). 
24. J. A. Hermoso, J. L. Garcia, P. Garcia, Curr Opin Microbiol 10, 461 (Oct, 2007). 
25. R. A. Lamb, R. M. Krug, Field Virology: Orthomyxoviridae-the viruses and their 

replication. D. M. Knipe, P. M. Howley, Eds. (Lippincott, Williams & Wilkins, 
ed. 5th, 2004), pp. 1487-1532. 

26. D. K. Cole et al., J Immunol 178, 5727 (May 1, 2007). 
27. D. Ratner, J Mol Biol 88, 373 (Sep 15, 1974). 
28. P. D. Bragg, C. Hou, Eur J Biochem 106, 495 (May, 1980). 
29. R. R. Traut, C. Casiano, N. Zecherle, Protein Function: a practical approach, 

Crosslinking of Protein Subuints and Ligands by Disulphide Bonds (IRL Press, 
Oxford, 1989), pp. 101-133. 

30. G. T. Hart, A. K. Ramani, E. M. Marcotte, Genome Biol 7, 120 (2006). 
31. F. Rudert, L. Ge, L. L. Ilag, Biotechnol Annu Rev 5, 45 (2000). 
32. M. Duenas et al., Immunology 89, 1 (Sep, 1996). 
33. M. Duenas et al., Biotechniques 16, 476 (Mar, 1994). 
34. S. Fields, O.-k. Song, Nature 340, 245 (1989). 
35. S. L. Dove, J. K. Joung, A. Hochschild, Nature 386, 627 (Apr 10, 1997). 
36. S. W. Michnick, P. H. Ear, E. N. Manderson, I. Remy, E. Stefan, Nat Rev Drug 

Discov 6, 569 (Jul, 2007). 
37. J. Jarvik, D. Botstein, Proc Natl Acad Sci U S A 72, 2738 (Jul, 1975). 
38. C. Costigan, S. Gehrung, M. Snyder, Mol Cell Biol 12, 1162 (Mar, 1992). 
39. T. C. Huffaker, M. A. Hoyt, D. Botstein, Annu Rev Genet 21, 259 (1987). 
40. J. A. Hadwiger, C. Wittenberg, H. E. Richardson, M. de Barros Lopes, S. I. Reed, 

Proc Natl Acad Sci U S A 86, 6255 (Aug, 1989). 
41. R. F. Weaver, Molecular Biology. J. S. Fornango, Ed. (McGraw-Hill Co., New 

York, ed. 2nd, 1999), pp. 528-606. 
42. L. Bossi, J. R. Roth, Cell 25, 489 (1981). 
43. J. C. Anderson, P. G. Schultz, Biochemistry 42, 9598 (2003). 



 146 

44. L. Wang, Z. Zhang, A. Brock, P. G. Schultz, Proceedings of the National 
Academy of Sciences of the United States of America 100, 56 (2003). 

45. L. Wang, A. Brock, B. Herberich, P. G. Schultz, Science 292, 498 (2001). 
46. Z. Zhang et al., Biochemistry 42, 6735 (2003). 
47. Z. Zhang, L. Wang, A. Brock, P. G. Schultz, Angewandte Chemie (International 

ed. in English) 41, 2840 (2002). 
48. Z. Zhang et al., Proceedings of the National Academy of Sciences of the United 

States of America 101, 8882 (2004). 
49. L. Alfonta, Z. Zhang, S. Uryu, J. A. Loo, P. G. Schultz, Journal of American 

Chemical Society 125 (2003). 
50. K. Sakamoto et al., Nucleic Acids Research 30, 4692 (2002). 
51. J. W. Chin et al., Science 301, 964 (2003). 
52. L. Wang, P. G. Schultz, Angewandte Chemie (International ed. in English) 44, 34 

(2004). 
53. L. Wang, J. Xie, P. G. Schultz, Annual Review of Biophysics and Biomolecular 

Structure 35, 225 (2006). 
54. L. Wang, P. G. Schultz, Chemistry and Biology 8, 883 (2001). 
55. S. Doublie, G. Bricogne, C. Gilmore, C. W. Carter, Structure 3, 17 (1995). 
56. V. A. Ilyin et al., Protein Science 9, 218 (2000). 
57. C. W. V. Hogue et al., Journal of Molecular Biology 260, 446 (1996). 
58. P. R. Chen et al., Angew Chem Int Ed Engl 48, 4052 (2009). 
59. C. Polycarpo et al., Proc Natl Acad Sci U S A 101, 12450 (Aug 24, 2004). 
60. S. K. Blight et al., Nature 431, 333 (Sep 16, 2004). 
61. J. A. Krzycki, Curr Opin Microbiol 8, 706 (Dec, 2005). 
62. G. Srinivasan, C. M. James, J. A. Krzycki, Science 296, 1459 (May 24, 2002). 
63. K. Nozawa et al., Nature 457, 1163 (Feb 26, 2009). 
64. T. Yanagisawa et al., Chem Biol 15, 1187 (Nov 24, 2008). 
65. T. Mukai et al., Biochem Biophys Res Commun 371, 818 (Jul 11, 2008). 
66. H. Neumann, S. Y. Peak-Chew, J. W. Chin, Nat Chem Biol 4, 232 (Apr, 2008). 
67. Y. Ryu, P. G. Schultz, Nat Methods 3, 263 (Apr, 2006). 
68. Y. Zhang, L. Wang, P. G. Schultz, I. A. Wilson, Protein Sci 14, 1340 (May, 

2005). 



 147 

69. B. Liu, L. Burdine, T. Kodadek, J Am Chem Soc 128, 15228 (Nov 29, 2006). 
70. J. L. Kerwin et al., Anal Biochem 268, 229 (Mar 15, 1999). 
71. J. P. Klinman, Biochim Biophys Acta 1647, 131 (Apr 11, 2003). 
72. W. W. Li, J. Heinze, W. Haehnel, J Am Chem Soc 127, 6140 (May 4, 2005). 
73. C. T. Archer, L. Burdine, T. Kodadek, Mol Biosyst 1, 366 (Dec, 2005). 
74. L. Burdine, T. G. Gillette, H. J. Lin, T. Kodadek, J Am Chem Soc 126, 11442 

(Sep 22, 2004). 
75. S. K. Mazmanian, G. Liu, E. R. Jensen, E. Lenoy, O. Schneewind, Proc Natl 

Acad Sci U S A 97, 5510 (May 9, 2000). 
76. S. K. Mazmanian, G. Liu, H. Ton-That, O. Schneewind, Science 285, 760 (Jul 30, 

1999). 
77. H. Ton-That, G. Liu, S. K. Mazmanian, K. F. Faull, O. Schneewind, Proc Natl 

Acad Sci U S A 96, 12424 (Oct 26, 1999). 
78. O. Schneewind, P. Model, V. A. Fischetti, Cell 70, 267 (Jul 24, 1992). 
79. A. M. Perry, H. Ton-That, S. K. Mazmanian, O. Schneewind, J Biol Chem 277, 

16241 (May 3, 2002). 
80. O. Schneewind, A. Fowler, K. F. Faull, Science 268, 103 (Apr 7, 1995). 
81. A. Ruzin et al., J Bacteriol 184, 2141 (Apr, 2002). 
82. T. C. Bolken et al., Infect Immun 69, 75 (Jan, 2001). 
83. C. Garandeau et al., Infect Immun 70, 1382 (Mar, 2002). 
84. T. C. Barnett, J. R. Scott, J Bacteriol 184, 2181 (Apr, 2002). 
85. R. M. Klevens et al., Jama 298, 1763 (Oct 17, 2007). 
86. C. Lu et al., Biochemistry 46, 9346 (Aug 14, 2007). 
87. J. Zhu et al., Biochemistry 47, 1667 (Feb 12, 2008). 
88. D. L. Beene, D. A. Dougherty, H. A. Lester, Curr Opin Neurobiol 13, 264 (Jun, 

2003). 
89. B. A. Steer, P. Schimmel, Journal of Biological Chemistry 274 (1999). 
90. K. Wakasugi, C. L. Quinn, N. Tao, P. Schimmel, The European Molecular 

Biology Organization Journal 17, 297 (1998). 
91. H. Edwards, P. Schimmel, Molecular and Cellular Biology 10, 1633 (1990). 
92. M. Tsunoda et al., Nucleic Acids Research 35, 4289 (2007). 
93. M. Yarus, Science 218, 646 (Nov 12, 1982). 



 148 

94. D. Bradley, J. V. Park, L. Soll, J Bacteriol 145, 704 (Feb, 1981). 
95. L. G. Kleina, J. M. Masson, J. Normanly, J. Abelson, J. H. Miller, J Mol Biol 213, 

705 (Jun 20, 1990). 
96. W. Liu, A. Brock, S. Chen, S. Chen, P. G. Schultz, Nature Methods 4, 239 (2007). 
97. L. Wang, J. Xie, A. A. Deniz, P. G. Schultz, The Journal of Organic Chemistry 

68, 174 (2002). 
98. R. Y. Tsien, Annu Rev Biochem 67, 509 (1998). 
99. L. Wang, J. Xie, A. A. Deniz, P. G. Schultz, The Journal of Organic Chemistry 

68, 174 (2003). 
100. C. Kohrer, L. Xie, S. Kellerer, U. Varshney, U. L. RajBhandary, Proc Natl Acad 

Sci U S A 98, 14310 (Dec 4, 2001). 
101. J. F. Young et al., Science 221, 873 (Aug 26, 1983). 
102. H. J. Drabkin, H. J. Park, U. L. RajBhandary, Mol Cell Biol 16, 907 (Mar, 1996). 
103. A. Umeda, G. N. Thibodeaux, J. Zhu, Y. Lee, Z. J. Zhang, Chembiochem 10, 

1302 (May 25, 2009). 
104. R. Fluckiger, T. Woodtli, P. M. Gallop, Biochem Biophys Res Commun 153, 353 

(May 31, 1988). 
105. M. A. Paz, P. M. Gallop, B. M. Torrelio, R. Fluckiger, Biochem Biophys Res 

Commun 154, 1330 (Aug 15, 1988). 
106. E. Jacoby, R. Bouhelal, M. Gerspacher, K. Seuwen, ChemMedChem 1, 760 

(2006). 
107. E. M. Phizicky, S. Fields, Microbiological Reviews 59, 94 (1995). 
108. L. Aravind, V. M. Dixit, E. V. Koonin, Science 291, 1279 (Feb 16, 2001). 
109. J. L. Celenza, M. Carlson, Science 233, 1175 (Sep 12, 1986). 
110. P. Uetz et al., Nature 403, 623 (Feb 10, 2000). 
111. T. Ito et al., Proc Natl Acad Sci U S A 98, 4569 (Apr 10, 2001). 
112. J. R. Parrish et al., Genome Biol 8, R130 (2007). 
113. J. C. Rain et al., Nature 409, 211 (Jan 11, 2001). 
114. L. Giot et al., Science 302, 1727 (Dec 5, 2003). 
115. D. J. LaCount et al., Nature 438, 103 (Nov 3, 2005). 
116. J. F. Rual et al., Nature 437, 1173 (Oct 20, 2005). 
117. H. Huang, J. S. Bader, Bioinformatics 25, 372 (Feb 1, 2009). 



 149 

118. I. Stagljar, C. Korostensky, N. Johnsson, S. te Heesen, Proc Natl Acad Sci U S A 
95, 5187 (Apr 28, 1998). 

119. N. Johnsson, A. Varshavsky, Proc Natl Acad Sci U S A 91, 10340 (Oct 25, 1994). 
120. N. Mockli et al., Biotechniques 42, 725 (Jun, 2007). 
121. Y. Luo, A. Batalao, H. Zhou, L. Zhu, Biotechniques 22, 350 (Feb, 1997). 
122. A. Fiebitz et al., BMC Genomics 9, 68 (2008). 
123. M. Vidal, R. K. Brachmann, A. Fattaey, E. Harlow, J. D. Boeke, Proc Natl Acad 

Sci U S A 93, 10315 (Sep 17, 1996). 
124. M. Vidal, P. Braun, E. Chen, J. D. Boeke, E. Harlow, Proc Natl Acad Sci U S A 

93, 10321 (Sep 17, 1996). 
125. W. Hillen, C. Berens, Annual Reviews of Microbiology 48, 345 (1994). 
126. W. Hinrichs et al., Science 264, 418 (Apr 15, 1994). 
127. D. Schnappinger, P. Schubert, C. Berens, K. Pfleiderer, W. Hillen, Journal of 

Biological Chemistry 274, 6405 (1999). 
128. U. Baron, M. Gossen, H. Bujard, Nucleic Acids Research 25, 2723 (1997). 
129. S. J. Triezenberg, R. C. Kingsbury, S. L. McKnight, Genes and Development 2, 

718 (1988). 
130. M. Gossen, H. Bujard, Proceedings of the National Academy of Sciences of the 

United States 89, 5547 (1992). 
131. J. Flint, T. Shenk, Annual Reviews of Genetics 31, 177 (1997). 
132. S. Urlinger et al., Proceedings of the National Academy of Sciences of the United 

States 97, 7963 (2000). 
133. E.-M. Henssler, R. Bertram, S. Wisshak, W. Hillen, The FEBS Journal 272, 4487 

(2005). 
134. H. Wendt, A. Baici, H. R. Bosshard, Journal of American Chemical Society 116, 

6973 (1994). 
135. A. I. Dragan et al., Journal of Molecular Biology 343, 865 (2004). 
136. K. H. Heuer et al., Biochemistry 35, 9069 (1996). 
137. C. Pernelle, F. F. Clerc, C. Dureuil, L. Bracco, B. Tocque, Biochemistry 32, 

11682 (1993). 
138. M. Schuermann et al., Cell 56, 507 (1989). 
139. R. Oyama et al., Nucleic Acids Research 34, e102 (2006). 
140. C. Lu et al., Biochemistry 42, 9346 (2007). 



 150 

141. W. W. Ma, A. A. Adjei, CA Cancer J Clin 59, 111 (Mar-Apr, 2009). 
142. A. L. Nelson, J. M. Reichert, Nat Biotechnol 27, 331 (Apr, 2009). 
143. M. Trikha, L. Yan, M. T. Nakada, Curr Opin Biotechnol 13, 609 (Dec, 2002). 
144. J. Maynard, G. Georgiou, Annu Rev Biomed Eng 2, 339 (2000). 
145. T. E. Smithgall, J Pharmacol Toxicol Methods 34, 125 (Nov, 1995). 
146. B. J. Mayer, R. Gupta, Curr Top Microbiol Immunol 228, 1 (1998). 
147. A. Zarrinpar, R. P. Bhattacharyya, W. A. Lim, Sci STKE 2003, RE8 (Apr 22, 

2003). 
148. R. Ren, B. J. Mayer, P. Cicchetti, D. Baltimore, Science 259, 1157 (Feb 19, 

1993). 
149. A. Musacchio, M. Noble, R. Pauptit, R. Wierenga, M. Saraste, Nature 359, 851 

(Oct 29, 1992). 
150. S. Karkkainen et al., EMBO Rep 7, 186 (Feb, 2006). 
151. B. J. Mayer, J Cell Sci 114, 1253 (Apr, 2001). 
152. S. Chen, T. P. Dumitrescu, T. E. Smithgall, J. R. Engen, Biochemistry 47, 5795 

(May 27, 2008). 
153. T. Kaneko et al., J Biol Chem 278, 48162 (Nov 28, 2003). 
154. T. Kaneko, L. Li, S. S. Li, Front Biosci 13, 4938 (2008). 
155. H. Yu et al., Cell 76, 933 (Mar 11, 1994). 
156. S. Feng, J. K. Chen, H. Yu, J. A. Simon, S. L. Schreiber, Science 266, 1241 (Nov 

18, 1994). 
157. O. Aitio et al., J Mol Biol 382, 167 (Sep 26, 2008). 
158. W. A. Lim, F. M. Richards, R. O. Fox, Nature 372, 375 (Nov 24, 1994). 
159. J. T. Nguyen, C. W. Turck, F. E. Cohen, R. N. Zuckermann, W. A. Lim, Science 

282, 2088 (Dec 11, 1998). 
160. A. H. Tong et al., Science 295, 321 (Jan 11, 2002). 
161. A. M. Mongiovi et al., Embo J 18, 5300 (Oct 1, 1999). 
162. D. M. Berry, P. Nash, S. K. Liu, T. Pawson, C. J. McGlade, Curr Biol 12, 1336 

(Aug 6, 2002). 
163. K. Saksela, G. Cheng, D. Baltimore, Embo J 14, 484 (Feb 1, 1995). 
164. S. S. Li, Biochem J 390, 641 (Sep 15, 2005). 
165. S. K. Hanks, Genome Biol 4, 111 (2003). 



 151 

166. R. A. Van Etten, P. Jackson, D. Baltimore, Cell 58, 669 (Aug 25, 1989). 
167. P. J. Woodring, T. Hunter, J. Y. Wang, J Cell Sci 116, 2613 (Jul 1, 2003). 
168. J. J. Gu, J. R. Ryu, A. M. Pendergast, Immunol Rev 228, 170 (Mar, 2009). 
169. A. Goga et al., Mol Cell Biol 13, 4967 (Aug, 1993). 
170. G. Superti-Furga, S. A. Courtneidge, Bioessays 17, 321 (1995). 
171. O. Hantschel, G. Superti-Furga, Nat Rev Mol Cell Biol 5, 33 (Jan, 2004). 
172. B. Nagar et al., Cell 112, 859 (Mar 21, 2003). 
173. C. J. Punt, Leuk Res 16, 551 (Jun-Jul, 1992). 
174. M. T. Brown, J. A. Cooper, Biochim Biophys Acta 1287, 121 (Jun 7, 1996). 
175. O. Hantschel et al., Cell 112, 845 (Mar 21, 2003). 
176. Y. J. Miao, J. Y. Wang, J Biol Chem 271, 22823 (Sep 13, 1996). 
177. S. Taagepera et al., Proc Natl Acad Sci U S A 95, 7457 (Jun 23, 1998). 
178. S. T. Wen, P. K. Jackson, R. A. Van Etten, Embo J 15, 1583 (Apr 1, 1996). 
179. M. H. David-Cordonnier et al., Nucleic Acids Res 27, 2265 (Jun 1, 1999). 
180. M. H. David-Cordonnier, M. Hamdane, C. Bailly, J. C. D'Halluin, Biochemistry 

37, 6065 (Apr 28, 1998). 
181. M. H. David-Cordonnier, M. Hamdane, C. Bailly, J. C. D'Halluin, FEBS Lett 424, 

177 (Mar 13, 1998). 
182. R. A. Van Etten, Trends Cell Biol 9, 179 (May, 1999). 
183. W. M. Franz, P. Berger, J. Y. Wang, Embo J 8, 137 (Jan, 1989). 
184. P. Jackson, D. Baltimore, Embo J 8, 449 (Feb, 1989). 
185. R. A. Van Etten, J. Debnath, H. Zhou, J. M. Casasnovas, Oncogene 10, 1977 

(May 18, 1995). 
186. B. J. Mayer, D. Baltimore, Mol Cell Biol 14, 2883 (May, 1994). 
187. D. Barila, G. Superti-Furga, Nature Genetics 18, 280 (1998). 
188. B. B. Brasher, R. A. Van Etten, J Biol Chem 275, 35631 (Nov 10, 2000). 
189. K. Dorey et al., Oncogene 20, 8075 (Dec 6, 2001). 
190. R. Plattner, L. Kadlec, K. A. DeMali, A. Kazlauskas, A. M. Pendergast, Genes 

Dev 13, 2400 (Sep 15, 1999). 
191. M. Ushio-Fukai et al., Circ Res 97, 829 (Oct 14, 2005). 
192. S. Wang, M. C. Wilkes, E. B. Leof, R. Hirschberg, Faseb J 19, 1 (Jan, 2005). 



 152 

193. M. C. Wilkes, E. B. Leof, J Biol Chem 281, 27846 (Sep 22, 2006). 
194. T. Schindler et al., Science 289, 1938 (Sep 15, 2000). 
195. S. Wong, O. N. Witte, Annu Rev Immunol 22, 247 (2004). 
196. A. S. Advani, A. M. Pendergast, Leuk Res 26, 713 (Aug, 2002). 
197. D. Cortez, L. Kadlec, A. M. Pendergast, Mol Cell Biol 15, 5531 (Oct, 1995). 
198. D. Cortez, G. Reuther, A. M. Pendergast, Oncogene 15, 2333 (Nov 6, 1997). 
199. A. M. Pendergast et al., Cell 75, 175 (Oct 8, 1993). 
200. P. Salomoni et al., J Exp Med 187, 1995 (Jun 15, 1998). 
201. K. Okuda et al., Exp Hematol 22, 1111 (Oct, 1994). 
202. K. Shuai, J. Halpern, J. ten Hoeve, X. Rao, C. L. Sawyers, Oncogene 13, 247 (Jul 

18, 1996). 
203. T. Skorski et al., Embo J 16, 6151 (Oct 15, 1997). 
204. G. Q. Daley, R. A. Van Etten, D. Baltimore, Science 247, 824 (Feb 16, 1990). 
205. C. A. Evans, P. J. Owen-Lynch, A. D. Whetton, C. Dive, Cancer Res 53, 1735 

(Apr 15, 1993). 
206. T. G. Lugo, A. M. Pendergast, A. J. Muller, O. N. Witte, Science 247, 1079 (Mar 

2, 1990). 
207. C. L. Sawyers, W. Callahan, O. N. Witte, Cell 70, 901 (Sep 18, 1992). 
208. C. L. Sawyers, J. McLaughlin, O. N. Witte, J Exp Med 181, 307 (Jan 1, 1995). 
209. T. Hou, K. Chen, W. A. McLaughlin, B. Lu, W. Wang, PLoS Comput Biol 2, e1 

(Jan, 2006). 
210. T. Hou et al., Mol Cell Proteomics 8, 639 (Apr, 2009). 
211. A. Lambrechts et al., J Biol Chem 275, 36143 (Nov 17, 2000). 
212. W. D. Bradley, A. J. Koleske, J Cell Sci 122, 3441 (Oct 1, 2009). 
213. E. A. Burton, T. N. Oliver, A. M. Pendergast, Mol Cell Biol 25, 8834 (Oct, 2005). 
214. N. Ibarra, A. Pollitt, R. H. Insall, Biochem Soc Trans 33, 1243 (Dec, 2005). 
215. R. Nitsch, T. Di Palma, A. Mascia, M. Zannini, Biochem J 377, 553 (Feb 1, 

2004). 
216. A. Schon, L. Michiels, M. Janowski, J. Merregaert, V. Erfle, Int J Cancer 38, 67 

(Jul 15, 1986). 
217. G. N. Thibodeaux, R. Cowmeadow, A. Umeda, Z. Zhang, Anal Biochem 386, 129 

(Mar 1, 2009). 



 153 

218. M. T. Pisabarro, A. R. Ortiz, A. R. Viguera, F. Gago, L. Serrano, Protein Eng 7, 
1455 (Dec, 1994). 

219. M. T. Pisabarro, L. Serrano, Biochemistry 35, 10634 (Aug 20, 1996). 
220. R. J. Rickles et al., Embo J 13, 5598 (Dec 1, 1994). 
221. A. R. Viguera, J. L. Arrondo, A. Musacchio, M. Saraste, L. Serrano, Biochemistry 

33, 10925 (Sep 13, 1994). 
222. J. A. Maynard et al., Nat Biotechnol 20, 597 (Jun, 2002). 
 
 



 154 

Vita 

 

Gabrielle N. Thibodeaux was born on March 6, 1981 to the parents of Eddie and 

Veronica Moreno. She has two brothers, Edward Anthony Moreno and Nicholas Ryan 

Moreno. She was born and raised in Corpus Christi, Texas and attended Meadowbrook 

Elementary School, Cullen Middle School, and Richard King High School. Upon high 

school graduation in 1999, she moved to San Antonio, Texas and attended The Incarnate 

Word Univeristy for one year on a collegiate soccer scholarship. In the fall of 2000, she 

matriculated at Texas State University and received the degree of Bachelor of Science in 

Biochemistry in August 2004. She decided to pursue a Doctor of Philosophy in Pharmacy 

at the University of Texas at Austin. During her studies, she married Christopher James 

Thibodeaux on May 17, 2008 and they brought into this world a beautiful daughter, 

Magdalena Clarisse Thibodeaux, on June 7, 2009.  

 

Publications:  

Thibodeaux, G.N., Umeda A., Hou, T., Moncivais, K., Wang, W., and Zhang, Z. 

 (2009). Engineering a peptide-based synthetic antibody equivalent protein. 

 (manuscript in preparation). 

 

Thibodeaux, G. N., Umeda, A., and Zhang, Z. (2009). Expanding the 

 mammalian genetic code. (manuscript in preparation). 



 155 

 

Umeda, A., Thibodeaux, G. N., Zhu, J., Lee, Y., and Zhang, Z. (2009). Site-

 specific protein cross-linking with genetically incorporated 3,4-dihydroxy-L-

 phenylalanine. Chembiochem, 10(8), 1302-1304. 

 

Thibodeaux, G. N., Cowmeadow, R. B., Umeda, A., and Zhang, Z. (2009) A 

 tetracycline repressor-based mammalian two-hybrid system to detect protein-

 protein interactions in vivo. Analytical Biochemistry, 386(1), 129-131. 

 

Zhu, J., Changsheng, L., Standland, M., Lai, E., Moreno, G. N., Umeda, A., Jia, 

 X., and Zhang, Z. (2008) Single mutation on the surface of Staphylococcus aureus 

 sortase A can disrupt its dimerization. Biochemistry, 47(6), 1667-167. 

 

Changsheng, L., Zhe, J., Wang, Y., Umeda, A., Cowmeadow, R. B., Lai, E., 

 Moreno, G.  N., Person, M. D., and Zhang, Z. (2007) Staphylococcus aureus 

 sortase A exists as a dimeric protein. Biochemistry, 46(32), 9346-9354. 

 

 

Permanent address: 337 Bartlett Drive 

   Corpus Christi, Texas 78408 

This dissertation was typed by Gabrielle Nina Thibodeaux. 


	Master-edited
	Master-edited.2
	Master-edited.3

